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SUMMARY

Thermo-Calc 2021b was used to fit experimental heat capacity data for the solid, liquid, and
gaseous phases for UF4 to obtain a Gibbs free energy equation. The phase transitions of UF4
have been accurately modelled and fine tuning of the first two terms of each phases Gibbs
functions can be done to further align with accepted thermochemistry data in the literature.
Future efforts will be to implement the DFT calculations of UF4, UN2, and U-F-N-H
intermediate phases, conducted at Southwest Research Institute and Los Alamos National
Laboratory, into Thermo-Calc to find discover the equilibrium intermediate phases that form
during the oxidative ammonolysis process.
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Thermodynamic Modelling of scaled up production for high density fuel’s

INTRODUCTION

Ideal synthesis methods for high density fuels (HDF) swill ideally have a starting material that is
part of the current fuel cycle and can utilize existing conversion processes and infrastructures.
Uranium nitride (UN) is conventionally synthesized using carbothermic reduction and nitridization
(CTR-N) of the starting material UO2. However, CTR-N method leaves carbon and oxygen
impurities in the samples, in addition to requiring a constant flow of isotopically separated nitrogen
gas. Another synthesis route involves hydriding-dehydriding-nitriding (HDN) elemental uranium,
requiring a bulk uranium metal feedstock. The sol-gel method, a wet chemistry route, for
producing UN microspheres has not displayed bulk UN production yet. Furthermore, UN has been
researched for space reactors and liquid metal fast breeder reactors due to having a high melting
temperature and its higher uranium density than UO2 and other HDF of interests.

The U.S. Department of Energy, along with research institutes around the world, have become
motivated by recent events to focus on creating more accident-tolerant fuel (ATF) forms. Research
on the properties of high uranium density ATF compounds such as uranium nitride (UN) have
been conducted, but the synthesis of UN from UF¢ and ammonia feedstocks remains elusive
because the thermochemistry and plethora of intermediate compounds along favorable reaction
pathways are poorly understood.

A synthesis route that starts with UFs would be ideal due to it being a part in the nuclear fuels’ life
cycle during uranium enrichment. UFs can be easily converted to UF4 through dry and wet routes
[1-3] and alternate routes starting with UF4 are also of interest. Experiments reacting UF4 with
ammonia (oxidative ammonolysis) or nitrogen gas have been performed and resulted in higher
uranium nitrides along with intermediate phases that could not be identified [4-7]. Thermodynamic
modelling can provide insight into possible intermediate products forming during the oxidative
ammonolysis process. Currently, there are no thermodynamic model for the U-F system and is to
be addressed here.

RELEVANCE

The computational effort undertaken here is consistent with the DOE-NE strategic vision under
Goal 1 Performance Indicators, seeking “By 2025, begin replacing existing fuel in U.S.
commercial reactors with accident tolerant fuel.” Commercial viability and widespread
implementation of UN as an accident tolerant fuel form will depend largely on a scalable and cost-
effective synthetic route for its production. Implementation and refinement of a first principles
computational framework for deriving unknown thermochemical data, when coupled with
phenomenological calculation tools, is aimed at accelerating the discovery of thermodynamically
viable pathways leading to UN formation that otherwise are impractical and time consuming to
test experimentally.

BACKGROUND
Computational methods combining first principles and data-driven phenomenological approaches
are crucial to discovering and mapping the thermochemical landscape of possible reaction



pathways leading to the formation of UN. A primitive reaction scheme (Scheme I) for the
synthesis of UN was considered as a sensible starting point for this effort :

UFg (g) — UF,(g) + F,(g)

UF, (s)
UF, (s) + 6NH,; (g) —— UN, (s) + 4NH,F (s) + H, (g)
UN, (s) —— UN(s) + 112N, (g)
Scheme I: Primitive reaction scheme for synthesis of UN.

This primitive scheme does not include the manifold of intermediate species that may potentially
play a role in the reaction of UF4 with ammonia at high temperatures. Most of these intermediate
species have been tentatively identified and their solid structures predicted (Figure 1), but their
thermochemical influence on Scheme I was beyond the scope of the present work.
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Figure 1. Intermediate compounds potentially involved in the primitive reaction scheme (Scheme
I). The predicted crystalline structures are shown.



The thermodynamic model for the Gibbs free energy for a phase is described by the composition
of different contributions[8, 9]:

G =G+ GP" + G + GO Equation 1

Where the term G*/ is the surface of reference and describes the Gibbs energy for the unreacted
mixture of the constituents of the phase. The GP™ term is the contribution of physical
phenomena like magnetic transitions, Curie temperature, or Bohr magneton number. The G/
term is the configurational entropy of the phase and represents the number of possible
arrangements (W) for the constituents in the phase and is given by the statistical thermodynamic
equation for entropy, S = kin(W). In practice, this term is used to describe the possible
arrangements of constituents on each sublattice in the phase [9]. Finally, the G®*° term is the
excess energy left over by the first three terms and in practice is only used for ternary,
quaternary, and higher order interactions. All the terms except for the configurational term are a
function dependent on temperature, pressure, and mole fraction of the constituents in the phase.
A thermodynamic software like Thermo-Calc will model each of these terms separately for each
phase. The temperature dependent function for the surface of reference and excess Gibb’s energy
for a phase is described by a power series in temperature:

GSTfexs — a,+ a,T+ a,Tin(T) + ¥, d,T", T, <T<T, Equation 2

Thermodynamic quantities cannot be directly related to the coefficients in the above equation but

using thermodynamic relations it can be shown that the term ao is related to the enthalpy of

aG

formation for the phase using H =G — T ( ) . The a1 term is related to the entropy of
PN

aT
formation for the phase which can be derived using the relation, S = — (g—:) . The third and
P,N
2
higher terms are all related to the heat capacity through the relation, C,, = —T ( ;27?2) .
PN
Thermodynamic
MATERIALS
Phenomenological

The Gibbs Energy System (GES) module in Thermo-Calc 2021b [11]was used to import the
thermochemistry data found on the UF4 phases by using a .POP file. A setup file was created and
ran in the GES module to assign each phase to a model and to contain the Gibbs free energy
equations, Gsrf,exs?l = ag+ a,T + a,TIn(T) + X, d,T", T, <T <T, Equation 2,
whose variables are to be determined. The PARROT module had been used to fit the model to
the heat capacity data contained in the .POP file. The POLY module was utilized to run
equilibrium calculation through the modelling process and the POST submodule was used to plot
figures of the POLY calculations.

The UF4 solid phase was model as a stoichiometric compound with the sublattice form of

(U)1(F)4. The UF4 liquid phase was modeled with using the ionic two sublattice liquid model and
has the sublattice form (U™*)1(F')4. The liquid model was used due to its use in the
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Thermodynamics of Advanced Fuels International Database (TAF-ID v12) [12] which is to be
used for determining formations of nuclear fuels. There is only one gas phase in a database and
TAF-ID already contained Gibbs functions for U gas but lacked information on the fluorine
element and gas phases. The Gibbs function for the fluorine gas and element was taken from the
PURES database, which contains the Scientific Groupe Thermodata Europe (SGTE)
standardizations for all elements used in Thermo-Calc, and implemented into TAF-ID.

First Principles Computational Methods

First principles computational methods at the level of density functional theory (DFT) and Hartree-
Fock (HF) were employed to compute the electronic structures and energies of reactant and product
species for both the gas phase and some of the solid-state species (where applicable). Advanced
basis sets for the exchange-correlation (XC) relativistic corrections were invoked for solid-state
species by implementing the density-gradient expansion for XC functionals of Perdew, Burke, and
Ernzerhof (PBEsol). In all species involving fluorine atoms, double zeta basis with polarization
and diffuse functions (6-31 + G*) were used for fluorine atoms. To optimize accuracy, at least
two basis sets were invoked for uranium atoms using the relativistic effective core potential
(RECP) constraint in combination with DFT: Christiansen-Ross-Ermler-Nash-Bursten (CRENB)
[13-16] and LANL2 [17].

Enthalpies were computed at 0 K (Ho) as the sum of electronic and zero-point energies (ZPE),
along with the theoretical atomization energies (TAE) for gas-phase molecular species:

AB, > xA+yB
TAE, = xH,(A) + yH,(B) — HA,B,)

The enthalpies of formation for each species at 0 K (Ar Ho) were derived from the TAE and
experimentally determined formation enthalpies of the elemental species.

AHjy = [XAH,,(A) + yAH (B)] — TAE,

These energies were then extrapolated to standard conditions (298.15 K, 1 atm) by adding thermal
enthalpy corrections to the zero Kelvin values to account for translational, rotational, and
vibrational degrees of freedom. Band structures and density of states (DOS) were computed for
UN4 (cr) and UN2 (cr) along the k-point pathways I' — y — W — K— L — K in reciprocal space.
Phonon modes for UN2 (cr) were computed to derive the ZPE and the enthalpy corrections for
standard conditions.

RESULTS AND DISCUSSION
Phenomenological Thermodynamic Results

The thermodynamic properties of crystalline, liquid, and gaseous UF4 have been reported using
various techniques [18, 19]. The heat capacity for this computational model used the selected
values of the International Atomic Energy Agency [20] reviewed in Guillamont et al. [19] for the
solid, liquid, and gaseous phases. The solid UF4 heat capacity model was fitted to experimental
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data values, Figure 1, which give the a: and higher variables in G"/* = qy+ a,T +
a,Tin(T) + ¥, d,T", T, <T<T, Equation 2. A comparison of the model to the
experiment values, Table 1, gave a maximum difference of 1.922 J/mol*K. The process was
repeated for the gaseous heat capacity model, Figure 2, and a comparison to experimental data
gave a maximum difference of 1.637 J/mol*K, Table 2. A single value was reported for the heat
capacity of liquid UF4 experimentally as 165 J/mol*K £15 [19] and was used to model the liquid
phase between the melting (1309K) and boiling point (1690K). The following equations display
the temperature dependent heat capacity model obtained from the fittings and are used in the Gibbs
free energy equation for each of the UF4 phases.

Cosoia(T) = —5.65403715x102TLn(T) — 2.03785179x10 172 — 3.36012821x10~5T3 Equation 3
CPoas(T) = —4.82413702x102TLn(T) — 4.17722021x1072T2 + 2.59705784x10~6T3 Equation 4

CpLiquid(T) = —8.35x102TLn(T) Equation 5

240

® Guillaumont et al.

220

200
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Heat Capacity (J/mol*K)

160

140

200 400 600 800 1000 1200 1400
A Temperature (K)

Figure
Experimental Model Experiment ACp Least-
135.14233 137.7 1.4 2.6 1.924
147.40778 146.3 1.5 - -
152.03971 150.6 1.5 - -
156.288 154.8 1.6 - -
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160.33406 159.1 1.6 - -
164.28704 163.4 1.6 - -
168.21579 167.8 1.7 - -
172.1655 172.1 1.7 - -
176.16681 176.5 1.8 0.3176 0.1803
180.2411 180.9 1.8 0.6315 0.3504
184.40365 185.3 1.8 0.8773 0.4757
188.66562 189.7 1.9 1.044 0.5533
193.03531 194.2 1.9 1.123 0.5817
197.519 198.6 2 1.108 0.5609
202.12151 203.1 2 0.9945 0.492
206.8466 207.6 2.1 0.7785 0.3764
211.69722 212.2 2.1 0.4572 0.216
216.67571 216.7 2.2 0.028222 0.013025
221.78397 221.3 2.2 - -
227.02353 225.9 2.3 - -
232.39566 230.5 2.3 - -
Table
120.0
® Guillaumont et al.
118.0
116.0
. 1140
£
_E_ 112.0
-%'1100
]
© 108.0
£ 106.0
104.0
102.0
100.0
0 500 1000 2000 2500
A Temperature (K)
Figure
Experimental Model Experimental ACp Least-
101.03019 102.7 3 1.637 0.5403
106.19604 105.4 3.2 - -
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108.94075 107.9 33 - -
110.90268 110.1 33 - -
112.48611 112 34 - -
113.82956 113.8 34 - -
114.99089 115.2 3.4 0.2479 0.071861
115.99774 116.5 35 0.4636 0.1332
116.86467 117.4 35 0.57 0.1626
117.59994 118.2 35 0.5586 0.1583
118.20853 118.6 35 0.4247 0.1197
118.69356 118.9 3.6 0.1649 0.046321
119.05709 118.8 3.6 - -
119.30052 118.6 3.6 - -
Table

The first two terms in Gsrf,evs?l = ag+ a;T + a,TIn(T) + X, d,T", T, <T <T,
Equation 2 were optimized to align with experimental thermochemistry data and paired with the
heat capacity models gave the Gibbs energy equation for each phase. GSolid= —946541x10° +
3.15491x103T + Cpsouia 298.15K < T < 1309K Equation 6-8 are the Gibbs free energy
model obtained and implemented into the TAF-ID database. The experimental thermochemistry
data for solid UF4 can be obtained up to the melting point (1309K) therefore, the Gibbs free energy
model needed to be sectioned into two parts to control the model after the melting point and was
modeled after the liquid phase. The gas phase has an additional term in its Gibbs free energy
equation, RTLnP, where R is the gas constant, T is temperature, and P is the ratio of the partial
pressure of the gas phase to the standard atmospheric pressure of 101325 Pa.

Gsoria = —946541x10° + 3.15491x103T + Cpsoria 298.15K < T < 1309K Equation 6
= —9.411564x10° + 4.773x103T + Cpyiquia 1309 < T < 2500

Ggas = —8.0259x10° + 1.3391x103T + Cpges + RTLNP  298.15 < T < 2500 Equation 7

Griquia = —9.061564x10° + 4.509x103T + Cpyiquia 298.15 < T < 2500 Equation 8

An equilibrium calculation of 1 mole of U and 4 moles of F at 1 atm pressure was performed,
Figure 3, to find the phase transitions over a range of temperatures. The melting point was found
to be at 1309 K and the boiling point at 1693K aligning up well to the experimental values of
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1309K and 1690 K, respectively. The Gibbs energies, Figure 4, of the equilibrium were plotted
and can be used to adjust the phase transitions and finally, the enthalpy was plotted to find the
enthalpy of fusion, vaporization, and sublimation, Figure 5 .

6

M.P (1309 K) B.P (1693K)
SOLID LIQUID GAS

Equilibrium Amount (mol)

-1
600 800 1000 1200 1400 1600 1800 2000
A Temperature (K)

Figure 3. Equilibrium calculation performed in Thermo-Calc 2021b with the TAF-ID v12 database of UF4
solid heat treated from 500-2000 K to display the phase transitions at 1 atm.
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Figure 5. Enthalpy of the UFs; modeled phases displaying the enthalpy of fusion, vaporization, and
sublimation.

The thermodynamic models’ calculations are summarized in Table 3, Table 4, and Table 5, that
compare the experimental values to the models’ value for each phase. The modelling started with
fitting the model to the heat capacity data and deviations from the experimental values came from
aligning to the AGr values. All the deviations from the AGr values came from aligning the model

to the melting and boiling points. The enthalpy and entropy values were then obtained from the
resulting model.

The experimental values for the solid enthalpy of formation varied from -1884.9 kJ/mol to -1921.3
kJ/mol depending on the type of experiment method. The selected value in Table 3 came from the
IAEA review /20] which is a weighted average from Johnson /2/] (using fluorine combustion
calorimetry) and by Cordfunke et al. (using solution calorimetry) /22/. The models’ enthalpy of
formation value is lower than the range found in the literature and can be adjusted with the second
term of its Gibbs free energy equation. This adjustment will change the melting and boiling points
and cause for adjustments in the gas and liquid models as well. The other thermochemistry model
values agree well with the literature values but since further adjustments are needed in the liquid

17



and gas models, the adjustments should start with the solid phases’ enthalpy of formation value

first.
UF, Solid
Thermodynamic Property Literature Values Thermo-Calc Model
AH; @298.15K (kJ/mol) -1914.2 4.2 [18] | -1855.68
S @298.15K (J/mol*K) 151.67 0.2 [18] 151.51
Cp @298.15K (J/mol*K) 135.14 +0.1 [19] 137.74
AGt @298.15K (kJ/mol) -1823.53 £4.2 [19] -1900.69
Melting Point (K) 1309 [19] 1309.24
Boiling Point (K) 1690 [19] 1693

Table 3. Solid UF, thermodynamic model compared to experimental values.

The literature value for the enthalpy of formation of the gaseous phase was calculated from the
enthalpy of sublimation and the enthalpy of formation of the solid phase which was obtained from
a third law analysis of the vapor pressure of the reaction UF4 (s) = UFs(g) [18]. Thermo-Calc
produces the user with the enthalpy change of the product from its elements and resulted in a lower
value than the literature value, Table 4. The AHsuw has a range of 306.8 - 363.85 kJ/mol found in
the literature and the models’ value is above this range and the second term in the Gibbs equation
relates to the enthalpy values and can be used to adjust the models’ values which will not affect
the AGr, Cp, or S values but will affect the boiling point. The AGr value for the model is slightly
lower than the literature value but can be adjusted using the first term in the Gibbs equation which
will affect the enthalpy and entropy values as well.

UF4 Gas

Thermodynamic Property Literature Values Thermo-Calc Model
AHf @298.15K (kJ/mol) -1601.2 £ 6.5 [19] -1575.64

S @298.15K (J/mol*K) 363.7+5.0 [19] 383.22

Cp @298.15K (J/mol*K) 101.4 £ 3.0 [19] 101.1

AGt @298.15K (kJ/mol) -1712.74 £9.2 [19] -1689.9

AHsub (kJ/mol) 313.0+£8.0 [19] 432.94

Table 4. Gaseous UF4 thermodynamic model compared to experimental values.
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There was not a lot of literature found about the liquid phase and what has been reported are only
approximations of the thermochemistry values, Table 5. It is difficult to determine the accuracy of
the liquid phases’ model and the focus was on aligning to the melting point values. No AHvap was
reported but from the reported AHsub and AHfus values, it was calculated using the equation AHsub
- AHfus = AHvap.

UF, Liquid

Thermodynamic Property Literature Values Thermo-Calc Model
AHf @298.15K (ki/mol) -1936.8 + 8.7 [19] -1930.29

S @298.15K (J/mol*K) 476 + 17 [19] 655.89

Cp (J/mol*K) 167 [19] 167

AGr @298.15K (kJ/mol) -1802.1 £6.6 [19] -1827.13

AHrys @1309 (kJ/mol) 46.98 +5 [19] 78.38

AHyap @1690K (kJ/mol) 262* 107.02

Table 5. Liquid UF4 thermodynamic model compared to experimental values. *Calculated value based on
sublimation and fusion values.

First Principles Computational Results

The overall results of computed formation enthalpies and heats of reactions for Scheme I at
0 K and 298.15 K (1 atm) are shown in Tables 6 and 7, respectively. Formation enthalpies and
heats of reactions involving crystalline solids are reported based on the energy per unit cell of each
crystalline solid. Also included for the solids are the crystal phases and corresponding
crystallographic parameters following DFT structural optimizations. In the case of UFs (cr),
computation of phonon modes needed to derive formation enthalpies at standard conditions were
not completed because the unit cell is defined by 30 atoms, which would have been
computationally intractable using a 64 core computing machine.

We find from these results that, while the ammonolysis reaction for the formation of UN2 (cr) from
UF4 (cr) is exothermic, the reaction enthalpies for conversion of UNe to UN4 in the gas phase and
the solid phase conversion of UN2 to UN are both exothermic. The net thermodynamic balance
for Scheme I is endothermic, AHnet,rxn = 604 kJ/mol at standard conditions.

The band structure and DOS computed for UN2 (cr) are shown in Figure 6. A band gap of
0.682 eV at 0 K was calculated for this solid, which is similar to that of pure germanium. The
phonon dispersion curves for this solid, which were computed along the same k-point pathways as
the electronic band structure, are shown in Figure 7. These results indicate the occurrence of
acoustic phonon modes between 0 and 300 cm™! and optical phonons near 475 and 775 cm™'.
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Species / Reaction E';::'r‘;';'c Vibrational ZPE i’:":h';:;’;"m:‘ Nowisaton | Formation: Ran
(kd/mol) @ 0K ’ Energy (TAE) Enthalpy, AHro
(kdimol) @ 0K (kdimol) @ 0K (kJimol) @ 0 K (kJimol) @ 0 K
U (g) -134927.00 0.00 53543
F (9) -63332.09 0.00 77.26
UFs (g) -518082.00 20.27 314217 -2143.19
UF4(g) -390718.44 16.90 2446.16 -1601.70
F2(g) 0.00
UFs (g) > UF4 (g) + F2(g) 541.49
UF4 (cr) )
[Monoclinic, C2/c, a=12.73 A i )
b=10.75 A 0=8.43 A; a=y=90 22442 15 4337.16 1919.41
3=126.333]
U (g) PBE -554.02 0.00 535.43
N (g) PBE -61.59 0.00 470.58
NH: (g) -38.65
UN: (cr)
[FCC, cF, a=b=c=7.0834; -2969.33 24.83 2267.30 -790.71
o=B=y=60.00]
NH4F (cr)
[cHexagona!, P6smc, a=b=4.448 -5831.59 -466.90
A c=7.203 A; a=p=90 y=120]
Hz (9) 0.00
UF4 (cr) + 6NH3 (g) --> UN2 (cr) i
+ 4NH4F (cr) + H2 (g) 506.97
UN (cr) .
[Cubic, Fm3m, a=b=c=3.446 A; | -262356.54 -287.53
o=B=y=60.000]
N2(g) 0.00
UN: (cr) --> UN (cr) + 1/2N2 (g) 503.18

Table 6. Theoretical formation enthalpies derived from first principles computations at 0 K (ZPE = Zero
Point Energy; TAE = Theoretical Atomization Energy).
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. . Theoretical Theoretical
Enthalpy Electronic Exp. Formation s -
Species / Reacti Correction Energy Enthalpy, AHro EA tomlza;_lgg Fg r;rtl]atllon /ARHxn
pecies / Reaction (kdimol) @ | (kJimol) @ (Kimoh @ | h’:fggy@( 298)1 5 ?k J?nfgf) @ o
298.15K 298.15K 298.15K K 208.15 K
U (g) 2.48 -134924.52 533.00
F (9) 2.48 -63329.62 79.04
UFe (9) 44.75 -518037.25 3135.04 -2127.78
UF4(g) 37.89 -390680.55 2437.57 -1588.39
F2(g) 0.00
UFs (g) --> UF4 (g) + F2(g) 539.39
UF4 (cr) )
[Monoclinic, C2/c, a=12.73 A
b=10.75 A ¢=8.43 A; a=y=90 +1936.80 -1914.20
B=126.333]
U (g) PBE 248 -551.55 533.00
N (g) PBE 248 -59.11 472.44
NH: (g) -45.56
UN: (cr)
[FCC, cF, a=b=c=7.0834; 32.18 -2937.15 2267.39 -789.50
o=3=y=60.00]
NH4F (cr) .
[Hexagogal, P6smc, a=b=4.448 A -463.96
¢=7.203 A; a=b=90 y=120]
Hz (g) 0.00
UF4 (cr) + 6NHs (g) --> UN2 (cr) + i
ANHAF (cr) + Ha (g) o)
UN (cr) .
[Cubic, Fm3m, a=b=c=3.446 A; -290.00
o=B=y=60.000]
N2(g) 0.00
UN2 (cr) --> UN (cr) + 1/2N2 (g) 499.50

Table 7. Theoretical formation enthalpies derived from first principles computations at 298.15 K and 1 atm
(TAE = Theoretical Atomization Energy).
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SUMMARY and FUTURE DIRECTIONS

Thermo-Calc 2021b was used to fit experimental heat capacity data for the solid, liquid, and
gaseous phases for UF4 to obtain a Gibbs free energy equation. The phase transitions of UF4 have
been accurately modelled and fine tuning of the first two terms of each phases Gibbs functions can
be done to further align with accepted thermochemistry data in the literature. Future efforts will
be to implement the DFT calculations of UF4, UN2, and U-F-N-H intermediate phases, conducted
at Southwest Research Institute and Los Alamos National Laboratory, into Thermo-Calc to find
discover the equilibrium intermediate phases that form during the oxidative ammonolysis process.
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Abstract

The challenges and opportunities to alloyed and composite fuel architectures designed and
intended to mitigate oxidation of the fuel during a cladding breech of a water-cooled reactor are
discussed in three review manuscripts developed in parallel, with the presented article focused on
the oxidation performance of uranium mononitride. Several high uranium density fuels are under
consideration for deployment as accident tolerant and/or advanced technology nuclear reactor
fuels, including one on each: UN, UzSi», UC and UB.. Presented here is the research motivation
for the incorporation of additives, dopants, or composite fuel architectures to improve the
oxidation/corrosion behavior of high uranium density nuclear fuels for use in LWRs.
Furthermore, this review covers the literature on the degradation modes, thermodynamics, and
oxidation performance of pure UN and UN-compounds as well as reported alloyed and
composite architectures.
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1. Introduction

The 2011 earthquake and resulting tsunami that damaged the Fukushima Daiichi Nuclear Power
Plant in Japan, prompted an increase in the development of fuels and claddings with enhanced
accident tolerance [1]. Although decades of research have gone into the current benchmark
uranium dioxide fuel/zirconium alloy cladding, continued deployment of advanced technologies
to improve economic and safe operation have pushed the existing light water reactor (LWR) fuel
technology near its inherent performance limits [1]. Investments in the current reactor fleet and
new reactor technologies must include research and development into advanced nuclear fuels
that can adapt to extreme conditions while remaining thermodynamically and mechanically
stable. These advanced fuels need to maintain or improve fuel performance during normal
operations, operational transients, as well as design-basis, and beyond design-basis events [1-5].

This review, presented in multiple related publications, focuses on the review of available
literature on high uranium density nuclear fuels and their composites: Uranium mononitride
(UN), triuranium disilicide (U3Si2), and other high density fuels including uranium monocarbide
(UC) & uranium diboride (UB>). Each of which are investigated in the United States (U.S.), and
internationally, as alternatives to the benchmark uranium dioxide (UOz) fuel. Industry and utility
partners are motivated to advance high uranium density fuel technology, as the increase in fuel
economy, in addition to the added safety margins enabled by the high thermal conductivity of
these fuels, is attractive. However, for each of these fuel forms, there are two known challenges
that must be addressed: First is fabrication as each of these are air sensitive fuel forms, and
second is oxidation in water containing atmospheres. As fundamental research on these fuel
forms has progressed over the last decade, it has been shown experimentally that these advanced
technology fuels exhibit superior thermophysical properties compared to UO; [6-9]. Both U3Si
and UN have also exhibited favorable irradiation performance, albeit at low temperatures

(<250 °C) and low burnup for UsSi, [6], while data on UN is limited to fast reactor applications
[10, 11]. Accordingly, research interest has significantly increased for a drop-in replacement for
UO». However, hand-in-hand with thermophysical and irradiation performance data, accident
testing of these ATF (accident tolerant fuel) concepts has proven them, particularly UN and
UsSi» with less data available for UC and UB», to be highly susceptible to degradation and
pulverization in simulated LWR off-normal conditions; namely, exposure to pressurized water
and high temperature steam environments characteristic of a cladding breach during normal
operation or loss of coolant accident [12-15].

This review will cover the research motivation (in this uranium mononitride review publication),
and materials and techniques (in the uranium silicide review publication) for the incorporation of
additives, dopants, or composite fuel architectures to improve the oxidation/corrosion behavior
of high uranium density nuclear fuels for use in LWRs. It should be noted that while this review
is intended to highlight the seminal literature on high uranium density nuclear fuels, it may not
be fully exhaustive and it also does not specifically focus on synthesis and fabrication methods;
although, they are briefly discussed due to their influence on fuel behavior and performance,
particularly with respect to the impact of microstructure and presence of contaminant phases.
The various methods for advanced fuel fabrication have been detailed in other recent
publications [16, 17]. This review article also does not include literature discussing the use of

27



w

O 00 N O U b

10
11

12

13

14
15
16
17
18
19
20
21
22
23
24
25

these fuel compounds, particularly UN and UC, in tristructural-isotropic particle (TRISO) fuels

as direct exposure of the fuel to coolant and impurities is not an issue due to the inherent

protection provided by fuel encapsulation.

2. Motivation for the implementation of high uranium density fuels
Compared to the benchmark, UO», each of the ATF candidates reviewed here, UN, UC, UB,,

and UsSi» have higher uranium densities and higher thermal conductivities, as well as

maintaining relatively high melting temperatures (see Table 1). In addition, the nitride and
silicide fuels have shown acceptable performance under irradiation [7-9, 18-20]. The screening
process for high density LWR fuel candidates includes those in which the uranium density
exceeds that of UO: and includes a sufficiently high melting temperature which exceed the

melting point of other core components [21].

Table 1: Material properties of ATF concept fuels

Material Properties U0, UsSiz UB; ucC UN
Uranium density (g-U/cm?)[7 22231 9.7 11.3 11.7 13 13.5
N 6.5 14.7 16.6 204 16.6
Thermal conductivity (W/m-K at 300 °C)24-28] (570°C,
(95% TD) | (98% TD) | (80% TD) | 99%TD) | (95% TD)
Melting temperature (°C)7- 29311 2840 1665 2385 2525 2847

The United States Department of Energy defined accident tolerant fuels as those that can tolerate
loss of active cooling in the reactor core for a considerably longer time period (increased coping
time) than the benchmark UO»-Zircaloy system [4]. The important considerations that need to be
addressed for ATFs are highlighted in green and summarized in Figure 1. The ATF concepts
discussed in this review do address the required improved fuel properties such as lower fuel
center-line temperatures (due to their higher thermal conductivity) and an increased power to
melt safety margin. The metrics for improved reaction kinetics with steam still need to be
addressed and demonstrated by the ATF concepts discussed in this review; however, their use
allows for the incorporation of advanced cladding structures which can provide additional safety
margins with regards to steam reaction kinetics. Other considerations for these ATF concepts
with regards to minimizing fuel-cladding interactions and retention of fission products also needs
to be addressed.
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Improved reaction kinetics with steam Improved cladding properties
~ Decrease heat of oxidation » More resilient to cladding fracture
~ Lower oxidation rate » Robust geometric stability
~ Reduce hydrogen production (or other ~ Thermal shock resistance
combustible gases) » Higher cladding melt temperature
~ Reduce hydrogen embrittiement of cladding » Minimized fuel - cladding interactions

Improved
Tolerance to Loss
Improved fuel properties of Active Coollng Enhanced retention of fission products
» Lower fuel operating temperatures (LOCA) » Gaseous fission products

~ Minimize cladding internal oxidation ~ Solid/liquid fission products

~ Minimize fuel relocation/dispersion
~ Higher fuel melt temperature

Figure 1: Primary attributes of accident tolerant fuels associated with fuel behavior and cladding at high
temperatures. Modified from Carmack [32].

Implementation of UN, UsSi», UC, or UB; will improve nuclear fuel performance by enabling
higher burn-up, leading to lower waste volumes and longer cycle lengths [7, 15, 33]. Increased
power up-rates are possible due to the increased power density these ATFs provide because of
the increased uranium loading. These ATF materials can provide better performance in extreme
temperatures due to their higher thermal conductivities, which reduce the stored energy in the
core, mitigate high thermal gradients across fuel pellets, and increase the rate of heat transfer to
the cladding during temperature transients. These thermal transport benefits result in reduced
fuel failures and more efficient plant operation [7, 15, 33]. The four high uranium density
candidates discussed in this review are grouped in the middle of Figure 2 as meeting these initial
selection criteria.

The uranium mononitride part of this review (this publication) presents the background and
motivation for the investigation of alloyed or composite high density fuel architectures. In
addition, this review focuses on the performance of UN and UN-composites in oxygen and water
containing atmospheres, whereas the uranium silicide part of the review introduces the various
approaches to mitigating the water reaction and presents the current understanding of the
performance of U3Si; and the alloys and composites investigated to date. Lastly, the part of the
review on UB» and UC will summarize the state of knowledge on alloyed and composite
architectures and present the current literature on lesser studied fuels, UC and UB,.
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Figure 2: Thermal conductivity vs. uranium density and color mapped to melting temperature. The four high
uranium density candidates discussed throughout these reviews (UN, UsSi,, and UB»/UC) are grouped in the center
of the plot.

3. Uranium Mononitride (UN)

Uranium mononitride fuels have been proposed, researched, and demonstrated for space power
reactors and liquid metal fast breeder reactors because of their previously mentioned desirable
properties [34, 35]. The following sections of the report present a review of publicly available
literature on the current status of UN research; specifically related to the performance of UN and
UN-composites in oxygen and water containing atmospheres. The low oxidation and corrosion
resistance of the nitride fuel is a major concern for deployment into existing and advanced LWRs
[36, 37]. The literature on UN’s stability under oxidation and hydrothermal corrosion conditions
is limited; moreover, it is evident that UN corrodes when exposed to oxygen, water, and steam
environments Accordingly, the succeeding sections present a review of literature, which is
organized into the common bulk UN synthesis methods, oxidation and corrosion testing of pure
UN, reports on the introduction of additives and dopants into the UN matrix in attempts to
mitigate corrosion behavior, and the effects of impurities and secondary phases in UN. It should
be noted that in an attempt to include the applicable data on publicly available literature for UN,
the following sections do include references to issued patents and graduate theses, which should
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be viewed in light of the fact that they may not have undergone the same extensive peer-review
processes as journal publications.

3.1 Synthesis Methods

Typically, UN feedstock is synthesized via two primary methods: metal hydride-dehydride-
nitride (HDN) or carbothermic reduction and nitridization (CTR-N) [38]. The CTR-N method
holds benefits over the HDN method in that it is easier to obtain, handle, and transport the UO:
feedstock (starting materials) than that of the powdered elemental uranium feedstock necessary
for HDN. In addition to safety and economic concerns associated with handling the finely
divided UN powder achieved through the HDN route, CTR-N is the favored synthesis route due
to the fact that it can utilize the existing conversion processes and infrastructure for current oxide
fuel fabrication [38]. Bragg-Sitton ef al. noted in design constraints for ATF concepts, that a new
fuel concept must be backwards compatible with existing fuel handling equipment, fuel rod or
assembly geometry, and coresident fuel in existing LWRs [39]. This constraint, along with the
fact that CTR-N has been used and optimized for decades, makes the CTR-N method the most
likely to be implemented for commercial scale-up production [16]. Although favored, the CTR-N
method typically results in higher carbon and oxygen impurity levels in the starting powder,
which must also be addressed prior to implementation. It is worth noting that the sol-gel method
has also been successfully demonstrated for UN production, typically related to UN
microspheres for fabrication of TRISO fuel [40], but it has not been commonly used for
fabricating bulk UN and UN composites. To produce nuclear fuel relevant geometries, compact
fabrication has been achieved by traditional cold pressing and sintering, hot isostatic pressing
(HIP), and field assisted sintering, e.g. spark plasma sintering (SPS) methods. All these methods
for synthesis and fabrication have been demonstrated in the literature [15, 16, 18, 34, 41-45].

The incorporation of dopants or secondary phases can be achieved through traditional powder
metallurgy processes followed by any of the previously mentioned sintering methods; however,
the sintering method and parameters must be tailored to each additive to avoid formation of
unwanted phases or precipitates [14, 44]. Secondary phases and dissociation can be detrimental
to fuel performance due to liquid phase formation and swelling, leading to fuel failure.
Accordingly, it is important to understand that the activity of uranium is a function of partial
pressure of nitrogen and oxygen as well as the presence of any alloying agent(s). As seen in the
uranium-nitrogen binary phase diagram (Figure 3), stoichiometric UN has a narrow phase field
and is known to be relatively unstable, either dissociating to form a liquid uranium phase or
forming hyper-stoichiometric UN; and U>N3. Additionally, both Tennery and Matzke reported
that UN is sensitive to decomposition at higher temperatures and low nitrogen partial pressures,
and forms U>N3 at lower temperatures and higher N, partial pressures (see Figure 4) [46, 47].
This thermodynamic instability presents challenges for both synthesis and fabrication of UN and
UN-composites. The phase field for stoichiometric UN can be widened above approximately
1200 °C if a sufficient nitrogen partial pressure is maintained, but at lower temperatures, only
very low N partial pressures will prevent formation of the U>2N3 phase.
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Figure 4: UN dissociation and U,N; formation as a function of temperature and nitrogen partial pressures, a) From
Tennery [46], and b) from Matzke [47].

It is important to note, however, that regardless of synthesis method or additives into the nuclear
fuel forms, a fundamental challenge is presented when considering nitrogen in a nuclear reactor.
It is understood that nitrogen in any fuel concept would need to be isotopically enriched from "N
to 1N to avoid significant '*C production through the *N(n,p)'*C reaction (enrichment will lead
to a 2 order of magnitude decrease in '*C production [7]). Accordingly, Wallenius ef al.
investigated the influence of nitrogen enrichment on neutronics, cost, and '*C production for
different closed fuel cycle scenarios for fast reactors and accelerator driven systems [49]. It was
determined a '°N enrichment level of 99% was necessary to achieve the same amount of *C as
with an oxide loaded core. The increased fuel fabrication cost was estimated at > 25%, albeit that
increase dropped to 5-10% if reprocessing and a closed gas cycle was utilized [49]. As
previously stated, nitrogen enrichment concerns must be considered regardless of the proposed
UN synthesis method. However, some of the challenges are mitigated through the use of a closed
gas cycle (e.g. when using CTR-N or HDN synthesis techniques) and recovery during UN
synthesis, sintering, and reprocessing [49, 50]. Although not a specific focus of this review, the
complications arising from the need for nitrogen enrichment in UN highlights an additional area
of research in UN synthesis and reprocessing that must be pursued prior to deployment. An
additional advantage to enriching the nitrogen in UN is the decrease in the thermal neutron cross
section, as shown in Table 2.

Table 2: Thermal neutron cross-sections for '“N and '*N for the (n,p), (, 7), and (n, e) reactions [51].

(n.p) [b] (n, 7) [b] (n, ) [b]

Isotope
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3.2 Oxidation/corrosion testing of UN

3.2.1 Air oxidation of UN

Much of the literature that exists on the oxidation and corrosion behavior of UN was published in
between the 1960’°s and 1990’s as the fuel was being investigated for space power applications,
radioisotope thermoelectric generators, LWRs, and HWRs. A summary of UN oxidation studies
is presented in Table 3 and provides information (if provided within the reference) on synthesis
and sintering methods, the type of sample oxidized (e.g. powder, compact, etc.), temperature
testing range, test conditions, onset temperature, sample phase composition, grain size, and
reaction products. Studies of the oxidation behavior of UN, including single crystal,
polycrystalline, powder, and monolithic samples have been investigated in air, oxygen, CO2, and
NOx atmospheres with varying results [36, 37, 52-59]. The onset of breakaway oxidation for UN
has been reported from 200-340 °C with powder samples underperforming monolithic samples,
which typically result in severe degradation or pulverization above 300 °C. Also, it has been
observed that denser samples exhibit increased oxidation resistance, which is likely due to a
lower surface area to volume ratio in higher density samples. Only general conclusions can be
drawn as testing parameters for air oxidation of UN vary in the literature with regards to
fabrication methods, sample configuration, partial pressures of oxygen (if reported) and
temperatures. Results in the literature vary for the oxidation products identified under the various
testing parameters, but generally included UO», U;N3, UO3, and U3Os. In many cases, it was
noted that either a U;N3 phase or an intermediate phase was “sandwiched” between the bulk UN
and a surface UO» [36, 37, 52-61]. This was validated in a fundamental study by Sole et al. who
observed oxidation products of U;N3+x and UO: via TEM diffraction patterns of UN foils heated
for 2 minutes at 600 °C (O, partial pressure not given) [53]. The bulk of the publications on
oxidation behavior of pure UN describe the oxidation behavior and provide kinetics data which
indicate, as expected, increased reaction rate constants and mass gains with increased
temperatures and durations.

The presence of images and micrographs of the evolution of UN oxidized in air or O; is limited
in literature. However, a recent study has provided microstructural images of as-fabricated UN
microspheres and SPS sintered UN microsphere samples oxidized in synthetic air up to 700 °C
(Figure 5). The researchers stated the general behavior followed a successive oxidation path as
denoted by Equations 1-2 (AHxn and AGxn values calculated using HSC Chemistry 9 [62]),
resulting in a final oxidation product of U3Os. The AGixn is indicative of the thermodynamic
likelihood the reaction will occur, but the AHixq 1s important to consider as the heat generated
during the reaction can have a large impact on the reaction behavior, especially during an
accident scenario. Adsorption of oxygen on the external surface, inside the open porosity as well
as an external interface reaction allowed oxide diffusion towards the UN. Oxidation along grain
boundaries also produced stresses causing intergranular cracking and spallation [63]. The
intermediate step for formation of U>N3 and UO; is shown in Equation 3. Different results were
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reported by Dell et al. for UN powders oxidized in 0.07 MPa oxygen, stating that the powders
ignited at 290 °C and that the final product was UO3, not UO; or U3Og[37, 64]. Dell further
studied these UN powders under oxidation at 260 °C, finding that after 1-2 days, both UO; and
a-UxN3 were identified via X-ray diffraction. Another study oxidized UN microspheres at 6.6
kPa O» resulting in an oxidation onset of 217 °C and UzOgs containing dissolved nitrogen as the
reaction product [56].

Aern AGI‘XH
3 1 3
Z UN + 02 - ZU?’ 08 + ENZ '673 kJ/m0102 '643 kJ/m0102 Eq(l)
SUN; +0; = 2Us05 + — N, -608 kJ/molo, -588 kJ/ molo, Eq(2)
3UN + 0, — U,N; + U0, -963 kJ/molo, -907 kJ/ molo, Eq(3)
As fabricated Oxidized

UN microsphere

UN sintered

Figure 5: As-fabricated and SPS sintered UN microspheres (left column) and resulting microstructure (right
columns) after oxidation in synthetic air up to 700 °C. Modified from Costa et al. [63].

In an attempt to better understand the mechanism of the oxidation of a UN surface, Dell et al.
studied the oxidation of single crystal UN [37]. Accordingly, the (421) face of a UN crystal was
oxidized in flowing oxygen at 400 °C for 10 and 30 minutes. The authors describe “track™
formation in the early stages of oxidation and a general surface roughening; however, as the
surface oxide thickened, a “blistering” was observed (Figure 6). This blistering effect can be
attributed to nitrogen bubbles forming beneath the film. As the oxide thickened the surface detail
was still retained leading the authors to postulate that the mechanism was oxygen diffusion
inward rather than outward diffusion of uranium. Nitrogen atoms are released as gas through the
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oxide layer, while other nitrogen atoms partially dissolve into the lattice at the nitride interface,
resulting in the aforementioned “sandwich” structure [37].

Figure 6: Images at 500X magnification of UN single crystal samples, (421) crystal faces, oxidized in flowing
oxygen for a) 10 minutes, and b) 30 minutes. From Dell et al. [37].

While the above results for UN powders, microspheres, and single crystals do provide insight to
the oxidation behavior of UN, oxidation studies on monolithic, polycrystalline samples are more
relevant to samples in a LWR condition. Oxidation kinetics of UN polycrystalline samples
(hypo-, stoichiometric, and hyper-), fabricated by powder metallurgy followed by hot isostatic
pressing and by arc-melting were analyzed during oxidation in air and Oz at 1 atm and

300-700 °C [36]. These oxidized samples ultimately formed U3Og as the corrosion product and
displayed linear reaction kinetics with the rate constant increasing with temperature, similar to
other work by Ohmichi where the oxidation reaction activation energy of 124 kJ/mol was
identified [36, 65]. Similar work oxidizing UN compacts (via HDN and conventionally sintered
in 2.5 atm N2) showed oxidation begins at 200 °C forming both U>N3 and an oxynitride. Rapid
oxidation starts at 250 °C along with N, release and UOs3 is formed, ultimately forming U3Og at
400 °C [52]. Other oxidation experiments on UN compacts (via HDN) in air and oxygen
indicated the rate of oxidation in O> (onset 320 °C) was approximately 5x that in air (onset

348 °C) [55].

Despite the limited amount of literature available, UN powder synthesized via the HDN process
and then subsequently arc-melted or conventionally sintered, or samples fabricated through
arc-melting and SPS appear to provide an increased oxidation onset temperature [36, 37, 52, 53,
55, 58]. The increased resistance in these samples is attributed to a higher sintered density and
reduced open porosity that is more easily achievable using SPS and arc melting. Samples
fabricated through the sol-gel method (both microspheres and sintered compacts) reported the
lowest onset temperatures in the available literature [56, 57]. The majority of samples tested in
air were for pure UN, suggesting that air oxidation studies on UN-composites may be an area of
research interest.
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Table 3: Summary of air oxidation UN and UN with additives or composites.

Temp. Grain
Ref Synthesis | Sintering Type test Test Onset temp. Composition Size Reaction
1 method method P range conditions [°C] P products
oC [um]
[°C]
Single crystal,
HDN/arc- . 300-
[36] melting HIP polycrystalline 700 Isothermal - UN n/a U305
compacts
UO; with
[37, 230- 250 (powder intermediates of]
64] HDN n/a Powder 290 Isothermal ignited at 290) UN n/a UO,, UsNs, and
U();I\IX
Arc- . 280-
[37] melting n/a Single crystal 500 Isothermal n/a UN n/a U,N;, UO,
Ramped U305 with
[52]] HDN |Conventional Powder, Upto 0.85°C/min and 250 (powder), 340 UN n/a intermediates off
compact 900 . (compact) U,N;, UO,, and
0.4°C/min
UO;
Arc- Single crystal | Up to a
[53] melting n/a fol 200 Ramped - UN n/a U,Nsi, UO,
325- Ramped,
[55]] HDN n/a Compact 450 3 5°C/min 320-348 UN n/a U305
U30g with
5|[56] Sol-gel n/a Microspheres Upto Rampe'd i 217 UN n/a |intermediates of]
n 927 4°C/min
o UxN;, UO,
% U2N3 and
< MO,.(15
. Upto Ramped, 212 (15mol%), | (U,Ce)N (15 and 30
[56] Sol-gel n/a Microspheres 5 . b o o n/a | mol%); M;0g
927 4°C/min 172 (30 mol%) mol% Ce) and MO, (30
mol%)
Ramped 202 (air), U;0g with
[57]] Sol-gel |Conventional| Compact [25-767 3oC /fnir; 232 (8% 0O,), UN n/a |intermediates of]
257 (20% O,) U>N;3, and UO,
6-9.1
HDN (UN),
(UN), Arc- Compact Up to Ramped, 320 (UN), 450 UN, UN+10v% 80
[58] melting SPS fragments | 800 5°C/min (UN+U;Shy) UsSi, (UN+ U:0s(UN)
(UsSiy) 10v%
UsSi,)
Ugog Wlth
[59] n/a n/a Pellet [fg;) ﬁ)irgf);?;l 307 ‘UN n/a |intermediates of]
U2N3, al’ld UOZ
UN 260 (UN
) microspheres | Up to Ramped, microspheres), UN microsphere, )
[63]) Sol-gel SPS and 700 5°C/min 283-320 4U0,+(10,30,50)UN |13 U305
Pellet fragments (UO,+UN)
Ramped (1,3, and
[65] n/a /a Crushed * Upto| 5o i "and Below 300°C UN n/a U304
sintered pellet | 315
Isothermal
" Starting material had adherent U,N3., layer at beginning of testing and heating parameters were not listed, sample had oxidized after
diffraction pattern taken at 600 °C; *Ignited; “Samples had “detectable” amounts of UO, in starting material; ¢ Composite samples had U,Nj
phase present in varying amounts (3.7-16.3 wt%) and sample with highest oxidation onset temperature was calculated to be 95 wt% UO,/1.3

3.2.2 Water Corrosion of UN
Results like that from the oxidation testing have been found with UN corroded in water-saturated
air, steam, nitric acid, H>O., and for samples submerged in water. Various reaction products
identified under an assortment of testing parameters generally included UO», UO3, U307, U30s,
UoN3, UN1 7, UNo, as well as oxynitride phases (see Table 4) [13, 14, 36, 54, 57, 60, 61, 66-69].
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In most cases, like seen in the air oxidation studies, it was noted that the U>N3 phase was
“sandwiched” between the bulk UN and surface UO; or identified as an intermediate. An
example of this “sandwich-like” structure of a non-protective surface layer of UO; followed by
UoN3, which covers the UN grain is shown in Figure 7 [69]. Figure 7a shows an area of
degradation for the UN steam exposure sample (9 MPa, 300 °C, 30 minutes). The chemical
analysis of the higher magnification area (Figure 7b) shows region 1 as only UN, but regions 2
and 3 (at the grain boundary triple junctions) were identified as lower density with increased
oxygen content. This oxide formation was correlated to the separation of the grains from the
matrix due to the stress caused by the secondary phase formation at the grain boundaries [69].

10 pm

Figure 7: SEM micrographs of a) degraded microstructure of a UN pellet (98.25% TD) exposed to steam (9 MPa,
300 °C, 30 minutes) and b) higher magnification of the degraded region displaying “sandwich” structure of UO»
with underlying nitride layer at the grain boundaries. Modified from Lopes et al. [69]

It is important to note that the formation of these intermediate phases creates a volume expansion
and results in pulverization of monolithic samples. It is generally agreed that hydrolysis of UN
occurs according to the following reactions [54, 61]:

Aern AGI’XI‘I
%UN + H,0 - %Uo2 + %NH3 + %Hz -132 kJ/molu,0 -151 kJ/molu,0 Eq(4)
%UN + H,0 - %UOZ + %Uzl\[3 +H, -195 kJ/molu,0 -215k)/ molu,o  Eq(5)

1 1 2 1
ZU2N3 + HZO - EUOZ +§NH3 =+ ZNZ -97.2 kJ/m01H2O -117 kJ/ mOlHZO Eq(6)
The final oxidation product of UN under hydrolysis is UO,, not the U3Og seen during oxidation
of UN. This is similar to the hydrothermal corrosion behavior of UsSi, [70], UO> [71-74], and

uranium metal [75].

The documentation of the microstructural evolution of UN in hydrothermal corrosion conditions
is sparse in the open literature. Figure 8 is a compilation of available macro images for UN
degradation under various hydrothermal corrosion conditions. Figure 8a (from UN feedstock via
CTR-N) and b (from UN feedstock via HDN) show the degradation of conventionally sintered
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UN pellets in static autoclave conditions at 300 °C for 48 hours and 30 minutes, respectively [13,
14]. Figure 8c and d show UN pellets sintered via SPS from HDN UN feedstock under steam
corrosion at 340 °C for 105 minutes and 425 °C for 300 minutes [68]. Another high density UN
sample (99.0% TD) sintered via SPS and subjected to static autoclave testing (time duration not
listed) at 300 °C is shown in Figure 8e [76]. All samples show either complete pulverization to
powder or fragments or cracking, spallation, and overall degradation of the monolithic samples.

Figure 8: UN degradation under hydrolysis; a) UN pellet following static autoclave testing in DI water at 300 °C/10
MPa for 48 hours (modified from Nelson ef al.) [13], b) UN pellet after static auto testing at 300 °C/16 MPa for 30
minutes (modified from Watkins ef al.) [14], c) UN after hydrolysis in steam at 340 °C for 105 minutes, d) UN after
hydrolysis in steam at 425 °C for 300 minutes (modified from Jolkkonen ef al.) [68], and e) UN after static
autoclave corrosion at 300 °C, no time duration given (modified from Malkki) [76].

Examining the microstructural evolution of UN under corrosion conditions can help identify the
reaction progression over various times and temperatures but to date, as previously stated, this
information has been limited in literature. Figure 9, shows UN samples of approximately 92%
TD (fabricated using HDN powder and conventional sintering) submerged in DI water for 30
minutes at ~16 MPa and temperatures of 250 °C, 275 °C, and 300 °C. UN sample degradation is
noticeable at 250 °C with the edges of the right cylinders showing preferential attack. Grain
boundary etching and eventual spallation increases with increasing time and temperature. While
the post-corrosion results indicated the corroded samples were still primarily UN, the
degradation behavior was attributed to the formation of secondary phases including
hyper-stoichiometric UN, UO», and possibly an oxynitride phase. These results from Watkins et
al. [14] correspond to the results reported by Jolkkonen et al. for UN samples of 96.6 and 97.7%
TD fabricated via SPS with HDN powder [68].

39



PP WN =

O 00 N O

10

11

12
13
14
15

16
17
18
19
20

Figure 9: Backscattered electron micrographs of corroded UN pellets submerged in DI water for 30 minutes at 250
°C, 275 °C, and 300 °C and approximately 16 MPa. The top images were taken from the less corroded pellet surface
while the bottom images show the preferential degradation from the pellet edges. Grain boundary etching and attack
increases with temperature. From Watkins et al. [14].

Micrographs of UN microstructural degradation for 98.25% TD samples (fabricated with HDN
powder and sintered via SPS) exposed to steam for 90 minutes at 300 °C and 9 MPa are seen in
Figure 10 [69]. Similar to the above work seen in Figure 8b and Figure 9, some areas of the
matrix are preserved but degraded regions display grain boundary etching causing weakening of
the matrix.

—

2§

Figure 10: Optical micrographs of 98.25% TD UN exposed to steam at 9 MPa and 300 °C for 30 minutes. a) UN
sample showing section where the matrix was preserved and other degraded regions and b) inset of a) displaying
degraded region with grain boundary etching which causes weakening of the matrix. Modified from Lopes et al.
[69].

No literature was found for monolithic UN samples subjected to corrosion in radiolysis
conditions, such as would be expected for fuel exposed in a leaker/failed rod during reactor
operation or during spent fuel storage. However, one study looked at the interaction of UN thin
films exposed to 0.1 M H20: (a product of water radiolysis) at room temperature [77]. The
results showed that a UN specimen (prepared via DC magnetron sputtering of a uranium target
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and containing a small amount of U,N3 contamination) exposed to H,O» for 50, 250, 1250, and
6000 seconds did oxidize to UO> and UO»+«. The results also suggested UN had a lower
corrosion rate in H>O; as compared to a UO; sample tested under the same conditions [77].
These findings could suggest that UN may be more corrosion resistant in an accident scenario
than previously believed and underscores the necessity for additional research for UN in
radiolytic conditions.

While the differences in synthesis and sintering methods and variations in testing parameters
make it difficult to provide definitive conclusions about UN in hydrolysis conditions, general
observations can be made. Table 4 summarizes the available literature on UN and
UN-composites under corrosion via water or steam. The summary includes (if available) the
synthesis method for UN feedstock, sintering method, the physical form exposed to corrosion
(i.e., powder, pellet, etc.), the temperature test range, test conditions, onset temperature, sample
composition, grain size, and the resulting reaction products. Onset temperatures for UN and
UN-composites tested in steam and water were generally <200 °C for powder samples, between
200-300 °C for monolithic samples, and again, dense, high purity samples performed the best.
Most of the available data is for pure UN samples, thus presenting a research opportunity for
hydrothermal corrosion testing of UN-composites. Grain size was included in the table, even
though most of the investigations did not report it. However, one of the studies which provided
grain size data indicated samples having smaller grain size performed better due to increased
mechanical stability and less susceptibility to intergranular cracking [69], highlighting that this is
an important parameter to consider.

Table 4: Summary of water/steam corrosion of UN and UN with additives or composites.

Ref Synthesis | Sintering Type Te:l;}: ) ::St con{j?tsitons Onset temp. Composition Grain Size Reaction
1 method method yp [ Cg] [°C] P [um] products
Static
[13]] CTR-N |Conventional Pellet 300 (48 hr)| autoclave, n/a UN 15-25 [8[0)}
ramped*
. Hyper-
a i::;c o 250 (UN), UN, stoichiometric
[14] HDN |Conventional Pellet 250-350 ;‘am e‘é > | 275-300 (UN- | UN+5w% UO,, wa UN, U-
1o C})mir’l UO, composites)| UN+10w% UO, oxynitride, U,Nj3,
and UO,
Single crystal,
HDN/arc- . U30g (HzO sat.
£ [36] melting HIP polglocrl;l};szilsme 300-700 | Isothermal - UN n/a air), UOs (H,0)
Q
B[54 wa a Powder 100-400 | Ramped, 250 UN R
g 5°C/min and UO,.y
[57]] Sol-gel |Conventional Compact 25-767 l;fg}ﬂ:i’ ~ 347 UN n/a UO, with U;Ns3
Ug()t(inéliflz, Ramped Us0 with
[59] n/a n/a Pellet 13% water| 40° C?mir,l n/a “UN n/a intermediates of
V(;;:(;r UN;, and UO,
200-1000
[60] n/a Conventional Compact (;I)e_?;r(r)l(;; Ramped* 250 UN n/a UO,, U,N;, NH;
(water)
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[ernimde of U Powder | 340-420 | Isothermal ~300 UN wa  |00» U2 NH3,
metal H,,
Direct
nitride of U . . "
[61] metal Arc-melting | Single crystal |Upto 750 Ramped ~ 400 UN n/a UO,, U,N;
Direct 210-300
. . . L 180 (powder),
[61] nitride of U Arc-mel'tmg, Powder, single | (in high Isothermal | 200 (pellet), 230 UN wa U0, UsNs
metal |Conventional | crystal, pellet | pressure, (single crystal)
80 atm) glecry
Static
671 na n/a Pellet |23 and 92 Rﬁ;‘giﬂ;ﬂ n/a UN n/a U0, and NH;
92°C test™*)
[68] HDN SPS Pellet 400-500 | Isothermal 400 UN n/a U0z, NH;, Ho,
U,N;, oxynitride
Static
HDN (UN), 6-24 (UN), 9
! + 0,
[69]|Arc-melting]  SPS pellet 00 (30-90] autoclave, na UN, UNHIOWY | (3N 10w% | Oxide phase
(UsSin) min) Ramped, U;Si, UsSih)
o 15°C/min P
Static
[76]] HDN SPS Pellet 150 autoclave, <150 UN+30at%ZrN n/a n/a
Ramped*
“Intact after Shr
Sol-gel Boilin u(llvjs\rli_z(:i)’lo *UN+2.7w%Cr, Cr0,, Cr,0
[78] €5 | Conventional Pellet g n/a p . UN+2.8w%Ni, n/a RO
CTR-N water min (UN-Ni), UN+1.5wo%Al (UN-Cr sample)
pulverized 5 min '
(UN-Al)
DC 0.1 M 50, 250,
[77]| magnetron n/a Thin film H,0, at | 1250, 6000 n/a ‘UN 10 nm UO,; and UO,.
sputtering room temp| seconds

"no rate listed; * Samples had “detectable” amounts of UO in starting material; ® Material referred to as the UN-Cr sample noted as surviving
5 hours in boiling water was characterized prior to testing and identified as UO, 1;, with UCy 15Ny s, and CrO,, material referred to as UN-Al

sample was characterized prior to testing and identified as UCysN s, “Sample contained some U,N; contamination

4. Additives/Dopants to UN to mitigate oxidation behavior

A primary screening for suitable compounds or elements as a secondary addition to a UN fuel
matrix includes oxidation resistance to LWR-relevant environments and temperatures. While
many compounds could meet this challenge, the inclusion of a non-uranium bearing component
to the UN fuel in excess of 28 vol% nullifies the advantages of UN over the benchmark UO- in
terms of uranium density; this point is elaborated upon in the U3Si> publication of this review
series. Incorporation of a uranium-bearing compound to a UN matrix would ensure that the
uranium density of the compound would always exceed that of UO,. Research on combining UN
with uranium silicide compounds, such as UsSi, has been investigated, as until recently it was
reported that U3Si» was more resilient to oxidizing atmospheres [35, 79]. However, as reported
by Wood et al.[12], UsSiz is also susceptible to hydrothermal corrosion conditions resulting in an
increase in research focusing on the addition of other compounds and alloying elements to UN
that can hinder its corrosion behavior. The relevant literature related to UN alloys and
composites is discussed, along with a thermodynamic assessment of the various systems. As
previously mentioned, this review is not specifically focused on fabrication methods. The
fabrication methods are discussed in terms of how synthesis and fabrication affect the
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additive/dopant additions, resulting microstructures, subsequent phase compositions, and
oxidation/corrosion performance. Few, if any of the studies discussed are fully optimized to
explore the effects of time, temperature, and atmosphere on either fabrication or
oxidation/corrosion conditions. This is a non-trivial issue and highlights the need for more
robust, controlled experimentation conditions in both fabrication and corrosion testing.

As mentioned in Section 3.1 and shown in Figure 3, UN has a narrow phase field and is
thermodynamically sensitive to decomposition, especially at higher temperatures and low partial
pressures of nitrogen. To provide a better empirical observation of this phenomenon, the effect of
sintering atmosphere on phase formation and microstructure was investigated by Jaques et al.
with synthesis and sintering of UN-(5-10 wt%)UQO: composites [44]. Pellets fabricated using UN
feedstock (synthesized via the HDN method) were sintered in ultra-high purity Ar, Ar+1wt%N>,
and Ar+100 ppm N to better understand how the nitrogen concentration affected secondary
phase formation. Accordingly, sintering in pure argon at 1550 °C resulted in a “coring” effect,
where UN dissociated, leading to an elemental liquid phase uranium along grain boundaries and
an outer rim with enhanced densification (seen in Figure 11). The composites had UO»
homogeneously distributed throughout, but with increased phase fractions of UO; and higher
sintering temperatures, the structure coarsened and lowered the overall pellet density. This
behavior is believed to be due to the favorable formation of oxygen stabilized nitrides or uranium
oxynitrides [44].

80 %I1D

Region'1

Figure 11: a) SEM micrograph of a UN pellet sintered in UHP-Ar at 1550 °C having an inner region of lower
density and an outer rim with higher densification due to UN dissociation forming free elemental uranium resulting
in liquid phase sintering, b) higher magnification of Region 1, and c) higher magnification of Region 2. Modified
from Jaques et al. [44].

Work on another UN composite type to hinder UN dissociation was presented by Potter and
Scott under a patent for a (U,Zr)N alloy consisting of single-phase UN containing dissolved Zr
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(as ZrN) [80]. The invention describes nitriding uranium and < 10 wt% Zr to achieve a single-
phase material, with 3-5 wt% being ideal for UN stabilization in preventing formation of higher
uranium nitride phases, sintered in 1 atm of N2 above 2200 °C. Potter and Scott compared the
sintered pure UN samples and (U,Zr)N samples heated at 1600 °C under vacuum for 8 hours,
followed by a 1700 °C dwell for an additional 8 hours. The results indicate UN dissociated and
sintered to the tungsten plate used for sintering after only 1 hour at 1600 °C [80], a result which
would be expected according to the above mentioned work of Tennery and Matzke (Figure 4)
[46, 47]. The UN sample also showed extensive formation of free uranium, while the mass loss
of the (U,Zr)N sample was 50% and 75% of the UN sample at 1600 °C and 1700 °C,
respectively, and only had trace surface amounts of free uranium present [80]. These findings are
similar to those of Watkins et al. who conventionally sintered UN (from CTR-N) composites of
10 wt% Zr in pure argon at 1500 °C [81]. In Figure 12, UN dissociation is evident in the highly
porous structure having a phase identified as liquid uranium (region 1) and areas having U-N-Zr
(region 2) and U-N-O-Zr (region 3). The inset in Figure 12a highlights a similar “coring” effect
that was noted by Jaques et al.[44] due to UN dissociation, while Figure 12b and ¢ show the
extent and uniformity of the porosity and liquid uranium phase present in the monolithic pellet
[81]. These results were confirmed in their XRD analysis showing shifted UN peaks (attributed
to Zr incorporation in the UN lattice to form a ternary phase of unknown stoichiometry) and
Zr0O», as well as a small amount of U;N3. A similar result was seen in their fabrication of
UN+10wt% Y samples sintered in argon [81].

Figure 12: Backscatter electron micrographs of UN+10wt% Zr sintered in argon at 1500 °C. A) As-
sintered microstructure showing formation of a liquid uranium phase at the grain boundaries indicating
UN dissociation; inset is of the pellet surface showing the “coring” effect due to the UN dissociation, b)
as-sintered microstructure highlighting the porous nature of the pellet and the uniformity of the liquid
uranium phase, c) slightly higher magnification of the as-sintered microstructure showing the liquid
uranium phase, and the phases identified as U-N-Zr and U-N-O-Zr. Modified from Watkins et al. [81].

This UN dissociation can be predicted through the use of an Ellingham diagram, which shows
the relative thermodynamic stability of UN as compared to the nitride formation for potential
additives (Figure 13) [82]. The importance of a diagram like this is that it provides a
thermodynamic prediction of the most stable phases in relation to UN. Accordingly, if at any
time during the processing of a fuel the free energy of formation (AG) of an additive nitride is
lower than that of UN, it is thermodynamically favorable for the UN to dissociate (leaving
elemental uranium) and form the nitride of the additive. Two examples of nitrides that are more
favorable than UN are AIN below 600 °C and Si3N4 under approximately 800 °C (Figure 13).
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This predicted thermodynamic stability of ZrN and TiN relative to UN was empirically validated
by Potter and Watkins et al. [80, 81]
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Figure 13: Ellingham-type diagram showing thermodynamic stability of nitride formation of various
metallic elements considered for possible dopants into ATF concepts versus UN. Calculated using HSC
Chemistry 9 [62].

In a follow-on study from that of Jaques et al. [44], UN-(5-10 wt%)UO, composites were
examined for microstructural degradation under hydrothermal conditions [14]. Monolithic
samples of approximately 92% TD were prepared using UN powder from a HDN method and
commercially available UO,. Green pellets were conventionally sintered in an Ar+100 ppm N>
atmosphere. The sintered monoliths, along with pure UN and pure UO- samples as benchmarks,
were submerged in DI water and heated to 250-350 °C and up to 16 MPa for 30 minutes [14]. As
depicted in Figure 14a, the corrosion morphology of the pellets shows that reactions begin at the
grain boundaries, resulting in grain boundary expansion and spallation. As the corrosion process
advances with temperature, pellet degradation increases (as anticipated). The top surfaces of the
composite pellets (top row of Figure 14) also exhibited an interesting phenomenon where an
oxygen-rich phase (as identified with EDS) consumes the surface of the UN grains, suggesting
that the oxide may be nucleating on the grains and propagating across the surface. This was not
observed in the pure UN benchmark samples (Figure 9) [14]. The authors postulated that the UN
reaction with water proceeds as a reaction layer and phase segregation occurs at the grain
boundaries. The phase segregation results in the expansion of the intermediate layer leading to
mechanical breakdown of the pellet. The researchers also noted in their batch study that the
pellets fabricated with a higher starting oxygen impurity enhanced the degradation behavior [14].
Similar attempts at a solid solution of UN + (15,30at%) ZrN (~ 6.9,15.2 wt% ZrN) pellets was
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attempted through SPS, but found both U-rich and Zr-rich regions post-sintering [76]. Figure 14b
shows the fabricated microstructure of a UN+30at%ZrN pellet (approximately 91.3% TD) which
had been heat treated in argon at 1400 °C for 4 hours after SPS. The brighter areas identified as
the U-rich regions and the darker areas being Zr-rich. The sample was also subjected to
autoclave testing in 3mL of DI water at 150 °C for 4 hours, and was already showing significant
degradation as seen in Figure 14c. The authors postulated this degradation at 150 °C could have
been enhanced by impurities introduced during the pre-corrosion heat treatment to improve the
solid solution between the UN and ZrN. The corroded microstructure is shown in Figure 14d and
the authors indicated there was possibly increased degradation due to carbon impurities (dark,
pitted regions) that were introduced either from their uranium feedstock or through the SPS
process from the graphite foil [76].

UN+ 5w% UO, UN+ 10w% UO, UN+ 10w% U0,

Figure 14: a) Representative optical image of UN+UQ, pellet conventionally sintered and subjected to
static autoclave testing, arrows point to the relevant areas where backscatter electron micrographs were
taken of the corroded microstructure. The UN +(5-10 wt%) UO, samples corroded at 250 and 275 °C,
show preferential edge and grain boundary attack. The pellets corroded at 250 °C also indicate clear light
and dark phases present across the surface of the pellets, the dark phase being identified as an oxide phase
via EDS (from Watkins et al.) [14]. b) SEM of sintered microstructure of a UN+30at% ZrN composite
sintered via SPS and heat treated at 1400 °C for 4 hours in argon displaying U-rich (lighter) and Zr-rich
(darker) regions, ¢) macro image of the sample subjected to autoclave testing in DI water for 4 hours at
150 °C, and d) corroded microstructure of the autoclave tested sample showing degradation and dark
regions which were identified as carbon impurities (modified from Malkki) [76].
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Discussed in more detail in the U3Si» review publication, several methods and strategies for
corrosion protection have been considered; one such strategy is to incorporate an additive or
dopant which will preferentially oxidize, forming a protective/passivating barrier (oxide, nitride,
or silicide) on the surface of the fuel element to protect it from corrosion [78, 81]. An Ellingham-
type diagram, similar to Figure 13, for the thermodynamic stability of oxide formation for
various proposed elemental additions to high uranium density fuels, is reported in the U3Si,
focused part of this review series. Using a similar strategy, Lahoda et al. have recently
submitted a U.S. patent application on grain boundary enhanced UN and UsSi» pellets for
improved oxidation resistance [83]. The invention describes mixing UN or U3Si> powders with
an additive of selected passivating materials (<20 wt%) including Mo, Ti, Al, Cr, Th, Cu, Ni,
Mn, W, Nb, Zr, Y, Ce, or Mg, or alloys containing at least 50 at% of the metal, MgN, ZrSi»,
Z1Si0y4, CrSiz, BeO, UO,, or glassy materials [83].

As previously stated, limited publications are available in the open literature that investigate the
effects of adding dopants or components to the corrosion behavior of UN; however, there is more
data on the addition of UN to other host matrices, including UO> and U3Si1,. Accordingly, Yang
et al. and Costa et al. investigated the oxidation resistance of UO2/UN composite fuel compacts
with up to 50 wt% UN [84, 85]. However, the synthesis techniques and observed behavior were
significantly different. In the study by Yang et al., hot-pressed composites of nearly 100%TD
UO; along with (6-39 wt%)UN (synthesized from the HDN method) were fabricated for the
purposes of improving the uranium density and thermal conductivity of UO,. The authors
indicated that approximately 7 wt% UO; impurity existed in the starting HDN UN powder along
with approximately 3 wt% U>Nj3 (as determined by XRD via a relative intensity ratio, RIR,
analysis). Although starting weight fractions for UN were listed as 19.4, 37.4, and 51.2, it was
reported that the sintered composites had a marked decrease in the UN weight fraction (6-39
wt%), which was attributed to decomposition or the oxidation of the UN phase during sintering
under vacuum. However, precise control of the sintering atmosphere was not detailed, and no
elemental uranium phase was detected and so oxidation is probable and decomposition is
unlikely. Backscatter electron images of the hot-pressed samples are shown in Figure 15 and
show the UN (light phase) and UO, phase (dark contrast) comprising the microstructure. The
authors suggest that the formation of a hypo-stoichiometric UO; is likely, which may be due to
the low oxygen potential during hot-pressing in vacuum, resulting in the oxidation of UN. If the
UN is oxidized, it is postulated that nitrogen dissolution into the UO; is possible, forming an
oxynitride that decomposed upon cooling to UO> and U;N3. The authors also acknowledged that
the RIR method for determining the final sintered compositions did not reflect the actual
composition as the pattern was obtained from the sample surface and likely varied from the bulk
[85].
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Figure 15: Backscatter electron images of the UO,-UN samples hot-pressed at 1590 °C, a) 6.9 wt% UN,
b) 26.4 wt% UN, and ¢) 39.3 wt% UN. Modified from Yang et al. [85].

More recently, Costa et al. also looked at composites of UO> with (10, 30, and 50wt%) UN
(microspheres from the sol-gel process) sintered via SPS in vacuum. The following general
behaviors were observed: Higher sintering temperatures and pressures resulted in a lower
concentration of UN and a higher concentration of a-U>N3, and the cooling rate impacts the
amount, size, and morphology of the U>N3 precipitates. Faster cooling resulted in less of the
sesquinitride phase with a coarse grain structure and slow cooling rates produced a long range
lamellar-type structure [84]. The sintered microstructure of the UN-UO; composites are shown
in Figure 16a-d. The highly porous UN microspheres are well distributed throughout the UO»
matrix but deviate from their original spherical shape to a more elongated oval, which is
attributed to the induced compressive stresses applied during the SPS process. EDS chemical
mapping was also used to identify a-U>N3 precipitates throughout the UO, matrix (identified by
P3 in Figure 16d) [84]. As a follow-on study to this work, the authors oxidized their as fabricated
UN microspheres, sintered UN microspheres, UO», and UO»-(10,30, and 50 wt%) UN in a TGA
in synthetic air up to 700 °C. The degradation of the as-fabricated and sintered UN microspheres
oxidized in air was shown previously in Figure 5. The authors reported the highest oxidation
onset temperature of 320 °C for their UO2/10wt% UN sample, outperforming even the
benchmark UO, sample. It should be noted that the authors indicated the actual phase
composition of their UO2/10wt% UN sample after sintering was 95 wt% UO2/1.7 wt% UN/3.7
wt% UzN3 via XRD RIR method. This composite also had a higher maximum reaction
temperature and lower oxidation rate at its maximum than their benchmark UO; sample. The as
fabricated UN microspheres (52% TD) and sintered UN microspheres (83.8% TD) had the
lowest oxidation onset temperatures (276 and 260 °C, respectively).
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UN microsphere

Figure 16: Backscatter electron micrographs of UN microspheres embedded in a UO; matrix. a) showing
UN microspheres relatively well dispersed throughout the UO, matrix but elongated from their original
spherical shape, b) higher magnification of the UN microspheres, c) higher magnification image showing
the more porous UN microsphere as compared to the denser UO, matrix, and d) highlighting the UO,-UN
microsphere interface. Modified from Costa et al. [84].

Other work using UN microspheres investigated dopants of Cr, Ni, or Al (2.7, 2.8, and 1.5 wt%
respectively) to achieve a passivation via preferentially formed oxide layers of the metallic
additives during water exposure [78]. The desired additives were dissolved into the feed solution
to make spheres which then underwent carbothermic reduction. The authors indicate as-
fabricated microspheres were all highly porous (< 80% TD for their proposed compositions).
Due to the use of carbon nano-powder during the internal sol-gel process, significant washout of
carbon into the solution occurred making control of carbon contaminates in the final product
difficult. Considerable contamination of the microsphere’s surfaces with silicon oil was found
which likely affected the sintering process. X-ray diffraction of the nitride microspheres
indicated the UN/Cr samples contained UN, UO», Cr203, and CrN, the UN/Ni samples only
indicated UN, while the UN/AI samples corresponded to UN, AIN, and Al,O3 [78]. Figure 17a
and ¢ show SEM micrographs of the UN-Cr and UN-Ni doped microspheres after nitridation and
prior to sintering, Figure 17e is the air-dried UN-AI microsphere prior to nitridation, while b, d,

49



coNO LT b

and f are the SEM micrographs and chemical maps showing elemental distribution on the sphere
surfaces.

Figure 17: SEM micrograph compilation of UN-doped microspheres before sintering. a) UN-Cr microsphere after
nitridation and b) EDS mapping of surface of the nitrided microsphere showing U and Cr distribution although XRD
analysis identified UN, UO», Cr,03, and CrN; ¢) UN-Ni microsphere after nitridation and d) EDS mapping of the
UN-Ni nitrided microsphere showing U, Ni, C, and Si distribution, XRD only identified UN; ¢) UN-Al air-dried
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microsphere before nitridation and f) EDS mapping of the UN-AI microsphere after nitridation showing U, Al, and
Cr distribution, XRD identified UN, AIN, and Al,O3. Modified from Herman and Ekberg [78].

The microspheres were compacted and conventionally sintered inside a graphite element furnace.
The UN/Cr pellet had varying porosity across the pellet (calculated to be 40% TD of UN) and
showed indication of chromium migration away from the surface and an interaction between the
W-setter plate using during sintering and the pellet bottom. XRD patterns from the surface
identified UO,, CrO; and a uranium carbonitride. The UN/Ni samples showed nickel segregation
to the grain boundaries and formation of what the authors identified as UNis (calculated 57% TD
of UN). The UN/Al samples showed Al segregated to the edge of the pellet and the surface was
cracked and extremely porous, while XRD only identified a uranium carbonitride phase
(calculated 50% TD of UN). All the as-sintered samples were subsequently placed into boiling
DI water, with the authors stating the UN/Cr sample survived 5 hours without disintegrating.
Although the pH of the final solution containing the UN-Cr sample was neutral, bubble
formation was seen at the pellet surface. These bubbles were postulated to be from ammonia
formation which could be correlated back to the UN corrosion Eqn. 4. [78]. As seen in Figure
18a-b, the microstructure appeared unchanged (per SEM) after the corrosion experiment. The
authors indicated the peak intensity of the XRD analysis of the nitride phase was smaller after
corrosion, while the intensity of the detected oxide phases (CrO; and Cr>O3) were larger. The
UN/Ni pellet disintegrated after 10 minutes in the boiling water and the UN/AI pellet was lost
after 5 minutes and both solutions measured pH were neutral [78]. Another reference to UN
composite formation using a sol-gel method was part of the oxidation study performed by
Dehadraya et al. which included samples of (U,Ce)N microspheres having 15 and 30 mol%
cerium [56]. The final oxidation product of the composites containing 15 mol% Ce were MO»+
(M = metal) with a sesquinitride as an intermediate. The authors reported the 30 mol% Ce

Figure 18: SEM micrographs of the UN-Cr microsphere microstructure prior to submersion in boiling
water and b) UN-Cr microsphere after 5 hours in boiling water. Modified from Herman and Ekberg [78].

Several researchers have investigated the use of another ATF concept, UsSis, as a secondary
phase in UN for increased accident tolerance. The microstructure of UN-U3Si> compacts of
various compositions (10, 20, and 25 wt% silicide) fabricated via SPS using HDN UN powder
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and arc-melted U3Si; are seen in Figure 19a-c [86]. The formation of a ternary U-N-Si phase was
identified as the dark phase in the figures. In Figure 19a the lighter phase inside the large silicon-
rich inclusion (seen in all the compositions due to the UN and silicide powders being manually
mixed) was said to most closely match the original U3Si; phase. In the 20 wt% and 25 wt%
silicide samples (Figure 19b-c) this phase was seen primarily at the grain boundaries. The
authors proposed that this intergranular phase led to liquid phase sintering during the SPS
process as they also found evidence of a liquid phase melt on their graphite dies [86]. This same
work was also documented by Johnson et al. who stated that the resulting pellets had high
homogeneity with well dispersed UsSi» confined to the grain boundaries, although complete
saturation of the UN grain boundaries was not achieved [87].

Figure 19: SEM micrographs of the SPS sintered microstructure of UN-U3Si, composites a) 10 wt%
UsSi, b) 20 wt% UsSis, and ¢) 25 wt% UsSi>. Modified from Raftery [86].

A separate study using UN powder from CTR-N and UN microspheres prepared from a sol-gel
process combined with (25-35 wt%) arc-melted U3Si» powder and then conventionally sintered
resulted in different behavior [8]. Higher temperature sintering resulted in increased interactions
with the crucible material, pellet slumping, and evidence of a separate silicide phase formation.
The phase morphology of the samples fabricated with conventional sintering methods (<95%
TD) indicated a relatively continuous U3Si» phase with UN existing as separate regions within it
(see Figure 20) [8].

Figure 20: Backscatter electron image of UN+30 wt% U3Siz> sample sintered at 1700 °C for 3 hours using
HDN UN powder and arc-melted UsSi, exhibiting a fairly continuous U;Si, phase around the larger UN

52



N

O 00 N O U1 b W

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29

30

grains and the accompanying EDS chemical maps showing small areas of silicon-rich regions. Modified
from Ortega et al. [8]

Only a couple of studies have examined the oxidation and corrosion behavior of UN/U3Si»
composites. A UN-10 wt% UsSi» crushed powder sample oxidized in air up to 800 °C (along
with pure UN as noted earlier, see Table 3) generally followed the same reaction behavior of UN
[58]. Although the oxidation onset was slightly delayed, given the more rapid kinetics like they
observed with pure U;Si, the oxidation reaction completed at the same point as the typically
more poor performing UN [58]. A follow-on study examined the degradation behavior of a UN-
10wt%U3Si> composite in a steam environment (along with pure UN samples as noted
previously) using pellets sintered as outlined in Johnson et al. [87]. A UN-10wt%U3Si> sample
was subjected to steam exposure at 300 °C and 9 MPa for 90 minutes [69, 88]. The corrosion
mechanism in the composite was identified as intragranular cracking, as opposed to the
intergranular cracking (seen in their pure UN samples resulting in matrix degradation and
pesting). The exposure of less fresh surfaces to oxidation in the composite delayed the attack on
the UN grains resulting in a 5x lower mass increase during steam exposure as compared to the
pure UN sample of the same porosity [69]. Figure 21a shows the mass increase for UN as a
function of porosity as well as for the UN-U3zSi> sample, b) the as-fabricated microstructure of
the composite, and ¢) and d) exhibiting the corroded microstructure and intragranular cracking of
the composite pellet [69]. The UN matrix appeared to have no chemical variation at the cracks,
but the UsSi> exhibited regions having increased oxygen content. This suggests that it is not the
silicide which has an increased resistance to corrosion but that the presence of the silicide
provides mechanical stability by reducing or eliminating intergranular cracking and grain relief
in the UN matrix [69].

Although noted above with regards to the specific experiments, the differences in synthesis and
fabrication methods, along with the inclusion of the various additive components many times
result in samples that are not of the nominal composition as intended and reported by the
researchers. While this review has attempted to bring to light those experimental conditions and
the actual phase compositions of the samples tested, readers are cautioned to examine the
literature carefully for specific experimental details regarding fabrication.
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Figure 21: Modified from Lopes ef al. [69] showing a) the % mass increase during steam corrosion for
UN pellets with varying porosity and a UN-10 wt% UsSi, composite, b) the as-fabricated microstructure
of the composite, and c) and d) showing the corroded microstructure with intragranular cracking present.

5. Effects of impurities and secondary phases in UN

5.1 Impurities in UN

This section briefly discusses the role impurities have on the performance of UN under
corrosion. More information has been published about how impurities affect UN’s in-pile
behavior. The role that impurities play in the degradation behavior of UN in oxidation and
corrosion conditions has not been well studied. Only a couple of the previously mentioned
corrosion studies postulated that increased oxygen content in the UN resulted in more severe
oxidation and corrosion behavior [14, 57]. Incorporation of C and O impurities on the N, U, and
interstitial lattice sites of UN via DFT theory found that C and O are energetically favorable in
the N site and that O is stable in the interstitial position [89]. Carbon and oxygen strongly
interact with vacancies and cluster at grain boundaries, dislocations, or surfaces. Oxygen also has
a lower energy barrier for diffusion as compared to N or C and O will form a psuedo UO»
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coordination, while C has very directional and inflexible bonding with U, requiring much more
energy [89]. Carbon direct interstitial diffusion was found to have a low energy barrier and can
rapidly diffuse to a N vacancy position, while O has a 0.15 eV lower energy barrier than N self-
diffusion, all of which can be significant in UN fuel [89]. Concentration of residual carbon in UN
should also be held to a minimum as formation of UC can result in even less desirable corrosion
behavior, which is elaborated upon in the UB/UC publication of this review series [90].

The effects of carbon and oxygen impurities in UN are also important to note due to the effects
their presence can have on formation and separation of phases within the fuel (with fission
products and uranium) during the course of irradiation [91]. Experimental results show the
maximum oxygen solubility in UN is 3-7 mol% (1.5-3.5 at% O) in the temperature range 1527-
1900 °C and an increase in oxygen concentration likely leads to formation of separate phases of
UO:, U, and U>Nj3 [91]. Oxygen and carbon content within the mononitride fuel can affect creep,
radiation swelling, emission of gaseous fission products, and thermal conductivity [92]. UN fuel
with mass fractions of 0.4-0.5% oxygen and 0.35-0.45% carbon were tested in two zones in a
BR-10 reactor. Gaseous emissions from the fuel was approximately 25% of the total amount of
gaseous fission products formed. Fuel having mass fractions of 0.1% for oxygen and carbon had
gaseous emissions of 20-22% of the total gaseous fission products formed [92]. UN’s
compatibility with EI847 steel cladding in the BR-10 was affected by increased oxygen and
carbon content in the fuel [92]. Carbonization of the cladding inner surface was three times
greater in fuel that had O and C mass fractions of 0.3-0.45% versus fuel having mass fractions
below 0.15% [92]. The importance of oxygen and carbon impurities on in-pile performance is
still not well understood, likely due to other parameters which prevent absolute determination of
impurity effects on irradiation behavior [93]. It has been observed that carbon and oxygen
content does have a strong correlation to fission product behavior due to the stability of the
carbide, nitride and oxide phases of the major fission products [93]. Irradiation tests on UN with
various cladding materials (Nb-1% Zr and Nb-1%Zr-0.1% C) were conducted as part of the
SNAP-50 reactor development program [10, 94, 95]. Overall irradiation performance was
deemed satisfactory, but the data on the swelling results exhibited substantial scatter for fuel
burnup <1.12 at% [10]. Testing parameters varied — from 10-93% U enrichment, burnups
from 0.3-4.58 (at%) and centerline temperatures from 912-1565 °C — however tests for both
cladding materials indicated carbon impurities of 300-600 ppm C, and 1000-2000 ppm O. It was
proposed that the oxide was present as a fine precipitate and was considered an advantageous
nucleating field for fission gases, suspected to have aided in the superior irradiation performance
of UN as compared to UC [94]. As part of the SP-100 research, other irradiation tests on UN
with cladding materials of W-26% Re showed significant scatter in the swelling data as well
cladding failures which did not allow for definitive analysis, while cladding of Ta-111 was

similar to that of the Nb-1% Zr and Nb-1%Zr-0.1% C [10].

The effects of C and O impurities on the thermal conductivity of UN fuel has also been studied
[96]. Carbon impurities up to 0.5 wt% resulted in a slight increase in thermal conductivity, but
above that concentration the thermal conductivity showed a marked decrease. The effects on UN
thermal conductivity as a function of oxygen concentration in argon and helium atmospheres
from 293-1273 K was also studied [96]. The thermal conductivity of UN for O> concentrations of
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0.2-2.25 wt% was decreased by approximately 41% at 600 °C and by almost 53% at 100 °C (see
Figure 22). UN samples having 0.13 wt% oxygen content (and 12.4% porosity) had the highest
thermal conductivity values [96].
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Figure 22: Dependence of thermal conductivity in UN as a function of oxygen content. From Solntceva et
al. [96].

5.2 Secondary phases in UN

In addition to the role secondary phases play on oxidation and corrosion behavior, the impact
these phases can have on other properties (e.g. thermophysical and neutronic) and irradiation
effects needs to be considered. Early work, from the 1960’s to the 1980’s, on additives to a UN
fuel matrix included additions of other nitrides and elements such as AIN, ThN, ZrN, O, C, Mo,
Th, Ti, and Y. One of the earlier investigations reported on the addition of refractory AIN to UN
via cold compacting and sintering and hot isostatic pressing [97]. The results suggest that the
thermal conductivity is slightly decreased with the addition of 10-30 vol% AIN over pure UN
(even though AIN has a higher thermal conductivity than UN under ~600 °C). The authors
attributed these lower thermal conductivity values to intra- and inter-granular cracking due to
differences in the thermal expansion of the two materials [97]. These UN/AIN compacts (having
75-85% TDs) were oxidized at 500 °C in dry CO; and results showed initial mass gain was very
rapid but that a protective oxide formed after about 1 hour. Significant mass gain was seen after
~14 hours (although no samples disintegrated) and UO was identified as the final oxidation
product [97]. Other work for UN/metal nitride composites was proposed in a patent referencing a
solid solution of (U,Th,Pu)N and a metal nitride, with the preferred fuel comprised of UN and
TiN or YN [98]. It is stated that both TiN and YN will result in a loss of thermal conductivity of
the composite fuel but are not dissimilar to that of a (U,Pu)N fuel. Addition of Gd>O3 and GAN
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as a burnable absorber to a UN matrix has also been reported to lower the thermal conductivity
of UN [99]. The impact of UN addition to a UO, matrix (39 wt% UN) has been shown to provide
a 2x increase in thermal conductivity as compared to reference UO; [85]. A UN-Mo cermet was
also fabricated from binder-jet printed Mo and UN microspheres sintered via SPS showing an
increase in thermal conductivity when compared to pure UN [100]. Alexander addresses an
important challenge with fabrication of UN and UN-composites, indicating that additives, such
as TiN or YN (5-10-20 mol%) can stabilize the UN, decreasing the thermodynamic activity of
the uranium, and preventing the formation of a molten uranium phase [98].

Other efforts related to in-pile performance investigated incorporating additions of O, C, Mo, and
Th to the UN structure based on findings that fine precipitates in uranium metal reduce fission-
induced swelling [101]. The authors state Mo is slightly soluble at approximately 0.10 wt% at
2600 °C, precipitating as submicroscopic particles upon rapid cooling. Thorium, dissolved as
ThN into UN, can be oxidized to UO; forming (U,Th)O> precipitates within UN grains [101]. It
has also been reported that ThN is more reactive towards water than UN [102]. Potter ef al.
indicate that oxygen quantities can be controlled by adding carbon to samples [101], although as
previously mentioned, carbon and oxygen impurities in UN can be detrimental to fuel
performance. More recently, a UN-5 wt% UO; composite system (via HDN and conventionally
sintered) under proton irradiation (2 MeV up to 4*10'® and 8*10'® ions/cm? at 400 °C and

700 °C and <107 torr) was studied for phase and defect evolution [103]. High angle annular dark
field (HAADF) and bright field (BF) scanning transmission electron microscopy images of the
UN-5wt%UO> composite irradiated at 710 °C and up to 8*10'® ions/cm? along with EDS
chemical maps show the aforementioned sandwich structure of UN/U>N3/UO; as previously
mentioned in the oxidation literature (see Figure 23). The authors concluded that the irradiation
accelerated the oxidation and phase transformation in the composite sample. The study also
found that in the nitride phases the dislocation loops grew (3x that of UO) and with increasing
temperature and dose the number density of the loops also increased [103].
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Figure 23: High angle annular dark field (HAADF) and bright field (BF) STEM images with EDS chemical maps of a UN-5wt%
UO: composite after proton irradiation at 710 °C and up to a fluence of 8*10'® ions/cm? indicating the presence of UN, U2N3, and
UOaz. The “sandwich structure” of the three phases is denoted by the yellow dashed rectangle in the bottom right image; the
proton irradiation beam direction is marked by an arrow in the upper left. Modified from He et al. [103].

The effects of secondary constituents in UN on neutronic performance of UN fuel has also been
studied through modeling [19, 104]. A neutronics simulation was performed on UN and UN-(Al,
Cr, Nb, Ni) metal composites with Zr-clad fuel pins [104]. The cycle length on undoped UN
increased by 25% compared to UO., while dopant addition to the UN lattice only slightly
affected the increased cycle length. The changes to the increased cycle length were smallest in
the following order: Al > Cr > Ni > Nb [104]. Another neutronic assessment was performed for
UN with secondary candidate materials of U3Sis, UsSi2, UB4, and ZrO> in nominal conditions in
a reference pressurized water reactor with Zr cladding [19]. Small volume fractions (<10%) have
a relatively small influence on the neutronic behavior of the these UN-based composite fuels
[19]. A further study examined a UN-U3Sis composite fuel concept with advanced cladding
materials (FeCrAl alloys) finding that the reactor physics and fuel performance were similar to
that of the benchmark UQO»-Zr cladding [105].

Given the impact impurities have on UN’s performance, it is essential that the synthesis and
sintering conditions are controlled to limit impurity concentrations, especially oxygen and
carbon. The impact that these impurities play on corrosion behavior is also clearly not well-
studied, leaving open the opportunity for research in this area. The authors postulate that
delaying the onset of reaction of UN in oxidizing atmospheres can be achieved by enhancing the

58



O 00 N O Ul B WN -

R R R R R R R R R R
O 00 N O Ul D WN L O

20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41

purity and density of UN, though mitigation strategies are necessary to facilitate oxidation
performance similar to benchmark UO,. Examining the results presented in the above literature
synthesis of UN via the HDN method may be the best choice for achieving high-purity UN
feedstock with limited C and O impurities, followed by CTR-N. The sol-gel method for UN
microspheres used to make monolithic pellets appears to result in much higher carbon impurities
and unwanted secondary phase formation during sintering than the other two more traditional
synthesis routes. The SPS method provides for obtaining high-density samples at lower
temperatures and shorter sintering times. However, the opportunity for introduction of impurities
(from the dies or barrier materials used during sintering) is much greater, as is the potential for
metastable phases which can impact the microstructure and fuel performance. The influence that
secondary additions have not only to oxidation and corrosion behavior, but to thermophysical,
neutronic, and fission product interaction/behavior must also be considered. As mentioned
above, specific research into how oxygen and carbon impurities affect UN’s performance in
hydrothermal corrosion conditions is warranted. Additionally, the effects that irradiation may
have on the corrosion behavior of UN must also be considered. Moreover, little data exists on the
effects that microstructural evolution and the presence of fission products may have on oxidation
and corrosion of UN, which is important not only for in-pile performance but for storage and
transportation of spent fuel. As future work is explored on UN, including irradiation,
opportunities exist for research in this area.

6. Summary

If UN is to be considered as a replacement for UO> for use in existing and future LWRs, a
modification of the fuel matrix to mitigate its undesirable corrosion behavior is required. The
literature on UN corrosion, while somewhat varied due to differences in synthesis, fabrication,
and testing parameters, agrees that the onset of oxidation occurs at temperatures too low for use
in LWRs. Research suggests that samples with high densities and low oxygen and carbon
impurities perform better, therefore benchmarking leaker-rod tests of high purity, high density
UN would indicate the extent to which hydrothermal corrosion will limit deployment. As the
literature is limited and varied for synthesis and fabrication, it would be presumptive to conclude
that one method is superior over another; however, it has been shown that the hydride-dehydride-
nitride method for UN synthesis generally results in less C and O impurities and SPS or HIP can
provide higher density samples. Fewer impurities and higher density can contribute to higher
onset oxidation temperatures and improved performance. However, the CTR-N method is
backwards compatible with current UO» fabrication facilities and has been demonstrated in the
fabrication of large quantities of fuel quality UN. The issue of isotopically enriching UN with
15N to avoid formation of '*C and limit neutron absorption, remains an opportunity for research,
whether through implementation of a closed gas cycle during synthesis, or recovery of nitrogen
during synthesis, sintering, and reprocessing.

Oxidation experiments of UN in air, although not relevant to LWR conditions, can provide a
comparison to the oxidation behavior of other fuel forms. This behavior in air is also applicable
to off-normal transportation and storage scenarios. A summary of the onset temperatures from
the UN air oxidation experiments in Table 3 is shown in Figure 23 compared to the reported
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ramp testing air onset oxidation of 455 °C for UO» from Wood et al. [106]. The values range
from 202 °C to 450 °C, with this range due to a variety of factors related to UN synthesis and
sintering methods, as well as the addition of a secondary phase. The lowest onset temperature
was for UN compacts fabricated from the sol-gel method, and the highest onset temperature was
for a UN+10vol% Us3Si> compact fabricated from HDN powder and sintered via SPS, close to
that of UO,. UsSiz is further reviewed in the UsSiz publication of this review series. The highest
onset for a pure UN sample (fabricated from HDN powder and conventionally sintered) was
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Figure 24: Plot of the air oxidation onset temperatures from Table 3 compared to reference data for air onset

oxidation of UO, from Wood et al. [106].
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Data from water and/or steam corrosion experiments is considered here to be the most relevant
for screening conditions when evaluating possible ATF fuel forms. Onset temperatures for UN or
UN-composite samples tested in water or steam are summarized in Figure 24. The lowest
reported onset temperature in water/steam (~150 °C) was for a UN+30at%ZrN sample (via HDN

and SPS) and 180 °C for UN powder. The highest onset was at 400 °C for a pure UN pellet
fabricated via HDN and SPS. Only one reported study looked at UN thin film corrosion in
radiolytic conditions at room temperature. While the results suggested improved corrosion
resistance in conditions similar to what would be seen in a leaker/failure rod scenario, more

extensive research is required in this area.
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Figure 25: Plot of the water/steam onset temperatures from Table 4.

Regardless of synthesis technique, UN pulverization during corrosion is due to the formation of a
reaction product at grain boundaries. The reaction product is generally a progressive formation of
sesquinitride and oxynitride phases (with an associated volume expansion) leading to instability
in monolithic samples. The UsSi» focused publication of this review series will explore
protection strategies in more depth. However, current research on UN protection is primarily
directed at the addition of a suitable additive that will act as a protective barrier. This is
envisaged to be through either the preferential oxidation of the dopant over UN and subsequent
formation of another corrosion resistant phase during oxidation/corrosion or microstructural
refinement in which the UN grains are protected by the additive; some combination of these
degradation mitigating phenomena could also be expected. The literature that includes
incorporation of an additive or secondary phase to UN favors more traditional synthesis
techniques, such as HDN and CTR-N for UN synthesis followed by conventional powder
metallurgy and sintering. The challenges remain in identifying a scalable process for synthesis
and fabrication which limits impurities (namely O and C), and one in which additives can be
easily incorporated without formation of unwanted secondary phases, or dissociation of the UN.
Research opportunities also remain in identifying the specific effects that O and C impurities
play in hydrothermal corrosion of monolithic UN.

While still limited and somewhat varied, the available literature on oxidation and corrosion of
UN and UN with various additions demonstrates the continued need to identify a pathway for
improving UN’s corrosion resistance. To date, none of the literature has successfully
demonstrated significant improvements to the corrosion resistance of pure UN or UN with an
additive/secondary phase. Additionally, a proven method to fabricate and sinter high density UN
with an additive that can improve corrosion performance, which is scalable, economical, and
does not result in unwanted phases or undesirable impurity levels remains elusive. Further
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investigation into suitable additives for UN as well as more relevant water and steam testing for
such systems remains an opportunity in fuels research.
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Abstract

Cr-doped UN composite fuels with different doping amounts up to 10 wt% are
fabricated by spark plasma sintering, and their microstructure and phase heterogeneity are
analyzed. Highly densified microstructure and homogeneous Cr distribution are identified for
the Cr-doped UN pellets, demonstrating a liquid sintering characteristic with a Cr enriched
phase on the UN grain boundary. A ternary phase U,CrN3 forms in the Cr-doped UN matrix
with doping amounts of 5 wt% and 10 wt%. The SPS densified Cr-doped UN composite pellets

display ereatly-mprovedgreatly improved thermal conductivity and simultaneously high

hardness and fracture toughness. Of particular significance, the fracture toughness of the Cr-
doped UN pellet is ~5.5 MPa-m'?, representing almost 130% enhancement in the fracture
toughness of as compared with that of monolithic UN. The incorporation of the Cr doping also
increases the onset temperature for oxidation and reduce the maximum oxidation rate. These
results highlight that Cr doping and the formation of a ternary phase can be useful to design
advanced UN fuels with enhanced thermal-mechanical properties, oxidation resistance, and

maintained high fissile element density.
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1. Introduction

Accident tolerant fuel (ATF) became a primary focus after the Fukushima accident to
replace the current uranium dioxide and zircaloy fuel system to improve accident tolerance of
light water reactors (LWRs) [1]. Triuranium disilicide (U3Si2), uranium nitride (UN) and
uranium carbide (UC) are the favorable candidate fuel materials for LWRs [2]. These
compounds exhibit superior thermal conductivity and higher fission element density compared
to UO». Thus, AFTs can significantly improve the fuel safety margin and prolong the fuel life
eyelerandcycle and can potentially increase burnups reducing the fuel exchange frequency [3-
5]. Among these fuel candidates, mono-uranium nitride fuel (UN) possesses distinct
advantages of high thermal conductivity, an extremely high melting point, high fuel density
and good chemical compatibility with fuel cladding [6]. In addition, uranium nitride fuel also
represents an attractive high-performance nuclear fuel form. It is possible to operate it at high
temperatures [7], and UN displays excellent irradiation stability up to 2 at% burnup at
temperature up to 1500 °C [8]. Despite excellent thermal conductivity and high fissile element
density, uranium nitride suffers intrinsic problems including low oxidation resistance and it is
energetically favorable for UN to react with water vapor. UN fuel can hydrolyze and convert
into oxide (in a solid form), constraining its application in LWRs [9,10]. Previous research
indicated that the oxidation of UN occurred at an onset temperature around 320 °C [11],
significantly lower than that of other ATFs, such as UsSi>, which is typically around 384 °C in
the air [12].

A detailed oxidation study reported that UN reacted with water vapor at ~250 °C and
formed ammonia and hydrogen [13]. A protective layer of UO> can then form on the surface
of UN, spiking up the onset temperature in moist air up to 270 °C [13]. However, O, diffuses
through this UO; layer and reacts on the interface with UO»/U;N3 by releasing nitrogen.

Oxidation products such as UszOg or UOs3 formed during oxidation [14]. By further
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consolidating a highly densified pellet by sparking plasma sintering (SPS), the onset
temperature for oxidation can be spiked up to 380-400 °C as denoted by previous research
[15,16]. Further oxidation test under superheated steam/argon mixture at an atmospheric
pressure indicated that a complete degradation of UN pellets was obtained within 1 hour in 0.5
bar steam at 500 °C, and the final products were identified as uranium dioxide, ammonia, and
hydrogen gas without detection of nitrogen oxides [16]. Therefore, the key challenges yet to
be overcome include: (1) how to increase the onset temperature of oxidation and (2) how to
reduce oxidation and corrosion rates to design oxidation and corrosion-resistant uranium nitride
fuels.

Extensive efforts are carried out to optimize the UN fuel performance, for instance, by
designing UO-UN composite fuels showing enhanced uranium density and thermal
conductivity [17]. Ortega (2016) successfully densified the UN-U3Si> through liquid phase
sintering, which has 30% higher uranium density compare to UO», and the composite fuels are
highly resistant to steam oxidation and chemical corrosion [18]. In addition, alloying with
different additives incorporated into UN matrix has also been proposed to form protective oxide
scales and thus improve oxidation resistance. The possibility of doping UN matrix with a
suitable protective component, for example, chromium oxide, aluminum oxide, or nickel oxide
in a concentration less than 10 vol% was proposed #-erdertoto maintain the economic benefit
of ATFs and meanwhile not significantly sacrifice the uranium density in the fuel [19]. Lessing
(2012) investigated alloying of UN with CrN and Al and reported the formation of a Cr203
protective surface film under steam or air oxidation analogous to these formed by steam
oxidation of Cr-alloyed stainless steels [19]. Herman (2017) demonstrated a uranium nitride
fuel doped with chromium (Cr 2.7 wt%), nickel (2.8 wt%), or aluminum (Al 1.5 wt%) prepared
by internal sol-gel and carbothermal reduction, and materials show extraordinary stability

without degradation post 5 hours of water boiling [20]. Therefore, a uniform protective layer
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or multiple layers of Cr,O3 would prevent UN from corrosion under operating conditions in
the core.

Although the incorporation of Cr or Al in UN matrix can significantly enhance the UN
anti-oxidation property, the successful incorporation of Cr or Al strongly depends on the
sintering condition according to the phase diagram. Several binary or ternary phases might be
produced by tailoring the sintering condition, which can significantly influence fuel
performance. For example, high aluminum addition into U3Si; led to the formation of a ternary
phase U3Al,Siz, reducing the fissile element density below that of UO> and defying the purpose
of utilizing the high-density silicide fuel as an ATF candidate [21]. Sim#larteLike UsSiz, Cr
incorporation into UN can form ara U-Cr-N ternary phase, which can be stable at a temperature
between 1200 °C to 1600 °C based on the first prineipleprincipal calculation by Holleck (1968)
[22]. The latest research conducted by Mishichenko (2021) supported the theoretical
calculation by observing the existence of U>CrN3 during the Cr incorporation into UN fuel
matrix consolidated by SPS under 1500 °C [23]. The presence of the ternary compounds can
be significant for the performance of the UN composite fuel. However, whether this effect is
beneficial or detrimental to the fuel performance still require further study.

In the present study, we report promising results of significantly improved oxidation
resistance of nitride fuels by synergizing Cr-doping and post thermal annealing to form the
ternary phase of U>CrN3; and chromium oxide protective scales. The highly densified Cr-UN
composite fuel with various weight ratios were sintered through powder metallurgy combining
high energy ball milling (HEBM) and SPS consolidation. Their key properties and
characteristics relevant to ATF applications were characterized. We demonstrate that a small
amount of Cr addition (5 wt%) is sufficient to create a protective layer upon thermal annealing
in the air to increase the onset oxidation temperature of the UN pellets above 450 °C,

meanwhile significantly increasing the thermal conductivity and mechanical properties. These
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results highlight an effective strategy of using a minimal amount of alloying elements to
maximize doping effects and design oxidation and corrosion resistant UN fuels. SPS as an
advanced fuel sintering technology holds immerse potentials in manufacturing high-quality UN
fuels with well-controlled property.

2. Materials and Methods

2.1 Powder preparation and sparking plasma sintering

The original powders of high purity UN were produced through the powder metallurgy in
Los Alamos National Lab (LANL) following the identical procedure to our previous
publication [15]. The as-received UN powders were subsequently refined into smaller particle
sizes in-order-toto enhance their sinterability with HEBM. The high purity chromium powders
were purchased from Alfa Alsea with a powder size of 40 um. The UN and Cr starting powder
particle sizes can be controlled by tailoring the ball milling cycles. Several different UN and
Cr starting powder combinations were chosen to fabricate the Cr-doped UN pellets (see Table
I). The UN and Cr powder were then mixed homogeneously through ball milling for 4 cycles
at a similar ball milling condition with the identical ball milling speed and idle time.

The consolidation of the dense UN pellets was conducted inside an environmentally
controlled glovebox interfaced with a Fuji 211x SPS (Fuji, Dr. Sinter SPS 211-LX, Saitama,
Japan). The graphite die with an inner diameter of 10-mm was loaded with 1.2 grams of ball
milled-UN powders. The sample loading procedure and sintering conditions were previously
tested [15]. The SPS sintering was conducted with a heating rate of 200 °C/min until reaching
the maximum target temperature of 1550 °C and held isothermally at 1550 °C for 10 min. Axial
pressure was increased simultaneously to 50 MPa from 10 MPa and holding for 10 min as well,
followed by free cooling in argon atmosphere down to room temperature. During SPS sintering
and cooling, the SPS chamber was purged with high purity argon with a flow rate of 1 L/min.

After sintering, the dense pellet was safe to be removed from the chamber, following
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mechanically polishing by silicon carbide papers and diamond paste. The physical density was
measured using an Archimedes method with anhydrous ethanol acted as measuring media. The
as-measured theoretical density indicated in Table 1 was estimated based on the 100% density
UN-Cr pellet.
2.2 Microstructural characterization of the sintered pellet

CyrstathineCrystalline phase characterization of each Cr-UN pellets werewas carried
out through X-ray diffraction (XRD) patterns with a Panalytical X Pert XRD system
(Westborough, MA, USA) assembled with a Cu Ka irradiation target, the wavelength of which
is 1.5406 A. The scanning range is 10° to 90° with a scanning step of 0.05°, with a scanning
rate of 2 s/step. The microstructure and elemental analysis of the as-sintered Cr-UN pellets
were determined through scanning electron microscopy (SEM) and energy dispersion X-ray
spectroscopy (EDS) a Versa Dual-beam system. The average grain size was characterized using
a rectangular intercept method according to the American society for testing and materials
(ASTM) E112-196 standard (1992) [26].

2.3 Thermal mechanical properties measurements and dynamic oxidation testing

The thermal diffusivity of the as-sintered Cr-UN pellets was measured with a laser flash
apparatus (LFA-457, NETZCH, Bavaria, Germany). The Cr-UN pellets were pre-coated with
sprayed graphite paste on both sides before the measurement. After loading the sample, the
chamber of the LFA was vacuumed three times and ultra-high purity Argon was purged in the
chamber with a flow rate of 100 ml/min throughout the measurement. The heating rate is kept
to 5 °C/min during the measurement and the thermal diffusivity was evaluated with a Cape-
Lehman pulse correction model that uses non-linear regression. Thermal diffusivity was
measured three times in the range of 300 K-800 K with an interval of 100 K. Corresponding

thermal conductivity x (w * (m * k)™"), was calculated based on the correlation k = apc,, where

72



p is the density of the sample pellet, o is the measured thermal diffusivity (mm? * s), and ¢,
is the specific heat capacity [27]. The sample density corresponding to the temperature applied
herein to calculate the thermal conductivity was previously corrected by the following Equation
(1), where po is the density determined at the reference temperature To, and the calculated mean

value of o, stands for the coefficient of thermal expansion of UN [28]

_ Po
P = [1+a,(T-Tp)]? 1)

The specific heat capacity ¢, was corrected based on each temperature by taking
consideration of the Cr and UN phases through a Neumann-Kopp rule by the rule of mixtures
of the constituent compounds [29]. The thermal conductivity was further normalized according
to 100% TD based on the following equation (2) [30], where P is the measured porosity, the k
and kmeasurea stands for the corrected thermal conductivity for a full-dense specimen and the

measured thermal conductivity of the specimen, respectively.

kmeasurea = k(1 — P)Ls (2)

The mechanical properties of the as-sintered samples were characterized by micro-
hardness through a LECO M-400 Microhardness Tester to create a micro sized diamond-
shaped indentation on the polished sample surfaces. Each indentation was generated at room
temperature (25 °C) with a load of 1 kgF (~9.8 N) and holding for 15 seconds. More than 10
indentations were generated for every specimen and following by taking average of the
indentation size according to the standard ASTM C1327 [31]. Hardness and fracture toughness

were derived by evaluating the SEM images taken at each indentation. Specifically, hardness

73



(GPa) was calculated using Eq. (3), where P is the load applied and o is the mean of the

indentation’s diagonal lengths (um).

H=1854L
@ 3)

Fracture toughness was subsequently derived using Eq. (4), where o is a parameter
associated with indenter geometry, E is Young’s modulus based on the previous report [32], H
is the hardness derived from Eq. (3), P is the applied load, and C is the mean of crack lengths

measured from the top of the diamond-shaped indentation to the end of the cracking line.
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The dynamic oxidation testing was conducted using a simultaneous DSC/TGA system
(SDT650, TA instrument, DE, USA) that measures the mass change and heat flow with the
elevation of the temperature at a weight sensitivity of 0.1 pg. In the current work,
thermogravimetric analysis (TGA) analysis was applied to monitor the oxidation behavior of
the Cr-doped UN pellets i#n-erdertoto determine the onset temperature and weight gain during
oxidation following the same testing protocol reported in our previous publications [12,15].
The onset temperature of the oxidation was taken as the transition point of the heat flow curve,
as described in Ref. (33) [33]. Time to complete oxidation was defined as the time from
oxidation onset to the full oxidation of the pellet until weight did not change during dynamic
oxidation testing.

3. Results and Discussion

3.1 Crystalline phase stability of the SPS densified UN pellets
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Dense UN pellets of various Cr doping amounts of 3, 5, and 10 wt% were prepared by
HEBM, followed by SPS consolidation. The as-received UN powders were first ball milled for
80 cycles to reduce the particle size, while the purchased Cr powder was ball milled for 40
cycles, respectively. The mixture of the Cr and UN powders was further ball milled for an
additional 4 cycles #-erdertoto mix them homogeneously before SPS consolidation. AH-efAll
the SPS-densified pellets achieve a physical density above 90 TD% as shown in Table 1. The
theoretical density gradually increases from 91% to 94.5% with the increasing Cr doping
amount from 3 wt% to 10 wt% for UN ball milled under 80 cycles. This is consistent with the
liquid sintering effect and microstructure showing the Cr encapsulated UN phase and dense

grain boundaries, which will be discussed later.

The crystalline phases of the as-sintered Cr-UN were studied and their corresponding XRD
profiles and semi-quantitative analysis were shown in Figure 1. Despite the secondary phase
of UO», a ternary crystalline phase containing Cr (U>CrN3) formed by the interaction between
UN and Cr. In addition, metallic Cr also remained in the Cr-UN pellets, which can be attributed
to the non-fully reacted Cr metal additives. The phase content was obtained by refining the
XRD profile by Rietwald peak refinement as indicated in Figure 1. The ternary phase of
U>CrN3 gradually increases up to 39.6 wt% with increasing Cr additives from 3 wt% to 10
wt%. Meanwhile, the UO; phase is around 8 wt% among three different Cr doping ratios but
the original UN phase significantly reduced from 3 wt% to 10 wt% Cr doping, as evidenced by
the phase degradation of UN upon reaction with Cr. Therefore, the formation of the uranium
oxide secondary phase can only be impacted by the sintering temperature while increasing the
Cr doping amount can significantly promote the formation of ternary phase U>CrNs. In addition,
the lattice constant decreases by increasing the Cr doping (see Figure 1c), which can be

attributed to the incorporation of Cr with smaller ionic radius compare to UN. Similar lattice
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contraction by incorporating Cr can be found for the Cr-U3Si, composite fuel as denoted by

Gong (2020) [34].

3.2 Elemental distribution of the SPS densified Cr-UN pellets

Figure 2 demonstrates the SEM images (in a BSE mode) of the polished surface of the Cr-
doped UN with different Cr amounts from 3 wt% to 10 wt% and different starting UN powder
sizes. The grain sizes are approximately similar among al-efall the Cr-doped UN pellets, and
the average grain sizes are between 3-6 um as shown in Figure 2a-c. The Cr additives were
embedded uniformly in the dense UN matrix due to the liquid sintering effect, especially on
the grain boundary of the fuel matrix and no significant pores can be identified in the sintered
pellets. The distinct dual-crystalline phase structure can be clearly identified with the dark
region belongs to a Cr-enriched area (lighter element) while the lighter region can be attributed
to the UN phase (heavy element). An uniform distribution of Cr additives on the grain
boundaries and junctions of UN particles can also be observed in the 10 wt% Cr-doped UN
pellets sintered from 4 cycle-ball milled powders (Figure(Figure 2d). EDS elemental mappings,
as shown in Figure 3, are obtained by scanning the selected area on the 5 wt% Cr-doped UN
pellet showing distinct phase compositions. The UN phase is encapsulated by the Cr-enriched
phase marked as green color. In addition, tiny amount of oxygen seems to be enriched in the
region with strong Cr signals as demonstrated in Figure 3b, suggesting a co-existence of minor
chromium oxide with U>,CrN3. However, the amount of the minor chromium oxide phase might
be too lewsandlow and cannot be detected by XRD. The elemental analysis of UN with 10 wt%
of Cr doping can be seen in Figure 4. Semi-quantitative elemental analysis from an EDS
spectrum 1 as shown in Figure 4 clearly demonstrates that the Cr-additives (obvious Cr
enriched zones) are embedded on the grain boundaries or junctions of UN particles. The UN
grains surrounded nearby also contain a large amount of Cr as denoted by the spot analysis and

the atomic ratio is approximately equal to the secondary phase of U,CrN3 (spectrum 2). For
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comparison, the grain on the external of the secondary phase U,CrN3 clearly demonstrates a
UN enriched feature as the atomic ratio is approximate to 1.0 (spectrum 3). According to the
previous research by Holleck (1975), the ternary phase of U,CrNj3 is predicted to form in the
temperature range between 1200 to 1600 °C, which is consistent with the SPS sintering
temperature herein (1550 °C) [22]. This ternary phase, although described with a different
crystallographic space group, can be viewed as a distorted version of UN, as demonstrated by
the research conducted by Mishchenko (2021) [23]. Therefore, an elementally gradient
distribution of Cr can be observed at the grain boundaries and junctions as-a-resutt-efbecause
of the Cr diffusion and reaction pathway.

To investigate the impact of the oxide layer on its oxidation resistance, thermal annealing
under 250 °C for 30 mins in air are performed for some of the Cr-UN pellets. The
microstructure and elemental analysis of the 5 wt% Cr-doped UN pellet post thermal annealing
are demonstrated in Figure 5. Compared to the Cr-UN pellet prior to the thermal annealing, a
large amount of oxidized region can be observed around the Cr phase as denoted in the spot
analysis in region 4. The corresponding semi-quantitative analysis suggests that chromium
oxide and the ternary phase of U>CrNj; are the major phases in region 4. Therefore, thermal
annealing in atmosphere significantly propagates the Cr oxidation into chromium oxide, which
might act as a potential passive layer on the UN. The light color showed on the back scattering
image in Figure 5 (region 1) demonstrates the coexistence of both UN and uranium oxides,
which can be attributed to the slow oxidation of UN pellet during thermal annealing. The
elemental mapping of Cr in Figure 5 also confirms the large area of coexistence of Cr with U
surrounding the single phase of Cr. Instead of forming uranium oxide, which has higher
corrosion resistance compared to single-phase Cr, the Cr tends to distribute at the grain

boundaries as both metallic chromium or oxides supported by the elemental analysis in Figure
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5 for thermally annealed samples in air. The metallic chromium will gradually be oxidized to

chromium oxide by prolonging the thermal annealing time.

(a) (b)
—— 3 wit% UN 80 cycles-40 cycle Cr-1550 °C-50 MPa-10 min

—— 5 wt% UN 80 cycles-40 cycle Cr-1550 °C-50 MPa-10 min 80cycles(wt%) UN UO, U,CrN;
—— 10 wt% UN 80 cycles-40 cycle Cr-1550 °C-50 MPa-10 min
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Figure 1. XRD diffraction patterns (a), phase contents (b) and corresponding lattice constants

of the as-sintered Cr-UN pellets with different Cr-doping amounts.

Table 1 Summary of Cr-doped UN sample pellets densified by SPS

. . . Composition Re!ative
Sintering conditions density (%)
3 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 80 cycles UN+40 cycles Cr 91.1
5 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 80 cycles UN+40 cycles Cr 92.2
10 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 80 cycles UN+40 cycles Cr 94.5
10 wt% Cr-UN 4 cycles 1550 °C-50 MPa-10 min 4 cycles UN+40 cycles Cr 94.2
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(d)'3 wt% Cr-doped UN 80 cycles (b) 5 wt% Cr-doped UN 80 cycles
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(c) 10 wt% Cr-doped UN 80 cycles K 10 wt%Cr-doped UN 4 cycles
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Figure 2. SEM images of the polished surfaces of the Cr-UN pellets with different Cr-dopings-

sintered at 1550 °C under 50 MPa.

(a) 5 wt% Cr-doped UN 80 cycles

Figure 3. SEM images of the polished surface and elemental analysis of the corresponding

area for the 5 wt% Cr-doped UN pellet sintered at 1550 °C under 50 MPa.
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Figure 4. SEM images of the polished surface and elemental analysis of the corresponding

area for the 10 wt% Cr-doped UN pellet sintered at 1550 °C under 50 MPa.
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Figure 5. SEM images of the polished surface and elemental analysis of the corresponding

area for the 5 wt% Cr-doped UN pellet post thermal annealing at 250 °C for 30 mins in air.

3.3 Mechanical and thermal properties of the UN pellets and microstructure impact
In the section, mechanical properties including micro hardness and fracture toughness of
the as-sintered Cr-UN pellets are analyzed by based on the Vicker Hardness testing (Figure 6).

Figures 6a-b show SEM images of the micro-indentations generated on the surfaces of the 3
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wt% and 10 wt% Cr-doped UN pellets. In general, the hardness of the Cr-doped UN is within

the range of 6.0 = 7.5 GPa, much higher than that of the monolithic UN synthesized under the

same condition (-5.7 GPa), but lower than that of submicron grain-sized UN pellet consolidated
with 100 cycle ball milled UN powders [15]. This can be explained by the Hall-Petch effect in
wihtehwhich hardness is negatively correlated to the grain size. The increased grain boundaries
through grain refinement leadled to the misalignment and the pile-up of dislocations at grain
boundaries to impede the movement of dislocations [36]. The addition of Cr additives increases
the hardness of the composite pellets, consistent with a previous observation of Cr doped Fe.B
[37]. The elevation of the micron hardness by Cr doping can probably be attributed to a solution
strengthening effect previously confirmed by the Al-doped UsSiz [39]. The highest hardness
can be found for the UN doped with 5 wt% of Cr, followed by the 10 wt% Cr doped UN and
the 3 wt% Cr-UN pellet. The results strongly support the idea that Cr addition strengthens the
UN grain boundaries by cross-linking the UN grains through liquid sintering. The as-sintered
Cr-doped UN composites also display significantly higher hardness than UO; (in general 5
MPa) and comparable to the UsSi, sintered by Gong (2020) [12,38]. Although the monolithic
UN pellet consolidated with 100 cycles of UN powder demonstrates higher hardness, the
fracture toughness is lower than the Cr doped UN pellets.

The fracture toughness of the monolithic UN generally lies within the range of 2.5 - 3.5

MPa-m'? [15], lower than the UN pellets doped with 3 wt%, 5 wt% and 10 wt% Cr. The
fracture toughness (5.5 MPa-m'?) of the Cr-doped UN composites is significantly higher as
compared with that of monolithic UN (~2.4 MPa-m'?) with 80 cycle-ball milling powders,
representing almost 130% enhancement in the fracture toughness. The higher fracture
toughness of the Cr-doped UN pellet than the undoped UN counterpart could be attributed to
the mismatch of lattice thermal expansion between UN (7.5x10°%/°C at 200 °C) [28] and Cr

(5.7x107%/°C at 200 °C) [39]. During cooling of the SPS consolidation process, the less volume
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contraction of Cr additives may apply compressive stress on UN matrix, enhancing the
capability against crack formation and propagation. Crack propagation as shown in the SEM
images in Figure 6a-b demonstrates an intra-granular fracture feature with crack propagating
through the UN grains as well as the Cr enriched phase. The cracks are likely to propagate on
the Cr-enriched phase as shown in the 10 wt% Cr-doped UN pellet (Fig. 6b), which can be
used to explain the enhancement of fracture toughness with the doping of Cr. Although it is
obvious that Cr-doped UN demonstrates higher toughness, the effect of the ternary phase
formation (U>CrN3), particularly in the higher Cr-doped pellets, on the mechanical properties
is unclear. Nevertheless, al-ofall the Cr-doped UN pellets have significantly higher fracture
toughness than uranium oxides, beneficial to mitigate fuel cladding mechanical interaction
during reactor operation. The high mechanical properties, particularly fracture toughness,
might be useful to increase the oxidation and corrosion resistance due to the improved
resistance against crack propagation, which is demonstrated by the results of the dynamic
oxidation test later.

Thermal diffusivity measured by the LFA and thermal conductivity of the Cr-doped Un
pellets calculated from the thermal diffusivity are summarized in Figure 7a-b and compared
with these of monolithic UN pellets, UO; and UsSi>. The thermal conductivities of the Cr-
doped UN pellets increase typically with temperature, similar—telike metallic materials,
facilitating the thermal transportation and enhancing the fuel safety margin compared to UO,.
This behavior is consistent with the reported thermal conductivity of U3Si; [12]. The 80 cycle-
ball milled UN pellet with 5 wt% Cr incorporation demonstrates 10% increasing in the thermal
conductivity for the same sintering condition. However, the enhancement in thermal
conductivity for the 10 wt% Cr doping and 80 cycle-ball milled UN pellet at the same sintering
conditions is not significant. This might be attributed to the formation of a large amount of

U>CrN;3 instead of metallic Cr, as the metallic Cr generally exhibit higher thermal conductivity
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than UN. On the other hand, the large grain size of UN (4 cycles UN) exhibits superior high

thermal conductivity with 40% enhancement as compared to the other UN sample pellets,

highlighting the important impact of microstructure on thermal transport behavior. The

incorporation of highly thermally conductive Cr additive into UN pellet can improve thermal

conductivity of the composite fuels, particularly at elevated temperatures.
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Figure 6. SEM images of the micro-indentation of the 5 wt% (a) and 10 wt% (b) Cr-doped UN

pellets, and the determined hardness (¢) and fracture toughness (d).

Table 2 Summary of the Vicker hardness and fracture toughness of the Cr-doped UN

pellets
Sintering conditions Hardness (GPa) ~ Toughness (MPa m'?)
3 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 6.4 5.6
5 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 7.3 5.7
10 wt% Cr-UN 80 cycles 1550 °C-50 MPa-10 min 7.0 5.6
80 cycle 1550 °C-50 MPa-10 min 5.9 3.1
100 cycle 1550 °C-50 MPa-10 min 7.7 2.9
44 cycle 1600 °C-50 MPa-10 min 6.5 3.0
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44 cycle 1700 °C-50 MPa-10 min 6.7 2.6

3.4 Dynamic oxidation behavior of the SPS consolidated Cr-doped UN pellets

The dynamic oxidation behavior of the SPS densified Cr-doped UN pellets is tested by a
thermogravimetric analyzer, and the results are shown in Figure 7c-d. Compared to the
monolithic UN pellet, the Cr-doped UN pellets exhibit improved oxidation resistance as
demonstrated by the increase in the on-set temperature for oxidation with increased Cr-doping
amount. For comparison, the on-set oxidation temperature for the 5 wt% Cr doped UN is
around 419.5 °C, higher than the monolithic UN fabricated under the same condition (401.3
°C). Further increasing Cr addition to 10 wt% does not enhance the oxidation resistance
significantly and the onset temperature is slightly higher for the 10 wt% Cr-UN (425.7 °C) than
the materials synthesized at the same conditions. Therefore, an optimized Cr doping could be
identified around 5 wt% based on a combination of the enhanced thermal-mechanical
properties, oxidation resistance and meanwhile maintained high fissile element density.

To study the impact of post thermal annealing on the oxidation resistance, the 5 wt% Cr-
UN pellets are thermally annealed in the atmosphere at a low temperature of 250 °C for 30
mins #—erder—toto form a ternary phase or a protective oxide scale. The on-set oxidation
temperature increases to 452.5 °C for the 5 wt% Cr-doped UN pellet post thermal annealing,
25% higher than the monolithic UN previously reported [15]. The formation of a possible
passive oxidation protective layer after thermal annealing in the 5 wt% Cr-doped samples,
might be beneficial to improve the oxidation resistance of the composite fuels. This is
consistent with the SEM-EDS analysis showing the gradually enriched zone of chromium
oxide which slow down the oxygen diffusion and passivate the matrix against further oxidation.

The addition of Cr into the UN composite fuels reduces the maximum weight gain, and
the lowest oxidation weight gain among the three Cr doping ratios belongs to the 3 wt% Cr-

UN, which is below 10 wt% as compared to the undoped UN (13 wt%). The reduction in the
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oxidation weight gain can be attributed to the formation of the chromium oxides as well as the
slight oxidation of UN during the SPS consolidation and the post thermal annealing as
confirmed by the SEM-EDS in Figure 5. Furthermore, the oxidation weight gain is lower for
the Cr-doped UN post thermal annealing, corresponding to the gradual formation of the
uranium oxides. Oxidation rates (summarized in Table 3) for each sample are also derived
based on the TGA testing as evaluated by the weight gain percentage over the duration for
oxidation. No significance differences can be observed in the oxidation rate among the undoped
and doped Cr-UN, although the Cr doping can significantly delay the onset temperature for
oxidation and improve the oxidation resistance of the composite fuel. Therefore, the

incorporation of Cr into UN pellet can offer better oxidation resistance compared to the

monolithic UN.
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Figure 7. Thermal diffusivity (a), thermal conductivity (b), and dynamic oxidation behavior (c) of the
Cr-doped UN pellets with different Cr amount; (d) summary of the onset oxidation temperature of the

Cr-doped UN composite fuels as compared with monolithic UN.

Table 3 Summary of the dynamic oxidation tests of the SPS densified pellets sintered at

different conditions as measured by a TGA-DSC thermal analyzer. The ramping rateis

10 °C/min.
Onset Completio  Oxidation .
S . Weight
Onset temperature (°C) oxidation n point rate in (%)
ain
Temperature °O) (wt%/min) & ’
1550 °C-50 mpa-10 min 80 cycles 401.3 705.1 0.40 10.70
3 wt% 1550 °C-50 mpa-10 min 80 cycles 405.4 513.2 0.93 9.99
5 wt% 1550 °C-50 mpa-10 min 80 cycles 419.5 600.9 0.59 10.55
10 wt% 1550 °C-50 mpa-10 min 80 cycles 425.7 600.5 0.67 11.79
5 wt% 1550 °C-50 -10 min 80 cycl
W i IR S ey eTes 4523 606.5 0.62 9.58

annealed

4. Summary

In summary, dense Cr-doped UN pellets with different doping amounts of 3, 5 and 10 wt%
are fabricated by SPS, and their physical, thermal-mechanical and oxidation properties of the
SPS densified Cr-doped UN pellets are investigated systematically. The microstructure and
elemental analysis indicate a multiphase feature of a ternary phase U>CrN3 and a Cr-enriched
oxide distributed at grain boundaries and junctions of UN grains. The Cr doped UN
demonstrates superior thermal conductivity for UN pellets with larger grain size to monolithic

UN. The SPS-densified Cr-UN pellets possess simultaneously high hardness (6.4-7.3 GPa) and

signifieantly-improvedsignificantly improved fracture toughness about 5.7 MPa m'"? than

monolithic UN. The addition of Cr and post-thermal annealing can generally enhance oxidation
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resistance of the UN pellets as evidenced by the increase in the onset temperature for oxidation
and reduced maximum oxidation rates. The addition of minimum Cr doping into the UN fuel
matrix could be beneficial to design advanced UN fuels with simultaneously enhanced thermal-
mechanical properties, oxidation resistance and thus improved fuel performance.
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Abstract

In this study the composite UN-AIN, UN-Cr, UN-CrN and UN-AIN-CrN pellets were
fabricated, and the advanced microstructure with different modes of interaction
between the phases was obtained. The dopants for this study were selected based on the
results of the ab-initio modeling calculations, that identified the AIN phase as insoluble
and CrN and Cr as soluble in the UN matrix. This method allowed to investigate the
possibility of improving the corrosion resistance of UN by protecting the grain
boundaries with insoluble AIN and by hindering the diffusion of oxygen through the
bulk by adding soluble CrN and Cr.

The UN powder was produced by hydriding-nitriding method and mixed with the AIN,
CrN and Cr powders. High density (>90 %TD) composite pellets were sintered by
Spark Plasma Sintering (SPS). The microstructure of the pellets was analysed using
SEM coupled with EDS. The phase purity was determined by XRD. For the first time
the presence on the ternary U>CrN; phase was observed in the composite pellets
containing Cr and CrN dopants. The results obtained in this study allowed to assess
the methodology for fabrication of the UN composites with controlled microstructure.

1. Introduction

Uranium nitride (UN) is a potential candidate for the nuclear fuel alternatives being considered
as part of the Accident Tolerant Fuel (ATF) initiative. UN is known for its high thermal
conductivity, high melting temperature, high fissile density and good fission product retention
[1], [2] . These positive qualities of the UN fuel will allow to improve the safety of the system
during the reactor operation, as well as to bring the economic benefits by increasing the length
of the fuel cycle [3]. In addition to that, the high fissile density of the UN fuel will provide the
neutronic margins, which will allow the use of cladding materials with high oxidation
resistance and low hydrogen production (such as FeCrAl) [4], [5], [6]. However, the oxidation
resistance of UN is significantly inferior to the UO: fuel, violating the ATF concept itself [2],
[7], [8], which drives the motivation for development of techniques for improving the
oxidation resistance properties of UN.
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In order to improve the oxidation resistance of UN different number of alloying systems such
as ceramics (cercer) and metals (cermet) have been considered [9]. In previous studies potential
additives were identified based on their thermophysical and oxidation resistance properties.
Composite pellets containing UN and such materials as U3Siz, UO, Cr, Ni, Al have been
manufactured and analysed [10], [11], [12], [13], [14]. Different experimental methods have
been applied to produce such composites including powder metallurgical methods and sol-gel
method, as in the case of UN pellets doped with Cr, Ni and Al that were produced by Herman
et al. [13]. In some cases, the complexity of the fabrication process creates difficulty in
understanding the interaction between the alloying elements and the fuel matrix. As an
example, in the sol-gel method the high temperatures applied during the carbothermic
reduction and pelletising resulted in a significant amount of Cr being lost due to evaporation
[13]. Another issue in the design of these composites was the absence of information on how
the additives would interact with the UN matrix, as observed for UN-UO> composites where
significant reaction under sintering occurred favouring an equilibrium of UO2-U>N3 [15], [16],
[11]. In some studies, the attempt has been made to predict the possible formation of the solid
solution between the UN matrix and the additive using the Hume-Rothery Rules, as in the case
with Herman et al. However, the comparison of the atomic radii, electronegativities and the
valences of the uranium atoms and the additive atoms predicted that no solid solution could be
formed between CrN or AIN and the matrix of UN [13]. However, this type of assessment does
not provide information about the existence of possible ternary compounds, that can be found
in the phase diagrams, as in the case with U-Cr-N, where the formation of the ternary U>CrN3
was predicted by Holleck [17]. The presence of the ternary compounds can be important for
the performance of the composite materials. The information about all possible interactions
between the additives and the UN is needed in order to eliminate the candidates that will be
completely unsuitable for these purposes.

The interaction behaviour between UN and such materials as TiN, YN, CeN, NbN has been
previously investigated experimentally by Holleck [18], [19], [20]. Composite materials
containing the above-mentioned nitrides and UN were prepared by such methods as arc melting
followed by homogenisation and long-term annealing of powder mixtures. The results obtained
in those studies identified such systems as UN-CeN, UN-NbN, UN-YN to be completely
miscible in each other, whereas TiN was shown to be soluble in UN from about 1 mol% at
1700°C to 4 mol% at 2400°C. However, investigating the possible interaction between a wide
range of available materials and the UN experimentally could be a very expensive and time-
consuming process. Therefore, a preselecting tool for identifying the potential candidates and
predicting their behaviour is highly desirable.

In this study a methodology of using atomistic modeling to predict the interaction behaviour
between various metallic and nitrogenous additives with UN is described. The goal is to use
this as a preselecting tool for the fabrication of UN compounds in order to help determine if a
given material and phase will be soluble in the base UN matrix. Elements from different
electronic configuration groups being 3p (Al, Si, P), 3d (V, Ti, Cr), 4d (Y, Zr, Nb, Mo), and 4f
(La, Ce) were analysed using the proposed method. From the calculated systems Al and Cr
were selected to demonstrate the interaction trends predicted by the modeling. Advanced
fabrication using materials as AIN-nano, Cr-nano metal, CrN-micro and sintering by Spark
Plasma Sintering (SPS) technique with temperatures not exceeding 1650°C was applied to
produce selected composite pellets. High purity UN powders were synthesised using the
hydriding-nitriding method from metallic uranium for obtaining high purity materials. A
further intention of this work is to provide a fabrication routine, i.e. selection of powder
morphology and chemical form, sintering parameters, etc., which can be used as guidelines for
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producing UN composites with a tailored microstructure. The results of the experiments
confirmed the predictions of the atomistic modeling, making it a valuable tool to be used in
future research into composite fuels design.

2. Methodology

2.1 First-principles calculations

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) [21],
[22]. The electron exchange correlation was modeled using the generalized gradient
approximation (GGA) of Perdew, Burke and Ernzernhof (PBE) [23] and projector augmented
wave (PAW) potentials [24], [25]. To better describe the correlated nature of the U 5felectrons,
GGA + U method with Dudarev’s rotationally invariant approach [26] and an effective U, Ueri=
1.9 eV (Uesr = U —J) was used. The unit cells for UN were fully relaxed using a cut-off energy
of 520 eV. Convergence criteria of 0.02 eV/A™'and 10~° eV were adopted for the forces and
total energy, respectively. A 2 x 2 x 2 supercell of UN was used for calculating the defect
formation energies. A y-centered Monkhorst-pack k-point spacing of <0.25 A™! was applied
for sampling the Brillouin zone for each structure. No methods to avoid the metastable states
were used, as the symmetry was heavily broken by the incorporation of foreign atoms and the
energetics of point defects in UN are one order of magnitude larger than the ones of metastable
states.

The general trend for incorporation of elements from electronic configuration groups 3p (Al,
Si, P), 3d (V, Ti, Cr), 4d (Y, Zr, Nb, Mo) and 4/ (La, Ce) in the UN matrix was evaluated by
calculating the formation energies of point defects. The incorporation was modeled considering
the uranium site for all elements in addition to the nitrogen site for the 3p elements. The
formation energy was calculated using Eq. (1), where E% and E”, are the total energies of
the supercell without and with a defect, respectively, and u’; is the standard state chemical
potential (DFT calculated energy per atom) of the element i. The standard states used for each
element are listed in Table 1. ANP; is the number of atoms of type i added (ANP; > 0) or removed
(4ANP; < 0) from the perfect supercell to create the defect, and the sum is over all added and
removed elements. Additionally, incorporation energy analysis can be extended to evaluate
another phase as the source of the incorporated atom. This can be done by adding a correction
term Aw; (in Eq. (1)) as the change in the chemical potential of element i resulting from an N-
phase equilibrium (i.e., from the local environment), which can be calculated by solving the
set of linear equations (Eq. (2)), where cix is the coefficient representing the concentration of
each atom considering the phase equilibria. On the scopes of this work the equilibrium of UN-
(Nitride Phase)-N> was also considered and the nitride phases evaluated are also listed in Table
1 with their respective calculated Au.

N
AR =Ep, —Eg — Y ANP() 4+ Ap) (1)
i=1

AHgy = Z A, (2)

N
i=1
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It is important to mention that the applications of GGA + U results in inconsistency for direct
comparison with reference state a-Uranium, more appropriately modeled by GGA framework.
Therefore, the methodology that predicts formation enthalpies by mixing GGA and GGA+U
results proposed by Jain et al. [27] was applied, where the experimentally reported formation
energy of U>N3 [28] were used for correction.

Table 1: Standard states and their respective po (e€V/atom), and the nitride phases with the calculated Au

(eV/atom).
Standard Space group 1o (eV/at) Nitride Space group  Calculated Ap
state phases
Al Fm-3m [225] -3.7481 AIN P63mc [186] -3.192
Si Fd3m [227] -5.4234 Si3N4 P63/m [176] -3.066
P -8.1781 P3N C2/c[15] -1.435
Ti P6/mmm [191] -7.8899 TiN Fm3m [225] -3.816
\Y Im3m [229] -9.0866 VN Fm3m [225] -2.328
VisN P42/mnm [136] -0.421
Cr Im3m [229] -9.6367 CrN Fm3m [225] -1.31
CnN P31Im [162] -0.771
Y P63/mmc [194] -6.4674 YN Fm3m [225] -3.758
Zr P63/mmc [194] -8.5475 ZrN Fm3m [225] -3.74
Nb Im3m [229] -10.1131 NbN P6m2 [187] -2.52
Mo Im3m [229] -10.4345 MoN P63mc [186] -1.118
MoxN [41/amd [141] -0.552
Pd Fm3m [225] -5.1765
La Fm3m [225] -4.9353 LaN -2.998
Ce Fm3m [225] -5.9315 CeN -3.38

This analysis creates a way to evaluate the trend of the materials to react with the UN fuel
matrix not only from the metal state but the nitride forms. Figure 1 offers the summary of the
modeling method.
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Fig. 1. (a) UN with an incorporated impurity; (b) standard reference state and (c) nitride phase both considered as
the source for the impurity in the reaction with UN.

The obtained results for incorporation energies are shown in Figure 2. In this notation negative
incorporation energies are thermodynamically favourable to occur.

From the results it is possible to observe that in general the elements at 3p configuration
presented limited solubility in the UN matrix, independently of the site considered. One
exception is P in the nitrogen site that seems to be energetically favourable. This may reflect
the existence of the phases UsP4, UP and UP> [29], [30] and point out for the trend of P to
strongly interact with uranium atoms. Another way to evaluate the incorporation energies is to
correct the chemical potential for the impurity considering the origin as other phases. To
understand the trends of solution here we also evaluated the incorporation considering stable
nitride phases reported in literature. For the 3p group the AIN, Si3N4 and P3Ns phases were
considered in this analysis. The result is also presented in Figure 2 (orange). With this result
it is possible to observe limited solubility for the 3p materials, from both pure and nitride states.
It is possible to notice that when the nitrides are considered the reaction with UN becomes even
less likely. Therefore, these elements and mainly their respective nitride phases can be used as
additive to UN to produce, for example, coated grain.

The 3d transition metals present a different trend from the previous group. For these elements
considerable solubility is observed considering the pure metal state as a reference. As the
incorporation of the impurities required a Uyac, the amount of solution formed may be limited
by the number of this defect created with temperature over the sintering process. A way to

97



extend the solubility is to provide at the same time nitrogen and keep the ratio metal/nitrogen
close to 1:1. Therefore, it once again becomes of interest to re-evaluate the trend by correcting
the chemical potential using the nitride phases as reference state. For this purpose, the TiN,
CrN, Cr2N, VN and VsN were considered. The results can be seen in Figure 2 (orange and
grey). From this analysis it can be noticed that the incorporation of Cr in UN is still favourable
even when the Cr-nitride phases (CrN and Cr2N) are considered as the source for the
incorporation impurity. This behaviour permits preservation of the metal/nitrogen ratios which
can promote significant solubility. On the other hand, Ti and V nitride phases seem not very
likely to react with UN. These pure metals will form solution with UN but with the solubility
limited by the fraction of Uyac. The obtained results for Ti are in agreement with the outcomes
of the experimental investigations performed on the U-N-Ti system by Holleck [18].
Therefore, Ti and V metal and nitrides can be used to combine doped grain with partially coated
grain by using a combination of metal and nitride phases.

The elements of 4d transition metals also demonstrated a considerable degree of solubility in
UN matrix when considered reaction with the pure metal state. The trend for the solubility
decreases progressively from Y to Mo, demonstrating that the increase in the electronic
configuration plays significant role in the solubility in UN matrix. The reaction from the nitride
phases still seems very likely, being negative for Y and Zr while relatively small for the Nb
and Mo, which could be overcome by entropy terms, i.e., increase in temperature. The
solubility of of NbN, ZrN and YN in the matrix of UN has been investigated by Holleck et al.
in a number of experimental studies. It was found that at 2000°C the system UN-ZrN
demonstrate complete solid solubility [18]. The solid solution between NbN and UN was
obtained by annealing the composite pellets made from the constituent nitrides in the
temperature range between 1800°C and 1900°C for a long time. The X-ray analysis of the
obtained product confirmed that the system UN-NDbN is completely miscible [19]. The same
results were obtained for UN-YN samples prepared by Holleck et al. The metallographic
studies of the samples concluded that the system UN-YN shows complete solid solubility [20].
In the light of these results, these elements and their respective nitride phases can mainly be
used to produce UN composite with doped grains.

The 4f elements demonstrated solubility in the UN matrix. This is in agreement with the
experimental results obtained for the LaN-UN and CeN-UN systems [20], [19]. However, the
equilibrium solid solution between CeN and UN was difficult to achieve experimentally and
required long-term annealing at high temperatures [19]. This observation indicates that kinetics
play significant role for these systems that might be influenced by slow diffusion of heavy
elements. Although the described here methodology based on the modeling cannot predict how
fast or slow the equilibrium in the system could be reached, it can still be used as a preselecting
tool for experimental studies.
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Fig. 2. Incorporation energy formation as reference from metals and nitrides

Considering the obtained results, it is possible to design composite materials with engineered
microstructure by combining the insoluble in UN materials to protect the grains and soluble
compounds to increase the corrosion resistance of the bulk. This concept is explained by
Figure 3.

UN matrix

High sol. compound

Low sol. compound

Grain boundary

Fig. 3. lllustration of the microstructure resulting from the use of low and high solubility phases in UN matrix.

From Figure 2 it is evident that chromium metal as well as chromium nitrides (CrN and Cr;N)
have negative values for the defect incorporation energies and, therefore, are good candidates
for testing the concept of doped grains experimentally. The value for the defect incorporation
energy of AIN, on the other hand, is positive, suggesting that no interaction should take place
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between UN and AIN. For that reason, AIN, Cr and CrN were selected as dopants for
experimental investigation. In the next section the fabrication of UN composites is presented,
taking in consideration the interaction trends presented in this section. Four different systems
were sintered being (i) low solubility, addition of AIN; (ii) high solubility from metal Cr and
(ii1) nitride CrN phase and a (iv) compound containing both low (AIN) and high (CrN)
solubility to demonstrate the capability to produce a highly tailored microstructure by
combining different incorporation trends.

2.2 Pellet fabrication and characterization

Composite samples were manufactured to validate the design proposed by the modeling
calculations. The additives were chosen to demonstrate different modeling trends for
interaction behaviour between the additives and the fuel UN matrix, namely: insolubility,
limited solubility, and considerable solubility. The additive phases that were predicted to be
insoluble in the UN matrix were added in the form of nanopowder (< 100nm). The purpose
was to test the capability of the insoluble phase to coat the grains of UN and to work
functionally to prevent it from coming into contact with the oxidising agent. Introducing the
additive in the form of nanopowder would allow the material to easier distribute itself along
the grain boundaries. Matrix-soluble additives were added in the form of micropowders (<
Sum). These materials were expected to form the solid solution with the UN matrix. The solid
solution can operate to protect the bulk of the material from oxidation by self-passivation.

The UN powder used in this study was synthesised by the hydriding-nitriding method from
natural uranium metal (acquired from the Institutt for Energiteknikk, Norway) following the
procedure and the heating profile described in previously published work [31]. The resulting
UN powders were transferred into an argon filled glovebox for handling. The XRD analysis on
the as fabricated powder was performed using a Siemens D5000 diffractometer with Cu k-
alpha target at 40 mA current and 35 kV voltage using an air-tight sample holder (Bruker,
A100B138). The Rietveld refinement of the X-ray diffraction pattern on the produced UN
powder was performed using Maud software [32] and the Crystallography Open Database [33].
The measured value of the lattice parameter is 4.8889 + 0.0003 A, corresponding to a face-
centered cubic uranium mononitride [34]. Based on the obtained value of the lattice parameter
the concentration of carbon impurities could be estimated to be around 300 ppm using the
results of the study performed by Muromura and Tagawa [35]. Elemental analysis was
performed to determine the powder oxygen and nitrogen concentrations by the inert gas fusion
method using a LECO TC-136. Nitrogen and oxygen were measured to 5.4 wt% and 1600
ppm, respectively. Theoretical value for nitrogen concentration in UN is 5.56 wt% [36].

The AIN nanopowder was obtained from Sigma-Aldrich Sweden AB (98% purity), CrN
(99.99% purity) and Cr (99.95% purity) powders were provided by Nanografi. The XRD
analysis of the as received CrN powder confirmed the additional presence of a CroN phase,
with Rietveld analysis indicating a composition of 75 wt% Cr2N and 25 wt% CrN. For
simplicity, this powder will still be referred to as CrN for the remainder of the text.

The powders were mixed to obtain the following compositions in the produced pellets: UN-
10AIN, UN-20AIN, UN-10Cr, UN-20Cr, UN-10CrN, UN-20CrN, UN-5AIN-5CrN, UN-
10AIN-10CrN, where the numeric indicator refers to the volume percent of the secondary
phase(s). The composite pellets were produced using different mixing techniques. For the first
batch of pellets the composite powders were mixed mechanically inside of a glass vial with
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small grinding balls. Subsequent batches were ground together in a mortar and pestle. For the
pellets containing both AIN and CrN, these powders were premixed together before adding UN
powder and continuing to mix. This second routine was identified as more suitable to produce
a homogenous microstructure and subsequent samples were therefore produced using this
route. The composite powders were transferred into graphite (9.3 mm inner diameter) sintering
dies lined on the inside with graphite paper. The composite pellets were sintered using the SPS
technique (Dr. Sinter, 530-ET, Stockholm University, Department of Materials and
Environmental chemistry), located inside of an Ar-filled glovebox (maintained with less than
0.1 ppm O3 and less than 0.1 ppm H>O). Approximately 3 g of composite powders were used
for each pellet. Sintering was performed in vacuum (the sintering chamber was depressurised
to 2 Pa). The sintering parameters including the applied uniaxial pressure, maximum sintering
temperature, holding time at the maximum temperature, as well as the densities of the sintered
pellets and final oxygen composition of the sintered pellets are presented in Table 2. The
composition of the pellets in the table is given in volume percent. The pellets that have been
sintered from the premixed powders are identified by the superscript.

Table 2: Sintering parameters used to produce composite pellets.

Pellet Sintering Holding Uniaxial  Pellet density, 0,,
temperature time, min  pressure, %TD wt%
°C MPa

UN 1650 3 45 97 0.3
UN-10A4IN 1650 3 45 97 1.02
UN-10AINPremi 1650 3 45 97 0.66
UN-20AINPremix 1650 3 45 98 1.57
UN-10Cprrem> 1450 5 70 93 0.39
UN-20Cprrem> 1450 5 70 96 0.43
UN-10CrN 1450 5 70 96 0.38
UN-20CrNpremx 1550 5 70 99 0.22
UN-54IN-5CrN 1550 5 70 96 0.66
UN-5A4IN-5CrNrrem 1550 5 70 98 0.43
UN-10AIN- 10CrNPremx 1550 5 70 99 1.01

The density of the sintered composite pellets was measured by the Archimedes method in
chloroform at the ambient temperature (T=22°C). The density of chloroform at this temperature
is 1.48 g/cm®. The amount of open porosity was measured by submerging the pellet in
chloroform and pulling high vacuum (0.05 bar, just above the chloroform vapor pressure).
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Phase volume fractions of the composite pellets were calculated by performing the quantitative
image analysis of the micrographs using ImageJ software [37]. For each pellet composition 5
micrographs of varying magnification were analysed using the software. The area occupied by
each phase on the micrograph was selected and the average value for the area fraction was
obtained. The volume fraction of the corresponding phase was taken to be the measured area
fraction. From the volume fraction of each phase and the theoretical densities of the individual
phases (14.33 g/cm?® for UN [34], 3.26 g/cm? for AIN [38], 7.19 g/cm? for Cr [39] and 12.7
g/cm? for U>CrN3 [40]) the density of the composite pellets was obtained by the rule of
mixtures. Sintered composite pellets were cut into small pieces using a diamond saw to provide
small amounts of sintered material for elemental analysis. Concentrations of oxygen and
nitrogen in the sintered pellets were measured by inert fusion using a LECO TC-136, with three
replicates for each material.

Transversal sections of pellets were mounted in bakelite, ground using silicon carbide paper,
and polished with diamond suspension and cloth sheets. Microstructural characterization was
performed by scanning electron microscopy (SEM) and energy-dispersive x-ray spectrometry
(EDS) using Philips XL-30 ESEM microscope (KTH, Department of Chemistry) and JEOL
JSM-7000F microscopes (Department of Materials and Environmental Chemistry, Stockholm
University). Larger pieces of the sintered pellets were crushed into powder and the XRD
analysis was performed on the sintered material at Studsvik Nuclear AB using a Panalytical,
X-Pert® Power diffractometer and the Bruker sample holder. The phase composition of each
pellet was determined by Rietvield analysis of the corresponding XRD pattern using a
HighScore Plus software.

3. Results and discussion

3.1 UN-AIN

The resulting microstructure of the composite UN-AIN pellet is presented in Figure 4. It can
be observed that the AIN phase (dark contrast in backscattering mode) is fairly evenly
distributed over the entire sample. As was suggested by the modeling, the AIN phase
demonstrated itself insoluble in the UN matrix. The EDS analysis indicated the segregation of
an unreacted AIN phase being dispersed principally along the grain boundaries of the UN
matrix. Figure 5 presents high magnification images of samples produced by different mixing
techniques. It is apparent that the mixture of powders prior to sintering had a significant effect
on the resulting microstructure. Nanopowder, for example, has a strong tendency to cluster
forming large agglomerates (Figure 5a). Despite this trend the results demonstrate that these
agglomerates are easily broken apart by mechanical premixing of the powders (Figure 5b and
Sc¢). Elemental analysis performed on the sintered UN-AIN pellets demonstrated a higher level
of oxygen (~8000 ppm). This was not observed for pure UN pellets sintered from the same
batch and same condition as a base line. This points out that the main source of O; is in the
AIN nanopowder: a considerable amount of O, may have been physiosorbed in the surface.
This increased level of oxygen is reflected in the XRD analysis that identified the presence of
UN, AIN as well as UO; phase as shown in Figure 6. The oxygen in the system could be
present in the form of uranium oxide. Small amounts of oxygen can be dissolved in the UN
matrix. The solubility of oxygen in the UN has been reported to be around 5 at% [11]. The
XRD analysis of the sintered composite UN-AIN pellets identified the presence of UO; phase
in the amount of 9 wt%.
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Fig. 4. Scanning electron image of the sintered composite pellet UN-20 AINPemix,
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Fig. 5. Scanning electron images of sintered pellets: a) UN-10AIN, b) UN-10AINP©™* ¢) UN-20AINPemix,
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Uranium Nitride (1/1) 72.5 %
Uraninite C 9.1 %
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Uranium Nitride (2/3) 1.1 %
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Fig. 6. XRD pattern of the as-sintered UN-20AINP®™* composite pellet

The absence of interaction between the AIN phase and the UN matrix is highlighted in the high
magnification SEM image shown in Figure 7. On this image it can be seen that small particles
of UN powder are dispersed within the AIN agglomerate, which demonstrates thorough mixing
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of raw powders and is evidence of the absence of solubility, as neither phase is able to dissolve
even such small particle sizes. On this scale it is also clear that the AIN inclusions are located
along the grain boundaries of UN and a fine dispersion of the nanopowder can produce
significant grain coating, thereby permitting the creation of a potentially protective layer
without the need for significant addition of material.

SU-7000F 50kv  X10,000 Tgm WD 100

Fig. 7. Scanning electron image of sintered composite pellet UN-20AINPremix

3.2 UN-Cr

The resulting microstructure for the UN composite with Cr-metal is presented in Figure 8 for
UN-10CrPmx mixture. To guide the phase identification EDS was performed and a summary
is presented in Figure 9. On the backscatter electron analysis, three distinct phases become
distinguishable. The matrix, brighter in contrast, is composed of uranium and nitrogen
elements. The black phase, always localized at grain boundaries, presents the composition of
Cr-metal. The intermediate grey phase is observed to be occurring in the interface of Cr-metal
and the matrix, and demonstrates a composition of uranium, chromium and nitrogen.

' 300pm '

Fig. 8. Scanning electron images of the sintered UN-10CrP™™ pellet
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Fig. 9. Micrograph and corresponding EDS analysis of the UN-10CrP™™* pellet (in atomic percent)

The proportion of uranium to chromium atoms in this intermediate grey phase was determined
to be approximately 2:1 respectively. This proportion is in agreement with the ternary phase
U2CrN3 [40]. In previous work by Herman et al., when the fabrication process of the
compounds was performed through the sol-gel method, the formation of this phase was not
observed [13]. However, based on the existing ternary phase diagram of the uranium-
chromium-nitrogen system it is predicted to form in the temperature range between 1200°C
and 1600°C [17]. This ternary phase, although described with a different crystallographic space
group, can be viewed as a distorted version of UN, as can be demonstrated in Figure 10. The
ternary U>CrN3 phase was previously investigated by Zachariasen et al. [41]. This phase has
an orthorhombic crystal structure and belongs to space group Immm [40]. If compared with
the crystal structure of UN, the similarities between the two could be detected. The unit cell of
the U>CrN; phase consists of two UN unit cells in c-direction. The U-N and Cr-N bond lengths
in the ternary phase are almost the same as the bond lengths in UN and CrN. When a chromium
atom replaces the uranium atom in the lattice of the face-centered cubic UN, the bond length
decreases from 2.45 A for UN to 2.07 A for CrN causing the distortion in the original lattice
[41]. The distortion in the lattice caused by Cr replacement in uranium site seems to limit the
amount of solution to 33 at%, forcing the Cr to only occupy the 2" nearest neighbours (NN).
The orthorhombic structure is generally formed in the same way from a cubic lattice by
stretching the bonds. The density of the ternary phase is reported to be 12.7 g/cc [40]. The
uranium density of this compound is 10.61 g/cc, which is higher than the uranium density of
UO:z (9.66 g/cc), making the ternary phase a potential candidate for the ATF concept. The
occurrence of this phase, being basically a solid solution with limited solution up to 33 at%
demonstrated again agreement with the modeling result for the incorporation of Cr in UN. It is
worth to mention that on the EDS analysis level of nitrogen is high, both for UN and U>CrN3
phases. That could be due to fluorescence in nitrogen caused by very energetic X-rays from
uranium atoms [42]. The XRD pattern of the sintered composite pellet is shown in Figure 11.
The amount of the phases was quantified using Rietveld analysis. Based on the results of the
analysis the majority of the composite pellet consists of the unreacted UN, followed by the
ternary U>CrN3 phase. The presence of metallic chromium could not be detected with the XRD
analysis probably due to the low scattering factor this metal has in comparison with the phase
containing uranium.
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Fig. 10. Demonstration of the unit cell (a) UN and (b) U2CrN3
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Uranium Nitride (1/1) 664 %

Uranium Oxide 0.3 %
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Fig. 11. XRD pattern of the as-sintered UN-20CrP™* composite pellet

Theoretical densities of the UN-Cr composite pellets were calculated by quantitative image
analysis using ImageJ software, as described in the methodology section. In Figure 12, one of
the micrographs used in this calculation is shown, demonstrating how the phase selection by
threshold was performed in this study.
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Fig. 12. Scanning electron images of UN-20CrP™™*; ) original, b) being analysed by Imagel.

The actual densities of the pellets (measured by the Archimedes method) were compared to the
theoretical densities, calculated by the image analysis method. Even though the sintering
parameters for both pellets were identical, the densities of them were slightly different. The
UN-10CrPrmix composite pellet exhibited lower density, 93%TD with 3.64 % open porosity.
The density of the UN-20CrP™™X was measured to be 96%TD with 0.48% open porosity. This
difference could be due to metallic chromium softening during sintering and assisting with
densification.

The image analysis of the micrographs was also used to calculate the total solubility of Cr-
metal in the matrix of UN. The volume fraction of the ternary phase (U>CrN3) in the pellets
containing 10 and 20 vol % of Cr is 30% and 42% respectively. These results correspond to
the amount of chromium that formed the ternary U>CrN3 phase in the UN matrix being 33%
by weight in both pellets. This number indicates that the solubility of chromium in UN is
limited. The majority of the chromium added remained in the separate phase. From the
micrograph shown in Figure 12 it could be observed that the ternary phase formed around the
chromium inclusions. This indicates that chromium atoms diffused from the chromium rich
regions into the uranium nitride. As was shown in the modeling calculation section the
incorporation of Cr-metal into the matrix of UN is facilitated by the formation of uranium
vacancies. The number of vacancies in the UN is increased dramatically during sintering.
Chromium atoms move into the vacant positions in the UN lattice forming the ternary U>CrNj3
phase. The amount of this phase is limited to the number of uranium vacancies.

3.3 UN-CrN

The microstructure of the composite UN-CrN pellet is shown in Figure 13. The EDS analysis
and the XRD confirmed the presence of the ternary U>CrN3 phase similar to what has been
observed for Cr-metal addition. As was suggested by the modeling calculations the formation
of the solid solution between UN and CrN is also energetically favourable.
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Fig. 13. Scanning electron images of UN-20CrNPe™* composite pellet

The same qualitative image analysis of the pellet microstructure was performed providing the
volume fraction of the ternary phase within the pellets, being around 52 vol% and 36 vol% for
the UN-20CrNPemix and UN-10CrN respectively. The calculated weight fraction of Cr being
present in the ternary phase is approximately 50 wt% in the UN-20CrNP*™* and 40 wt% in the
UN-10CrN. The difference in the amounts of chromium being present in the metallic form and
in the ternary phase could be attributed to different mixing techniques but also to different
sintering temperatures.

If compared to the composite pellets with Cr-metal as a starting material, it is evident that the
doped fraction formed in the UN matrix increases if chromium enters the system in the form
of the nitride, as demonstrated in Figure 14. The presence of nitrogen in the CrN phase changes
the mechanism of formation of the ternary compound. The solubility of Cr in the UN for the
UN-Cr composites was limited by the number of uranium vacancies in the UN lattice. In the
UN-CrN system the formation of the solid solution is favoured thermodynamically,
accompanied by the reduction in the total Gibbs energy of the system. Thermodynamically, the
reactions between CroN, CrN and UN are suggested to be as follows [40]:

0.667 UN + 0.333 Cr,N — 0.333 U,CrNs + 0.333 Cr, Enpp = —21.06 kJ/mol  (3)

0.667 UN + 0.333 CrN — 0.333 U,CrNs, Epp = —2542k]/mol  (4)
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Fig. 14. Scanning electron images of sintered composite pellets: a) UN-20CrP™™* b) UN-20CrNPremix,
The presence of the CrzN in the starting material resulted in the inclusions of Cr-metal. The

shape of the metallic chromium phase in Figure 15 suggests that the phase softened during
sintering similar to what was observed for Cr-metal addition.

Fig. 15. Scanning electron images of sintered composite pellet UN-20CrNPremix,

In agreement with the modeling results these nitride composites can be used to obtain extensive
solution in the UN matrix providing a high fraction of produced doped grains.

3.4 UN-CrN-AIN

The microstructure of the composite pellet containing AIN and CrN with UN is shown in
Figure 16. Similar to the composite pellets containing only CrN or only AIN, the
microstructure of the composite pellet UN-10AIN-10CrNPe™* demonstrates the presence of
the metallic chromium phase, the ternary U,CrN3, as well as the unreacted AIN and UN (Figure
17). The contrast of the image in Figure 17 allows to differentiate between the AIN and the
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metallic Cr, the AIN being slightly darker in colour than chromium. This microstructure
demonstrates two trends predicted by modeling: the solubility of CrN in UN and the complete
insolubility of the AIN and highlights the possibility to combine both to produce composite
with a tailored microstructure.

! 300pm !

Fig. 16. Scanning electron images of sintered composite pellet UN-10AIN-10CrNPremix,

SU-7000f 5| 0 um WD 10.8mm

Fig. 17. Scanning electron images of sintered composite pellet UN-10AIN-10CrNpremix

The element mapping presented in Figure 18 assisted further with the identification of the
phases. The yellow map shows the distribution of chromium. Two trends are visible on the
map. The bright yellow areas correspond to Cr-metal, formed in the reaction between Cr2N and
UN (Eq. 3). The less saturated parts of the map correspond to the ternary U>CrN3 phase.
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Fig. 18. Element mapping of the composite pellet UN-10AIN-10CrNPremix

The XRD pattern of the composite pellet UN-5SAIN-5CrN is presented in Figure 19. The main
phase after sintering is uranium nitride. The AIN phase in the sintered pellet is unchanged,
further confirming the lack of interaction between this phase and the UN matrix. The presence
of the diuranium(Ill) chromium nitride (U>CrN3) in the amount of 10.5 wt% confirms the
solubility of chromium in the UN matrix. The oxide phase is present in the amount of 2.9 wt%,
similar to the UN-AIN composites suggesting that the nanopowder surface is the main source
of oxygen.
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UN 5CrN 5 AIN NonOpt

Uranium Nitride (1/1) 845 %
600 Uranium Oxide 2.9 %

Aluminium Nitride - 3c 21 %
Diuranium(ll) Chromium§Nitride J0.5 %
Chromium Nitride 0.0 %

400
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. |
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Position [*26] (Copper (Cu))

Fig. 19. XRD pattern of the as-sintered UN-5AIN-5CrN composite pellet

The interaction between the phases in the composite pellet UN-10AIN-10CrNPe™X s shown in
Figure 20. The interface between the UN matrix and the ternary U>CrN3 is smooth. The
morphology of both phases appears similar. AIN exhibits different behaviour. The phase is
brittle and is easily removed during sample preparation, as shown in Figure 20 b. It appears
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that AIN introduces stress to UN matrix, where in some areas of the sample intragranular
cracking in the UN matrix was observed.

SU-7000F SEI 150KV X50,000 100nm WD 10.4mm SU-7000F SEI 30KV X50000 100mm WD 10.4

a) b)

Fig. 20. Scanning electron images of sintered composite pellet UN-10AIN-10CrNpremix

The resulting microstructure observed for the UN-CrN-AIN composites showed consistency
with the design microstructure proposed in Figure 3. This highlights the efficiency of using
modeling results to guide composite fabrication and reinforces the fact that the fabrication route
adopted in this work is suitable to produce such tailored microstructure.

4. Conclusions

In this study we presented a methodology of fabrication of UN composites with engineered
microstructure. The dopants were added into the UN matrix in order to improve the corrosion
resistance of UN fuel by interacting with the UN matrix in two ways: to shield the grains of
UN from coming into contact with the oxidising agent (coated grains) and to lower the rate of
oxygen diffusion through the bulk (doped grains). The modeling calculations were conducted
to screen the potential additive candidates and to predict the possible interactions between these
additives and the UN matrix. The results based on first principles calculation predicted that
elements from the electronic configuration group 3p (e.g., Al, Si, P) will demonstrate limited
solubility in U site when added to the UN, when entered either in the form of nitride or the pure
compound. The elements from the 3d group (e.g., Cr, V, Ti), on the other hand, were predicted
to demonstrate considerable solubility with UN. From this group Cr was the only one identified
as the material that will interact with the UN matrix to form solid solution, if added as metal
and as a nitride phase. However, it was possible to conclude that the amount of solid solution
formed when Cr-metal was added is limited by the number of uranium vacancies present in the
lattice of UN. If Cr entered the system in the form of CrN or Cr2N, the amount of the solid
solution formed was predicted to be higher.

In order to evaluate the results of the modeling calculation Al and Cr were selected for the
experimental investigation. Composite pellets containing AIN, CrN and Cr were sintered using
the Spark Plasma Sintering. The metallographic analysis of the composite pellets confirmed
the possibility to obtain an engineered microstructure. No interaction between the AIN and the
UN was observed in the UN-AIN composite pellets. The unreacted AIN phase was distributed
along the grain boundaries of UN, creating the coated grain effect. This experimental result
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confirmed that it would be possible to produce a protective coating around the grains of UN by
adding small amounts of the corrosion resistant additive. The presence of the ternary U>CrN3
phase was encountered in the composite pellets containing chromium, which confirms the
modeling prediction of the interaction between Cr and UN. The ternary phase is a distorted
version of UN formed by chromium atoms replacing the uranium atoms in the UN lattice and
can be considered a solid solution (maximum Cr solubility 33 at%). This phase has not been
observed experimentally in previous studies where chromium was added into the UN fuel
matrix, although the existence of this phase has been predicted by the phase diagram. It is
evident that the manufacturing parameters used for the fabrication of the composite materials
play an important role in the resulting microstructure of the composite pellets. The amount of
solid solution in the samples differed depending on whether the additive material was
introduced into the system in the form of CrN or Cr-metal. The amount of the solid solution in
the samples produced from Cr-metal was limited by the number of uranium vacancies formed
in UN at elevated temperature. The fraction of the doped grains increased in the composite
pellets produced from CrN. The formation of the ternary phase in the UN-CrN system is
favoured thermodynamically. Different mechanisms of formation of the solid solution in the
two systems allow to have a combination of doped grains of UN (with CrN as additive) and
partially doped grains (with Cr-metal as additive). The U,CrN3 phase has a higher uranium
density than UO., which makes it an interesting ATF fuel candidate. Therefore, more studies
need to be done to investigate the properties and characteristics of the ternary U,CrNj
compound, as well as its oxidation behaviour under various oxidising environments.

Experimental results obtained in this study demonstrate that design microstructures of UN
composite materials could be fabricated to create coated grains by addition of insoluble
compounds as well as doped and partially doped grains by addition of soluble elements. The
modeling calculations presented here can be successfully applied for screening of the potential
candidates for composite materials and for predicting their interaction with the UN matrix.
Using this tool prior to experimental research will allow to better design and perform
experiments, choosing only the best additive candidates considering the main goal to be
achieved.
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Abstract

In this study the composite UN-AIN, UN-Cr, UN-CrN and UN-AIN-CrN pellets were
fabricated, and the advanced microstructure with different modes of interaction
between the phases was obtained. The dopants for this study were selected based on the
results of the ab-initio modeling calculations, that identified the AIN phase as insoluble
and CrN and Cr as soluble in the UN matrix. This method allowed to investigate the
possibility of improving the corrosion resistance of UN by protecting the grain
boundaries with insoluble AIN and by hindering the diffusion of oxygen through the
bulk by adding soluble CrN and Cr.

The UN powder was produced by hydriding-nitriding method and mixed with the AIN,
CrN and Cr powders. High density (>90 %TD) composite pellets were sintered by
Spark Plasma Sintering (SPS). The microstructure of the pellets was analysed using
SEM coupled with EDS. The phase purity was determined by XRD. For the first time
the presence on the ternary U>CrN; phase was observed in the composite pellets
containing Cr and CrN dopants. The results obtained in this study allowed to assess
the methodology for fabrication of the UN composites with controlled microstructure.

1. Introduction

Uranium nitride (UN) is a potential candidate for the nuclear fuel alternatives being considered
as part of the Accident Tolerant Fuel (ATF) initiative. UN is known for its high thermal
conductivity, high melting temperature, high fissile density and good fission product retention
[1], [2] . These positive qualities of the UN fuel will allow to improve the safety of the system
during the reactor operation, as well as to bring the economic benefits by increasing the length
of the fuel cycle [3]. In addition to that, the high fissile density of the UN fuel will provide the
neutronic margins, which will allow the use of cladding materials with high oxidation
resistance and low hydrogen production (such as FeCrAl) [4], [5], [6]. However, the oxidation
resistance of UN is significantly inferior to the UO: fuel, violating the ATF concept itself [2],
[7], [8], which drives the motivation for development of techniques for improving the
oxidation resistance properties of UN.
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In order to improve the oxidation resistance of UN different number of alloying systems such
as ceramics (cercer) and metals (cermet) have been considered [9]. In previous studies potential
additives were identified based on their thermophysical and oxidation resistance properties.
Composite pellets containing UN and such materials as U3Siz, UO, Cr, Ni, Al have been
manufactured and analysed [10], [11], [12], [13], [14]. Different experimental methods have
been applied to produce such composites including powder metallurgical methods and sol-gel
method, as in the case of UN pellets doped with Cr, Ni and Al that were produced by Herman
et al. [13]. In some cases, the complexity of the fabrication process creates difficulty in
understanding the interaction between the alloying elements and the fuel matrix. As an
example, in the sol-gel method the high temperatures applied during the carbothermic
reduction and pelletising resulted in a significant amount of Cr being lost due to evaporation
[13]. Another issue in the design of these composites was the absence of information on how
the additives would interact with the UN matrix, as observed for UN-UO> composites where
significant reaction under sintering occurred favouring an equilibrium of UO2-U>N3 [15], [16],
[11]. In some studies, the attempt has been made to predict the possible formation of the solid
solution between the UN matrix and the additive using the Hume-Rothery Rules, as in the case
with Herman et al. However, the comparison of the atomic radii, electronegativities and the
valences of the uranium atoms and the additive atoms predicted that no solid solution could be
formed between CrN or AIN and the matrix of UN [13]. However, this type of assessment does
not provide information about the existence of possible ternary compounds, that can be found
in the phase diagrams, as in the case with U-Cr-N, where the formation of the ternary U>CrN3
was predicted by Holleck [17]. The presence of the ternary compounds can be important for
the performance of the composite materials. The information about all possible interactions
between the additives and the UN is needed in order to eliminate the candidates that will be
completely unsuitable for these purposes.

The interaction behaviour between UN and such materials as TiN, YN, CeN, NbN has been
previously investigated experimentally by Holleck [18], [19], [20]. Composite materials
containing the above-mentioned nitrides and UN were prepared by such methods as arc melting
followed by homogenisation and long-term annealing of powder mixtures. The results obtained
in those studies identified such systems as UN-CeN, UN-NbN, UN-YN to be completely
miscible in each other, whereas TiN was shown to be soluble in UN from about 1 mol% at
1700°C to 4 mol% at 2400°C. However, investigating the possible interaction between a wide
range of available materials and the UN experimentally could be a very expensive and time-
consuming process. Therefore, a preselecting tool for identifying the potential candidates and
predicting their behaviour is highly desirable.

In this study a methodology of using atomistic modeling to predict the interaction behaviour
between various metallic and nitrogenous additives with UN is described. The goal is to use
this as a preselecting tool for the fabrication of UN compounds in order to help determine if a
given material and phase will be soluble in the base UN matrix. Elements from different
electronic configuration groups being 3p (Al, Si, P), 3d (V, Ti, Cr), 4d (Y, Zr, Nb, Mo), and 4f
(La, Ce) were analysed using the proposed method. From the calculated systems Al and Cr
were selected to demonstrate the interaction trends predicted by the modeling. Advanced
fabrication using materials as AIN-nano, Cr-nano metal, CrN-micro and sintering by Spark
Plasma Sintering (SPS) technique with temperatures not exceeding 1650°C was applied to
produce selected composite pellets. High purity UN powders were synthesised using the
hydriding-nitriding method from metallic uranium for obtaining high purity materials. A
further intention of this work is to provide a fabrication routine, i.e. selection of powder
morphology and chemical form, sintering parameters, etc., which can be used as guidelines for
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producing UN composites with a tailored microstructure. The results of the experiments
confirmed the predictions of the atomistic modeling, making it a valuable tool to be used in
future research into composite fuels design.

2. Methodology

2.1 First-principles calculations

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) [21],
[22]. The electron exchange correlation was modeled using the generalized gradient
approximation (GGA) of Perdew, Burke and Ernzernhof (PBE) [23] and projector augmented
wave (PAW) potentials [24], [25]. To better describe the correlated nature of the U 5felectrons,
GGA + U method with Dudarev’s rotationally invariant approach [26] and an effective U, Ueri=
1.9 eV (Uesr = U —J) was used. The unit cells for UN were fully relaxed using a cut-off energy
of 520 eV. Convergence criteria of 0.02 eV/A™'and 10~° eV were adopted for the forces and
total energy, respectively. A 2 x 2 x 2 supercell of UN was used for calculating the defect
formation energies. A y-centered Monkhorst-pack k-point spacing of <0.25 A™! was applied
for sampling the Brillouin zone for each structure. No methods to avoid the metastable states
were used, as the symmetry was heavily broken by the incorporation of foreign atoms and the
energetics of point defects in UN are one order of magnitude larger than the ones of metastable
states.

The general trend for incorporation of elements from electronic configuration groups 3p (Al,
Si, P), 3d (V, Ti, Cr), 4d (Y, Zr, Nb, Mo) and 4/ (La, Ce) in the UN matrix was evaluated by
calculating the formation energies of point defects. The incorporation was modeled considering
the uranium site for all elements in addition to the nitrogen site for the 3p elements. The
formation energy was calculated using Eq. (1), where E% and E”, are the total energies of
the supercell without and with a defect, respectively, and u’; is the standard state chemical
potential (DFT calculated energy per atom) of the element i. The standard states used for each
element are listed in Table 1. ANP; is the number of atoms of type i added (ANP; > 0) or removed
(4ANP; < 0) from the perfect supercell to create the defect, and the sum is over all added and
removed elements. Additionally, incorporation energy analysis can be extended to evaluate
another phase as the source of the incorporated atom. This can be done by adding a correction
term Aw; (in Eq. (1)) as the change in the chemical potential of element i resulting from an N-
phase equilibrium (i.e., from the local environment), which can be calculated by solving the
set of linear equations (Eq. (2)), where cix is the coefficient representing the concentration of
each atom considering the phase equilibria. On the scopes of this work the equilibrium of UN-
(Nitride Phase)-N> was also considered and the nitride phases evaluated are also listed in Table
1 with their respective calculated Au.

N
AR =Ep, —Eg — Y ANP() 4+ Ap) (1)
i=1

AHgy = Z A, (2)

N
i=1
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It is important to mention that the applications of GGA + U results in inconsistency for direct
comparison with reference state a-Uranium, more appropriately modeled by GGA framework.
Therefore, the methodology that predicts formation enthalpies by mixing GGA and GGA+U
results proposed by Jain et al. [27] was applied, where the experimentally reported formation
energy of U>N3 [28] were used for correction.

Table 1: Standard states and their respective po (e€V/atom), and the nitride phases with the calculated Au

(eV/atom).
Standard Space group 1o (eV/at) Nitride Space group  Calculated Ap
state phases
Al Fm-3m [225] -3.7481 AIN P63mc [186] -3.192
Si Fd3m [227] -5.4234 Si3N4 P63/m [176] -3.066
P -8.1781 P3N C2/c[15] -1.435
Ti P6/mmm [191] -7.8899 TiN Fm3m [225] -3.816
\Y Im3m [229] -9.0866 VN Fm3m [225] -2.328
VisN P42/mnm [136] -0.421
Cr Im3m [229] -9.6367 CrN Fm3m [225] -1.31
CnN P31Im [162] -0.771
Y P63/mmc [194] -6.4674 YN Fm3m [225] -3.758
Zr P63/mmc [194] -8.5475 ZrN Fm3m [225] -3.74
Nb Im3m [229] -10.1131 NbN P6m2 [187] -2.52
Mo Im3m [229] -10.4345 MoN P63mc [186] -1.118
MoxN [41/amd [141] -0.552
Pd Fm3m [225] -5.1765
La Fm3m [225] -4.9353 LaN -2.998
Ce Fm3m [225] -5.9315 CeN -3.38

This analysis creates a way to evaluate the trend of the materials to react with the UN fuel
matrix not only from the metal state but the nitride forms. Figure 1 offers the summary of the
modeling method.
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Reference states

Defect incorporated
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©)

Fig. 1. (a) UN with an incorporated impurity; (b) standard reference state and (c) nitride phase both considered as
the source for the impurity in the reaction with UN.

The obtained results for incorporation energies are shown in Figure 2. In this notation negative
incorporation energies are thermodynamically favourable to occur.

From the results it is possible to observe that in general the elements at 3p configuration
presented limited solubility in the UN matrix, independently of the site considered. One
exception is P in the nitrogen site that seems to be energetically favourable. This may reflect
the existence of the phases UsP4, UP and UP> [29], [30] and point out for the trend of P to
strongly interact with uranium atoms. Another way to evaluate the incorporation energies is to
correct the chemical potential for the impurity considering the origin as other phases. To
understand the trends of solution here we also evaluated the incorporation considering stable
nitride phases reported in literature. For the 3p group the AIN, Si3N4 and P3Ns phases were
considered in this analysis. The result is also presented in Figure 2 (orange). With this result
it is possible to observe limited solubility for the 3p materials, from both pure and nitride states.
It is possible to notice that when the nitrides are considered the reaction with UN becomes even
less likely. Therefore, these elements and mainly their respective nitride phases can be used as
additive to UN to produce, for example, coated grain.

The 3d transition metals present a different trend from the previous group. For these elements
considerable solubility is observed considering the pure metal state as a reference. As the
incorporation of the impurities required a Uyac, the amount of solution formed may be limited
by the number of this defect created with temperature over the sintering process. A way to
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extend the solubility is to provide at the same time nitrogen and keep the ratio metal/nitrogen
close to 1:1. Therefore, it once again becomes of interest to re-evaluate the trend by correcting
the chemical potential using the nitride phases as reference state. For this purpose, the TiN,
CrN, Cr2N, VN and VsN were considered. The results can be seen in Figure 2 (orange and
grey). From this analysis it can be noticed that the incorporation of Cr in UN is still favourable
even when the Cr-nitride phases (CrN and Cr2N) are considered as the source for the
incorporation impurity. This behaviour permits preservation of the metal/nitrogen ratios which
can promote significant solubility. On the other hand, Ti and V nitride phases seem not very
likely to react with UN. These pure metals will form solution with UN but with the solubility
limited by the fraction of Uyac. The obtained results for Ti are in agreement with the outcomes
of the experimental investigations performed on the U-N-Ti system by Holleck [18].
Therefore, Ti and V metal and nitrides can be used to combine doped grain with partially coated
grain by using a combination of metal and nitride phases.

The elements of 4d transition metals also demonstrated a considerable degree of solubility in
UN matrix when considered reaction with the pure metal state. The trend for the solubility
decreases progressively from Y to Mo, demonstrating that the increase in the electronic
configuration plays significant role in the solubility in UN matrix. The reaction from the nitride
phases still seems very likely, being negative for Y and Zr while relatively small for the Nb
and Mo, which could be overcome by entropy terms, i.e., increase in temperature. The
solubility of of NbN, ZrN and YN in the matrix of UN has been investigated by Holleck et al.
in a number of experimental studies. It was found that at 2000°C the system UN-ZrN
demonstrate complete solid solubility [18]. The solid solution between NbN and UN was
obtained by annealing the composite pellets made from the constituent nitrides in the
temperature range between 1800°C and 1900°C for a long time. The X-ray analysis of the
obtained product confirmed that the system UN-NDbN is completely miscible [19]. The same
results were obtained for UN-YN samples prepared by Holleck et al. The metallographic
studies of the samples concluded that the system UN-YN shows complete solid solubility [20].
In the light of these results, these elements and their respective nitride phases can mainly be
used to produce UN composite with doped grains.

The 4f elements demonstrated solubility in the UN matrix. This is in agreement with the
experimental results obtained for the LaN-UN and CeN-UN systems [20], [19]. However, the
equilibrium solid solution between CeN and UN was difficult to achieve experimentally and
required long-term annealing at high temperatures [19]. This observation indicates that kinetics
play significant role for these systems that might be influenced by slow diffusion of heavy
elements. Although the described here methodology based on the modeling cannot predict how
fast or slow the equilibrium in the system could be reached, it can still be used as a preselecting
tool for experimental studies.

122



Energy formation Defect
Metal and Nitride ref (eV)

Al (U) AI(N) Si(U) Si(N) P(U) P(N) Ti(U) V(U) Cr(U) Y(U) Zr(U) Nb(U)Mo (U) La (U) Ce (U)

B Metal mNitride m Additional Nitride

N

o

'
N

-6

Fig. 2. Incorporation energy formation as reference from metals and nitrides

Considering the obtained results, it is possible to design composite materials with engineered
microstructure by combining the insoluble in UN materials to protect the grains and soluble
compounds to increase the corrosion resistance of the bulk. This concept is explained by
Figure 3.

UN matrix

High sol. compound

Low sol. compound

Grain boundary

Fig. 3. lllustration of the microstructure resulting from the use of low and high solubility phases in UN matrix.

From Figure 2 it is evident that chromium metal as well as chromium nitrides (CrN and Cr;N)
have negative values for the defect incorporation energies and, therefore, are good candidates
for testing the concept of doped grains experimentally. The value for the defect incorporation
energy of AIN, on the other hand, is positive, suggesting that no interaction should take place
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between UN and AIN. For that reason, AIN, Cr and CrN were selected as dopants for
experimental investigation. In the next section the fabrication of UN composites is presented,
taking in consideration the interaction trends presented in this section. Four different systems
were sintered being (i) low solubility, addition of AIN; (ii) high solubility from metal Cr and
(ii1) nitride CrN phase and a (iv) compound containing both low (AIN) and high (CrN)
solubility to demonstrate the capability to produce a highly tailored microstructure by
combining different incorporation trends.

2.2 Pellet fabrication and characterization

Composite samples were manufactured to validate the design proposed by the modeling
calculations. The additives were chosen to demonstrate different modeling trends for
interaction behaviour between the additives and the fuel UN matrix, namely: insolubility,
limited solubility, and considerable solubility. The additive phases that were predicted to be
insoluble in the UN matrix were added in the form of nanopowder (< 100nm). The purpose
was to test the capability of the insoluble phase to coat the grains of UN and to work
functionally to prevent it from coming into contact with the oxidising agent. Introducing the
additive in the form of nanopowder would allow the material to easier distribute itself along
the grain boundaries. Matrix-soluble additives were added in the form of micropowders (<
Sum). These materials were expected to form the solid solution with the UN matrix. The solid
solution can operate to protect the bulk of the material from oxidation by self-passivation.

The UN powder used in this study was synthesised by the hydriding-nitriding method from
natural uranium metal (acquired from the Institutt for Energiteknikk, Norway) following the
procedure and the heating profile described in previously published work [31]. The resulting
UN powders were transferred into an argon filled glovebox for handling. The XRD analysis on
the as fabricated powder was performed using a Siemens D5000 diffractometer with Cu k-
alpha target at 40 mA current and 35 kV voltage using an air-tight sample holder (Bruker,
A100B138). The Rietveld refinement of the X-ray diffraction pattern on the produced UN
powder was performed using Maud software [32] and the Crystallography Open Database [33].
The measured value of the lattice parameter is 4.8889 + 0.0003 A, corresponding to a face-
centered cubic uranium mononitride [34]. Based on the obtained value of the lattice parameter
the concentration of carbon impurities could be estimated to be around 300 ppm using the
results of the study performed by Muromura and Tagawa [35]. Elemental analysis was
performed to determine the powder oxygen and nitrogen concentrations by the inert gas fusion
method using a LECO TC-136. Nitrogen and oxygen were measured to 5.4 wt% and 1600
ppm, respectively. Theoretical value for nitrogen concentration in UN is 5.56 wt% [36].

The AIN nanopowder was obtained from Sigma-Aldrich Sweden AB (98% purity), CrN
(99.99% purity) and Cr (99.95% purity) powders were provided by Nanografi. The XRD
analysis of the as received CrN powder confirmed the additional presence of a CroN phase,
with Rietveld analysis indicating a composition of 75 wt% Cr2N and 25 wt% CrN. For
simplicity, this powder will still be referred to as CrN for the remainder of the text.

The powders were mixed to obtain the following compositions in the produced pellets: UN-
10AIN, UN-20AIN, UN-10Cr, UN-20Cr, UN-10CrN, UN-20CrN, UN-5AIN-5CrN, UN-
10AIN-10CrN, where the numeric indicator refers to the volume percent of the secondary
phase(s). The composite pellets were produced using different mixing techniques. For the first
batch of pellets the composite powders were mixed mechanically inside of a glass vial with
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small grinding balls. Subsequent batches were ground together in a mortar and pestle. For the
pellets containing both AIN and CrN, these powders were premixed together before adding UN
powder and continuing to mix. This second routine was identified as more suitable to produce
a homogenous microstructure and subsequent samples were therefore produced using this
route. The composite powders were transferred into graphite (9.3 mm inner diameter) sintering
dies lined on the inside with graphite paper. The composite pellets were sintered using the SPS
technique (Dr. Sinter, 530-ET, Stockholm University, Department of Materials and
Environmental chemistry), located inside of an Ar-filled glovebox (maintained with less than
0.1 ppm O3 and less than 0.1 ppm H>O). Approximately 3 g of composite powders were used
for each pellet. Sintering was performed in vacuum (the sintering chamber was depressurised
to 2 Pa). The sintering parameters including the applied uniaxial pressure, maximum sintering
temperature, holding time at the maximum temperature, as well as the densities of the sintered
pellets and final oxygen composition of the sintered pellets are presented in Table 2. The
composition of the pellets in the table is given in volume percent. The pellets that have been
sintered from the premixed powders are identified by the superscript.

Table 2: Sintering parameters used to produce composite pellets.

Pellet Sintering Holding Uniaxial  Pellet density, 0,,
temperature time, min  pressure, %TD wt%
°C MPa

UN 1650 3 45 97 0.3
UN-10A4IN 1650 3 45 97 1.02
UN-10AINPremi 1650 3 45 97 0.66
UN-20AINPremix 1650 3 45 98 1.57
UN-10Cprrem> 1450 5 70 93 0.39
UN-20Cprrem> 1450 5 70 96 0.43
UN-10CrN 1450 5 70 96 0.38
UN-20CrNpremx 1550 5 70 99 0.22
UN-54IN-5CrN 1550 5 70 96 0.66
UN-5A4IN-5CrNrrem 1550 5 70 98 0.43
UN-10AIN- 10CrNPremx 1550 5 70 99 1.01

The density of the sintered composite pellets was measured by the Archimedes method in
chloroform at the ambient temperature (T=22°C). The density of chloroform at this temperature
is 1.48 g/cm®. The amount of open porosity was measured by submerging the pellet in
chloroform and pulling high vacuum (0.05 bar, just above the chloroform vapor pressure).
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Phase volume fractions of the composite pellets were calculated by performing the quantitative
image analysis of the micrographs using ImageJ software [37]. For each pellet composition 5
micrographs of varying magnification were analysed using the software. The area occupied by
each phase on the micrograph was selected and the average value for the area fraction was
obtained. The volume fraction of the corresponding phase was taken to be the measured area
fraction. From the volume fraction of each phase and the theoretical densities of the individual
phases (14.33 g/cm?® for UN [34], 3.26 g/cm? for AIN [38], 7.19 g/cm? for Cr [39] and 12.7
g/cm? for U>CrN3 [40]) the density of the composite pellets was obtained by the rule of
mixtures. Sintered composite pellets were cut into small pieces using a diamond saw to provide
small amounts of sintered material for elemental analysis. Concentrations of oxygen and
nitrogen in the sintered pellets were measured by inert fusion using a LECO TC-136, with three
replicates for each material.

Transversal sections of pellets were mounted in bakelite, ground using silicon carbide paper,
and polished with diamond suspension and cloth sheets. Microstructural characterization was
performed by scanning electron microscopy (SEM) and energy-dispersive x-ray spectrometry
(EDS) using Philips XL-30 ESEM microscope (KTH, Department of Chemistry) and JEOL
JSM-7000F microscopes (Department of Materials and Environmental Chemistry, Stockholm
University). Larger pieces of the sintered pellets were crushed into powder and the XRD
analysis was performed on the sintered material at Studsvik Nuclear AB using a Panalytical,
X-Pert® Power diffractometer and the Bruker sample holder. The phase composition of each
pellet was determined by Rietvield analysis of the corresponding XRD pattern using a
HighScore Plus software.

3. Results and discussion

3.1 UN-AIN

The resulting microstructure of the composite UN-AIN pellet is presented in Figure 4. It can
be observed that the AIN phase (dark contrast in backscattering mode) is fairly evenly
distributed over the entire sample. As was suggested by the modeling, the AIN phase
demonstrated itself insoluble in the UN matrix. The EDS analysis indicated the segregation of
an unreacted AIN phase being dispersed principally along the grain boundaries of the UN
matrix. Figure 5 presents high magnification images of samples produced by different mixing
techniques. It is apparent that the mixture of powders prior to sintering had a significant effect
on the resulting microstructure. Nanopowder, for example, has a strong tendency to cluster
forming large agglomerates (Figure 5a). Despite this trend the results demonstrate that these
agglomerates are easily broken apart by mechanical premixing of the powders (Figure 5b and
Sc¢). Elemental analysis performed on the sintered UN-AIN pellets demonstrated a higher level
of oxygen (~8000 ppm). This was not observed for pure UN pellets sintered from the same
batch and same condition as a base line. This points out that the main source of O; is in the
AIN nanopowder: a considerable amount of O, may have been physiosorbed in the surface.
This increased level of oxygen is reflected in the XRD analysis that identified the presence of
UN, AIN as well as UO; phase as shown in Figure 6. The oxygen in the system could be
present in the form of uranium oxide. Small amounts of oxygen can be dissolved in the UN
matrix. The solubility of oxygen in the UN has been reported to be around 5 at% [11]. The
XRD analysis of the sintered composite UN-AIN pellets identified the presence of UO; phase
in the amount of 9 wt%.
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Fig. 4. Scanning electron image of the sintered composite pellet UN-20 AINPemix,
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Fig. 5. Scanning electron images of sintered pellets: a) UN-10AIN, b) UN-10AINP©™* ¢) UN-20AINPemix,
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Uranium Nitride (1/1) 72.5 %
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Uranium Nitride (2/3) 1.1 %
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Fig. 6. XRD pattern of the as-sintered UN-20AINP®™* composite pellet

The absence of interaction between the AIN phase and the UN matrix is highlighted in the high
magnification SEM image shown in Figure 7. On this image it can be seen that small particles
of UN powder are dispersed within the AIN agglomerate, which demonstrates thorough mixing
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of raw powders and is evidence of the absence of solubility, as neither phase is able to dissolve
even such small particle sizes. On this scale it is also clear that the AIN inclusions are located
along the grain boundaries of UN and a fine dispersion of the nanopowder can produce
significant grain coating, thereby permitting the creation of a potentially protective layer
without the need for significant addition of material.

SU-7000F 50kv  X10,000 Tgm WD 100

Fig. 7. Scanning electron image of sintered composite pellet UN-20AINPremix

3.2 UN-Cr

The resulting microstructure for the UN composite with Cr-metal is presented in Figure 8 for
UN-10CrPmx mixture. To guide the phase identification EDS was performed and a summary
is presented in Figure 9. On the backscatter electron analysis, three distinct phases become
distinguishable. The matrix, brighter in contrast, is composed of uranium and nitrogen
elements. The black phase, always localized at grain boundaries, presents the composition of
Cr-metal. The intermediate grey phase is observed to be occurring in the interface of Cr-metal
and the matrix, and demonstrates a composition of uranium, chromium and nitrogen.

' 300pm '

Fig. 8. Scanning electron images of the sintered UN-10CrP™™ pellet
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Fig. 9. Micrograph and corresponding EDS analysis of the UN-10CrP™™* pellet (in atomic percent)

The proportion of uranium to chromium atoms in this intermediate grey phase was determined
to be approximately 2:1 respectively. This proportion is in agreement with the ternary phase
U2CrN3 [40]. In previous work by Herman et al., when the fabrication process of the
compounds was performed through the sol-gel method, the formation of this phase was not
observed [13]. However, based on the existing ternary phase diagram of the uranium-
chromium-nitrogen system it is predicted to form in the temperature range between 1200°C
and 1600°C [17]. This ternary phase, although described with a different crystallographic space
group, can be viewed as a distorted version of UN, as can be demonstrated in Figure 10. The
ternary U>CrN3 phase was previously investigated by Zachariasen et al. [41]. This phase has
an orthorhombic crystal structure and belongs to space group Immm [40]. If compared with
the crystal structure of UN, the similarities between the two could be detected. The unit cell of
the U>CrN; phase consists of two UN unit cells in c-direction. The U-N and Cr-N bond lengths
in the ternary phase are almost the same as the bond lengths in UN and CrN. When a chromium
atom replaces the uranium atom in the lattice of the face-centered cubic UN, the bond length
decreases from 2.45 A for UN to 2.07 A for CrN causing the distortion in the original lattice
[41]. The distortion in the lattice caused by Cr replacement in uranium site seems to limit the
amount of solution to 33 at%, forcing the Cr to only occupy the 2" nearest neighbours (NN).
The orthorhombic structure is generally formed in the same way from a cubic lattice by
stretching the bonds. The density of the ternary phase is reported to be 12.7 g/cc [40]. The
uranium density of this compound is 10.61 g/cc, which is higher than the uranium density of
UO:z (9.66 g/cc), making the ternary phase a potential candidate for the ATF concept. The
occurrence of this phase, being basically a solid solution with limited solution up to 33 at%
demonstrated again agreement with the modeling result for the incorporation of Cr in UN. It is
worth to mention that on the EDS analysis level of nitrogen is high, both for UN and U>CrN3
phases. That could be due to fluorescence in nitrogen caused by very energetic X-rays from
uranium atoms [42]. The XRD pattern of the sintered composite pellet is shown in Figure 11.
The amount of the phases was quantified using Rietveld analysis. Based on the results of the
analysis the majority of the composite pellet consists of the unreacted UN, followed by the
ternary U>CrN3 phase. The presence of metallic chromium could not be detected with the XRD
analysis probably due to the low scattering factor this metal has in comparison with the phase
containing uranium.
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Fig. 10. Demonstration of the unit cell (a) UN and (b) U2CrN3
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Uranium Nitride (1/1) 664 %
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Fig. 11. XRD pattern of the as-sintered UN-20CrP™* composite pellet

Theoretical densities of the UN-Cr composite pellets were calculated by quantitative image
analysis using ImageJ software, as described in the methodology section. In Figure 12, one of
the micrographs used in this calculation is shown, demonstrating how the phase selection by
threshold was performed in this study.
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Fig. 12. Scanning electron images of UN-20CrP™™*; ) original, b) being analysed by Imagel.

The actual densities of the pellets (measured by the Archimedes method) were compared to the
theoretical densities, calculated by the image analysis method. Even though the sintering
parameters for both pellets were identical, the densities of them were slightly different. The
UN-10CrPrmix composite pellet exhibited lower density, 93%TD with 3.64 % open porosity.
The density of the UN-20CrP™™X was measured to be 96%TD with 0.48% open porosity. This
difference could be due to metallic chromium softening during sintering and assisting with
densification.

The image analysis of the micrographs was also used to calculate the total solubility of Cr-
metal in the matrix of UN. The volume fraction of the ternary phase (U>CrN3) in the pellets
containing 10 and 20 vol % of Cr is 30% and 42% respectively. These results correspond to
the amount of chromium that formed the ternary U>CrN3 phase in the UN matrix being 33%
by weight in both pellets. This number indicates that the solubility of chromium in UN is
limited. The majority of the chromium added remained in the separate phase. From the
micrograph shown in Figure 12 it could be observed that the ternary phase formed around the
chromium inclusions. This indicates that chromium atoms diffused from the chromium rich
regions into the uranium nitride. As was shown in the modeling calculation section the
incorporation of Cr-metal into the matrix of UN is facilitated by the formation of uranium
vacancies. The number of vacancies in the UN is increased dramatically during sintering.
Chromium atoms move into the vacant positions in the UN lattice forming the ternary U>CrNj3
phase. The amount of this phase is limited to the number of uranium vacancies.

3.3 UN-CrN

The microstructure of the composite UN-CrN pellet is shown in Figure 13. The EDS analysis
and the XRD confirmed the presence of the ternary U>CrN3 phase similar to what has been
observed for Cr-metal addition. As was suggested by the modeling calculations the formation
of the solid solution between UN and CrN is also energetically favourable.
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Fig. 13. Scanning electron images of UN-20CrNPe™* composite pellet

The same qualitative image analysis of the pellet microstructure was performed providing the
volume fraction of the ternary phase within the pellets, being around 52 vol% and 36 vol% for
the UN-20CrNPemix and UN-10CrN respectively. The calculated weight fraction of Cr being
present in the ternary phase is approximately 50 wt% in the UN-20CrNP*™* and 40 wt% in the
UN-10CrN. The difference in the amounts of chromium being present in the metallic form and
in the ternary phase could be attributed to different mixing techniques but also to different
sintering temperatures.

If compared to the composite pellets with Cr-metal as a starting material, it is evident that the
doped fraction formed in the UN matrix increases if chromium enters the system in the form
of the nitride, as demonstrated in Figure 14. The presence of nitrogen in the CrN phase changes
the mechanism of formation of the ternary compound. The solubility of Cr in the UN for the
UN-Cr composites was limited by the number of uranium vacancies in the UN lattice. In the
UN-CrN system the formation of the solid solution is favoured thermodynamically,
accompanied by the reduction in the total Gibbs energy of the system. Thermodynamically, the
reactions between CroN, CrN and UN are suggested to be as follows [40]:

0.667 UN + 0.333 Cr,N — 0.333 U,CrNs + 0.333 Cr, Enpp = —21.06 kJ/mol  (3)

0.667 UN + 0.333 CrN — 0.333 U,CrNs, Epp = —2542k]/mol  (4)
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a) b)
Fig. 14. Scanning electron images of sintered composite pellets: a) UN-20CrP™™* b) UN-20CrNPremix,
The presence of the CrzN in the starting material resulted in the inclusions of Cr-metal. The

shape of the metallic chromium phase in Figure 15 suggests that the phase softened during
sintering similar to what was observed for Cr-metal addition.

Fig. 15. Scanning electron images of sintered composite pellet UN-20CrNPremix,

In agreement with the modeling results these nitride composites can be used to obtain extensive
solution in the UN matrix providing a high fraction of produced doped grains.

3.4 UN-CrN-AIN

The microstructure of the composite pellet containing AIN and CrN with UN is shown in
Figure 16. Similar to the composite pellets containing only CrN or only AIN, the
microstructure of the composite pellet UN-10AIN-10CrNPe™* demonstrates the presence of
the metallic chromium phase, the ternary U,CrN3, as well as the unreacted AIN and UN (Figure
17). The contrast of the image in Figure 17 allows to differentiate between the AIN and the
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metallic Cr, the AIN being slightly darker in colour than chromium. This microstructure
demonstrates two trends predicted by modeling: the solubility of CrN in UN and the complete
insolubility of the AIN and highlights the possibility to combine both to produce composite
with a tailored microstructure.

! 300pm !

Fig. 16. Scanning electron images of sintered composite pellet UN-10AIN-10CrNPremix,

SU-7000f 5| 0 um WD 10.8mm

Fig. 17. Scanning electron images of sintered composite pellet UN-10AIN-10CrNpremix

The element mapping presented in Figure 18 assisted further with the identification of the
phases. The yellow map shows the distribution of chromium. Two trends are visible on the
map. The bright yellow areas correspond to Cr-metal, formed in the reaction between Cr2N and
UN (Eq. 3). The less saturated parts of the map correspond to the ternary U>CrN3 phase.
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Fig. 18. Element mapping of the composite pellet UN-10AIN-10CrNPremix

The XRD pattern of the composite pellet UN-5SAIN-5CrN is presented in Figure 19. The main
phase after sintering is uranium nitride. The AIN phase in the sintered pellet is unchanged,
further confirming the lack of interaction between this phase and the UN matrix. The presence
of the diuranium(Ill) chromium nitride (U>CrN3) in the amount of 10.5 wt% confirms the
solubility of chromium in the UN matrix. The oxide phase is present in the amount of 2.9 wt%,
similar to the UN-AIN composites suggesting that the nanopowder surface is the main source
of oxygen.

T TE RN T AT A

UN 5CrN 5 AIN NonOpt

Uranium Nitride (1/1) 845 %
600 Uranium Oxide 2.9 %

Aluminium Nitride - 3c 21 %
Diuranium(ll) Chromium§Nitride J0.5 %
Chromium Nitride 0.0 %

400

200 —

. |
B

Position [*26] (Copper (Cu))

Fig. 19. XRD pattern of the as-sintered UN-5AIN-5CrN composite pellet

The interaction between the phases in the composite pellet UN-10AIN-10CrNPe™X s shown in
Figure 20. The interface between the UN matrix and the ternary U>CrN3 is smooth. The
morphology of both phases appears similar. AIN exhibits different behaviour. The phase is
brittle and is easily removed during sample preparation, as shown in Figure 20 b. It appears
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that AIN introduces stress to UN matrix, where in some areas of the sample intragranular
cracking in the UN matrix was observed.

SU-7000F SEI 150KV X50,000 100nm WD 10.4mm SU-7000F SEI 30KV X50000 100mm WD 10.4

a) b)

Fig. 20. Scanning electron images of sintered composite pellet UN-10AIN-10CrNpremix

The resulting microstructure observed for the UN-CrN-AIN composites showed consistency
with the design microstructure proposed in Figure 3. This highlights the efficiency of using
modeling results to guide composite fabrication and reinforces the fact that the fabrication route
adopted in this work is suitable to produce such tailored microstructure.

4. Conclusions

In this study we presented a methodology of fabrication of UN composites with engineered
microstructure. The dopants were added into the UN matrix in order to improve the corrosion
resistance of UN fuel by interacting with the UN matrix in two ways: to shield the grains of
UN from coming into contact with the oxidising agent (coated grains) and to lower the rate of
oxygen diffusion through the bulk (doped grains). The modeling calculations were conducted
to screen the potential additive candidates and to predict the possible interactions between these
additives and the UN matrix. The results based on first principles calculation predicted that
elements from the electronic configuration group 3p (e.g., Al, Si, P) will demonstrate limited
solubility in U site when added to the UN, when entered either in the form of nitride or the pure
compound. The elements from the 3d group (e.g., Cr, V, Ti), on the other hand, were predicted
to demonstrate considerable solubility with UN. From this group Cr was the only one identified
as the material that will interact with the UN matrix to form solid solution, if added as metal
and as a nitride phase. However, it was possible to conclude that the amount of solid solution
formed when Cr-metal was added is limited by the number of uranium vacancies present in the
lattice of UN. If Cr entered the system in the form of CrN or Cr2N, the amount of the solid
solution formed was predicted to be higher.

In order to evaluate the results of the modeling calculation Al and Cr were selected for the
experimental investigation. Composite pellets containing AIN, CrN and Cr were sintered using
the Spark Plasma Sintering. The metallographic analysis of the composite pellets confirmed
the possibility to obtain an engineered microstructure. No interaction between the AIN and the
UN was observed in the UN-AIN composite pellets. The unreacted AIN phase was distributed
along the grain boundaries of UN, creating the coated grain effect. This experimental result
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confirmed that it would be possible to produce a protective coating around the grains of UN by
adding small amounts of the corrosion resistant additive. The presence of the ternary U>CrN3
phase was encountered in the composite pellets containing chromium, which confirms the
modeling prediction of the interaction between Cr and UN. The ternary phase is a distorted
version of UN formed by chromium atoms replacing the uranium atoms in the UN lattice and
can be considered a solid solution (maximum Cr solubility 33 at%). This phase has not been
observed experimentally in previous studies where chromium was added into the UN fuel
matrix, although the existence of this phase has been predicted by the phase diagram. It is
evident that the manufacturing parameters used for the fabrication of the composite materials
play an important role in the resulting microstructure of the composite pellets. The amount of
solid solution in the samples differed depending on whether the additive material was
introduced into the system in the form of CrN or Cr-metal. The amount of the solid solution in
the samples produced from Cr-metal was limited by the number of uranium vacancies formed
in UN at elevated temperature. The fraction of the doped grains increased in the composite
pellets produced from CrN. The formation of the ternary phase in the UN-CrN system is
favoured thermodynamically. Different mechanisms of formation of the solid solution in the
two systems allow to have a combination of doped grains of UN (with CrN as additive) and
partially doped grains (with Cr-metal as additive). The U,CrN3 phase has a higher uranium
density than UO., which makes it an interesting ATF fuel candidate. Therefore, more studies
need to be done to investigate the properties and characteristics of the ternary U,CrNj
compound, as well as its oxidation behaviour under various oxidising environments.

Experimental results obtained in this study demonstrate that design microstructures of UN
composite materials could be fabricated to create coated grains by addition of insoluble
compounds as well as doped and partially doped grains by addition of soluble elements. The
modeling calculations presented here can be successfully applied for screening of the potential
candidates for composite materials and for predicting their interaction with the UN matrix.
Using this tool prior to experimental research will allow to better design and perform
experiments, choosing only the best additive candidates considering the main goal to be
achieved.
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1 Executive Summary

Atomic-scale modeling of thermophysical and defect properties of uranium mononitride (UN)
play an important role in establishing a better understanding and improved models of UN fuel
performance. Having an accurate interatomic potential is crucial for generating reliable data at
finite temperatures using molecular dynamic simulations. We report a new interatomic potential
for UN, based on a combination of many-body and pairwise interactions. The potential was
fitted to experimental thermal expansion and single crystal elastic constants, as well as Frenkel,
Schottky, anti-Schottky, and antisite pair reaction energies from density functional theory (DFT)
calculations. Using the potential we successfully reproduced experimental lattice parameters,
thermal expansion, single crystal elastic constants, and temperature dependent heat capacity.
The potential also performs reasonably well in reproducing the energy for stoichiometric de-
fect reactions and defect migration barriers calculated using DFT. Furthermore, the potential
predicted that a U split interstitial is more stable than a regular interstitial, which was later
confirmed by DFT calculations. However, the potential underestimates the energy difference
between the regular and split interstitial, and a more complex potential form might be needed to
overcome this issue. The potential was also used to represent the behavior of UN bulk modu-
lus at different temperatures. Finally, we demonstrate that the interatomic potential performs as
well as or better than literature interatomic potentials for a number of defect and thermophysical
properties of UN.
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2 Introduction

The increasing demand for energy requires finding a reliable source that at the same time is
carbon free, thus not contributing to global warming. Nuclear energy has been seen as one of the
main options, in addition to renewable sources, such as solar, wind and hydroelectric. However,
the Fukushima Daiichi accident emphasized a desire for light water reactors (LWR) with more
coping time, instigating the Accident Tolerant Fuel (ATF) initiative. Uranium mononitride (UN)
has been proposed as a candidate fuel for Generation IV (GEN-IV) nuclear reactors [1], as
well as a possible new fuel for LWRs, replacing UO,. UN is an attractive fuel because it has
a higher fissile density than UO, allowing for higher burnups, a higher thermal conductivity
giving larger safety margins and has been shown to be a better candidate to burn long-lived
minor actinides [2-4]. However, compared to UO, there are insufficient studies of the changes
in UN under reactor conditions. Understanding the behavior of UN during burnup, at operational
temperatures, and at increased temperatures, such as those that can be caused by accidents, and
its compatibility with water are crucial to assess its performance and license for use as fuel in
LWRs.

Atomic-scale simulations have been shown to play an important role in reproducing and pre-
dicting the behavior of different fuels, generating reliable data for modeling microstructural
changes throughout the lifetime of the fuel [5—7]. Density functional theory (DFT) provides a
rigorous representation of the atomic interactions, thus allowing for accurate modeling of nu-
clear fuels, but the calculations are computationally demanding, limiting the size of the model
systems to a few hundreds of atoms, and the simulation time to a few picoseconds. Classi-
cal Molecular Dynamics (MD) simulations overcome the system size restrictions and some of
the time limitations that DFT calculations have, allowing for simulation of the finite tempera-
ture behavior of grain boundaries, dislocations, atom diffusion and irradiation behavior of fuels.
However, the accuracy of the MD simulations is dependent on the quality of existing interatomic
potentials. In the case of UN, there have been three MD interatomic potentials reported in the
literature, one using a Morse-type potential function added to the Busing—Ida type potential [8],
while the other two use a complex Angular-Dependent Potential (ADP) form [9, 10]. All three
potentials report a reasonable agreement with the experimental lattice parameter and single crys-
tal elastic constants, while Kuksin et. al. [10] report that their potential is less accurate for the
DFT calculated U and N migration barriers and defect formation energies. Having a good rep-
resentation of the defects in UN is crucial for studying its behavior during reactor operation and
under radiation, where the formation and kinetics of defects are of critical importance for a range
of fuel performance metrics.

Here we use a simple form for a UN MD interatomic potential by combining a pairwise
Buckingham potential with a many-body embedded atom model (EAM) potential. We employ
an empirical fitting procedure, where the potential parameters are adjusted iteratively over a se-
ries of fitting runs to improve the match of calculated v.s. experimental/DFT values. During the
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fitting process we focused on reproducing the experimental lattice parameters as a function of
temperature and single crystal elastic constants, as well as the DFT calculated defect formation
energies, ensuring dynamic stability of the perfect UN lattice and UN with point defects. The
fitted potential is afterwards evaluated for its performance in reproducing the experimental tem-
perature dependent specific heat capacity, as well as the DFT calculated migration barriers for
U and N. Also, the potential is utilized to predict the temperature dependent UN bulk modulus.
Furthermore, we compare the fitted potential with the Tseplyaev and Kuksin literature potential
in their ability to reproduce the experimental thermal expansion, elastic constants, and the DFT
calculated defect formation energies, as well as U and N migration barriers.
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3 Methods

3.1 Potential Form

For the UN interatomic potential we are using a simple form, a many-bodied EAM [11] poten-
tial with a pairwise Buckingham term [12], a combination previously used for UC [13]. Both
compounds, UC and UN, have the same crystal structure and very similar bonding, such that
we expect that a potential form that works well for UC should also work well for UN. Note that
because UN is electronically a metal, the net charge of the atom species is considered to be zero.
Beeler et al. used the more advanced MEAM potential form to model the U-Si system due to the
emphasis on U;Si, [14], which has a complicated crystal structure. We deemed that a simpler
EAM form may be more suitable for UN due to its simple rock salt crystal structure. This had
the additional benefit of reducing the number of parameters that need to be fitted. The potential
energy, E;, of an atom i with respect to all other atoms j is written as:

Ng,

1
+5 ) Pap(rij)s na # 1, (3.1)
21’#]’

Ei=— [Z Pap(7ij)

i#]

where o and B are used to label the species of atoms i and j, respectively. The first term in
Eq. (3.1) is the EAM part, where a sum of pairwise functions, pug(ri;), between atom i and
its surrounding atoms is passed through an embedding function. The power ng, establishes this
embedding function to be non-linear, introducing a many-body dependence. pyg(r;;) is defined
as:

Pop(ri) = Faprijexp (—Baﬁ(h‘j - rf;ﬁ)Z) , B, (3.2)

where Fug, Bog and rgﬁ are empirical parameters dependent on the species of the atom being
embedded (o) and the species responsible for the density (). We are using the Finnis-Sinclair
form of EAM [15], embedding only the functions of different species (a0 # B), i.e., N in U and
Uin N, while if oo = B, p;; = 0. Note that our initial tests showed that embedding the functions
of the same species, i.e., U in U and N in N would only marginally improve the accuracy of
the potential. However, this would increase the number of parameters that need to be fitted,
which would require more fitting data to ensure that the potential is not overfitted, thus greatly
increasing the fitting time.

The g (r;;) from the second term in Eq. (3.1) defines the pairwise interaction between the
atoms i and j, having the Buckingham potential form:

—ry; C '
q)ap,(r,-j) = Agpexp < ]> — %B, with Cop =0, 3.3)
Pap ij
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where pqpg and Agg are empirical parameters that describe the repulsive component of the Buck-
ingham potential between two atoms of species o and 3. The Buckingham potential was used to
represent all interactions: U-U, N-N and U-N.

3.2 Calculations

3.2.1 Static Calculations

Geometry optimization calculations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [16], with a constant pressure set to 0 Pa. For the fit-
ting procedure we used the DFT calculated U and N Frenkel energies (UFP and NFP), Schottky
and anti-Schottky energies (SD and ASD), and the antisite pair formation energies (APD), as
well as the volume change for individual U and N vacancy and interstitial defects. The defect
formation energies and the volume change were calculated using a 2 x 2 x 2 supercell of the
UN conventional cell (64 atoms), the same supercell size as in our reference DFT calculations,
as detailed below. Note that all defect formation energies are calculated from point defects. To
ensure that pure UN, and the point defects are dynamically stable, we calculated their phonons
at the I" point using the method implemented in the general utility lattice program (GULP) [17].

The elastic constants of UN at 300 K were calculated by first running a constant volume
optimization of the simulation cell with the 300 K volume taken as an average from an MD
simulation (see Section 3.2.2), then deforming the simulation cell, and measuring the change in
the stress tensor. We note that such an approach using statics is not best suited for calculating
the elastic constants at finite temperatures, but it was chosen as a reasonable balance between
accuracy and simulation time as a result of the need to perform several MD runs at each iteration
of the fitting run. In future work, we will determine elastic constants directly from an MD
simulation.

We calculated the migration barriers for U and N diffusion in UN using the climbing-image
nudge elastic band (NEB) method as implemented in LAMMPS [18-21]. For the NEB calcu-
lations we used a 5 x 5 x 5 supercell of the UN conventional cell, having 35 replicas, with a
spring constant for the parallel nudging force between replicas of 1.0 eV/A2, and energy and
force tolerance of 1078 eV and 0.01 eV/A, respectively. We considered three pathways for the
diffusion of U and N: vacancy (vac), interstitial (int), and intersitialcy (icy) mechanisms.

We performed DFT calculations to obtain the reference defect formation energies. The DFT
calculations were done using the Vienna Ab initio Simulation Package (VASP) [22-25]. The
electron exchange correlation was modeled using the generalized gradient approximation (GGA)
of Perdew, Burke and Ernzernhof (PBE) [26] and projector augmented wave (PAW) poten-
tials [27,28]. We used a 2 x 2 x 2 supercell of the UN conventional cell, introducing U and
N vacancies, interstitials, and antisites, considering a ferromagnetic ordering of the U atoms.
The UN supercells with and without defects were fully relaxed using a cut-off energy of 520 eV
for expanding the electronic wave functions, and a 5 x 5 x 5 k-point mesh. Convergence criteria
of 0.001 eV/A~! and 107° eV were adopted for the forces and total energy, respectively. The
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formation energies, AE, for the UFP, NFP, SD, ASD and APD were calculated using:

(UFP) _ 1m vac ) Epure>
( FP) _ lnt vac 2Epure,
AE¢(SD) = E{f + EX° + Epc — 2Epyre, (3.4)
AE;(ASD) = EJ' + ER" — Epc — 2Epure,
AE;(APD) = ﬁﬁN+E§$J 2Epure
where E, is the total energy of the UN primitive cell, EIN, EYa°, EIlt, pyac, pant  E3t - and

Epure are the total energies of the supercells with U 1nterst1t1a1 U vacancy, N interstitial, N
vacancy, U in N antisite, and N in U antisite, and the pure UN supercell, respectively.

3.2.2 Molecular Dynamic Simulations

MD simulations were carried out using LAMMPS in the NPT ensemble with Nosé-Hoover
thermostat and barostat relaxation times of 0.1 ps and 0.5 ps, respectively, with a fixed timestep
of 2 fs. For the fitting procedure we performed MD simulations at three different temperatures,
300 K, 1500 K and 2800 K, using a 3 x 3 x 3 supercell of the UN conventional cell (216 atoms),
for 10 ps. The temperature specific lattice parameter was calculated as the cube root of the
volume of the cell, while the volume is averaged over the last 2 ps, ensuring that the system has
reached equilibrium. The average lattice parameter at 300 K was used for calculating the elastic
constants, as discussed previously.

The thermal expansion of UN was evaluated by running an MD simulations using a 3 x 3 x 3
supercell of the UN conventional cell for 10 ps over a range of temperatures from 300 to 2500 K,
with a step of 100 K, and the volume sampled every time step before being averaged over the last
2 ps, thereby ensuring enough time for the system to reach equilibrium. The mean linear thermal
expansion coefficient, o, was estimated from the thermal expansion data using the equation, as
defined in Ref [2]:

a—agp

oL =——~,
L7 ao(T—Ty)

3.5)
where a is the lattice parameter at temperature 7', and ay is the lattice parameter at the reference
temperature, Ty, in our case 300 K. The thermal expansion coefficient, o, is defined by the line,
o= b+ axT, that has the best correlation with o, at the studied temperatures. For comparison
purposes, we are going to use the value of a calculated at 300 K using a linear fit of o.

The temperature dependence of the specific heat capacity was calculated using constant pres-
sure MD simulations, where a 20 x 20 x 20 supercell of the UN conventional cell was heated
between 300 and 2600 K at 25 K intervals with a fixed timestep of 2 fs and at zero pressure. At
each temperature the system was held for 7 ps with the enthalpy, H(T'), averaged over the final
2 ps. The derivative of enthalpy, H, with respect to temperature, 7', is used to calculate specific
heat capacity, cp:

1 (0H
cp = ; <8T>P’ (3.6)
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performing a linear fit to 7 points; the H at the T of interest and H at the three neighboring lower
and higher temperatures.

The temperature dependent bulk modulus, B, was determined by exerting isotropic compres-
sive and tensile strains on the equilibrated system, respectively decreasing and increasing the
average volume at 0 Pa at each temperature by 1 % and 2 %. B was calculated as the derivative
of pressure (P) with volume (V):

dpr
B=-V W 3.7
using a linear fit to 5 points. The volumes and pressures were taken from a constant pressure MD
run of a 10 x 10 x 10 supercell of the UN conventional cell, which was heated at temperatures
between 300 and 2500 K at 100 K intervals, with a fixed timestep of 2 fs. At each temperature
the system was held for 10 ps, while the V and P values at the last 2 ps were used for calculating
the averages of V and P.

3.3 Fitting Procedure

Interatomic potential parameters for Eq. (3.1)-Eq. (3.3) have been determined by fitting to both
experimental and DFT data. The primary fitting targets were the UN lattice parameters, elastic
constants, and the defect formation energies, giving them priority by increasing their weighting
in the merit function. Additionally, the DFT defect volumes, the experimental U,N; [29] and
UN, lattice parameters [30], and DFT calculated UN, elastic constants [31] were included in the
fitting procedure, but were given at most 1,/10 of the weight for the primary targets. The proper-
ties of UN are weighted more than those of U,N; and UN, because of the larger technological
importance of UN as a nuclear fuel. Also, our initial test showed that when the defect volumes
are well represented, the defect formation energies and elastic constants were less accurate, thus
we chose to give a lower priority to the defect volumes.

For a given candidate parameter set, a merit function was defined based on the difference
between the desired property value (from experiment or DFT) and the predicted value (from MD
or statics). This merit function was then minimized using a Nelder-Mead simplex algorithm [32]
to determine the parameter set that best agreed with the desired properties. Parallel static and
MD evaluation of the merit function for each iteration of the fitting run was performed, reducing
the minimization time of the merit function. Note that during the fitting process a potential set
was disregarded if it yielded negative phonon frequencies at the gamma point for UN.

In the initial stage of the fitting process we used only the UN lattice parameters at 300 K,
1500 K and 2800 K, and elastic constants at 300 K, as well as the U,N; lattice parameters,
and UN, lattice parameters and elastic constants. Note that the reference lattice parameters at
300 K, 1500 K and 2800 K were taken from a fit of experimental UN lattice parameters [2]. The
thus obtained potential was then tested for its performance to reproduce the experimental ther-
mal expansion, showing an excellent agreement between the MD simulated and experimental
thermal expansion of UN. This gave us confidence that the potential form can be successfully
used to represent UN properties, and furthermore, provided a starting point for the next step of
the fitting procedure. Subsequently, we added the defect formation energies and defect volumes
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to the fitting procedure to ensure that the potential performs well in reproducing not only the
lattice parameters, and elastic constants, but also the defect properties, which are crucial for
understanding the phenomena that govern fuel performance.

While validating the migration barrier for the U intersitialcy mechanism using what was con-
sidered to be the final potential, the energy of a U split interstitial was found to be lower than
the energy of a regular interstitial by 0.17 eV. Shown in Fig. 3.1 are models of the regular and
split interstitials. This prompted us to evaluate the energy difference between the U regular and
split interstitial (AE,_,) using DFT, which showed that the split interstitial has lower energy by
1.389 eV. Therefore, we decided to refit the potential using the DFT calculated AE, , as a new
fitting target. Note that we gave at least 10 times higher weight to the AE;,_, compared to the
defect formation energies in attempt to reproduce the DFT calculated AE;;, .

Figure 3.1: Ball and stick model of: a) regular; and b) split interstitial in 2x2x2 supercell of UN. The U
and N atoms are shown in gray and blue, respectively, while the U interstitial atom is shown
in yellow.

Ultimately, the final strengths and weaknesses of the potential were examined by investigating
the ability of the potential to reproduce the UN temperature dependent heat capacity, and the U
and N migration barriers. Also, we investigated the ability of the potential to predict the bulk
modulus at different temperatures.
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4 Results and Discussion

4.1 Fitting Data

The final parameter set derived by this fitting process is summarized in Table 4.1 and Table 4.2
for pairwise and many-body interactions, respectively.

Table 4.1: Parameters for the Buckingham interaction described by Eq. (3.3)

a—pB Aop Pap

U-U 1506.320145 0.410284265
N-N  6611.752366 0.233770951
U-N  216.8058075 0.422521856

Table 4.2: Parameters for the many-body interaction described by Eq. (3.2). The arrow depicts the atomic
species being embedded in the other atomic species.

Fop Byg rgB Ny

N— U 5.2112665657 1.2918945702 1.8045415663
U— N 3.1008714889 1.6395469102 1.3910442000
U 0.639068598
N 0.541787851

Initially we are going to focus on how the properties calculated using the fitted potential agree
with the data used for the fitting. Shown in Table 4.3 is the data used for fitting, compared with
the calculated data using the final interatomic potential. The finite temperature lattice parameters
of UN are in excellent agreement with the experiments, with the 300 K lattice parameter being
slightly overestimated. The bulk modulus, B, and C}; elastic constant are slightly overestimated
(error is ~4 % and ~17 %), while C1; and Cy4 elastic constants are slightly underestimated
compared with the experimental values from Ref. [33] used for the fitting (error is < 6 %).

In the case of the defect formation energies, the potential underestimates the NFP and SD
(average error is ~16 %), while UFP, ASD and APD are somewhat overestimated (average error
is ~40 %). Nevertheless, the potential does a great job in reproducing the order of the defect
formation energies, notably the SD energy is higher than NFP, and the ASD energy is lower
than UFP, as well as the difference between formation energies for these defects. Despite our
best efforts, the potential predicts that the regular interstitial is slightly more stable than the split
interstitial when using a 2x2x?2 supercell. Once a larger supercell is used, 3x3x3 and 5x5x5,
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Table 4.3: UN data used for the fitting (experimental and DFT generated data), and data calculated using
the final parameter set.

Property Expr./DFT New potential
300K a (A) 4.890! 4.906
1500 K a (A) 4.944! 4.946
2800 K a (A) 5.024! 5.024
B (GPa) 206.7> 215.5
Cy1 (GPa) 423.9? 416.5
Ci» (GPa) 98.12 115.1
Cus (GPa) 75.7% 71.0
UFP (eV) 10.1083 14.29
UFP split (eV) 8.7193 14.37
NFP (eV) 4.8343 4.03
SD (eV) 4956 4.14
ASD (eV) 9.9853 14.19
ASD split (eV)  8.596° 14.26
APD (eV) 12.376° 18.19
AE;, , (V) -1.3893 0.08
dV Ui (A%) 24.753 35.27
dV Ni (A%) 9.943 9.79
dV vU (A3) -4.033 -2.62
dV vN (A% -2.763 4.30

! [2];2 [33];’DFT data from this study.

AE;, . becomes negative, -0.17 and -0.24 eV, respectively. We would like to point out that we
discovered the split interstitial late in the process after we thought we had final parameter set,
and that it was not possible to fully capture the extent of the negative value with the current
potential form. To overcome the issue, a more complex potential form (e.g. angular form) might
need to be used, which is an attractive topic for future work. However, the simple form of the
potential enables much quicker development of a new potential having other elements, such as
noble gases or fission products, allowing for modeling the UN behavior after burnup.

The potential performs worse when it comes to the defect volumes, but that is expected be-
cause these properties were weighted less than the defect formation energies. In general, the
potential gives a good estimate of the defect volumes, except for the N vacancy volume change,
which is predicted to be positive, while DFT gives a negative volume change. As mentioned in
Section 3.3, in the cases when the defect volumes were better represented, the defect formation
energies and elastic constants were not. This means that getting the correct sign for the N va-
cancy volume change came with significant change in the other properties, especially the UFP
and SD formation energies, and the Cy4 elastic constant, which would be significantly underesti-
mated. Therefore, despite that the N vacancy volume change has an opposite sign, this property
is less significant than the defect energetics for fuel performance.

Another property used in the fitting process is the UN thermal expansion. Shown in Fig. 4.1 is
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the calculated UN lattice parameter v.s. T curve compared with the experimental curves reported
by Kempter et. al. [34] and Benz at. al. [35]. It is noticeable that the UN lattice parameter v.s. T
curve calculated using the potential follows closely the experimental curve, with the calculated
lattice parameter v.s. T curve being slightly flatter. This gives rise to a smaller thermal expansion
coefficient, having the form:

a=6.075-10"°+5.438-10"'°.T 4.1
with the calculated thermal expansion coefficient at 300 K being 6.868 - 107® K~!, while the

experimental one is 7.518 - 10 K1 [2].

Figure 4.1: UN lattice parameter v.s. T curve calculated using the potential (blue), compared with exper-
imental curve [34,35] (black).
5.02
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As mentioned in Section 3.3, during the fitting process we also used the U,N; and UN,
properties, but weighted them significantly lower than the UN properties. Shown in Table 4.4
are the calculated U,N; and UN, properties, compared with the data used in the fitting, i.e.,
experimental lattice parameters for both compounds and DFT calculated UN, elastic constants.
Evidently, the U,N; a and b lattice parameters are significantly overestimated, while the c lattice
parameter is underestimated. The potential does a slightly better job in reproducing the UN,
lattice parameter. The Cj, and Cy4 elastic constants of UN, are well reproduced, but the potential
substantially underestimates the bulk modulus and Cj; elastic constant. Having the potential
giving physically meaningful values for the U,N; and UN, properties ensures the absence of
non-physical behavior of UN when simulating damage cascades or off-stoichiometric UN.

4.2 Validation of Potential

To validate the fitted potential we compare the calculated temperature dependent specific heat
capacity, and U and N migration barriers with experimental data and DFT calculated migration
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Table 4.4: Comparison between the U,N; and UN, data used for the fitting (experimental and DFT),
and data calculated using the fitted potentials. Note that both structures are considered to be
orthorombic, a0 = f =y = 90°.

U,N; UN,

Property  Expr. [29] New potential Expr. [30]/DFT [31]* New potential
a(A) 3.7 4.038 5.31 5.551

b (A) 6.4086 6.994

c(A) 5.82 4.894

B (GPa) 254% 188.6

C11 (GPa) 486.3* 235.6
Ci2 (GPa) 138.3* 165.1

Ca4q (GPa) 49.6%* 50.6

barriers, respectively; properties that were not used during the fitting process. Furthermore,
we use the potential to calculate the UN bulk modulus at different temperatures. Note that we
tried to calculate the melting point of UN, but the whole system started expanding significantly
beyond ~3000 K. One should keep in mind it has been shown experimentally that UN does not
melt at standard N, partial pressure, it actually decomposes at temperatures higher than 3035
K [36]. Reproducing the decomposition of UN is beyond the capability of the current potential
form as it would require a much more complex form that can capture the divergent physics of
the U metal and N, gas, in addition to UN.

Initially, to validate the potential we used the temperature dependent specific heat capacity,
cp(T), of UN, calculated using the method discussed in Section 3.2.2. Shown in Fig. 4.2 is
the calculated cp(T'), compared with the measured cp [37-40], and the cp(T') calculated using
DFT [41]. The potential underestimates the experimental ¢p(7'), which comes from the fact
that in MD only the vibrational contribution to ¢p(T') is considered, while neglecting the elec-
tronic and magnetic contributions. Once we add the DFT determined electronic contribution for
ferromagnetic (FM) UN, ¢.(FM), the MD+c,(FM) calculated c¢p(T) comes much closer to the
experiments, especially to those reported by Takahashi et. al. [38] and Oetting et. al. [40]. It
is also worth pointing out that the c¢p(7T') from DFT and MD+c,(FM) are very close, indicating
that both our potential and DFT have similar representation of the vibrational contribution in
UN. The slightly flatter MD+c,(FM) calculated cp(7) compared to the DFT calculated cp(7T) is
thought to be due to the choice of UN thermal expansion; specifically, for the DFT cp(T) the
experimental thermal expansion coefficient is used, and we previously showed that our potential
predicts a smaller thermal expansion coefficient compared to experiments.

To understand high temperature and irradiation behavior of UN it is important to have infor-
mation on self-diffusion in UN. Thus, it is beneficial for the parameterized interatomic potential
to give reliable predictions of the U and N defect migration barriers. The calculated migration
barriers for U and N vacancy diffusion, and N interstitial diffusion, compared with DFT evalu-
ated migration barriers [42,43], are detailed in Table 4.5. The calculated barrier for N vacancy
migration is within the range of reported DFT values, while the barriers for N interstitial and U
vacancy migration are slightly underestimated compared to the DFT values. Nevertheless, the
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Figure 4.2: Comparison between the calculated temperature dependent UN specific heat capacity (cp)
(black), and the measured by Affortit [37] (green), Takahashi et. al. [38] (red), Harrington et.
al. [39] (yellow), and Oerring et. al. [40] (blue), as well as the one calculated using DFT by
Szpunar et. al. [41] (violet). The orange line represents the MD calculated cp with an added
electronic contribution for ferromagnetic UN, C.(FM), calculated using DFT [41].
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potential predicts the same ordering of the migration barriers, with U vacancy migration having
the largest barrier, and N interstitial migration the lowest. Additionally, the difference between
the calculated N interstitial and N vacancy migration barrier is similar to the DFT difference
reported by Lopes et. al. [42], as well as the difference between the U vacancy and N vacancy
is similar to the DFT difference reported by Fonseca et. al. [43]. We should also point out
that all migration pathways were directly between the initial and final configuration without any
significant rerouting via other defects.

Table 4.5: N and U migration barrier, in eV, compared to DFT results.
Atom DFT [42] DFT [43] New potential

N vac. 2.578 2.780 2.524
N int. 2.021 1.636 2.012
N icy. 1.649
U vac. 3.466 3.363
U int. 0.280
U icy. 0.219

So far we showed a good agreement between our potential and the data used for parametrizing
the potential. Also, we demonstrated the predictive capability of the potential by reproducing
the DFT calculated defect migration barriers, and showed that deviation in the calculated and ex-
perimental temperature dependent specific heat comes from classical MD not including the elec-
tronic contribution. Subsequently, it is important to use the potential for calculating properties
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for which experimental data does not exists, such as the temperature dependent bulk modulus.
The temperature dependent bulk modulus, calculated as described in Section 3.2.2, is shown in
Fig. 4.3. Interestingly, the bulk modulus shows a roughly second-order polynomial dependence
on the temperature, indicating an inversely proportional relation to the lattice parameter, which
increases with temperature. The polynomial dependence can be described by:

B =By+aT +bT?, 4.2)

with By = 218.38, a = —0.0157 and b = —6.32-107%. The UN bulk modulus changes less
with increasing temperature compared to the UO, bulk modulus [44,45]. This difference likely
comes from the different thermal expansions of UN and UO,, with UN having smaller ther-
mal expansion coefficient than UO,, and thus flatter change in the bulk modulus with tempera-
ture. Additionally, Hayes et. al. [46] provided a model for the temperature dependence of the
bulk modulus, derived by correlating room temperature bulk modulus data with UN porosity.
However, the proposed model gives substantially flatter dependence of the bulk modulus on the
temperature compared to our potential. Considering the difference in UN and UO, thermal ex-
pansion, the difference in the temperature dependent bulk modulus predicted by the potential
seems more reasonable than the almost flat temperature dependent bulk modulus suggested by
Hayes at. al.

Figure 4.3: Temperature dependent UN bulk modulus (black), compared with experimental (blue) [44]
and MD calculated UO, bulk modulus (red) [45], and bulk modulus from the model by Hayes
et. al. [46] (yellow).
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4.3 Comparison with Literature Potentials

In this section we are going to compare the performance of our potential and two literature po-
tentials: Tseplyaev [9] and Kuksin [10] UN interatomic potentials. As mentioned previously,
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Tseplyaev [9] and Kuksin [10] potentials use the more complex ADP form, while our potential
has a simpler centro-symmetric form. For comparison purposes, we applied these two potentials
for the calculation of thermal expansion, elastic constants, defect formation energies, and migra-
tion barriers, using the same methodology as in the calculations with the new potential. Shown
in Table 4.6 are the elastic constants and the UN lattice parameter calculated using our potential
and the two literature potentials, compared with experimental results. Evidently, our potential
performs better than both literature potentials when it comes to reproducing the experimental
lattice parameter and elastic constants, with the Kuksin potential performing the best for the Caq
elastic constant.

Table 4.6: UN lattice parameter and elastic constants at 300 K, calculated using our potential and the two
literature potentials, compared with experiment.

Property  Expr. [33] Expr. [47] Expr. [48] New potential Tseplyaev Kuksin

a(A) 4.890 4.906 4.820 4.854
B (GPa) 206.7 190 200 215.5 295.30 255.83
C11 (GPa) 423.9 391 420 416.5 601.40  491.69
C12 (GPa) 98.1 90 90 115.1 142.25 137.90
Cy4 (GPa) 75.7 80 79 71.0 54.97 78.26

Comparison between the UN lattice parameter vs T calculated using our potential, the two
literature potentials, and the experiment is shown in Fig. 4.4. The Tseplyaev potential gives very
good agreement with the thermal expansion coefficient of UN; however, the predicted lattice
parameters are much smaller (>0.7 A difference) compared to the experiment. The Kuksin
potential also underestimates the UN lattice parameters, and it gives a smaller thermal expansion
coefficient compared to the experimental one. The underestimation of the lattice parameter by
the literature potentials is not unexpected because both potentials are fitted on GGA generated
forces, and GGA underestimates the UN lattice parameter. The thermal expansion coefficient
calculated using our potential is in better agreement with the experimental one, and our potential
gives a better agreement with the experimental lattice parameter v.s. 7.

The calculated defect formation energies using the literature potentials, and our potential,
compared with DFT data are shown in Table 4.7. The defect formation energies calculated with
Tseplyaev potential are in very good agreement with the DFT calculated defect formation ener-
gies, except for the APD energy, which is underestimated. The Kuksin potential underestimates
the defect formation energies, but it is still in better agreement with DFT compared to our po-
tential. Both Tseplyaev and Kuksin potentials predict that the U split interstitial to be much
more stable than the regular interstitial. As indicated previously, both literature potentials are
fitted on DFT generated forces, and more importantly use a complex angular dependent form for
their potentials, which can explain why these potentials reproduce the DFT predicted stability
of the U split interstitial. Even though our potential performs the worst among the three poten-
tials when it comes to the defect formation energies, it reproduces the SD-NFP and UFP-ASD
differences in formation energies, and most importantly gives reasonable values for the SD and
NFP formation energies, the defects that have the lowest formation energies and thus will most
likely to form in the UN.
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Figure 4.4: UN lattice parameter v.s. T curve calculated using our potential (blue) and the two litera-
ture potentials, Tseplyaev (yellow) and Kuksin (red), compared with experimental thermal
expansion [34, 35] (black). The thermal expansion coefficients o in 107® K~!, are given in

parenthesis.
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Table 4.7: Comparison between the defect formation energies, in eV, for a 2x2x2 supercell calculated
using DFT, our potential and the two literature potentials.

Defect (eV) DFT New potential Tseplyaev Kuksin

UFP 10.11 14.29 9.69 8.35
UFP split 8.72 14.29 7.53 6.73
NFP 4.83 4.03 4.41 4.01
SD 4.96 4.14 4.45 4.42
ASD 9.99 14.19 9.65 7.95
ASD split 8.60 14.19 7.49 6.33
APD 12.38 18.20 8.56 9.65
AEg, , -1.39 0.08 -2.16 -1.62

As discussed previously, the migration barriers for U and N are important for simulating the
proper self-diffusion behavior of UN, and the irradiation response of the materials. Shown in
Table 4.8 are the calculated migration barriers for vacancy migration of U and N, and interstitial
migration of N, using our potential, and the two literature potentials, compared with the DFT
calculated migration barriers [42,43]. Note that we did not calculate the N intersitialcy and U
interstitial and intersitialcy migration barriers because we do not have DFT values to compare
with. The N interstitial and vacancy migration barrier calculated using the Tseplyaev potential
are reversed compared to the DFT calculated ones, where the intersitial migration has lower
barrier than vacancy migration. On the other hand, the Kuksin potential gives the correct order
of the N interstitial and vacancy migration barriers, with the values being slightly lower than the
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DFT calculated ones. Our potential slightly underestimates the migration barriers, but it is in
better agreement with the DFT calculated migration barriers compared to the Kuksin potential.
We also point out that our potential shows that U migrates directly towards a vacancy, while with
the other two potentials U first goes to an interstitial site and then to a vacancy. We believe that
the accurate representation of the configurational and energetic space for point defect migration,
positions our potential well for application to the simulation of phenomena that are governed by
point defect kinetics (e.g. irradiation effects).

Table 4.8: Comparison between the N and U migration barrier, in eV, calculated using DFT, our potential
and the two literature potentials.

Atom DFT [42] DFT [43] New potential Tseplyaev Kuksin

N int. 2.021 1.636 2.012 2.974 1.883

N vac. 2.578 2.780 2.524 2.353 2.343

U vac. 3.466 3.363 3.641 3.873
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5 Conclusions

Understanding of the fuel performance and irradiation behavior of UN can greatly benefit from
MD simulations, but a rigorous interatomic potential is required for accurate modeling. We
report the use of the embedded atom method in conjunction with Buckingham pairwise inter-
actions as the form of a new UN interatomic potential. The potential reproduces very well the
more important properties used for the fitting process, while there is significant difference in the
properties that were given lesser importance during the fitting: the defect volumes, and U,N;
and UN, properties. Moreover, the potential predicted the existence of a more stable U split
interstitial, compared to the regular interstitial that we later confirmed using DFT. However,
the potential underestimates the energy difference between the U split and regular interstitials,
which we attribute to the lack of angular terms in the potential form used. For validation of
the potential we used the temperature dependent specific heat capacity, and the U and N migra-
tion barriers. The temperature dependent specific heat capacity calculated using the potential
is somewhat underestimated, which we demonstrate that it comes from the neglected electronic
contribution. Also, the potential reproduces well the energy difference between the DFT cal-
culated U and N migration barriers, although it slightly underestimates the U and N vacancy
migration barriers. Finally, the potential was used to predict the temperature dependent UN bulk
modulus, showing an inverse linear relation with temperature.

We also compared our potential with two literature interatomic potentials, namely the Tse-
plyaev and Kuksin potentials. Our potential is better at reproducing the experimental UN lattice
parameters, elastic constants, and thermal expansion compared to the two considered literature
potentials. Moreover, the U and N migration barriers calculated with our potential are in much
better agreement with DFT migration barriers compared to the literature potentials. However,
our potential performs slightly worse compared to the two literature potentials when it comes to
defect formation energies, even though it gives the same order of the defect formation energies
as DFT.
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Abstract

The degradation behavior in high pressure water of UN and UN + (5-10 w%) UO2 monolithic
pellets fabricated from UN synthesized via a hydride-dehydride-nitride thermal process was
investigated. Sintered pellets (> 90% theoretical density) were subjected to hydrothermal
oxidation in a water-filled static autoclave at temperatures ranging from 250-350 °C and
pressures to 16.5 MPa. Phase characterization and microstructural and chemical analysis was
performed on the resulting corrosion products using X-ray diffraction (XRD), scanning electron
microscopy (SEM) coupled with energy dispersive spectroscopy (EDS). The results of this
screening study show that grain boundary attack and spallation is the primary degradation
mechanism in hydrothermal oxidation conditions. The results also suggest the corrosion rate is

higher in UN and UN-UO; with higher starting oxygen content.
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1. Introduction

1.1 Motivation for research

After the earthquake and tsunami which damaged the Fukushima Daiichi nuclear power plant
complex in 2011, the Department of Energy’s Office of Nuclear Energy (DOE-NE) refocused its
mission of developing advanced nuclear fuels with improved performance capabilities and
reduced waste generation to include the development of advanced technology fuels (ATFs) for
use in light water reactors (LWRs) [1-4]. ATFs are designated as fuels that can tolerate a loss of
active cooling in the reactor core for a substantially longer time than the current benchmark,
uranium dioxide (UOy)-Zircaloy fuel system. In addition, ATFs should maintain or enhance fuel
performance under normal and transient operating conditions, and during potential design-basis

and beyond-design-basis incidents [3, 4].

Uranium mononitride (UN) and UN composite-based nuclear fuels have been considered for
LWR and advanced nuclear reactor applications due to UN’s high uranium density, high melting
point, high thermal conductivity, and performance under irradiation, as compared to UO- [5-9].
These desirable properties contribute to larger power uprates, increased fuel cycle time, and
higher burn-up [5, 10, 11]. However, UN has unproven performance in accident scenarios, such
as a fuel cladding breach where the fuel pellet would be exposed to water or steam coolant [12-
16]. The published literature relating to UN’s stability under hydrolysis is limited, contradictory,
and does not include the effects of UN submerged in water at elevated temperatures [13-15, 17-
19]. It has been proposed that the addition of secondary phases, such as UO,, can prevent UN
from chemically reacting when exposed to water [5, 10, 16]. The work presented in this
screening study investigates how the addition of UO; affects UN’s performance in a simulated
accident condition, similar to what would be experienced with a cladding breach under normal
operation. Pure UN and UN-UO- monolithic pellets (> 90% TD) were subjected to hydrolysis at

elevated temperatures (250-350 °C) and pressures (up to 16.5 MPa) relevant to LWR operating
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conditions for short durations. The evolution of the microstructural degradation as temperature
increases is presented. Insight into the degradation mechanism is obtained from examination
and comparisons of the corroded microstructures and phase identification in the post-corrosion

materials.

2. Materials and Methods

2.1 UN Powder Synthesis

UN powder was synthesized from depleted a-uranium (99.4% purity, 50 mesh) using a
hydride-dehydride-nitride thermal synthesis route [20]. The hydride-dehydride-nitride route was
used to limit carbon and oxygen impurities typically resulting from the more industrial
carbothermic reduction and nitridation synthesis method of uranium dioxide and carbon (as
noted by Muromura et al. [21] and Matthews et al. [22]). The atomized elemental uranium metal
powder was washed in a 50% nitric acid solution and rinsed in methanol to remove oxides.
Approximately 15 grams of uranium were loaded into a tungsten-lined alumina crucible inside
an inert atmosphere glovebox (< 0.1 ppm H>O and O2). The crucible was sealed in a vial,
transferred into a high temperature alumina tube furnace, and quickly placed under vacuum to
limit exposure to air in preparation for the hydride-dehydride-nitride process. The thermal profile
for the hydride-dehydride-nitride method is described in previous work [20]. The oxygen content
in the process gas was continually monitored below the detectable limits of the Neutronics Inc.
Model OA1 oxygen analyzer, which was less then parts per billion. Using a glove-bag and in an
argon cover gas flow, the synthesized UN powder was removed from the furnace, sealed in a
vial, and then immediately transferred back to the inert atmosphere glovebox. Two batches of
UN powder, referred to as Batch 1 and Batch 2, prepared for this study were characterized
using scanning electron microscopy (SEM) and X-ray diffraction (XRD) (Figure 1). It is important
to note that the Batch 1 UN powder used for pellet fabrication had a lower amount of impurity

UO: than the Batch 2 powder; this will be discussed further in succeeding sections. Due to the
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highly reactive nature, the fine UN powder was mixed into a silicon-based vacuum grease inside
an inert atmosphere glovebox prior to XRD characterization in lab air. Combustion analysis was
performed using a LECO C230 and RO400 to determine carbon and oxygen content of the

starting elemental uranium metal and the synthesized UN powder.

2.2 Pellet Fabrication and Sintering

Compacts of UN and UN+ (5-10 w%) UO; were fabricated using the synthesized UN powders
and UO; (99.8% purity, 50 mesh) from Bio-Analytical Industries Incorporated (Boca Raton, FL).
The UN and UO, powder mixtures were weighed into 5 gram batches, with the proportional
amounts of UO, for the 5- and 10 w% composites. The powders were hermetically sealed inside
polypropylene containers inside an argon-backfilled glovebox (<0.1 ppm O, H>.0), and mixed in
a tabletop mixing mill (MTI 4 Tanks Mixer). Image analysis software was used to estimate
particle size. After mixing, the UN and composite powders were cold-pressed at approximately
670 MPa into green pellets of right cylindrical geometry, with either a 3.175 or 6.35 mm
diameter die, to approximately 62 %TD in an inert atmosphere glovebox. A small amount of zinc

stearate was used as a lubricant on the die walls and punch faces prior to pressing.

Due to the potential for the green pellets to spontaneously react in air, the pellets were placed
on tungsten setter plates and sealed under polyvinylidene chloride (PVDC) film with a small
amount of vacuum grease to avoid oxidation during the rapid transfer into the refractory metal
sintering furnace. The pellets were sintered for five hours at 1900 °C in an Ar+100 ppm N>
atmosphere; the complete details for sintering are explained in a previous publication [20]. After
sintering, the pellets were immediately transferred to an inert atmosphere glovebox. The
sintered samples were prepared for SEM and XRD characterization by grinding with 1200-grit
silicon carbide grit paper approximately 1/3 of the way through the pellet to create a cross-
sectional surface that was perpendicular to the two parallel faces of the right cylinder. A thermal

etch at 1200 °C for 12 minutes was performed in the refractory metal furnace to examine the
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grain morphology of the sintered pellets. Pellet densities were determined via the Archimedes

method in de-ionized water at 21 °C [23].

2.3 Hydrothermal oxidation

In preparation for radioactive hydrothermal oxidation testing, a custom static autoclave (Parker
Autoclave Engineers) was modified with a containment enclosure to house the autoclave bolt
assembly seal (Figure 2) and prevent any external contamination with radioactive material. A
stainless-steel sample holder was fabricated to position up to four samples simultaneously
within the hot zone of the autoclave, as shown in Figure 2. Layers of stainless-steel mesh
separated the pellets from each other, and the entire pellet holder was secured by another layer
of stainless-steel mesh to ensure the samples would not shift during loading and testing. A
pellet of each composition was loaded into the sample holder in lab air; three pellets in the
Batch 1 tests, four in the Batch 2 tests, including UO; as a benchmark. After loading the sample
holder into the autoclave, 80 mL of 18.2 MQ-cm de-ionized water was added before the system
was sealed and pressurized to approximately 4.1 MPa with UHP helium. This static autoclave
configuration, while similar to the static tests performed by Nelson et al. [24] on silicide and
nitride fuels in deionized water, did not allow for loading of the samples under inert atmosphere.
The maximum starting oxygen potential was calculated to be approximately 4700 ppm. It is
believed this value was lower as the autoclave enclosure was continuously pressurized with
UHP He until it was sealed completely at 200 °C. The temperature was ramped at 1 °C/min to
and from the dwell temperature (250 — 350 °C, resulting in a pressure of 4.1-16.5 MPa) where it
was held for 30 minutes prior to cooling to room temperature. Density measurements and
optical macro images were recorded for the pellets after removal from the autoclave. The pellet

surfaces were examined using SEM, energy dispersive spectroscopy (EDS), and XRD.

3. Results

3.1 UN Powder Synthesis
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The left inset SEM image in Figure 1 shows the as synthesized UN powder exhibiting a bimodal
particle size distribution and faceted morphology, as expected from the hydride-dehydride-
nitride synthesis route. The larger particles and agglomerates were broken up during the milling
process resulting in a powder with an average particle size of 1.1 £ 0.5 ym (inset of Figure 3).
XRD of the as-synthesized powders showed the powder as primarily UN (Inorganic Crystal
Structure Database powder diffraction file (ICSD PDF) 00-032-1397) with a small fraction of
UO,. Comparison of the two synthesized batches indicates increased UO, (ICSD PDF 00-041-
1422) content in the Batch 2 powder. A semi-quantitative analysis of the XRD intensities
suggests that the UO2/UN ratio in the Batch 2 powder was twice that of the Batch 1 powder.
Figure 1 also includes the pattern for the starting UO, powder which suggests it is primarily UO,
but also exhibits additional peaks labeled as unknown after comparing to peaks corresponding
to UszOg (ICSD 00-014-1493). It is possible a small secondary phase, UsO7 (ICSD 00-015-0004),
may be present. This U307 phase exhibits peak overlap with the indexed UO; pattern but may
be contributing to broadening of peaks attributed to UO, [25, 26]. The light element chemical
analysis on the starting uranium metal indicated 300 ppm and 170 ppm of carbon and oxygen,
respectively, and 275 ppm and 2550 ppm of carbon and oxygen, respectively, in the Batch 1 UN

powder.
3.2 Pellet Fabrication and Sintering

After mixing and milling the UN with the UO, powders for five hours, SEM characterization
shows a bimodal particle size distribution for all compositions (inset of Figure 3). XRD of the as
synthesized UN, the milled UN, and milled compositional powders reflect only UN (ICSD PDF
00-032-1397) denoted by the inverted triangles, and UO, (ICSD PDF 00-041-1422) as indicated
by the star shape in Figure 3. All pellets were 92 + 1.6 %TD, based on the theoretical density of
UN (14.33 g/cm?®[27]), and a typical sintered pellet is seen in Figure 4a. The typical grain

morphology of a cross-sectioned sintered pellet and fracture surface are shown in Figure 4b-c.
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The distribution of the UO- phase in the UN matrix for a UN + 10w% UO: pellet is shown in

Figure 4d.

3.3 Pellets post-autoclave

Figure 5 shows the corroded pellets fabricated from both the Batch 1 and Batch 2 powders.
Each test, regardless of temperature, resulted in pellets that were considerably darker in color
than the un-corroded pellets. The densities of the corroded pellets also remained relatively

constant at approximately 90 %TD as determined via Archimedes method.

The pellets fabricated with Batch 1 UN powder (containing less starting impurity UO-) were
preferentially attacked at the edges and, as expected, the level of degradation increased with
increasing temperature. Also, in certain instances, the hydrothermal test resulted in complete
loss of the pellet. For example, the UN + 5 w% UO: pellet exposed to 300 °C completely
disintegrated (Figure 5). The tests at 300 and 325 °C were repeated to replicate the results.
However, both repeated tests resulted in different outcomes. At 275 °C all Batch 1 pellets were
retrieved, but for Batch 2 (having a higher starting impurity UO- content) both UN-UO-
composite pellets were disintegrated. The Batch 1 pellets corroded in the first 300 °C test
resulted in complete loss of the 5 w% UOQO: pellet. In the Batch 2 300 °C test both the 5 w% and
10 w% UO, composite pellets disintegrated. Similarly, for Batch 1 in the 325 °C test the 10 w%
UO: pellet was lost and in the 350 °C the 5 w% UO: pellet was totally disintegrated, but in Batch
2 tests at 325 °C and 350 °C all pellets except the pure UO- pellet were lost. As stated
previously, the maximum calculated starting oxygen potential of the pressurized water and
volume of air and He balance was roughly 4700 ppm. However, the benchmark UO; pellets did
not show any significant degradation per visual examination and XRD. The chipping on the UO,

pellet used in Batch 2 testing at 350 °C occurred in the green state prior to sintering (Figure 5).
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It is believed the starting oxygen potential was much lower since the autoclave was

continuously pressurized with UHP He until it fully sealed at 200 °C.

The powder from the disintegrated pellets was retrieved for characterization and will be referred
to as “sludge” in the subsequent sections. In the Batch 2 testing, pellets that remained intact
showed more significant degradation than Batch 1 pellets (Figure 5). Apart from the benchmark
UO:- pellets, no discernible UN or UN composite pellets remained above 300 °C testing. As
previously stated, the “sludge” was collected and dried for SEM and XRD characterization. The
benchmark UO; pellets performed as anticipated, showing little, if any, corrosion behavior, with

results similar to those reported by Une et al. [28] and Taylor et al. [29].

Post-autoclave XRD analysis — Pellets

X-ray diffraction of corroded pellet surfaces are shown in Figure 6 with the un-corroded pellet
surface patterns included for reference. The XRD patterns show the analysis for the UN, UN +
5w% UO,, and UN + 10 w% UO- pellets from left to right. After autoclave testing, the primary
phase in the pure UN samples is UN after excluding peaks attributed to the sample holder.
However, the corroded composite UN-UO; pellets exhibit peaks corresponding to UNz (noted by
the diamond markers), and what may be a-UzNs (ICSD PDF 00-015-0426) as denoted by the
chevron markers and droplines. Some overlap in the primary peaks for these two phases exists
(29.0, 33.6, and 48.3° 26 values). The XRD patterns show a decrease in the full width half
maximum (FWHM) of the first two UO2 peaks shown in Figure 6. This observation, most evident
in the 275 and 300 °C patterns of the 5 and 10 w% samples, suggests that the UO: crystallites
increased in size during the hydrothermal oxidation process. An oxynitride layer resulting from
dissolved oxygen and/or nitrogen into the UO, and UN; lattices is most likely contributing to the

peak broadening due to distortion of the lattice [30].

3.5 Post-autoclave XRD analysis — Sludge
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As previously mentioned, the material collected from pellets that disintegrated during testing
was dried and characterized via SEM and XRD. The XRD patterns in Figure 7 show that the
retrieved powder remains primarily UN. However, as autoclave temperatures are increased,
peaks attributed to UO2 and UN; phases become more prominent. There is also indication of a
slight amount of a-U2N3 denoted by the chevron marker and seen in the 300 — 350 °C tests,

most notably at 26 values 28.9, 33.6, 48.4 and 57.2°. The UO: phase in the sludge also shows a

clear increase in the FWHM (almost an order of magnitude larger) as temperature is increased.
This increase in the FWHM can be attributed to peak overlap due to the presence of the other
phases as noted above and/or broadening due to lattice distortion from dissolved oxygen and

nitrogen. This is easily seen at 26 values 28.3, 32.7, and 47.0°. This increase in the FWHM is

most evident in the “sludge” from the 350 °C test (Figure 7).

3.6 Post-autoclave morphology — Pellets

Microstructural characterization was performed on the corroded pellets using backscattered
electron (BSE) SEM imaging. Each of the pellets that remained intact after exposure showed
similar macroscopic features; the edges of the right cylinder were preferentially degraded as
seen in Figures 8 and 9. The typical corroded surface microstructure for pure UN pellets is
shown in the top row of Figure 8 for pellets corroded at 250 °C, 275 °C, and 300 °C,
respectively. As expected, the level of degradation increases with exposure temperature. Figure
8 also illustrates how the degradation process firstly attacks grain boundaries, providing grain
boundary expansion and spallation. The bottom images are from the same pellet but from the

corroded edges, showing heavier attack.

The composite UN-UO: pellets show similar behavior to the UN, with grain boundary attack and
spallation beginning at the corners of the right cylinder. In addition, the attack increases with
autoclave temperature. The UN-UO; pellets also exhibit an additional noteworthy aspect; Figure

9 shows the top surfaces of the UN + 5 w% UO, and UN + 10 w% UQO: pellets corroded at 250
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°C, where light and dark phases are observed. The dark phase was identified as an oxide with
EDS, as shown in Figure 10. These micrographs combined with EDS chemical analysis suggest
that the oxide may be nucleating on the grains and propagating across the surface of the grains.
The chemical analysis (Figure 10) of the micrograph of the UN + 5 w% UQ: pellet surface
(Figure 9) highlights that the lighter phase is distinctly nitrogen-rich, while the darker regions are

oxygen-rich.

3.6 Post-autoclave morphology — Sludge

Backscattered electron SEM micrographs showing the typical morphology of the spalled

material from the autoclave tests at 275 — 350 °C are seen in Figure 11. The grains are faceted
and show clear separation at the grain boundaries. The individual grains in the sludge from the
275 — 300 °C tests show less granular deterioration than those collected at 325 — 350 °C, which

show heavier attack.

4. Discussion

4.1 Post-autoclave: Pellets

The effect of diameter (2.85 vs. 5.65 mm) was not an intent of this study. It is interesting to note
however, tests from the Batch 1 pellets were replicated at 325 °C with pellets fabricated using
the larger 6.35 mm die and different results were obtained. The pure UN pellet was lost in one
test and the UN + 10 w% UO; pellet in the other (Figure 5). This suggests the hydrothermal
oxidation behavior of the tested pellets is stochastic in nature. Further studies are needed to
verify that there is no size effect. As stated, the pressure within the autoclave does rise with
temperature, reaching a maximum of approximately 16.5 MPa during the 350 °C tests. Although
the effects of pressure were not studied explicitly, it is believed that this pressure change has
little effect on the overall hydrothermal oxidation behavior. In the 325 and 350 °C tests for the

Batch 1 pellets intact pellets were retrieved, whereas no pellets (with the exception of the
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benchmark UO-) were retrieved from the Batch 2 tests, and both tests experienced similar
pressure changes (Figure 5). Although significant effort was made to reduce exposure of the
starting UN powder to atmosphere, subsequent processing and handling of the reactive
synthesized UN powder resulted in a pickup of oxygen. The aforementioned light element
analysis, indicated 2500 ppm oxygen in the starting Batch 1 powder, which is within previously
published specification limits for UN irradiation tests and development of UN fuel for the SNAP-
50 program [27, 31]. It is believed that the actual oxygen concentration value is lower than
reported, as the external lab which performed the light element chemical analysis indicated the
tests were completed in lab air. As previously noted, the pellets fabricated from the Batch 2
powder did not perform as well as those in Batch 1 tests, especially the UN-UO; composites.
Only the test at 250 °C for the Batch 2 pellets resulted in intact pellets for all three compositions.
For Batch 2 pellets, tests above 250 °C resulted in degraded UN pellets and complete loss of
the UN-UO, pellets, with the UN pellets also completely disintegrating above 300 °C. This is

believed to be due to the increased starting oxygen impurity content in the Batch 2 powder.

As previously noted, the primary phase in the pure UN samples post-autoclave is UN (Figure 6).
This result varies from work published by Bugl and Bauer which shows UN- as a corrosion
product [19]. It is also contrary to results published by Sunder and Miller [17], and Rao et al.
[14], who indicate that UN quickly converts to UO; (the final phase) upon exposure to water, or
UsOg for UN samples which had no starting UO, phase in them. Earlier work shows that the
addition of UO; likely stabilizes a hyper-stoichiometric nitride phase [20]. The presence of this
hyper-stoichiometric nitride phase is also in contrast to literature which states only an a-UzNs
phase or oxynitride phase would be present [13, 14]. However, work by Jolkkonen et al. [15]
also indicated UN as the primary phase remaining after hydrolysis of UN in superheated steam
along with UO; containing dissolved nitrogen and possibly an oxynitride phase. XRD analysis of

the corroded pellets suggests that, in addition to UN2, some a-U2N3s may be present. However,
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some peak overlap occurs at 26 values of 28.9 and 33.6° (Figure 6). A density functional study

by Wang et al. [30] states that uranium oxynitrides possess similar XRD patterns as compared
to UN2, and it is likely that the presence of an oxynitride layer is contributing to the intensity of
the peaks identified as UN.. Studies by Dell et al. [13] and Sugihara and Imoto [18] on the
hydrolysis of UN, following reactions (1) and (2), suggested that liberated nitrogen that does not
form ammonia may dissolve into the UO; lattice to form an oxynitride or a-UzNs. As the
hydrolysis proceeds, U2N3 can form UO; according to reaction (3) [13, 18], this was also

reported by Jolkkonen et al. [15].

1

(1) UN +2H;0 - UO; + NHz + - Hy AGn = -307.99 kJ/mol

) 3UN + 2H,0 — UO, + U,N; + 2H, AGun = -571.59 kJ/mol
8 1

(3) UsN; + 4H,0 = 2U0; + 5 NHs + =N AGun = -1158.61 kJ/mol

It has also been reported that oxygen solubility in pure UN can be as high as 7 at% and results
in a slight lattice expansion per XRD [32-34]. This lattice expansion (caused by dissolved
oxygen) could explain the slight shift in the UN peaks (near 26 values of 31.6 and 36.7°) (Figure
6). Dell et al. [13] suggests that a surface film on UN, either a bcc-nitride or oxynitride, acts as a
protective layer during the hydrolysis of UN. However, Dell also mentions that as the reaction
propagates along grain boundaries, corresponding to an increase in the available surface area,
the particles eventually breakdown along grain boundaries [13]. This mechanism would result in
a volume expansion from the differences in the larger lattice parameters of UO», U2Ns, and any
oxynitride phase, as compared to UN [30]. This explains the results seen in both the pure UN

and UN-UO: corroded pellets, where spallation of material along grain boundaries is seen
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(Figures 8 and 9), a result also noted in the work by Jolkkonen et al. [15]. Sugihara and Imoto
[18] also state that along with an oxynitride phase, a hyper-stoichiometric UN+ 7 would be formed

during hydrolysis of UN according to reaction (4).

4) UN + 2H,0 - UO;(N) + UNy 7 + H,

As reported by Jolkkonen et al. [15] and according to the above listed reactions (1)-(4), the
formation of ammonia and hydrogen would be expected, however the gaseous reaction
products, as well as the pH of the waste liquid, was not studied explicitly in this work. The
composite UN-UO- corroded pellets do reflect a hyper-stoichiometric (UN2) phase in the
275-350 °C tests, denoted by the black diamonds on the XRD patterns shown in Figure 6. Rao
et al. [14] and Lopes et al. [16] noted that a U2Ns layer is also seen between UN and UO; layers
during hydrolysis. Work by Matzke [27] on the oxidation of UN suggests that a hyper-
stoichiometric U2Ns. layer forms between the unreacted UN and UOz.x surface layer and is
dense and resistant to oxygen permeability. Rao et al. [14] also notes that samples containing a
higher initial amount of UO; result in a higher concentration of reacted U.N3 and that oxygen
has to diffuse through a layer of UN/U2N3 reacting with UN at the interface. This suggests that
strain caused by a change in volume from product formation, leading to breakup of the sample,
would be higher in samples having an initial amount of UO.. This result is seen in the corroded
UN-UO; composite pellets in this work (Figure 5). Variances between tests replicated for Batch
1 at 300 and 325 °C are indicative of the stochastic nature of the corrosion process. Results
from XRD, SEM, and the darkened appearance of the post-exposure pellets also confirm that
oxidation is occurring (Figure 5-Figure 10). Similar to results by Matzke [27] on the oxidation of
UN single crystals, the preferential attack at the grain boundaries from oxygen diffusion and the

resulting stresses leading to cleavage would contribute to an increased surface exposure. This
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leads to propagation of the reactions and ultimately pellet instability. It is possible that the
corroded UN samples show less degradation than the corroded UN-UO2> composite samples
because the reactions begin at the surface of the pellet and proceed to the core. In contrast,
reactions in the UN-UO, samples occur throughout the bulk of the pellet, as described by Rao’s
oxidation study [14] and Lopes’ UN degradation work [16]. It is also possible that the formation
of a UN> or oxynitride layer, explained previously based on the work by Dell et al. [13], is
responsible for the less severe degradation of the pure UN samples as compared to the

UN-UOz samples.

4.2 Post-autoclave: Sludge

As discussed previously, literature indicates a hyper-stoichiometric nitride layer likely exists
between the UN and UQO.. It is likely that a thin layer of this nitride or oxynitride is present in the
sludge. While the spalled material is still primarily UN, the other phases present (UO2, UN; and
possibly a-U2N3) support the results in previously published literature of Dell et al.[13], Rao et al.
[14], Sugihara and Imoto [18], Jolkkonen et al. [15], Lopes et al. [16], and Bugl and Bauer [19].
The resulting lattice strain from the dissolution of nitrogen, or oxygen, into the UO, or UN
lattices, would contribute to the peak broadening seen in the XRD patterns of Figure 7. It can be
seen from the relative peak intensities that the amount of secondary phases increases in the
sludge with increasing autoclave temperature, more so than in the corroded pellets themselves.
The increase in the amount of these secondary phases is explained by the fact that the sludge
material comes primarily from the full disintegration of the UN-UO, composite pellets (Figure 5)
and would consist primarily of spalled matter. According to Rao et al. [14], samples with a larger
initial amount of UO, result in a higher concentration of reacted U>Ns. Following reactions (3)
and (4) discussed earlier, a higher concentration of the UO;, and hyper-stoichiometric UN
phases would be expected in the corroded material [18]. This increase in secondary phases,

identified by XRD in the sludge (Figure 7) correlates to the increase in degradation seen in the
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BSE SEM images of the material from the autoclave tests at 325-350 °C (Figure 11). The

differences between the hydrothermal oxidation test results of Batch 1 and Batch 2 pellets can
also be attributed to the increased amount of impurity UO: or residual dissolved oxygen in the
starting UN powder used for fabrication. Higher oxygen impurity results in elevated loss of the

Batch 2 pellets due to an increased formation of secondary phases.

As seen in Figure 8-9, and 11, the principal degradation mechanism is grain boundary attack,
leading to subsequent spallation of the pellets into single grains. At temperatures of 275-300 °C,
the pellet surfaces show grain boundary relief. As temperatures increase, separation at the
grain boundaries is seen (Figure 8-9). As noted above, the hydrolysis reactions propagate along
grain boundaries leading to strain from the differences in cell volume of the formation products
[13-16, 27]. Differences in the resulting spalled grains from tests performed at a lower
temperature versus those at higher temperatures suggest a sequence to the disintegration. As
seen in Figure 11, at 275 °C the spalled material appears to be whole grains, indicating a clear
separation at the grain boundaries, whereas in the 350 °C test, the sludge material is
significantly more degraded and shows heavier attack. This sequencing to the degradation
mechanism and resulting morphology can be explained by the repeated strain caused by

changes in cell volume as the reaction products form, as discussed earlier [13, 15-18, 30].

5. Conclusions

This screening study was performed to test pellets of UN and UN-UO2 composites under short
duration, static hydrothermal oxidation conditions. The effects of the addition of a secondary
phase on the microstructural degradation behavior and phase formation were assessed.
Examination of the corroded microstructures shows a sequence to the breakdown of the
monolithic pellets. At lower temperatures the corroded pellets exhibit clear grain boundary relief
and separation. Spallation of single grains is evident as test temperatures increase from

250-350 °C. This spalled material also shows increased degradation at higher temperatures. It
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is postulated that as the UN reacts with the water, the propagation of reactants forming
secondary phases, starting at the grain boundaries and proceeding through the bulk, increases
with temperature. Hyper-stoichiometric UN, uranium oxynitride, a-U2N3, and UO, phases along
the grain boundaries result in a volume expansion due to increased lattice parameters as
compared to UN. In the UN-UO> composites, an oxide layer appears to nucleate on the grains
and propagate across the surface of the grains, presumably U.N3 forming UO2 during the
hydrolysis. This propagation behavior was not observed in the pure UN pellets. It is proposed
that as the formation of reaction products proceeds (reaction layer and phase segregation at the
grain boundaries), the expansion of the intermediate layer ultimately leads to a failure of the
pellet structure. It is theorized that an increased oxygen impurity content in the starting powders
enhanced the microstructural degradation behavior in samples exposed to elevated temperature
and high-pressure conditions for short periods. This introductory study on the degradation
mechanism (grain boundary attack) in UN and UN-UO; composite samples exposed to
hydrothermal oxidation conditions can inform on future corrosion studies in UN and other high
uranium density fuels. The role of oxygen impurities in increased degradation should be
specifically investigated on advanced technology fuels. Further work to more closely match UN
test conditions to typical water reactor chemistries must be completed to demonstrate

improvements in accident tolerance.
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Figure 1: XRD of the two separate batches of UN powders (Batch 1 having a lower starting impurity UO2
content than that of Batch 2). Powders were synthesized using a hydride-dehydride-nitride route, and as-
received UO2 powder. Left inset shows the morphology of the as synthesized UN powder and right inset
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is the morphology of the as-received UO2 powder.
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Figure 2: (a) Static autoclave used for hydrothermal oxidation testing showing the location of the
heater/hot zone, (b) the custom fabricated containment enclosure for the autoclave bolt assembly, and (c)
Side view of sample holder (top image), top view of the custom Autoclave sample holder showing the
stainless-steel mesh for positioning up to four pellets in the hot zone of the autoclave (middle image).
Once the pellets are inserted, the sample holder is encased with stainless steel (bottom image) to retain
corrosion products.
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Figure 3: XRD patterns of the mixed UN and UN-UO2 composite powders prior to pressing into pellets.
The inset is an SEM micrograph showing the typical morphology of the mixed powders.
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Figure 4: Images of a typical sintered pellet showing (a) right cylindrical geometry, (b) the grain structure
of UN + 5 w% UO: pellet surface after polishing and thermal etching, (c) the fracture surface of UN + 10
w% UO:2 pellet, and (d) the typical UOz2 distribution in the UN matrix of a UN + 10 w% UO:2 pellet.
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Figure 5: Images showing the relative hydrothermal oxidation behavior of pellets fabricated from the two
batches of UN powder tested at 250-350 °C. The experiments with pellets fabricated from the Batch 2
powder include UO:2 pellets as a benchmark. In all cases, the right cylindrical pellets were preferentially
attacked at the edges and the extent of degradation increased with increasing temperature, with some
pellets completely disintegrating.
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Figure 6: Comparison of XRD patterns of the as-sintered and corroded UN and UN+UQO2 composite
pellets. After autoclave testing the primary phase in the pure UN samples is UN, whereas the 5 and
10 w% samples indicate a UN2 phase or oxynitride phase (26 values 29.0, 33.6, 48.3°) and possibly
a-U2Ns (20 values 28.9, 33.6, and 48.4°) as denoted by the chevron markers and droplines, most evident
in the 275-325 °C data.
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Figure 7: Comparison of XRD patterns from the recovered “sludge” showing the primary phase remains

UN. However, as autoclave temperatures increase, phases of UN2, possibly an oxynitride, UO2, and
peaks attributed to a-U2Ns become more prominent.

188



upbwnN

[e)]

10
11
12
13
14

15

Figure 8: Backscatter electron micrographs of the corroded UN pellets at 250 °C, 275 °C, and 300 °C.
The top images were taken from the less corroded, central, region of the pellet surface and the bottom
images were taken from the more heavily corroded outer edges of the pellets (seen in the photograph on
the left). Preferential edge and grain boundary attack is evident.

UN+ 5w% U0, UN+ 10w% UO, UN+ 10w% UO,

Figure 9: Backscatter SEM micrographs of the UN + 5 w% UQO2 and UN + 10 w% UO2 composite pellets
corroded at 250 °C and the UN + 10 w% UO: pellet corroded at 275 °C. The top images were taken from
the less corroded, central, region of the pellets and the bottom images were taken from the more heavily
corroded outer edges of the pellets (seen in the photograph on the left). Preferential edge and grain
boundary attack is evident. The pellets corroded at 250 °C also show clear light and dark phases present
across the surfaces. The dark phase was identified as an oxide phase via EDS (Figure 10).

189



Nitrogen Chemical Map Oxygen Chemical Map
- : 7 & Ll k. .3 T, .o

Figure 10: Chemical analysis via EDS of the UN + 5 w% UO: pellet surface corroded at 250 °C (seen in
Figure 9) showing distinct nitrogen and oxygen-rich regions.
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Figure 11: Backscattered electron micrographs of the recovered “sludge” from hydrothermal oxidation
experiments from 275-350 °C showing large, distinct grains at 275 °C. However, as the temperature is
increased, the grain size of the recovered sludge is reduced, and significant grain degradation is
observed at 350 °C.
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SUMMARY

This report details the carbothermic reduction and nitridation (CTRN) of uranium dioxide to form uranium
mononitride along with sintering studies to fabricate dense pellets. The first part of this report will
summarize different methods that have been employed at LANL or in the literature to fabricate phase pure
and chemically pure UN. The following section details the CTRN method along with process optimizations
to date that have been evaluated at LANL. Furnace schedules and a detailed explanation of the various steps
involved throughout the entirety of the CTRN process are provided along with discussions on 15N
incorporation and process recovery/recycling. Sintering of UN is evaluated in the following section, which
details the literature knowledge on sintering parameters compared to LANL experimental efforts to sinter
dense (>94% of the theoretical density) pellets. Efforts towards decreasing the required sintering
temperatures to be more amenable to commercial process lines is included along with initial efforts
understanding the role of impurities on sintering. Considerations are taken to identify commercial scale up
issues and evaluating, when possible, the ability to utilize existing infrastructure. Finally, this document is
expected to evolve as discussions between LANL and Westinghouse are included, with subsequent sections
to be added at a later date discussing impacts to reactor application, LANL scale-up, LTA/LTR scale, and
pilot plant levels of fabrication.
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SCALE UP OF CTRN UN PRODUCTION
1. INTRODUCTION

Uranium mononitride exhibits a number of characteristics that are favorable for use in reactors owing to
the high uranium density, good thermal conductivity, good chemical stability, high decomposition
temperature, and chemical compatibility with fission products. Because of these attributes, it is being
considered as a drop in replacement for use in light water reactors, lead fast reactors, and microreactors
applications. There are many outstanding challenges for the use of UN in commercial reactors, one of
which is the commercial scale up and production of full sized pellets.

Carbothermic reduction and nitridation (CTRN) has been shown to be a viable fabrication technique to
produce high purity UN powder feedstocks, albeit at R&D scales. This process uses UO> and graphite as
the source materials which reduces the UO, through a number of high temperature processes to yield high
purity UN. The process at the R&D scale is typically done within inert glove box lines to minimize
exposure of the UN powder (or intermediary steps) to prevent decomposition back to the oxide phase,
which is likely to add cost and cycle time to the fabrication process. Considerations are therefore
evaluated to utilize existing furnace lines as well as impacts to deviations in CTRN process development
implemented at LANL. Methods to efficiently utilize enriched '*Na(g) are considered, but have not been
demonstrated at the laboratory scale to date.

After UN powder is produced, pelletization and sintering are required. The process to fabricate UN pellets
follows a similar metallurgical route as UO»; however, experiments have shown decreased sinterability of
oxygen exposed UN powder, which will be an issue in air handled oxide production lines. Similarly, the
susceptibility of milled UN powder to rapid oxidation when exposed to air will require different handling
methodologies compared to standard oxide pellet lines. Rates of oxidation in glove box lines are
considered in this document as well as potential routes to mitigate detrimental oxidation of the UN
powder. Sintering kinetics and furnace schedules for high density (~95%) UN are presented, with
considerations for adapting the current oxide processing lines as well as the high temperature furnace
schedules that are utilized at LANL through optimization of furnace temperatures and atmospheres.

This document is considered to be a ‘living document’ that will be added to and edited to provide the
most recent information related to UN scale up.
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2. Uranium Nitride Fabrication Routes

Uranium nitride synthesis routes demonstrated in the literature include CTRN of the uranium oxide [1],
direct nitriding of the metal [2], [3], and ammonolysis of uranium tetrafluoride [4], [S]. A summary of the
different processing routes is shown in Table 1 along with a brief overview of each method in the
following subsections. However, the remainder of this document will focus on CTRN. Follow-on reports
will conclude on-going efforts with the fluoride to nitride chemical processing route.

Table 1: Summary of UN production methods

CTRN Hydride Ammonolysis

U Precursor uo, U metal/hydride UF, or UFg

Possible C,0 H F

contaminants

Major drawbacks CcC&O Proliferation, HF byproduct
contamination, pyrophoricity during fabrication
processing time

2.1 Carbothermic Reduction and Nitridation

In the carbothermic reduction route, UO2 is mixed with graphite powder and heated to reduce the oxide
and form UC. The UC is then heated under a H2-N2 atmosphere to convert the UC to UN [6]. A schematic
of this process is shown in Figure 1, which will be discussed in greater detail below.

UO,+xC+Ny+H, m U(C,N)+UC+ /©) +CO+HCN+CH,

“ ~ /\

4} >

L=

Figure 1. Schematic diagram of CTRN process to produce UN from UQ, and graphite.
2.2 Uranium Metal Direct Nitridation

In the hydriding and nitriding route, high purity uranium metal is hydrided. The subsequent uranium
hydride is then decomposed and nitrided in a purified nitrogen atmosphere. The resulting U,N3 is then
decomposed to UN at high temperatures [2]. Much of the hydriding/dehydriding processes are conducted
at lower temperatures (200-400°C) where UH; formation is favorable followed by off-gassing of Hx(g)
above ~450°C and subsequent nitriding steps at elevated temperatures. An example of this process in its
entirety is reported by Jaques et al. in [3]. Noteworthy is that both the UH3 and U metal powders formed
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through this process are extremely oxygen sensitive and pyrophoric at room temperature given the small
particle sizes achieved using this processing route. This can however be beneficial from a sintering
perspective as the small particle sizes have yielded higher densities at lower sintering temperatures [7],
which will be discussed in Section 4. Finally, it should be considered that the starting material is metallic
U, which raises concerns over proliferation control and will also require a route to produce metallic
feedstocks from fluoride gas or reduction of the oxide powder to a metallic state.
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Figure 2: Hydride-dehydride to direct nitridation of U metal profile from [3].

2.3  Ammonolysis of Uranium Fluoride

A synthetic route using uranium fluorides and ammonia gas was published by Funk and Bohland, with
UF4reacting with NH3 at higher temperatures to form higher uranium nitrides [4]. This route was also
used by Berthold and Hein who proposed the intermediate phases of U(NH)F and U(NH,)F; [8].
Yoshihara et al. explored the reaction of UF4 with Si and N to obtain the sesquinitride (U2N3) [9]. More
recently, Yeamans et al. published an exploration of the oxidative ammonolysis of uranium fluorides [5],
[10]. The reaction of tetravalent ammonium uranium fluorides in an ammonia atmosphere at 800 °C was
used to produce hexavalent UN,, which was subsequently decomposed to UN. The reactions in Yeamans’
work were performed in quartz tubes, which are vulnerable to attack by the corrosive fluorine species
produced during the reaction. This could lead to a source of oxygen and thus UO; in the final product.

Starting with UF4 and heating under ammonia gas, a process known as oxidative ammonolysis, UN, can
be produced at lower processing temperatures in industry at the front end of fuel fabrication lines. This
could also by pass the oxidation of UFs and subsequent costly CTRN steps that are currently proposed for
UN fabrication at the commercial scale. UN; can be readily decomposed to UN at elevated temperatures
(1400 °C). Demonstrations of this have been shown at LANL [11], although consistency between batches

is still on-going and improving the thermodynamic and kinetic understanding of the reaction is still
required.
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3. LANL Carbothermic Reduction and Nitridation

Significant work has been completed to understand the impact of as-synthesized UN material quality as a
function of cycle time. The CTRN process consists of two steps. In the first step, carbon and uranium
oxide react to form an intermediate carbide phase. In the second step, the intermediate carbide phase
reacts with nitrogen to complete the conversion to uranium nitride. A cleaning process is used to remove
excess carbon and oxygen from the system. In the cleaning process, hydrogen is diffused into the material
and reacts with the excess carbon from the CTRN process.

For the initial step of the CTRN process, in which the uranium oxide reacts with carbon, the two solids
require intimate contact for the reaction to take place. Because of the limited carbon sources, the primary
mechanism uses a solid-state reaction rather than a gas phase reaction. This limitation also dictates batch
processing rather than continuous processing for the CTRN process. The cleanup process lends itself to a
continuous or semi-continuous process because the mechanism involves a gas phase reaction between
hydrogen and carbon. This section will detail the current CTRN process and the limitations identified
with scale up will be reserved for Section 5.

3.1 Uranium Nitride Processing

The start of CTRN begins by mixing UO» and graphite using a high energy SPEX mill. The current
process adds an excess of C to efficienctly remove the O atoms, but requires cleanup steps to remove
unreacted C. Once the material is sufficiently milled and distributed, a disc is pressed to compact the
mixture. A pressure of 50 MPa is typically used to form the disc. The disc is placed in a molybdenum
crucible with molybdenum foil underneath to prevent any reactions between the disc and the crucible.
This assembly is placed in a high temperature vacuum furnace and heated using the thermal cycle in
Figure 3. The thermal cycle has several segments to complete the CTRN process in one continuous
furnace run and eliminate unnecessary thermal cycling and associated delays. The first portion of the
CTRN cycle is the carbo-thermic reduction (CTR) process to covert UO; to UC where the vacuum assists
in the removal of gaseous reactant products (e.g. COx(g)). In the CTR segment, the parts are held
isothermally under vacuum for 6 hours to facilitate the conversion. Introduction of N»(g)/Ha(g) facilitates
reaction of the carbide to form the nitride phase. This reaction is diffusion limited and dominates the
remaining cycle time. The nitridation process employs several techniques to promote the diffusion of
nitrogen into the compact. These mechanisms include: over pressure of flowing nitrogen, breathing
techniques (evacuate and backfill), and chemical milling. Chemical milling implies the nitride is
traversing the UN and U:Nj3 phase boundary by adjusting the temperature in the furnace. This phase
transformation entails a large volume expansion, thus breaking apart the compact in situ and promoting
the exposure of non-nitrided material and excess carbon embedded at grain boundaries to help clean the
as-fabricated material. During the final cool down, argon is used to maintain the mononitride phase, and
suppress the formation of the U,N3 phase. The current cycle time for the CTRN process is around 48 hrs.

Once the CTRN cycle is complete, the compact is removed from the furnace. At this stage, uranium
nitride is formed, but a significant amount of impurities is dispersed throughout the compact. Typical
impurity levels post CTRN range from 10,000 - 40,000 ppm of carbon and <500 ppm of oxygen. In order
to reduce the carbon and further remove oxygen impurities, a cleanup process is employed. The compact
is crushed and sieved to increase the exposed surface area for the next thermal cycle, which is detailed in
Figure 4. The breathing technique (evacuation and backfill) is used in the cleanup process to promote the
diffusion of hydrogen in the powder bed. Current cycle times for the cleanup process range between 36-
48 hrs to reach desired impurity levels. Typical post-processing includes sieving to achieve a desired
particle size.
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Figure 3: Currently optimized thermal cycle used for the CTRN process.
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Figure 4: Cleanup cycle to decrease carbon levels in UN.

3.2 Characterization

Current characterization techniques used to evaluate the as-fabricated material at LANL are x-ray powder
diffraction (XRD), combustion infrared detection, and inert gas fusion. XRD provides information about
the phases of the as-fabricated UN while combustion infrared detection and inert gas fusion quantify the
C and O levels, respectively. Diffraction methods provide a phase fraction accuracy of ~2% while the
analytical methods can detect impurities to ~100 wppm.

3.3 Process optimization and limitations

Current overall cycle time from UO, feedstock to final product is about 1-2 weeks. Several experiments
have been performed to reduce cycle time while maintaining product quality. The process variables that
have been investigated include elimination of the initial reduction of the UO, feedstock, reducing thermal

207



Scale up of CTRN UN Production
6 May 28, 2020

cycle times and temperatures, and reducing the initial concentration of carbon. Process changes resulting
from these investigations have reduced the overall cycle time from 3-4 weeks to 1-2 weeks. There is
opportunity to further reduce the overall cycle time by optimizing the thermal cycle, load size, C loading,
cleanup cycles, as well as by evaluating next generation equipment (e.g. fluidized beds), etc. These
optimization parameters are on-going research topics with a goal to decrease overall required times and
temperatures while maintaining the purity of the produced nitrides.

Changes implemented to reduce the cycle time have resulted in an increase in product variation. One
observation is related to the elimination of the UO, feedstock reduction step. The reduction step would
treat the incoming feedstock by heating the material to convert the feedstock from UO»x to UO2 ¢ and
also remove any surface adsorbed water from storage of the material. A potential improvement to make
the CTRN process more consistent is to incorporate a low temperature hold to remove any impurities in
the starting UO, feedstock and set the stoichiometry of the powder. The continued focus of this effort will
be creating a robust cycle and reducing the overall cycle time while maintaining quality.

3.4 Reprocessing UN

As the process increases in scale, the potential for defects increases as a result of under optimized process
variables or process interruptions. Similarly, there are multiple processing steps along the way where it
would be desirable to recover material (e.g. grinding). The potential to rework this material needs to be
investigated and evaluated for economic viability. Potential defects from the process include having
nonconforming residual carbon or intermediate phases. The defective materials are amenable to rework
because of the ability to convert the material back into an oxide state using a calcining furnace with an
oxidizing atmosphere. The calcining process is depicted in a flow chart in Figure 5. Converting the
material back into an oxide allows the material to reenter the conversion process as recycled feedstock.
Using the current fabrication process as a baseline, this method encompasses a significant amount of
potential process defects to be reworked. However, this rework process is not the only method that can be
employed to recover defective material and these additional methods should be evaluated to determine the
impact in a production setting.

Introduce back

Rework product
P — UX, = U30 U305 > U020 — into conversion

(UX,)

process

Calcining furnace Reducing furnace
in Hy

Opportunity: Us0g may
not need to be reduced

Figure 5: Recycle process to take defective process loss material and reconvert into an oxide feedstock
for further processing.

3.5 Enriched N processing and utilization

The discussion of nitrides as a fuel form eventually returns to the discussion of substituting '*N for
naturally occurring '“N. In the absence of this substitution, the high neutron capture cross-section of "*N
results in '*N(n,p)'*C reactions, greatly impacting neutron economics and generating a long-lived, highly
radiotoxic isotope [12]. However, enrichment and purchase of ’N will have an economic impact on any
facility considering this substitution. An academic exercise conducted in 2017 looking at current
fabrication process gas use and commercially available "N yielded an estimated cost of approximately
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$16.26K/g UN produced for the '°N, gas consumed. Process refinement coupled with increased product
yield have dropped the cost, based on 2017 prices, to roughly $1.54K/g UN.

The above estimates were based on standard and revised base CTRN fabrication routes using a flow
through gas production method. Reducing the price per gram of '’N enriched UN is suspected to trend
with commercial interest and subsequent industrial scale up of enriched N»(g) processing plants as will
process refinement to the CTRN process including efficient use and recycling of the enriched N»(g). Both
of these scenarios have significant developmental hurdles, but could be part of a concerted effort to
increase the purity for a scaled-up fabrication effort.

The current CTRN process relies on an atmosphere exchange principal that discards unused ’N»(g) along
with gaseous by-products from the conversion process detailed above. Opportunities exist in 1) fine
tuning the duration and number of vacuum/gas cycles, 2) capturing and scrubbing the active vacuum
exhaust, and 3) recirculating or recapturing the overpressure exhaust, each of which will have broader
impacts to a CTRN processing line. Fine tuning the cycle parameters would reduce overall consumption,
however, it is anticipated that recovering and recycling would have the greatest impact. Recovering or
recycling the overpressure exhaust would most likely be the easiest to accomplish, requiring only a
pressure vessel, a pump, and an assortment of control valves. Additionally, studies could be conducted
on the chemical milling stage to determine if natural nitrogen could still be used at this stage. However,
this would require experimental determination of '*N/'*N substitution during the U,N; to UN temperature
cycling. Recovering and scrubbing vacuum exhaust would be mechanically feasible, however, extensive
development on the scrubbing technique(s) would be required. Any scrubbing process would have to
preferentially capture or convert nitrogen gas over the other gaseous conversion byproducts, which would
require extensive characterization. Conversely, these byproducts could conceivably be scrubbed in media
that renders them as solid or liquid while letting the nitrogen pass through as a gas.

The second scenario would require considerable research and development efforts. Our current focus is
on the CTRN fabrication route. However, several alternative fabrication routes have been investigated
and reported in [12], [13]. Without going into detail over a preferred alternative route, it should be noted
that the above referenced economic calculations were based on commercially available '°N; gas. Other
5N containing substrates may be both more economical to procure and easier to recover in alternative
processing routes. Regardless, it appears that for nitrides to be seriously considered as a nuclear fuel form
from an economic viewpoint, among other considerations, '°N enrichment still requires development of
an economical technology.
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4.

A number of studies have evaluated the sinterability of UN powders. In general, there are many factors
that contribute to the sintering behavior of a given material which includes: particle size of the feedstock,
surface impurities, dwell temperature and time, sintering atmosphere, heating and cooling rate, pressing
pressure, binders, among others. The contribution of these factors has been investigated by a number of
authors in the literature as well as a concerted effort under the current FOA. The results of this are
presented below with commentary on the ability to scale these processes to commercial fabrication lines
reserved to the following section.

4.1

A number of authors have investigated the sintering of uranium nitride to understand the impact that
process variables have on achieving specific densities and grain sizes to support the specific nuclear
application.

Sintering and Pelleting of UN

Literature summary

Tennery et al. demonstrated the effect of sintering temperature and atmosphere, which is shown in Figure
6 [14]. The results showed that nitrided U metal powders sintered to a maximum temperature of 2100 °C
using N, and Ar atmospheres had densities greater than 92%. The introduction of Ar (or vacuum)
improves the sintering of UN, which is proposed to arise from the introduction of defects within the UN
fluorite crystal structure that subsequently improve the diffusivity of the cations leading to improved
densification [14]. However, the authors also noted the appearance of U-metal in the A’ specimen (see
Figure 6(a)) suggesting the onset of UN decomposition under non-nitrogen bearing environments between
the temperature range of 2000°C and 2100°C. It is noted that the oxygen levels of the pellets in Tennery’s
study were <800 ppm which they proposed to be below the solubility limit of O in UN. Grain sizes
ranged from 6-10 pm for the low-density specimens to a maximum of 20-40 um for the highest density
samples. Similar results to Tennery et al. have also been observed for powders produced using CTRN of
UO:; by Matthews et al. [1]. It is noted that the densities that were achieved for similar sintering
temperatures were improved by 1-2% by increasing the milling energy considerably with a vibratory ball
mill and extending the dwell time to 24 h compared to the 2 h holds employed by Tennery et al. However,
the longer sintering time also greatly increased the grain sizes to >45 um.
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Figure 6: Results from Tennery et al. where UN is sintered as a function of temperature while varying the
atmosphere [14] in (a) along with results from Matthews et al. where the isothermal holds were varied

[1].
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Metrorka et al. investigated the sintering behavior of UN derived from a hydride-dehydride route at
temperatures ranging from 1700°C to 2500°C using standard isostatic pressing and sintering [15]. Under
these conditions, the UN pellets achieved densities as high as 98% while holding for 6 h at 2500°C.
However, it is noted that the grain sizes were also significantly larger, shown in Figure 7, where grains as
large as 90 um were observed. On the other hand, McLaren et al. implemented lower sintering
temperatures, in the range of 1700°C, by using longer milling times and a hydride-dehydride UN which
decreased the particle size to 0.5 um to 1 um and achieved densities as high as 94% of the theoretical
density [7]. However, a maximum in the achievable density with milling time was observed in
McClaren’s work, likely being limited by impurity introduction from the milling media or from over-
milling the powders, which decreases flowability leading to decreased green compaction [6]. It is also
noted that there was some variability between powder lots in the McLaren et al. study, which is suspected
to have arisen from O impurities in these small particle size distributions ultimately affecting the
sinterability of the UN powders. However, these impurities were not discussed in the manuscript. The
effect of pressing pressure on densification of UN has been studied by two authors [7], [15]. Although
improvements to the green density were observed, as expected, there were only minor improvements to
the final sintered density on the order of 1-2% increases with increased pressing pressure.
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Figure 7: Grain size dependence of UN pellets sintered as a function of temperature and time from
Metroka [15].

4.2  Sintering studies at LANL

Sintering studies on UN have primarily focused on the impact of sintering temperature and atmosphere
during the various stages of the sintering schedule. The sintering temperature was varied from 1650°C to
a maximum temperature of 2200°C. Temperatures above 1900°C were utilized in a No/H, atmosphere to
minimize decomposition of UN, although on-going studies into the thermodynamics of U(1)-UN. are
ongoing to evaluate defect control in this elevated temperature range. Sintering studies were also
conducted using N»/Ha, Ar, Ar/H», and vacuum as the sintering atmospheres while keeping the dwell
temperature constant at 1800 °C. Pressing pressures were also varied from 100 MPa to 300 MPa.
Ethylene bis-stearamide was used as a binder at 0.25wt% for all pellets. Similarly, the powders were all
milled with a high energy ball mill.
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A summary of the results from sintering studies where the temperature was varied is shown in Figure 8,
which is also compared against the relevant literature values described above. As is expected, the density
of the UN pellets increases with increasing temperature and is generally in good agreement with the
literature results of [1], [14], [15]. Some general trends are observed: 1) at low temperature without
nitrogen, densities are on the order of 88-90% and 2) going to higher temperatures under a Nx(g)
environment yielded pellets ~95%, which is consistent with Matroka’s sintering studies [15].

It is noted that 2200°C is well above the normal operating temperatures utilized in commercial nuclear
fuel productions. To this end, a number of 1800°C sintering runs were evaluated to decrease the
maximum required sintering temperature. From this iterative process, a low temperature sintering route
that employed a vacuum step at 1800°C, shown in Figure 9 (b), was able to yield UN pellets around
93.5%. It is unclear if some amount of the UN decomposes during the vacuum furnace schedule.
However, this is compensated for by the addition of a N»(g) purge towards the end of the profile to reset
the stoichiometry of the UN. Furthermore, cooling to room temperature requires the furnace to be purged
with Ar to prevent the destructive formation of U;N3, which occurs around 1400°C. Sintering studies
were also conducted at 1900°C using a similar profile shown in Figure 9 (b), where the maximum dwell
under vacuum was increased. Samples in this study decomposed/reacted with the W foil. As such, it is not
recommended to sinter above 1800°C in a vacuum or inert atmosphere to avoid detrimental
decompositions of UN.
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Figure 8: Results of the sintering studies at LANL compared to literature results from [1], [7], [14], [15].
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Figure 9: Furnace profiles that were successful in achieving >93% dense UN pellets.

It is noted that the results to date do not compare well with McLaren’s data [7], who was able to densify
UN pellets to 93-94% at temperatures <1700°C. This is expected given that McLaren utilized UN with
particle sizes on the order of 0.5 um, while the UN powder in this study was milled and sieved to <45 pm.
An image of the particle sizes in the UN feedstock is given in Figure 10, which shows particles generally
greater than 1 pm. Therefore, it is not surprising that the results in the present study would not agree well
with McLaren’s data.

Figure 10: Particle morphology after milling and sieving to -325.

The effect of pellet pressing pressure is shown in Figure 11. Although not shown in the Figure, multiple
runs were preformed yielding pressures between 100 and 300 MPa. Prior to sintering, the green densities
varied between 69-71% of the theoretical density of UN from lowest pressure to highest pressure,
respectively. However, these differences were largely negligible after sintering where the final densities
converge within 0.5% for a given sintering profile.

213



Scale up of CTRN UN Production

> May 28, 2020
100.00
A
95.00 A -
L a
90.00 A 4
)
= [ ]
Z 85.00 A
a
2 5000 A2200-FRL
$ A 1800-MSL
Filled: N2 atm
z 75.00 Unfilled: Ar atm 1775-FRL
N O Tennery, 1700C
70.00 ® Tennery, 2100C
65.00 @ NASA, 1700C
ONASA, 2200C
60.00
0 200 400 600

Pressing Pressure (MPa)

Figure 11: Pellets densities that were pressed at different pressures and compared to literature values

from [14].
4.3 Grain size of sintered UN pellets

To date, only a handful of pellets have been cross-sectioned for microstructural investigations. Some
representative microstructures for two temperatures that yiclded reasonable densities are shown in Figure
12 (a-b). The microstructure of a UN pellet that has been sintered at 1800°C for 96 h in Ar is shown in
Figure 12 (a), which has a grain size of around 20 um. Black regions are expected to be porosity, which
when quantified confirm the anticipated density of ~94%. Grain sizes for the 2200°C specimens sintered
in 4%N,/H, for 8 h produce grain sizes in the range of 18 um. The porosity of the 2200°C sintered sample
is difficult to quantify as there is more grain pullout as a result of the polishing procedure. Microstructures
for the vacuum sintered sample at 1800°C have not been analyzed yet, but this is planned at a future date.
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100 pum

Figure 12: Microstructures of UN pellets sintered at 1800°C for 96 h in Ar (a) and 2200°C for 8 h in
N/H.

4.4 Ageing of UN powder

Milled UN powders that are typical of powders prepared for sintering were exposed to an inert (<30 ppm
0) Ar atmosphere. Phase determination of the powders as a function of time in the glove box was
achieved with XRD, which is shown in Figure 13. Peaks representing crystalline UO, are shown to
increase in intensity as a function of time. Both the UN and UQO; peaks are broader than the instrumental
peak width resolution. UN peak broadening is suspected to result from the milling procedure that causes
residual stress (dislocations) on the crystalline lattice. UO» on the other hand doesn’t likely have residual
stresses, but are likely nanocrystalline in size given they were formed at room temperature; however,
additional studies would be required to confirm.
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Figure 13: XRD pattern of UN powder that was milled and sieved and oxidized in a <30ppm O glove box
line.
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Quantification of the O content in the glove box exposed UN powders was achieved using the inert gas
fusion technique (LECO836 OHN), see Figure 14. Similar to the XRD results shown above, the oxygen
content increases with exposure time in the glove box. It is noted that after ~3 weeks, the oxygen content
is around 6000 wppm O, or 6.5 vol% UQ.. This is well above the anticipated solubility of O within UN of
~2000 ppm [14]. The oxygen content has also not stabilized at a constant value after 3 weeks, but will
likely stabilize after 1-2 weeks if a parabolic law if fit to the data. On-going studies is evaluating the
ageing potential in a glove box environment as a function of UN particle size as well as particle size
stability in ambient air.
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Figure 14: Oxygen content in the UN powder for sintering that was aged in a <30ppm O glove box
environment for ~20 days.

4.5 Impacts to sintering from impurities

The two primary impurities left over from the CTRN process are C and O. These impurities result either
from incomplete reactions during the CTRN conversion or from oxidation during handling of the powders
in between furnace cycles (e.g. during the processing steps for cleanup). Similarly, UN powder that is left
in an oxygen containing environment will oxidize on the surface introducing O, which is highly
dependent on the surface area/particle size distribution and morphology of the UN powder. Glove box
line purity effects on UN sintering is still an on-going study, but present results suggest that as-processed
powders yield the highest densities, presented above. Powders that have been allowed to rest in a high
purity glove box line (~30 wppm) have decreased density relative to freshly milled powders and achieve
densities on the order of 85-89% dense. The mechanism for this is largely suspected to be tied to grain
boundary pinning mechanisms from oxide particles that precipitate on the surface of the UN particles. Of
note is that the solubility limit of O in UN is anticipated to be around 1500-2500 ppm [14] and as high as
4400 ppm at 1600°C [16], which is likely the upper limit for acceptable oxygen contamination in UN
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powder/pellets. Likewise, furnace atmospheres should be oxygen free to minimize oxidation during
sintering, which has also been shown to yield low density pellets.

The U-C-N system is expected to be more forgiving as the UC-UN system is completely miscible [17].
However, unreacted graphite particles or the formation of UC; could lead to similar detrimental sintering
effects as the oxide impurities. Studies at LANL on the impact of C impurities on sintering are limited
and will require more effort to evaluate the impact this has on densification of UN powders. Comparisons
between low C (<500 ppm) and standard CTRN C levels ~4000 ppm have yielded the same densities
when sintered in the same furnace run.
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5. Identified Issues with Nitride Scaleup and Handling

This section will discuss the integration of the current LANL CTRN processing and sintering with the
Westinghouse fuel processing plant. Process flow charts will be used to identify gaps and issues for a
scaled CTRN process.

5.1 CTRN Scale Up

Using the flow chart as an initial starting point, several issues, challenges and assumptions are identified.
The first assumption relates to the ability to modify the current production line and repurpose the current
sintering furnace into a CTR process. The current process at LANL uses vacuum to promote the reaction
between carbon and UO;. during the CTR section. Converting the current atmospheric continuous
furnace to a vacuum furnace would be cost prohibitive so additional development to determine the
feasibility of running the CTR section at atmospheric pressure will need to be conducted. A second
challenge is material handling post-CTR processing. As a result of the conversion from an oxide to a
carbide, the material is extremely sensitive to moisture and exposure to air, which will need to be
minimized. Current processing at LANL uses inert glove boxes; while this would be undesirable for a
production setting, a controlled atmosphere setup, or methods to mitigate exposure, is needed.
Additionally, this controlled atmosphere needs to interface with the next processing setup and needs to
continue until the material is in pellet form.

Issue:
* Inert environment needed post
CTR processing

Carbo-thermic reduction (CTR)

O— | IT_T_ 11T 1

UF6 to UO2
Conversion

Mix UO2 + C using Press slugs using Heat treat UO2/C slugs in existing Crush in inert

existing setup eXI?tlng furnace under inert environment environment
continuous Issue:
processing « Current CTR processing under vacuum
equipment * Can CTR process utilize current continuous furnace

Issue:
* Inert environment needed

I Cleanup post nitridization Nitridization
Storage until further | | | | | | (— | | | | | |
| processing
| Heat treat UN under H2 Heat treat UC powder new furnace
1 environment to remove impurities under 15N environment
1 Issue: Issue:
I * Need to identify furnace design to support * Need to identify furnace design to support
continuous processing under H, environment continuous processing under °N environment
1 * Need to identify N recovery

Potential new equipment needed for production facility

Figure 15: Flow chart and identified concerns for CTRN scale up. The dashed line area signifies new
required capabilities that should be considered for commercialization.

A third challenge is the use of '°N; for the nitridation of the material and the appropriate furnace style to
accommodate such processing as well as maintaining desirable process hand-offs. The current process at
LANL uses flowing nitrogen gas to backfill the chamber and flow under a positive pressure in excess gas.
This process needs to be cognizant of the expense associated with '°N, and an appropriate style of furnace
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needs to be investigated to minimize the N, gas loss throughout the processing. Additionally, recovery
of the '’N, gas needs to be employed to make this fabrication process economically viable.

Finally, the CTRN process uses excess carbon to drive the complete conversion of the feedstock material
to UN and as a result of this a cleanup process is needed to remove the excess carbon from the as-
fabricated material. The current process at LANL uses H»/N> as the reactant gas to reduce the residual
carbon. The process is diffusion limited and is a significant portion of the overall thermal cycle. The
challenge for this process will be to incorporate an appropriate furnace schedule to limit the impact
between process hand-offs. LANL is exploring new technology to shorten processing times but these
investigations need to be continued to determine the right process cycle.

These are just a few observations and this discussion needs a broader view to capture all of the processing
challenges to scaling UN fabrication.

5.2  Sintering Scale Up

A schematic representation of UN sintering is shown in Figure 16 where 4 primary steps are involved: 1)
reduce the UN powder, post CTRN, to a sinterable particle size distribution, 2) press pellets into a green
compact and load into sintering trays, 3) sinter pellets in controlled atmosphere furnace, and 4) centerless

grind to dimensional tolerances and final QA.
8008008+ (O

Gring/mill in an Pelletize Sinter
inert atmosphere

Centerless grinding

Issues: Issues: Issues: Issues:

+ Inert environment needed * Pellets sensitive to oxidation, pyrophoricity « Dependent on furnace/vacuum schedule + Generation of pyrophoric powder

during grinding/milling + Reduced density reduced with oxygen contamination « Vacuum for 1800°C limits continuous process + Heating of pellet during grinding

+ 2200°C sintering difficult for commercial furnaces

Figure 16: Identified issues for scaling up sintering of UN pellets in a commercial setting relative to
typical R&D processing conditions.

As mentioned previously, the UN powder post-CTRN is too coarse to be able to sinter directly and will
require a milling step to provide a particle size distribution that is amenable to sintering. Studies at LANL
have shown that long high energy ball milling aids in sintering, which yields high surface area powders.
The high surface energy leads to increased oxidation potential, which under an air environment will
energetically oxidize even at room temperature to form oxides of uranium. An example XRD pattern of
this is shown in Figure 17 where freshly milled UN powder that was sieved to sub-325 mesh oxidized on
the bench top outside of a glove box environment. Because of this, all milling activities and follow-on
activities through sintering should be conducted in an oxygen-free environment to minimize ageing of
powders and to mitigate hazards on the commercial scale. One potential solution to address the
pyrophoricity has been partially demonstrated on the UsSi, system where high volume fractions (30-40
vol%) of organic binders are melted and coat the powders to minimize oxidation [18]. This method
allowed powders to be exposed to air and yielded pellets ~87% dense. Work would need to be conducted
to improve binder mixing/distributions, which will help prevent large pores that develop from binder
inhomogeneity within the green pellets.
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Figure 17: XRD pattern of UN powder that was milled and sieved for sintering and then exposed to air.

In Section 4, routes were identified that yield densities greater than 93%. As shown above, the sintering
atmospheres and temperatures can be controlled during the furnace schedule. Sintering pellets using
temperatures above 1900°C is expected to require considerable investment on a commercial scale as the
normal oxide lines operate closer to 1730°C. Sintering profiles that yiclded acceptable densities at lower
temperatures were only demonstrated using a vacuum environment followed by subsequent re-nitridation
steps to reset the stoichiometry of the mononitride. This process also requires tight temperature process
control as UN has been shown to decompose to U metal above this temperature, reacting with the
refractory foils. Technical challenges are expected to be encountered when incorporating a continuous
processing line that involves both vacuum and changing ambient pressure atmospheres to reset
stoichiometries and prevent the destructive U>N3 formation on cooldown.

Sintered pellets are anticipated to require grinding stages post sintering for dimensional requirements
within the rods. Wet grinding and polishing have been done at LANL with minimal hazards, where the
resulting removed material settles to the bottom of the liquid medium. Dry grinding in air is not
recommended as the small particulates that are generated along with the heat induced by grinding will
lead to sparks and/or ignition of the powder. To this end, dry grinding would be possible if conducted in
an inert environment. In both cases, the removed material could be recycled by cleaning or calcining in
oxygen to UO»/U30s, as is shown in Figure 5. A similar treatment could be envisioned for pellets that do
not meet QA requirements for insertion into rods.
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ABSTRACT

Uranium mononitride (UN) has been proposed as a long-term, accident tolerant, light water
reactor (LWR) fuel candidate. Though little is reported on the hydrolytic reaction of UN, it has
been shown that UN powders display an onset of oxidation below 200 °C with monolithic samples
displaying an onset between 200-300 °C with the highest reported onsets for pure UN at
approximately 400 °C observed during isothermal exposures of monoliths. What is often
unreported or is at least inconsistent among these previous studies is the dependence of the
response to water corrosion of UN on the fabrication method, density, and levels of light element
contamination. The present study addresses the lack of kinetic data for high purity UN, assesses
the sensitivity of the dynamic response of UN to the density of the monolithic sample exposed to
flowing steam, as well as observes the variation in the oxidation kinetic response of UN to the
presence of a common fabrication contaminant, carbon. In addition, the mass spectrometry
performed on the evolved gas during the reaction with steam informs the reactions
thermochemistry for UN with flowing steam during a thermal ramp and during an isothermal
exposure at 500 °C. It is concluded here that high-density samples, (>94% theoretical density),
have a significantly delayed onset of reaction with steam compared to values previously reported,
the kinetic reaction is retarded in a reducing steam atmosphere (steam + 100 ppm H), and the
reaction products are predominantly ammonia and UO- at temperatures less than 700 °C, above
which UO2.x (0.2>x> 0.0) begins to form and ammonia dissociates.

1. Introduction

High uranium density fuels (HDFs), (U-alloys, UN, UC, UB,, UsSi, and UsSi,) have seen
implementation or proposal for implementation in research reactors, space reactors, kernels of
particle fuel forms, and to a lesser extent as drop-in-replacements for UO: in the current fleet of
light water reactors (LWRs). The low melt point and poor thermal stability to higher temperatures
of uranium alloys and UsSi preclude their use in LWRs, though recently much attention has been
given to the potential for development of UsSi2, UB2, and UN for use in the current fleet. These
fuels are attractive for LWR implementation due to their high melt points compared to metallic
uranium alloys and compounds, enhanced thermal conductivity compared to UO», and increased
uranium atom density compared to UO2. A summary of these properties can be found in Table 1.
Motivated initially from the perspective of accident tolerance and a higher technical readiness
when compared to UN and UB», uranium silicide compounds (U3sSi> and UsSis) were investigated
as drop-in-replacements for UO, or as composite fuel constituents (UsSi,, UN-UsSi> and UN-
UsSis)[1-5]. It was quickly realized that the uranium silicide compounds exhibited little resistance
to oxidation in Oz and H>O atmospheres at T>300 °C [6-15], proving to not provide any accident
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tolerance beyond the increased thermal properties, which were proposed to lead to less stored
energy in the core during off-normal events involving temperature excursions [16-18].

In light of the poor performance of UsSi2, several investigations have assessed the
effectiveness of alloying additions and composite structures to mitigate the reaction of high
uranium density fuels when exposed to water, at temperature and thermal conditions
characteristic of a cladding breach or rupture [19-26]. Recent reviews reporting the performance
of both pure and alloyed high uranium density fuels highlight the opportunities and challenges to
this approach to mitigate oxidation [27, 28]. In summary, with the exception of the addition of UB-
as a composite phase, no addition has shown promise of mitigating the water reaction while
maintaining a high enough uranium atom density to be considered a viable replacement of UO-.

Therefore, the current focus of near-term accident tolerant fuels (ATF) has been placed on
the irradiation testing and performance assessments of coated cladding and doped-UO; [20, 22,
29-31], though uranium silicide pellets have undergone successful lead test rod irradiations and
show promise of an improved burn-up structure when compared to UO»-based fuel forms [32, 33].
While improved cladding technologies address an ATF goal to reduce oxidation during a loss of
coolant accident (LOCA) [34, 35] and doped-UO- will lead to increased fission product retention
and enhanced fresh fuel thermal properties [29, 36, 37], neither support increased cycle lengths
due to the high burn-up structure of UO- leading to fuel fragmentation, relocation, and dispersal
(FFRD) during an off-normal event [38]. The long-term ATF fuel development efforts focus on
maturing a fuel form that supports longer cycle lengths and reduces the potential for FFRD [38].
Furthermore, there are only two foreseeable avenues to increase cycle lengths while limiting
FFRD: increase the fuel enrichment or deploy a uranium bearing compound with a higher uranium
atom density. Therefore, attention needs to be paid to high uranium density compounds and
composite structures if enrichment is to remain capped at 5% [39].

Receiving less attention as a drop-in-replacement of UO2, uranium mononitride (UN) presents
a higher thermal conductivity when compared to UO,, the highest uranium atom density of all
HDFs with liquidous temperature high enough for LWR implementation, but is significantly less
studied with respect to dynamic response to coolant exposure. However, there are a number of
studies which present the degradation mechanisms of UN to hydrothermal corrosion. A recent
review article on UN and UN-composite oxidation performance summarized that UN powders
displayed an onset of oxidation below 200 °C with monolithic samples displaying an onset
between 200-300 °C with the highest reported onsets for pure UN at approximately 400 °C and
observed during isothermal exposures of monoliths [28, 40, 41].

Oxide spallation during UN exposure to H2O results in mechanical failure of the fuel. In a study
performed by Watkins, et al, monolithic UN samples and UN+UO, composites were autoclave
tested at temperatures up to 300 °C [42]. The microstructure was observed following exposure,
and the failure mechanism proceeded via grain boundary attack, resulting in boundary expansion
and spallation. It was noted that fuel performance during oxidant exposure was improved by
minimizing both pore density and oxide contamination originating during fabrication [41-43].
Additional research efforts have identified contaminant species, particularly UO-, accelerates UN
degradation in steam [44]. What is often unreported or inconsistent among these previous studies
is the dependence of the response on the fabrication method, density, and levels of light element
contamination.

Though the leading motivation for the current investigation is to provide data on the dynamic
and kinetic response of UN samples fabricated with varied purity and density levels to high purity
and reducing steam atmospheres, the authors also present a preliminary thermodynamic
argument to inform the analysis of mass spectroscopy measurements of volatile oxidation
products formed during the hydrothermal oxidation of UN reported here. While ammonia is the
main gaseous product proposed by the available literature on UN hydrolysis [28, 40, 45],
computational thermodynamics based on the available thermodynamic functions actually predicts
the predominant evolution of nitrogen from the sample which then recombines with freed

2
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hydrogen from the water reaction. In support of this hypothesis, the “Reaction Equations” module
within HSC was used to first calculate the change in Gibbs free energy (AG) for a number of
proposed reactions [46]. The values are derived mathematically using an internal database of
thermodynamic values. It is generally agreed that one of the two primary hydrolysis reactions of
UN proceed by Equation (1) (with AGx"""" = -366.866 kJ) below and product gases are NHs(g)
and Ha(g) [41, 42, 44]

2UN + 4H,0(g) — 2UO; + 2NHa3(g) + H2(g) (1)
However, a discrepancy has been noted within the HSC software. At 600 °C it can be noted that
the Gibbs free energy of Equation 2 is approximately 250 kJ more favorable (AGx>**"° = -621.399
kJ).

2UN + 4Hx0(g) —» 2UO2 + 4H2(g) + N2(g)  (2)

While this reaction equation does not produce the gases observed in previous experimental
studies, it can be proposed that the gas formation proceeds through the more favorable
thermodynamic route of Equation 3 (AGxn""""° = -2435.191 kJ) once the reaction described by (2)
has progressed.

2UN+4H,0(g) + ViN2(g) <>5/2NHs(g) + 2UOz +¥s Ha(g)  (3)

This hypothesis can be supported from previous literature that notes there is a dependence on
the rate of hydrolysis linked to N2(g) flow from the sample [41, 44]. The secondary hydrolysis
equation of UN is detailed in the remaining reaction equations below [41, 42, 45]:

3UN +2H0(g) > UO2 + UsNs + 2Ha(g)  (4)
UaNs + 4H,0(g) — 2UO; + 8/3 NHs(g) + 1/6 Na(g) ~ (5)

It can be assumed that both Equation 1 and 4 (AGx"° = -401.234 kJ) are occurring
simultaneously on the surface and along the grain boundaries of UN in high temperature steam
environments. Any exposed uranium sesquinitride (U2Nz3) is hydrolyzed further to UO2 by Equation
5 (AGxn®C = -2016.848 kJ). This leads to a scenario where a layer of U2Ns is located between
the surface UO; and remaining bulk UN [45]. Figure 1 plots the equilibrium conditions for 1 mol of
UN exposed to increasing amounts of H,O gas, as predicted by ThermoCalc software employing
the TAF-ID database [47]. The figure represents the reactants and products (plotted on the y-
axis) for 1 mol UN exposed to increasing amounts of H>O (x-axis). The software does not allow
products to react with one another; hence, the free Hx(g) and N2(g) and low amount of predicted
NHs formation. Note that U.Ns; formation is only predicted in a steam starved condition, with
oxidant at less than 1 mol H2O (g). Not included in this figure is any information about the formation
of UO2.x, though it has been concluded by previous investigations that in pure H-O(g), UO: is the
terminal oxide phase and U3Os has yet to be observed, though it will form hyperstoichiometric
UO; [48]. As an abundance of steam is supplied to the sample in the current study, it is
foreseeable that the oxide product will be hyperstoichiometric, UO2..

2. Materials and Methods

2.1. Materials

Three UN sample types, all pellet geometries (right-round cylinders), were tested in the current
study: high-density (>94% Th.D.), low-density (87-93% Th.D.), and high carbon containing. The
UN powder used for sample fabrication was produced by the CTR-N method, where different

3
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impurity levels of C and O can be targeted [49]. Two UN powder lots with carbon impurities at 100
wppm (used for the high- and low-density samples) and 4000 wppm (high C samples, each
displaying higher density than the low-density pellets reported) levels were used to fabricate the
pellets. Pellets were formed via traditional powder metallurgical methods. Impurity levels for O
and C were determined using the inert gas fusion technique and combustion infrared method on
both powder and sintered pellets. UN powder was high energy ball milled using SisN4 jars and
grinding media to size reduce the powders through a 325 mesh sieve. After milling, the powders
were compressed using punch and die sets at 150 MPa prior to loading into a W-mesh element
furnace connected to the glove box. Sintering was achieved at 2200°C under a N»/H, atmosphere.
Heating and cooling of the pellets was under an Ar atmosphere to prevent the destructive
conversion to U2Ns. All powder processing and sintering was conducted within a high purity Ar
glove box line maintained below 30 ppm O> and < 0.1 ppm H2O. Density values for the high-
density (HD) and low-density (LD) samples were determined using the immersion density method.
Geometric densities were used for all high carbon (HC) containing samples, and the LD and HD
geometric densities were verified prior to testing. Immersion density measurements in Fluorinert
solution were carried out on selected samples, and was found to be within 1.3 % of those found
by geometric density measurements.

The average grain size of a representative pellet of each type was determined via ASTM E-
112. Pellets were cross sectioned axially on an Allied HighTech TechCut 4 low speed saw, inside
the glovebox, to expose the grain structure from edge to centerline. Mechanical grinding was
completed on SiC discs to 1200 grit then diamond suspension polished to a 0.5-um finish on
Tech-cloth discs. Additional polishing with 0.04-um silica colloidal suspension was used to
enhance grain boundary visibility. Images across the pellet were collected on a Hitachi FlexSEM
1000 in backscattered electron (BSE) mode and are presented in Figure 2 and display uniform
grain size distribution. Images were imported into ImagedJ software and analyzed. The number of
grain boundaries intersected by a line were counted and compared to the total length of the line.

2.2. Steam Oxidation Testing

The dynamic response of UN samples to high temperature steam atmospheres was measured
at both the University of Texas at San Antonio (UTSA) and Los Alamos National Laboratory
(LANL) with Netzsch F3 449 Jupiter simultaneous thermal analyzers (STA) (Netzsch; Selb, DE)
each paired with a water vapor generator. Samples were tested under steam atmospheres (27-
48 mol%), with and without Hz (up to 100 ppm), for both thermal ramp and isotherm testing. All
testing details including atmospheres and locations are summarized in Table 2. UN samples were
tested using alumina (AlO3) fixturing, employing an Al.O3 platform and Al.Os; working tube in
either a SiC element water vapor furnace. A high temperature (Tmax=1600°C) steam furnace
(UTSA), adapted for steam testing using a custom Netzsch water vapor adapter, introduces
steam, Hz, and all purge gasses at the bottom of the furnace, resulting in a well-mixed gas flow
around the pellet. The dynamic flow of steam around the pellet and platform is in contrast to the
flow conditions of previous studies in a conventional Netzsch water vapor furnace (LANL) [50,
51], where steam is introduced at the top of the furnace with the direction of steam flow down onto
the sample. The impact of flow dynamics on the response of UN to steam was not observed as
both configurations were employed in this study and consistent results.

Argon (Ar) was used as the carrier and down-blending gas for all experiments conducted
under the current investigation. Specifically, ultra-high purity (UHP) Ar that was thermally
scrubbed for O, contaminants by a titanium (Ti) charge held at 600 °C. The authors refer to the
Oz scrubbed Ar as “gettered-Ar,” which was measured to have a partial pressure of oxygen (pOz2)
less than 10™"° part per million (ppm). A 2100 RapidOx (Cambridge Sensotec, St. lves, UK) with
Oz sensors located at the inlet and outlet of the furnace was used to monitor the STA for possible
atmospheric contamination during testing.
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Steam was produced by a Netzsch water vapor generator and introduced to the furnace via a
heated (200°C) stainless steel transfer line. Additional flange collar (200°C) and exhaust head
(300°C) heaters were utilized to prevent condensation. At UTSA for ramp testing, samples were
exposed to gettered-Ar during ramp to 250 °C and allowed to equilibrate for 20 minutes before
steam or reducing steam (steam + H, 100 ppm) was introduced during a thermal ramp at 10°C
min™' from 250 to 1200 °C. Isothermal testing was also conducted at 400 and 500°C. During
isothermal testing, the system was ramped to the test temperature under a gettered-Ar
atmosphere allowing the instrument to equilibrate for 20 minutes before steam or reducing steam
was introduced during 6-hr isotherms at the test temperature. At LANL, the thermal ramp tested
samples were exposed to gettered-Ar to 200°C before steam was introduced during a thermal
ramp at 10°C min™" from 200 to ~1000°C.

Control of the H, ratio to steam was achieved through mixing 1% H- (balance Ar) with gettered
Ar via G-series Mass Flow Controllers (MFCs; MKS Instruments, Andover, MA, US) that were
programmed with a paired 946 Vacuum Controller unit (MKS Instruments). Flow of getter Ar and
H> was set to ensure UN samples were exposed to 100 ppm H: during testing. Gases were
combined at a Swagelok Union T connection with the mixed gases being split at a second Union
T connection to the STA and a MFC regulated exhaust to ensure constant pressure (8 psi)
throughout testing runs.

Mass change was normalized to initial exposed surface area for each individual sample. The
mass loss rate (mg cm? min™") for isotherm testing was determined using the Netzsch Proteus
software (v. 8.0) mass gain tool. Breakaway oxidation temperatures (exothermic transition) for
ramp testing was calculated by the c-DTA (calculated-Differential Thermal Analysis) tool as
demonstrated by Sooby-Wood et al. [8]. This onset temperature is located where the extrapolated
baseline and tangent line to the exothermic peak of the reaction is identified (Figure 3). The
thermocouple used for testing was calibrated with melt point standards (bismuth, zinc, aluminum,
and silver), provided by Netzsch (part number 6.223.5-91.3). Post-testing, samples were
removed, weighed with an Ohaus benchtop balance (Parsippany, NJ, US) and placed under Ar
atmosphere in MBRAUN UNILAB pro SP glovebox (Garching, DE) for XRD characterization
analysis.

To assess the volatile reaction products formed on ramp and during isothermal exposures, a
coupled Netzsch Aéolos 403 Quadrupole Mass Spectrometer (QMS) measured all gaseous
products at the exhaust of the STA for a subset of both isotherm and ramp runs at UTSA. These
runs were conducted in a water vapor furnace as depicted in Table 2. The QMS is connected via
a heated transfer line to assure all volatile products up to 300°C are measured. Data was collected
from 1-100 atomic mass units (amu) (step width 1 amu) with setting time and integration time of
50 and 20 milliseconds, respectively, resulting in ~60 scan min™'. Quadrupole mass spectrometry
data collected during the thermal ramp was normalized to produce information relevant to the total
abundance of the anticipated reaction products, NH3(g), N2(g), and Hz(g). A baseline signal for
the thermal ramp was recorded for an identical thermal profile but with no sample present. The
ion currents collected for each mass species during the baseline measurement were subtracted
from the sample data collected during thermal ramp. Whenever the difference between the
sample run and the baseline run was less than zero, the value was replaced with zero as there
was no appreciable signal to noise variation. To determine total species abundance of ammonia
the radical NH (m/z=15), which is known to speciate during the measurement ionization process
in a quantifiable amount, was used to avoid obfuscation from other molecules (specifically the
water radical, OH to m/z=16 and 17). The m/z = 15 signal was then divided by the fractional value
of m/z = 15 present in the mass spectrum for ammonia (approximately 0.0419) as reported by
NIST for mass spectrometry conducted with an ionization current of 70eV [52]. Similar corrections
were made for N2 (m/z=28 is 0.8696 of the total N2 spectra) and Hz (m/z=2 is 0.9804 of the total
H» spectra).
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2.3. Post oxidation characterization

X-ray diffraction (XRD) was the primary post-oxidation characterization technique employed
in the present study. Since the investigation was sample limited, the investigators prioritized a
complete understanding of the predominant oxidation products formed, rather than the
microstructural evolution during steam oxidation of the samples tested. A sample from each set,
high- and low-density as well as high C, was ground in a glovebox, maintained at less than 0.1
ppm Oz and H20, using an agate mortar and pestle to provide XRD patterns for the as fabricated
samples. NIST standard reference material 660c- LaBs was incorporated into the sample
preparation for XRD measurements. Compared to the certified particle size distribution of 90% <
23.78 pm for LaBs, it was determined that the product powder required longer comminution to
minimize particle size difference effects. First, the oxidation product formed during steam or
steam+H2 exposure, including any remaining bulk sample that was note reduced to power in
addition to the powder formed, was homogenized using an agate mortar and pestle in the glove
box. Approximately 60 mg of UN product was separated onto a new, static-free weigh boat using
a Mettler-Toledo balance calibrated to +0.0001g. An amount of LaBs between 5 and 10 wt% (3-8
mg LaBs) was added to the weigh boat. The LaBs and UN product were mixed for at least 10
minutes with minimal force and until the powder was one homogenous color. After
homogenization, powder samples were loaded onto a zero-background sample holder and sealed
with a polymer, environmental dome. A Bruker D2 Phaser (Billerica, MA, USA) equipped with a
LYNXEYE XE-T Detector and copper anode was used to obtain the XRD patterns for each
sample. Data for each was collected from 10 to 110 26 over a 0.004 step size and dwell time of
2 seconds.

3. Results and Discussion
3.1. Thermal ramp testing

Thermal ramp exposure of UN pellets to steam from 250 to 1200°C followed by 2-hr isotherms
at 1000 °C+ resulted in each sample reaching near or beyond terminal oxidation, as indicated in
Figure 4, where a theoretical terminal mass gain of 7.1% represents conversion to UO, with all
nitrogen bearing species volatilizing. Conversion to UO; (and in many cases UO-.,) was observed
for all tested samples regardless of steam atmosphere, sample type, or the presence/absence of
Hz(g). Furthermore, all samples produced a powder product following hydrolysis as a result of
volumetric expansion during the formation of UO,. However, the exact kinetic response varied,
depending on sample type and steam exposure, specifically the rate at which the sample reached
terminal oxidation. More rapid kinetics are observed in the lower density samples as well as the
samples exposed to higher steam concentrations, with clear indication that density is the
dominant of those two variables due to the increased surface area of the higher porosity samples.
A clear comparison of the low-density, high-density, and high-carbon oxidation dynamics on ramp
in 32% steam is displayed in Figure 5.

The three pellet types displayed intuitive differences in their oxidation behavior, especially for
c-DTA onset temperature and time until terminal oxidation as depicted in Figures 4 and 5. Across
both testing at UTSA and LANL the lowest-density and high-C pellets demonstrated both lower
c-DTA onset and terminal oxidation temperatures relative to high-density pellets as depicted in
Table 3.

Previously reported mass gain and/or hydrolysis byproduct formation temperatures is sparse
with tested samples including powders, pellets, and single crystals, and therefore existing
literature data cannot be meaningfully compared to the results presented here due to varied and
sometimes unreported sample densities, purities, and testing conditions (steam atmosphere,
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sample exposure pathway, etc.) [53-55]. In this study, low-density pellets demonstrated lower c-
DTA onset temperatures than both high-density and high-carbon pellets under identical steam
atmospheres (32% steam at UTSA/27% steam at LANL), since increased porosity results in
increased surface area for oxidation to occur [26]. Appreciable carbon impurities are largely not
desired as UC corrosion is more rapid then UN and may cause additional issues of creep,
radiation swelling, emission of gaseous fission products under irradiation [56]. Consequently,
pellets with C impurities up to 4000 wppm (2787 + 178 wppm after sintering) had lower c-DTA
onset temperatures than the high-density UN pellets, indicating that soluble amounts of C likely
degrade the oxidation performance of UN.

Varied steam partial pressures could play a role in the oxidation kinetics, if the system is not
steam saturated; therefore, high-density pellets were tested in three different pure steam
atmospheres. The thermograms for the high-density samples in varied steam partial pressures is
displayed in Figure 6. Break away mass gain onset temperatures, determined by c-DTA
(calculated-differential thermal analysis) [8], were similar(614-640 °C £ 5°C) for high-density
pellets run under 32-48 mol% steam. As depicted in Figure 6, total mass gain of 6.7-7.1% for
high-density samples was observed under each steam atmospheres (Table 3). Since no
condensation was observed in the furnace tube under 32% atmospheres, this testing condition
was used for all further testing conditions to reduce noise in the data. While the onsets of these
conditions are comparable, it should be noted that the kinetics of isothermal exposures could vary
due to the slower rise to terminal oxidation of the 32% steam atmosphere.

3.2. Reducing steam exposure

High and low-density pellets were exposed to 32 mol% reducing steam atmospheres (100
ppm Hz mixed with the flowing steam) during ramp testing had no apparent impact on the high-
density pellet tests relative to 32% steam only atmospheres, as displayed in Figure 7A but
retarded mass gain for low-density pellet tests, as displayed in Figure 7B. The low-density pellet
reducing steam test displayed a higher end of onset (716°C) temperature relative to the low-
density pellet pure steam test (842°C, respectively). Conversely, the high-density pellet steam
and reducing tests had similar c-DTA onset temperatures (range of 640-650°C+/- 6°C) and end
of onset temperatures (range of 995-1004°C+/- 12°C) that were indicative of delayed oxidation
relative to the low-density tests (with or without H2), further supporting a conclusion that pellet
density is the dominant variable governing oxidation kinetics in appreciable steam atmospheres.

Thermal ramp testing of high-density pellets under 32% steam atmospheres (with or without
Hz) displayed significantly higher c-DTA onset and delayed terminal oxidation relative to low-
density pellets (Table 3). Hydrogen containing steam environments are more typical of steam
produced during a LOCA for an LWR, as it exhibits a reducing water chemistry and thus lower
oxidation potential [57]. Interestingly, hydrogen was seen to exacerbate UsSi» degradation due to
the formation of a stable hydride phase which results in a significant volume expansion of the
pellet [58-60]; however, increased degradation and earlier onsets of reaction were not observed
for UN in this study.

3.3. Isothermal testing

Isothermal exposures were conducted to determine the kinetics of UN oxidation, which can
be used to develop a kinetic theory for this fuel form during steam exposure. The current study
was sample-limited, and as such the investigation observed the response of UN four isothermal
conditions, 400 and 500 °C in 32% pure and reducing steam (steam + 100 ppm H). The 6-hr
isotherm data is presented in Figure 8, where each condition resulted in near linear oxidation
kinetics with only the low-density sample reaching a terminal oxidation at 500 °C in 32% steam
without hydrogen. The 500°C tests were conducted with high-density pellets while the 400°C tests
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were conducted with a combination of high- and low-density pellets due to sample availability. At
both 400 and 500°C, testing under reduced steam (100 ppm H.) atmospheres retarded UN
oxidation. Mass gain rates were greater at the 500°C testing conditions relative to 400°C testing
condition. Additionally, at 500°C (and during ramp for all pellet “types”) several rapid mass losses
(0.1-2.0 mg) occurred throughout the isotherm as powder fell off the platform during spallation of
UO.. However, at 400°C no mass loss events occurred, with or without H,, indicating less
energetic oxidation reaction.

Post-testing analysis supported reduced oxidization kinetics under reducing steam as both
UN samples tested under steam atmospheres were completely pulverized while a small pellet
encased in powder (UO2) was recovered from the reducing steam tests. Of further note, at 400°C
the low-density pellet tested under reducing steam gained mass more quickly than the steam only
test for the first hr of the isotherm but overall gained significantly more mass through the course
of the 6 hr isotherm, demonstrating the benefit of extended isotherm testing particularly when
testing samples with a higher exposed surface area. It is anticipated that if the oxidation
experiment was held for a longer dwell time, all samples would reach terminal oxidation. Similar
to ramp testing, the density of the UN sample tested was the dominant variable in isotherm tests.
The mass gain rate observed was four times lower for a high-density pellet relative to a low-
density pellet in otherwise identical testing conditions. Decreased temperature (500 to 400°C) and
reducing steam (vs. pure steam) displayed reduced oxidation kinetics with a mass gain rate ~1.5
and two times lower, respectively. Higher porosity samples have both greater surface area
exposed to oxidizing atmosphere and greater mechanical fragmentation due to internal volume
expansion, exposing new surface area and shortening diffusing pathways for the oxidant [41]
driving increased oxidation kinetic rates under all testing conditions.

3.4. Post Oxidation Characterization

The x-ray diffraction (XRD) data collected for the UN samples following ramp exposure are
presented in Figure 9. As can be seen from the post-ramp XRD data, all samples form a
combination of UO2 and UO..y as indicated by the shift to high angle. The stoichiometry appears
to be less than UO- ., though further characterization and analysis, which is beyond the scope of
the present study, would be necessary to determine the exact stoichiometry of these samples.
Though these reached terminal oxidation at different rates depending on steam and sample
condition, each ramp sample experienced a 2 hr isotherm at 1000-1200°C, which resulted in
each sample having observably the same oxidation state following exposure.

Post-oxidation characterization via XRD was performed for the products formed during
isotherm exposures, and the patterns collected are displayed in Figure 10 (high-density) and
Figure 11 (low-density). As anticipated from the TGA results, most isothermal exposures
performed here resulted in products containing both UO, and unoxidized UN. U2N3 was not
observed in the collected XRD patterns, which indicates that it was not formed in appreciable
abundance; XRD is not the ideal characterization tool to identify chemical species that are
present in less than ~3% of the total sample. Previous work by Watkins et al identified thin layers
of U2Ns surrounding grains of unoxidized UN [42], and the present study also supports that there
is very little UoN3 present at any point during the hydrothermal oxidation process though it plays
key role in the thermochemistry of the reaction. Notable observations gleaned from the collected
XRD patterns include little conversion from UN to UO; present in the high-density 400°C sample,
where conversely appreciable UO; is present in the 500 °C and 500 °C +100 ppm Hz reaction
products. In the low-density reaction products, appreciable UO2 and UO2., are observed in the
400 °C isotherm, where little UO- is observed in 400 °C+100 ppm H: product, agreeing with the
TGA results for these exposures. Lastly the 500 °C isothermal exposure of a low-density UN
sample resulted in a mostly UO; reaction product.
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3.5. Volatile Oxidation Products Formed

XRD patterns provide information on the presence of solid phase reaction products, and the
exhaust of the STA was monitored for volatile reaction products formed in situ during
hydrothermal exposure.

The corrected quadrupole mass spectrometer (QMS) data for thermal ramp of low-density UN
samples is presented in Figure 12. The production of NHs(g) occurs first during thermal ramp
exposure with appreciable production observable starting at 450 °C. Production of N2(g) and Hz(g)
follows at 550 °C. The presence of NH3(g) in the system peaks at 600 °C, whereas N2(g) and
Hz(g) peak at 700 °C. Ammonia can dissociate without a catalyst at temperatures as low as 450
°C [61]. Catalyzed decomposition can occur at even lower temperatures [62]. Ammonia
decomposition is a primary method for producing hydrogen gas, and catalyzed decomposition
utilizes metals such as iron or nickel. Uranium dioxide, the compound produced alongside
ammonia in this reaction, is reported to act as a catalyst for ammonia decomposition at 700 °C
[63].

The data presented here confirms that UO, and NHs(g) are the primary reaction products
observed at temperatures less than 700°C, and above this temperature NHs3(g) begins to
dissociate, producing N2(g) and Hz(g). Whether directly formed during the primary reaction or
indirectly formed in a secondary reaction, the tenfold abundance of NHs(g) compared to N2(g)
supports the reaction pathway described by Equations 4 and 5, which together detail the
progression of the reaction beginning with U>N3 formation and followed by U>N3 oxidation to UO..
This pathway implies the formation of a larger quantity of Hz(g) than was observed; however, this
is likely due to the innate challenges of making accurate quantitative measurements of hydrogen
using QMS, namely a comparatively low pumping efficiency (lower acquisition rate) for this low
mass species [50, 64].

To better elucidate the reaction process, isothermal data is plotted in Figure 13. For this
thermal profile, steam is introduced to the sample at 53 minutes, when the increase in the
hydrogen and ammonia signals is indicated. Note the logarithmic scale on the y-axis, indicating
an abundance of NH3(g) more than ten times greater than that of Hx(g) and Nx(g). While this does
not directly support any of the reaction pathways proposed, as each would require appreciable
nitrogen to be produced in addition to NHs(g) and Hx(g), it does support the literature observations
that NH3(g) is the dominant product formed during hydrothermal corrosion of UN at T<600°C.
Furthermore, the production of Hz(g) and Nx(g) in the ramp data is likely due to the dissociation
of NHa3(g), unless the thermochemical behavior of UN in steam changes at higher temperatures
to preferentially form these volatiles.

4. Conclusion

The present study has shown that high-density UN has an onset of reaction in flowing steam
at T >600 °C. Further, it is concluded here that high-density samples, (>94% theoretical density),
have a significantly delayed onset of reaction with steam compared to values previously reported
(T <400 °C reported previously). The oxidation of UN during a thermal ramp is highly sensitive to
the density of the sample, with the lowest density sample tested here displaying onsets of reaction
T<400°C (87% dense with a calculated onset of 390 °C). The oxidation product identified following
oxidation is primarily UO,, with some hyperstoichiometric UO, present following a two-hour
isothermal hold at 1200 °C. The kinetics of oxidation during ramp and isothermal exposures (400-
500 °C) were shown to be less rapid when the steam atmosphere was slightly reducing, (100 ppm
Hz in steam). In addition, the mass spectrometry performed on the evolved gas during the reaction
with steam informed the thermochemistry for UN when exposed to flowing steam during a thermal
ramp and an isothermal exposure at 500 °C. The reaction products are predominantly NH3(g) and
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UO; at temperatures less than 700 °C, above which UO2. (0.2>x> 0.0) begins to form and
ammonia dissociates.
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Figure 1: Equilibrium calculations made using ThermoCalc software and employing the TAF-ID database. The figure represents the
reactants and products (plotted on the y-axis) for 1 mol UN exposed to increasing amounts of H,O(g) (x-axis). The software does not
allow products to react with one another, which could explain the free H>(g) and N2(g) and low amount of predicted NH3(g) formation.
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Figure 2: Characteristic micrographs of the three sample types tested in the present study. The high-density(left), with a geometric
density of 94.5%, has an average grain size of 15.4 um; the low-density sample (middle), with a geometric density of 92.0%, has an
average grain size of 13um; and finally, the high carbon sample (right), with a geometric density of 94.1%, has an average grain size
of 19.4 um.

15

236



A W N

107

105

103

Mass gain (%)

101

99

Figure 3: Example of c-DTA calculation for run #1 demonstrating how the onset for breakaway oxidation is calculated.

» Mass gain

e c-DTA

400

600

Temperature (°C)

237

800

1000

16



Ul WNE

8.0
7.5 -
7.0 -
6.5 4
6.0 -
5.5 4
X 5.0 -
‘5 4.5 -
540 -
e 3.5 -
< 3.0 -
2.5 H
2.0 A
1.5 A
1.0 A
0.5 - T,
0.0 BRI I A S R0 RS
'0.5 1 1 1 1 1 1 1
250 350 450 550 650 750 850 950
Temperature (°C)
+81.71% TD, HighC, Steam 27% (WVF/LANL) - 87.39% TD, LD, Steam 27% (WVF/LANL)
x 88.24% TD, LD, Steam 27% (WVF/LANL) 0 91.64% TD, LD, Steam 27% (WVF/LANL)
091.75% TD, LD, Steam 32% (WVF/UTSA) A 92.21% TD, LD, Steam 27% (WVF/LANL)
© 92.24% TD, LD, Steam 32% (SiC/UTSA) © 94.50% TD, HD, Steam 27% (WVF/LANL)

Figure 4: Thermal ramp data for all UN pellets tested at both LANL and UTSA in 27-32% steam. The solid line at 7.09% represents the
theoretical terminal oxidation state for conversion to UO: in addition to volatile nitrogen species. 91.75% LD sample experienced
spalling events at ~706 and 785°C, where 3.9 and 8.0 mg of UO: fell off the platform, respectively. Plotting data (circles) were
normalized to improve clarity. (TD- Theoretical Density; LD- low density; HD-high density; WVF= conventional water vapor furnace;
and SiC- high temperature water vapor adapted SiC element furnace).
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Figure 5: Mass gain demonstrated for varied sample types including high-density (HD), low-density (LD), and high carbon (highC) UN
pellets at 32% steam atmosphere. The solid line at 7.09% represents the theoretical terminal oxidation state for conversion to UO;in
addition to volatile nitrogen species. 94.07% HD sample experienced a spalling event at ~989°C, where 4.2 mg of UO- fell off the
platform. Plotting data (triangles) were normalized to account for this event to improve clarity. (TD- Theoretical Density; LD- low density;

HD-high density).
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Figure 6: Mass gain demonstrated for similar density UN samples at three varied steam atmospheres. c-DTA onset temperatures were
similar for each sample. The solid line at 7.09% represents the theoretical terminal oxidation state for conversion to UOzin addition to
volatile nitrogen species. 94.07% HD sample experienced a spalling event at ~989°C, where 4.2 mg of UO: fell off the platform. Plotting
data (triangles) were normalized to account for this event to improve clarity. (TD- Theoretical Density; HD-high density).
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Figure 7: The effect of reducing steam is demonstrated with both (A) high-density (HD) and (B)
low-density (LD) UN pellets during temperature ramp. Reducing steam extended time until
terminal oxidation for the LD pellet relative to steam atmosphere. The solid line at 7.09%
represents the theoretical terminal oxidation state for conversion to UO; in addition to volatile
nitrogen species. 92.46% LD sample experienced spalling events at ~776 and 796°C, where 1.6
and 0.4 mg of UO; fell off the platform, respectively. 93.47% LD sample also experienced a
spalling event at ~642°C, where 0.1 mg of UO. fell off the platform, respectively. Plotting data
(filled-in diamonds and triangles) were normalized to improve clarity.
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Figure 8: Thermogravimetric data for isothermal exposures of UN at both (A) 400°C and (B) 500°C
for UN pellets during 6-hr isotherm tests. Reducing steam reduced mass gain for both cases.
Spalling events were evident for the 500°C testing condition. The solid line at 7.09% represents
the theoretical terminal oxidation state for conversion to UO: in addition to volatile nitrogen
species. (TD- Theoretical Density; LD- low density; HD-high density).
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Figure 9: X-ray diffraction patterns for all UN pellets exposed to thermal ramp conditions

compared to the accepted diffraction patterns for UO. (PDF 01-071-6416), UN (03-065-0329),
and two UO2.x stoichiometries (UO2, PDF 00-047-1879 and UO20, PDF 01-070-9082). A LaBs

internal standard was used to enhance the analysis and comparison of the samples.
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Figure 10: X-ray diffraction patterns for high-density UN pellets exposed to 6 hour isothermal steam conditions compared to the
accepted diffraction patterns for UO, (PDF 01-071-6416), UN (03-065-0329), and two UO2.x stoichiometries (UO., PDF 00-047-1879
and UO.., PDF 01-070-9082) . A LaBs internal standard was used to enhance the analysis and comparison of the samples.
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Figure 11: X-ray diffraction patterns for low density UN pellets exposed to 6 hour isothermal steam conditions compared to the accepted
diffraction patterns for UO, (PDF 01-071-6416), UN (03-065-0329), and two UO.. stoichiometries (UO22, PDF 00-047-1879 and UQO2 2
PDF 01-070-9082). A LaBg internal standard was used to enhance the analysis and comparison of the samples.

24

245



Uk wWwN

o Ammonia (15/0.0419) + Nitrogen (28/0.8696) e Hydrogen (2/0.9804)

9.00E-10

8.00E-10

7.00E-10

6.00E-10

5.00E-10

4.00E-10

3.00E-10

lon Current (amps)

2.00E-10

1.00E-10

0.00E+00 ¢

400 500 600 700 800 900
Temperature (°Celsius)

Figure 12: Corrected quadrupole mass spec. data for a low-density UN sample exposed to thermal ramp conditions to 1200°C in 32%
steam, showing a higher ammonia abundance during the initial stages of oxidation with an increasing hydrogen and nitrogen signal in
the later stages, with a peak in hydrogen and nitrogen production at 700°C.
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Figure 13: Quadrupole mass spectrometry data acquired during the 500 °C isothermal exposure of a UN pellet to steam. The steam is
introduced to the sample around 53 minutes, when the increase in the hydrogen and ammonia signals is indicated. Note the logarithmic
scale on the y-axis, indicating a >10 fold abundance of ammonia than hydrogen, and nearly no nitrogen measured above the baseline.
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1

2 Table 1: Materials properties of select high uranium density fuels compared to UO; as reproduced from[28]

2

Material Properties UO:2 UsSi2 UB: UN
Uranium density (g-U/cm?®)[30, | 9.7 11.3 11.7 13.5
65, 66]

Thermal conductivity (W/m-K at
300°C)[67-71]

Melting temperature (°C)[30, 72-
74]

6.5 (95% TD)
2840

14.7 (98% TD)
1665

248

16.6 (80% TD) 16.6 (95% TD)
2385 2847

27



Table 2. Summary of UN testing

Steam

Run Sample Theoretical Temp. Istherm mol. Hz
# Run type type Density (%) (°C) time fraction conc.
(hr) (%) (ppm)
1 Ramp HD 94.84 1200 2 35.8 -
2 Ramp HD 94.21 1200 2 47.9 -
3 Ramp HD 94.07 1200 2 31.7 -
4 Ramp LD 92.24 1200 2 31.7 -
5 Ramp HighC 90.93 1200 2 31.7 -
6 Ramp LD 92.46 1200 2 31.7 100
7 Ramp HD 93.47 1200 2 31.7 100
8 Ramp HighC 93.95 1200 2 31.7 100
9 Isotherm HD 93.05 500 6 31.7 -
10 Isotherm HD 93.22 500 6 31.7 100
11 Isotherm HD 95.44 400 6 31.7 -
12 Isotherm LD 92.41 400 6 31.7 100
13 Isotherm LD 92.59 400 6 31.7 -
14° Isotherm LD 92.54 1100 2 31.7 -
15° Isotherm LD 92.01 500 6 31.7 -
16° Ramp LD 91.75 400 6 31.7 -
17¢ Ramp LD 92.21 967 2 26.7 -
18° Ramp HighC 81.71 1000 2 26.7 -
19¢ Ramp LD 91.65 1000 2 26.7 -
20¢ Ramp LD 87.39 1000 2 26.7 -
21° Ramp LD 88.24 1000 2 26.7 -
22° Ramp HD 94.70 1000 1 26.7 -

#Run was cancelled at 650°C during ramp due to large spalling events

PRun with water vapor furnace with exhaust analyzed by quadrupole mass spectrometer

‘Run at LANL with water vapor furnace
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Table 3. Temperature onsets for UN ramp testing

Theoretical I:]I;Zl End of Time at Amass at
Run Sample . . c-DTA onset end of end of
Density Run summary gain
# type (%) temp onset temp. onset onset
0 temp. (c) (min) (%)
(°C)
1 HD 94.84 36% steam 423 614 809 57 6.71
2 HD 94.21 48% steam 439 626 910 67 6.94
3 HD 94.07 32% steam 427 640 1004 78 6.71
4 LD 92.24 32% steam 360 578 716 48 7.42
5 HighC 90.93 32% steam 440 597 903 67 7.83
6 LD 92.46 32% steam + H, 396 549 883 65 7.40
7 HD 93.47 32% steam + H, 440 650 995 77 6.39
8° HighC 93.95 32% steam + H; 450 597 - - -
16° LD 91.75 32% steam 378 550 842 60 7.34
17¢ LD 92.21 27% steam 609 630 971 90 5.99
18°¢ HighC 81.71 27% steam 347 433 482 41 7.75
19¢ LD 91.65 27% steam 579 705 789 72 6.04
20¢ LD 87.39 27% steam 390 472 519 45 7.25
21¢ LD 88.24 27% steam 409 475 518 46 7.17
22¢ HD 94.70 27% steam 562 749 987 106 6.19

#Run was cancelled at 650°C during ramp due to large spalling events

PRun with water vapor furnace with exhaust analyzed by quadrupole mass spectrometer

‘Run at LANL with water vapor furnace
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Table 4. Isotherm mass gain summary

Sample Theoretical Slope Slope Slope Error

# P Density Run summary P 5) - P 2o Amass (%)

type (%) fragments (mg cm™ min) (mg cm™ min)

9 HD 93.05 32% steam at 500°C 8 1.1x10" 1.9 x 103 3.88
10 HD 93.22 32% steam + H, at 500°C 5 7.7 x10? 3.8x10* 2.07
11 HD 95.44 32% steam at 400°C 3 2.6x1072 1.0x10* 0.87
12 LD 92.41 32% steam + H, at 400°C 1 4.8x10? 2.3x107 1.93
13 LD 92.59 32% steam at 400°C 1 1.4x 10" 1.5x10* 4.83
14>

b LD 92.54 32% steam at 500°C 1 In8.7X 10" 1.6x 103 8.20
15° LD 92.01 32% steam at 400°C 1 1.6x 10" 1.2x10* 5.76

acurve fit with logarithmic instead of linear model
PRun with water vapor furnace with exhaust analyzed by quadrupole mass spectrometer
30
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INTRODUCTION

In an effort to advance the current light water reactor fuel
technology, to provide both enhanced fuel economy and
safety margins, researchers have looked to the
implementation of high uranium density fuel compounds to
replace conventional UQOz [1-7]. The high uranium density
fuels being considered (UN, UB», UsSi> and their
composites) provide the desired increased fuel economy and
enhanced thermal conductivity, however an identified
limitation of each of these compounds, hindering the
qualification efforts of these fuels, is the reaction with
pressurized water and/or steam [8-11]. Several efforts are
ongoing to increase the oxidation resistance of high uranium
density fuels, and while many alloying and composite
architectures have been considered [12-15], modifications to
fabrication techniques have also been shown to increase
oxidation performance [16-18].

Uranium mononitride in particular has the highest
uranium density of the high uranium density compounds
considered, (13.5 g-U/cm?), in addition to a high melt point
(2762 °C). Experimental work on the hydrothermal oxidation
performance of UN is limited. Unlike UsSi2, onsets of
reaction and the thermodynamics of oxidation for UN have
yet to be fully elucidated. The work presented here are the
preliminary results of a set of steam oxidation experiments
aimed to:

e identify the onset of steam oxidation reaction in high
purity, high density UN,

e measure the volatile oxidation products produced during
steam exposure, and

e assess the impact of a reducing steam (H20(g) + ppm
levels of Hz) on the reaction dynamics.

BACKGROUND

The objectives of the presented work are to not only
determine the kinetics of UN steam oxidation but also to
measure and quantify the gaseous byproducts produced
during steam exposure, to further inform the thermodynamics
of UN hydrothermal corrosion, and to better understand the
degradation mechanisms of this high uranium density fuel to
water corrosion. Though little data is available on the
dynamic behavior of UN exposed to thermal ramp conditions,
there are a number of studies which present the degradation
mechanisms of UN to hydrothermal corrosion. Based on the
work by Watkins et al, the failure mechanisms of UN
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exhibited during steam oxidation proceeds primarily through
grain boundary attack, resulting in boundary expansion and
spallation [19]. Oxide spallation results in premature
mechanical failure of the fuel. In the aforementioned
experiments, UN pellets were thermally ramped to 350 °C
under ultra-high purity (UHP) argon and exposed to steam
atmospheres at temperature, with results confirmed by
backscattered SEM imaging. It was noted that fuel
performance was improved by minimizing both pore density
and oxide contamination from fabrication [19-21].
Furthermore, work performed by Rao ef al. investigated the
kinetics of UN hydrolysis in microspheres. Results found that
there were two main kinetic regimes dependent on UO:
contamination [22]. In cases where UO: contamination was
below 10%, UO2 growth proceeded via fast surface
nucleation. If UO, content was greater than 10%, growth
proceeded through fast bulk nucleation at the UO site. The
same study also found that the rate controlling process was
the diffusion of nitrogen out of the microsphere without a
proposed mechanism as to why [22].

In support of the presented investigation, the authors
present a preliminary thermodynamic assessment in which
HSC Chemistry 9 software is utilized and informed by
previous studies to obtain a thermodynamic assessment of the
progression of the water reaction with UN. The “Reaction
Equations” module within HSC calculates several values in
the Gibbs free energy equation [23]. The values are derived
mathematically using an internal database of thermodynamic
values. It is generally agreed that one of the two primary
hydrolysis reactions of UN proceed by Equation (1) (with
AG7"C = 366.866 kJ) below and product gases are NH3(g)
and Hx(g) [19, 21, 22]

2UN + 4H20(g) <> 2UOz + 2NHs(g) + Ha(g) (1)

However, a discrepancy has been noted within the HSC
software. At 600 °C it can be noted that the Gibbs free energy
of Equation 2 is approximately 500 kJ more favorable when
normalized per mole of UN (AG" = -621.399 k).

2UN + 4H20(g) <> 2UOz + 4H2(g) + N2(g) (2)

While this reaction equation does not produce the gases
observed in previous experimental studies, it can be proposed
that the gas formation proceeds through the more favorable
thermodynamic route of Equation 3 (AG.*"C = -2435.191
kJ) once the reaction described by (2) has progressed.

2529021 ANS Virtual Annual Meeting @ June 14-16, 2021
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2UN+4H,0(g) + YiNa(g) <»5/2NHs(g) + 2U0s +Y4 Ha(g) (3)

This hypothesis can be supported from previous
literature that notes there is a dependence on the rate of
hydrolysis linked to N2(g) flow from the sample [21, 22]. The
secondary hydrolysis equation of UN is detailed in the
remaining reaction equations below [19, 21, 24]

3UN + 2H20(g) <> UO2 + U2Ns + 2H2(g) 4)
Uz2Ns + 4H20(g) «» 2UO2 + 8/3 NHs(g) + 1/6 N2(g) (5)

It can be assumed that both Equation 1 and 4 (AGna®°¢
=-401.234 kJ) are occurring simultaneously on the surface of
UN in high temperature steam environments. Any exposed
uranium sesquinitride is hydrolyzed further to UO: by
Equation 5 (AGrna®C = -2016.848 kJ). This leads to a
scenario where a layer of U2Nj is located between the surface
UO: and remaining bulk UN [24].

The study presented here will use a variety of
experimental techniques, including thermogravimetric
analysis, mass spectrometry, electron microscopy and x-ray
diffraction, to further probe the reaction between UN and
steam.

EXPERIMENTAL METHODS

UN samples tested here were produced by the CTR-N
method [25] and compacted to cylindrical geometries using
traditional powder metallurgy. Two UN powder lots were
used with 100wppm and 4000wppm C impurities to fabricate
the pellets. All powder processing and sintering was
conducted within a high purity Ar glove box line maintained
below 30ppm O2. Sintering of the compacts as performed in
a W-mesh element furnace to a maximum temperature of
2200°C. Density values were determined using the
immersion density method. Impurity levels for O and C were
determined using the inert gas fusion technique and
combustion infrared method on both powder and sintered
pellets. The samples measured 90-94.2% theoretical density
with diameters measuring 3.5-5.0 mm. A micrograph
acquired on a Hitachi FlexSEM 1000 using a backscatter
electron detector is displayed in Fig. 1. Using Imagel, a
simple grain intercept technique determined an average grain
size of 15 pm.

Oxidation kinetics (e.g., Amass, onset temperatures) of
UN samples exposed to 75% flowing steam were quantified
using a Netzsch F3 449 Jupiter simultanecous thermal
analyzer (STA; Selb, Germany) paired with Netzsch 403 D
Aéolos quadrupole mass spectrometer (QMS) at the furnace
exhaust. UN samples were tested on an alumina platform
within the STA water vapor furnace. The carrier and purge
gas used for these experiments was UHP Ar which is further
purified, or gettered for Oz contamination, to sub ppm Oz
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levels. Steam was generated by the Netzsch-supplied water
vapor generator and introduced to the furnace via a heated
(200°C), stainless steel, transfer line. Additional heaters
(200°C) are utilized at the furnace inlet and collar to prevent
condensation. A 2100 RapidOx (St. Ives, UK) paired with Oz
inlet and outlet sensors was used to monitor the system for Oz
contamination prior to and during oxidation testing. Onset
temperatures were determined using Netzsch Proteus
Software (v 8.0, 2019).

Fig. 1. Backscatter electron micrograph of characteristic UN
sample received from LANL and tested in the presented
study.

Oxidation kinetics (e.g., Amass, onset temperatures) of
UN samples exposed to 75% flowing steam were quantified
using a Netzsch F3 449 Jupiter simultaneous thermal
analyzer (STA; Selb, Germany) paired with Netzsch 403 D
Aéolos quadrupole mass spectrometer (QMS) at the furnace
exhaust. UN samples were tested on an alumina platform
within the STA water vapor furnace. The carrier and purge
gas used for these experiments was UHP Ar which is further
purified, or gettered for Oz contamination, to sub ppm Oz
levels. Steam was generated by the Netzsch-supplied water
vapor generator and introduced to the furnace via a heated
(200°C), stainless steel, transfer line. Additional heaters
(200°C) are utilized at the furnace inlet and collar to prevent
condensation. A 2100 RapidOx (St. Ives, UK) paired with Oz
inlet and outlet sensors was used to monitor the system for Oz
contamination prior to and during oxidation testing. Onset
temperatures were determined using Netzsch Proteus
Software (v 8.0, 2019).

During thermal ramp exposures, the furnace is brought
to the test temperature under a flowing Ar atmosphere to 250
°C and held isothermally for 20 min under inert gas to allow
the system to thermally stabilize. Following this 20 min hold,
steam is introduced to the system during a ramp (10°C/min)
from 250 °C to 1200 °C followed by a 2 hr isotherm. The
molar percentage of steam in the system is engineered to be
75% for all runs presented. Following steam exposure,
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samples were cooled under a flowing Ar atmosphere and
reaction product material transferred to an inert, Ar
atmosphere glove box (MBraun Uni-Lab Pro, pO2 and pH20
<0.1 ppm). Additional testing conditions to be presented at
the annual meeting, but not presented in this extended
abstract, include isothermal exposures at 100 °C increments
from 300-1000 °C . Also, in future testing, volatile corrosion
products expected from UN steam oxidation including, NH;
(g), Ha(g), and N2 (g), will be quantified to ascertain
oxidation behavior using the QMS.

A Hitachi FlexSEM scanning electron microscope
(SEM) was utilized to characterize UN samples both pre- and
post- oxidation testing. Additionally, a Bruker D2 Phaser x-
ray diffractometer was employed after each exposure to
collect the diffraction patterns of the oxidation products
formed during testing.

RESULTS

Consecutive thermal ramp exposures of UN in flowing
steam have produced onsets of reaction at T>525 °C, shown
in the characteristic thermogram in Fig. 2. The onset
temperature measured is higher than those reported in
previous investigations, where initial reaction to steam was
observed at T<500 °C [26, 27]. The delay in onset is currently
attributed to the high density and high purity.

6
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Fig. 2. Thermograph of UN sample exposed to 75% steam
during a thermal ramp from 250-1200 °C at 10°C/min.
Thermogram displays an onset of oxidation at T>525°C

Preliminary x-ray diffraction characterization of the
post-oxidized reaction products indicate that the primary
solid product is UO>, though a shift in the peak locations to
lower angle indicate that the product is likely off
stoichiometric, UO2+x. Further characterization of arrested
sample exposures is necessary to determine the stoichiometry
of the reaction products. Additionally, QMS analysis during
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steam exposure will enhance the interpretation of the reaction
between UN and high temperature steam.
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Abstract

Dense UN pellets with controlled microstructures and tailored grain size from large-grained
to a few microns are synthesized by spark plasma sintering (SPS) combined with high energy ball
milling. The impacts of the sintering conditions on fuel microstructure, grain size, physical density,
and phase behavior are systematically investigated, and the thermal-mechanical properties and
oxidation behavior of the SPS densified UN pellets are characterized. Higher sintering
temperatures and longer ball milling durations and thus finer starting UN powders promote
sintering and densification, and dense UN pellets above 95% theoretical density can be achieved
by SPS at 1600 °C for 10 mins. UN phase purity is maintained in the SPS-densified pellets sintered
at a lower temperature and short duration. A phase heterogeneity with secondary UO; or uranium
sesquinitride UzN3 occurs for the UN pellets sintered at higher temperatures using finer UN
powders. The hardness and fracture toughness of the SPS-densified UN pellets increase with

smaller grain sizes and higher densities to 7.9 Gpa and 3.5 MPa m'2, respectively. Both small
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(1-2 um) and large grain-sized (30-50 um) UN pellets exhibit good thermal conductivity, which
is higher for the UN pellets with greater density. Dynamic oxidation testing by a TGA-DSC thermal
analyzer in air shows that the onset temperature for oxidation varies with microstructure and phase
heterogeneity of the SPS densified UN pellets. Particularly, the smaller-grained (micron-sized)
UN pellets containing uranium oxides and UxNs display lower weight gain and significantly-
reduced oxidation kinetics, and full oxidation completes at a temperature above 900 °C when

tested with a ramp rate of 10 °C/min.

1. Introduction

Uranium mononitride (UN) is a candidate fuel form for light water reactors with enhanced
accident tolerance due to its high thermal conductivity and high fissile element density. The
uranium density of UN is 13.55 g/cm’ [1], significantly higher than UO2(9.75 g/cm?) [2]. UN also
has excellent thermal conductivity (e.g., 20.6 W/m-K for UN vs. 3.5 W/m-K for UO: at room
temperature) [3-6]. Because of higher uranium density, light water reactors could be uprated up to
15% by adopting the UN fuel with smaller fuel assemblies compared to conventional UO: fuels
[7]. UN has also been a candidate fuel form for liquid-metal-fast reactors. Specifically, the linear
heat generation rate in the fuel elements of fast reactors can be as high as 42 kW/m [8] for the lead
cooled fast reactor and 54 kW/m [9] for the sodium cooled fast reactor. The high thermal
conductivity of UN can enable lower fuel temperatures and thus, large thermal safety margins
under transient conditions [10,11]. UN is also favorable for the spent fuel reprocessing due to its
ease of dissolution in nitric acid (HNO3), making this fuel compatible with the Purex process [12].

However, the application of uranium mononitride (UN) for light water reactors is constrained
by its intrinsic problems including reactivity of '*N, oxidation and corrosion of UN with water and

steam and thus loss of its structural integrity. The high neutron capture cross section of '*N would
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deteriorate the neutron economy and produce the radioactive *C isotope through neutron
absorptions by N [13,14]. The cross section thermal absorption can be significantly reduced by
using enriched nitrogen, >N, which has a lower absorption cross section [15]. Despite the
neutronic advantage that UN provides over UQO,, it is known that UN can react exothermically
with water, consequently resulting in fuel pellet pulverization, washout and relocation, a major
concern in water cooled nuclear reactor applications [11,16]. UN pellets can readily oxidize in
super-heated steam, and complete degradation can occur within 1 hour in 0.5 bar steam at 500 °C
[17]. The onset oxidation temperature of UN pellets in atmosphere was previously reported as 320
°C, significantly lower than these of other accident tolerance fuels (ATFs). For example, the onset
temperature for oxidation of UsSiz is typically 384 °C [18]. Therefore, the development of
oxidation and corrosion resistance of UN is critical for its realization as the leading ATF concept
and a high burnup fuel option. The key questions needed to be addressed for its practical
application include: (1) how to further increase the onset temperature of oxidation and (2) how to
reduce the kinetics of oxidation and corrosion kinetics and increase the coping time of fuels under

accident conditions.

The manufacturing of nitride fuel pellets remains an issue as it is challenging to densify nitride
fuel pellets with densities over 90% using conventional sintering methods [19]. Sintering
temperatures as high as 2300 °C are typically required to achieve a sintered density above 95%
theoretical density (TD), e.g., by hot isostatic sintering [4,7]. In addition, UN tends to dissociate and
decompose to metallic uranium at high temperatures, which can be further oxidized to uranium
oxides. Different routes including liquid phase sintering have been used in order to decrease the
sintering temperature and achieve high densities (e.g., 90% TD when sintered at 1700 °C) [20].
Recent efforts focusing on the sintering behavior of UN using SPS have demonstrated a

reproducible technique for densifying UN pellets as high as 99% TD at 1650 °C, a dramatic
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reduction in sintering temperatures [12,21]. In addition to densified pellets, UN compacts of
various densities, porosities and geometry maybe needed for various types of reactor designs with
different temperature and burnup requirements, which also poses the requirement of microstructure
controls during fuel fabrication and consolidation. For example, sufficient residual porosity in
nuclear fuel matrix might be needed in order to accommodate fission products and reduce swelling
at higher burn ups [19]. Large grain-sized microstructures and highly densified UN pellet with
evenly-distributed, less porosity are desirable in the fuel to strengthen the fuel structure and delay
the fission gas release [4,22]. Therefore, it is necessary to investigate and understand the sintering
characteristics of UN pellets and identify the control on the microstructure, phase stability as well
as the thermo-mechanical performance.

In this study, we densify UN pellets using SPS combined with high energy ball milling
(HEBM) to control the microstructure, physical density and grain sizes from 1-2 um to very large
grain structure (up to 50-60 pum). The effects of different sintering conditions (temperature,
duration and ball milling conditions) on sintering characteristics of the UN pellets are investigated.
Thermal-mechanical properties of the sintered UN pellets such as thermal diffusivity/conductivity,
micro-hardness and fracture toughness are measured and compared with literature values. SPS
densified UN pellets are simultaneously mechanically strong and tough as compared with their
counterparts sintered by conventional sintering. Of particular importance, the oxidation resistance
of the as-sintered UN pellets can be tailored by altering the microstructure and physical density.
The onset oxidation temperature can be up to 434 °C for the pellets sintered at relatively lower
sintering temperature (1550 °C). Small grain-sized UN pellets show significantly-improved
oxidation resistance with reduced oxidation kinetics and less weight gain compared to larger grain
sized UN counterparts. These results show the immense potentials of using microstructure control

to improve the key characteristics and fuel properties of UN fuels.
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2. Materials and Methods

2.1 Powder preparation and sparking plasma sintering

High purity UN powders with low impurity (i.e. oxygen and carbon) levels were produced
through a carbothermic reduction and nitridization approach. The as-received UN powders were
subsequently refined into smaller particle sizes to enhance their sinterability by HEBM. The HEBM
process is used as a pre-processing method to effectively facilitate the synthesis of materials that
are traditionally difficult to sinter, e.g., for tungsten or molybdenum [19]. The HEBM process was
conducted in a tungsten carbide (WC) ball milling jar equipped with a fully-sealed WC cap
(Pulverisette 7, Idar-Oberstein, Germany). The UN powders were pre-loaded in a glove box with
a controlled moisture and oxygen level lower than 2 ppm to prevent the oxidation of UN powders
and possible phase degradation to UO: during powder handling and sintering. After the UN
powders are densified into dense compacts, limited oxidation can only occur on the surface of the
dense pellets in air [22]. During the HEBM process, 5 grams of as-received high purity UN
powders and two 8-mm diameter WC milling balls were loaded in the ball milling jar and the ball
milling speed was maintained at 500 rpm with 15 minutes for each cycle. A 10 minute idle time
was carried out between two ball milling cycles. The particle size of the UN starting powders can
be controlled by tailoring the ball milling cycles. The UN particle sizes post 4 cycle- and 44
cycle-ball milling are ~60 pm and ~10 um as shown in Figure la and Figure 2a. The milled
powders typically show a feature of a granule morphology. Longer ball milling cycles to 80 cycles
and 100 cycles were also applied to further refine the particle size of the UN feedstock, greatly
improving the sinterability and thus density of the SPS-densified UN pellets.

The consolidation of the dense UN pellets was conducted inside an environmentally-
controlled glovebox interfaced with a Fuji 211x SPS apparatus (Fuji, Dr. Sinter SPS 211-LX,

Saitama, Japan). The graphite die with an inner diameter of 10-mm was loaded with 1.2 grams of
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ball milled-UN powders (Figure 1b). A graphite foil was wrapped at the inner wall of the die, which
acted as an insulating layer between the powders and the graphite die. The graphite foil was first
coated by a boron nitride spray prior to loading UN powders to prevent the possible diffusion and
reaction between graphite and UN during the sintering. Carbon atoms could replace nitrogen
atoms in the uranium nitride structure in a substitutional solid solution, and might accelerate the
reaction between the fuel and cladding materials during the reactor operation, leading to cladding
embrittlement [15,22]. Two foil disks coated by BN were placed on both the bottom and top of the
graphite die to assure easy removal of the punch after sintering and mitigate the possible reaction.
A piece of graphite felt was wrapped around the die to reduce heat losses at elevated temperatures.
During SPS sintering, the temperature was monitored and controlled by a pyrometer focused on a
pre-drilled hole on the graphite die. The SPS sintering was conducted with a heating rate of 200
°C/min until reaching the target temperature and held isothermally up to 10 minutes. Hydrostatic
pressurization was applied from a pre-loading of 10 MPa before heating up and gradually
increased to 50 MPa during SPS sintering. The pressure was released after the completion of
sintering followed by free cooling to room temperature. During sintering and cooling, the SPS
chamber was purged with high purity argon with a flow rate of 1 L/min. The dense pellets were
ground and polished using silicon carbide papers and diamond paste. The density of the sintered
pellets obtained with different HEBM and SPS sintering conditions was measured via an
Archimedes immersion method with anhydrous ethanol as the measuring media. The as-measured
theoretical density is shown in Table 1 assuming the fully dense UN pellet with a theoretical
density of 14.3 g/cm?®[19].

2.2. Microstructural characterization of the sintered pellets

X-ray Diffraction (XRD) patterns of the sintered UN pellet were acquired using a

Panalytical X Pert XRD system (Westborough, MA, USA) with a Cu Ka radiation source, the
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wavelength of which is 1.5406 A. The scanning range is 10° to 90° with a scanning step of 0.05°
and a scanning rate of 2 s/step. The microstructure and elemental analysis of the as-sintered UN
pellets were characterized through a SEM equipped with an energy dispersive X- ray spectrometer
(EDS) (Oxford, UK) using a Versa Dual-beam system). The average grain size was measured using
the rectangular intercept method according to the American society for testing and materials
(ASTM) E112-196 standard (1992) [23].

2.3 Thermal mechanical properties measurements and dynamic oxidation testing

Thermal diffusivity of the as-sintered UN pellets was measured with a laser flash apparatus
(LFA-457, NETZCH, Bavaria, Germany). Prior to the measurement, the UN pellets were coated
with sprayed graphite paste on both sides. After loading the sample, the chamber of the LFA was
evacuated three times and filled with ultra-high purity argon at a flow rate of 100 ml/min,
maintained throughout the measurement. Thermal diffusivity was measured three times in the
range of 300 K to 800 K with an interval of 100 K. The corresponding heating rate is 5 °C/min
during the measurement and a Cape-Lehman model with pulse correction based on non-linear
regression was used to evaluate the thermal diffusivity. Corresponding thermal conductivity, K
(w/m-K), was calculated using Equation (1), where p is the density of the sample pellet, q is the
measured thermal diffusivity (mm?-s™!), and ¢, is the specific heat capacity [24]. The temperature
dependent density is calculated with equation 2 mentioned in Ref. (24) based on the density
determined at the reference temperature Ty (e.g., room temperature) and the calculated mean value

of the coefficient of thermal expansion of UN [25].

K= apcp ()
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At each temperature, the specific heat capacity ¢, was corrected by considering the phase
impurities through a Neumann-Kopp rule by the rule of mixtures of the constituent compounds [26].
The thermal conductivity of fully-dense pellets was further derived by normalizing all of the data
points to 100% TD based on equation (3) [27], where P is the measured porosity, the k and kneasured
stand for the corrected thermal conductivities for a fully-dense specimen and the measured thermal
conductivity of the specimen with minor porosity, respectively.

kmeasurea = (1 — P)'* 3)

The mechanical properties of the as-sintered samples were measured using a microhardness
tester (a LECO M-400 micro-hardness tester) using a diamond-shaped indenter to create
indentation on the specimen’s surface. Each indentation was performed at room temperature (25
°C) with a load of 1 kgF (~9.8 N) for 15 seconds. More than 10 indentations were generated for
every specimen. The indentations were examined according to the standard ASTM C1327 [28].
Hardness and fracture toughness were derived by evaluating the SEM images taken at each
indentation. Specifically, hardness (GPa) was calculated using Eq. (4), where P is the load applied

and a is the mean of the indentation’s diagonal lengths (um).

H=18541
& 4

Fracture toughness was subsequently derived using Eq. (5), where 0 is a parameter associated

with indenter geometry, E is Young’s modulus based on the previous report [21], H is the hardness

derived from Eq. (4), P is the applied load, and C is the mean crack length.
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The dynamic oxidation testing was conducted using a simultaneous DSC/TGA system

E s
K= O'(E) (

(SDT650, TA instrument, DE, USA), which is a thermal analyzer that measures the mass change
and heat flow when the temperature of the specimen changes with a weight sensitivity of 0.1 pg.
In the current work, the thermogravimetric analyzer was used to monitor the oxidation behavior of
the UN pellets and to determine the onset temperature and weight gain during oxidation. A piece
of pellet of ~20 mg was loaded into an aluminum oxide crucible. The sample was heated up to 1000
°C with a heating rate of 10 °C/min in air, during which heat flow and mass change were
simultaneously monitored and recorded. The chamber was then gradually cooled down to room
temperature once the maximum temperature of 1000 °C was reached. The onset temperature of
the oxidation was taken as the transition point of the heat flow curve described in literature [29].
Time of completion for the oxidation was defined as the time from the oxidation onset to the full
oxidation of the pellet when the weight did not change anymore. The sample pellet post oxidation
treatment was then characterized by XRD to identify the final oxidation product.

3. Results and discussion
3.1 Microstructure control of the SPS densified UN pellets

The microstructure and surface morphology of the UN pellets can be controlled by varying
the sintering temperature and the starting powder size, as demonstrated in Figures 1-4. The
microstructure of the sintered pellets was observed using SEM on the polished and fractured
surfaces as shown in Figure 1¢ and 1d ( 4 cycle-ball milled UN powders), Figure 2a-e ( 44 cycle-
ball milled UN powders), and Figure 3a-d (80 cycle- and 100 cycle-ball milled UN powders). The

ball-milled UN powders observed by SEM show an agglomerated morphology with average
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particle sizes of 60 um and 10.5 pm for the powders ball milled for 4 cycles and 44 cycles (Figure
la and 2a), respectively. The actual powder particle sizes should be smaller than the sizes observed
due to the severe particle agglomeration. A loose microstructure with an open porous structure can
be observed for the pellets sintered at 1400 °C with 4 cycles of UN powders, indicating that this
temperature is not sufficient to fully densify the pellets, consistent with a previous work by
Johnson (2018) [19]. By increasing the sintering temperature to 1700 °C, high densities can be
achieved as shown in Figure 1d. The grain sizes in general are within the range of 15-30 pm and
10-60 um for the pellets consolidated at 1400 °C and 1700 °C, respectively. The large variation in
the grain sizes can be attributed to grain coarsening which occurs at the end of the sintering process
[19]. For comparison, the grain sizes of the UN pellets using the powders milled for 44 cycles are
smaller, as shown in Figure 2. The corresponding grain sizes are within 2-20 um for the UN pellet
consolidated at 1400 °C, which increases to ~35 pum for the pellets sintered at 1700 °C. It is obvious
that both starting UN powder sizes and sintering temperatures impact the grain structure of the
SPS densified UN pellets. The grain size of the sintered UN pellets can be further reduced by ball-
milling the UN powders for 80 and 100 cycles. Table 1 summarizes the average grain sizes of the
UN pellets sintered at different temperatures from UN powders after 4, 44, 80 and 100 cycle-ball
milling. In general, ball milling leads to refinement of the initial particle size of the UN feedstock
and reduces the grain size of the sintered bodies. High temperature sintering promotes
densification and grain coarsening. The as-sintered UN pellets with the corresponding powders
ball milled for 80 cycles and 100 cycles can be seen in Figure 3. The pellets can be significantly
densified by sintering at 1550 °C for 10 minutes with 80 cycle-ball milled UN powders, as shown
in Figure 3b. The corresponding grain size for these pellets is 6 pm. Dense UN pellets with a sub-
micron grain size (~0.6 um) can be successfully achieved through consolidating the 100 cycle-

ball milled UN powders at 1550°C for 10 minutes (Fig. 3¢). The grain size increases to ~6 Jm for
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the pellet when sintered at 1650 °C for 10 minutes (Figure 3d). The average grain size of the 1600
°C-sintered pellet with 44 cycle-ball milled powders is 28 pum, significantly larger than that of the
UN pellet sintered at the same temperature with a starting powder particle size around 6 um [7],
which can be attributed to the lower uniaxial pressure applied herein (50 MPa) compared to 70
MPa. Highly densified UN pellets (96.5% TD) with grain sizes of several tens of microns to a
few-micron sized can be readily achieved by SPS by controlling HEBM durations and sintering
conditions.

Figure 2f summarizes the impact of sintering variables (temperature and duration) and HEBM
milling time on the physical density of the sintered UN pellets by SPS. For the pellet sintered at
1300 °C using 44 cycle-ball milled powders, the physical density is low (only 76% TD), consistent
with the highly porous feature showing UN particles loosely packed together. The physical density
of the sintered pellets increases significantly by increasing the sintering temperature from 1300 °C
to 1700 °C. The polished surfaces shows that highly densified pellets without manifest porous
structures only achieved by increasing the sintering temperature above 1500 °C (see insets in
Figure 2c-e). The open porosity was almost eliminated at 1600 °C and a highly densified pellet
with theoretical density of 95% was obtained. In contrast, high density UN pellets can only be
achieved at temperatures above 1900 °C, or even higher, via conventional isostatic hot pressing or
extrusion methods as demonstrated in Figure 2f [4]. Therefore, compared to isostatic hot-pressing,
SPS can achieve significantly higher densities at lower temperatures within short sintering
durations [4,10,30,31].

In addition, consolidation using smaller-sized starting powders also results in a greater
physical density. For the pellet consolidated with 100 cycle-ball milled UN powders at 1600 °C,
the physical density is above 97% TD (Figure 2f). This is consistent with the previous research in

which pellet density and grain size increased with longer ball milling durations [4]. The
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corresponding SEM images of both fractured and polished surfaces of the UN pellets sintered with
80 cycle- and 100 cycle-ball milled powders (see Figures 3b-3d) clearly show highly densified
microstructures without open porosity. The rapid densification process can be accelerated through
prolonging the thermal hold time from 2 to 10 minutes (see Figures 3a and 3b). A similar trend
can be found for UN pellets sintered by hot-pressing or SPS [4,19].

However, physical density of the SPS densified pellets decreases at sintering temperatures
above 1700 °C, as shown in Figure 2f. The reduced physical density for the pellet sintered at 1700
°C can also be evidenced by the observation of fine pores inside the UN grains accompanied by
the formation of fine grains, which can be detected as uranium oxides, as shown in Figure 4.
Elemental analysis by EDS shows oxygen from the fine particles as denoted by the elemental line
scanning and spot elemental analysis (see Figure 4b). As a comparison, the UN grains only display
a small amount of oxygen (~2.5 at%). These results suggest the formation of a possible impurity
oxide phase during SPS sintering above 1700 °C since the starting UN powders contained less than
1000 ppm oxygen. In addition to the intrinsic oxygen in the starting UN powders, surface oxidation
could also occur on the fractured surface before microstructure characterization by SEM. A further
possibility of the fine particle observation might be attributed to a possible phase decomposition
of UN at high temperature [32], leading to the formation of metallic uranium and release of
nitrogen, particularly in a low nitrogen environment as the SPS sintering condition herein. The
metallic uranium decomposed from UN can be further oxidized to UO during high temperature
sintering or during surface oxidation. The phase decomposition of UN pellets was previously
reported in literature, and the formation of free metallic uranium and UO; is a concern for the
chemical compatibility of UN pellets with cladding and liquid metal, a topic to be investigated
[12,33

3.2 Phase behavior of the SPS densified UN pellets
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The phase stability and heterogeneity can also be controlled by tailoring the UN powder size
and SPS consolidating conditions. The corresponding XRD profiles were acquired and the
quantitative analysis was performed by Rietveld XRD peak refinement by MDI Jade 6.5. The
refinement was conducted for multiple rounds (duplicate for 10-30 times) until the weighted
residual error of refinement (Ry,?) reached 10% and expected residual error (Rexy?) reached 5%,
are shown in Fig. 5a-c and Table 2. A minor crystalline phase of UO; can be found for the UN
pellets consolidated with 44 cycles ball-milled UN powders at 1600 °C, which can be attributed to
the gradual phase degradation at elevated temperatures followed by the enhancement of UO:
crystallinity, consistent with previous research conducted by Malkki (2015) [15]. The amount of
the minor phase UO; increases from 3.1 wt% to 7.5 wt% as the sintering temperature increases
from 1400 to 1600 °C, significantly above the initial oxygen level (less than 1000 ppm) in the high
purity UN powders. These results suggest that additional oxidation may occur during UN powder
processing and SPS sintering. In addition to the formation of the secondary phase of UO», a minor
crystalline phase of U2N3 was also observed in the pellets consolidated with finer UN powders
ball-milled for 80 cycles. This can be attributed tothe partial decomposition of the UN powders to
uranium oxide during the SPS sintering process. The U2N3 might also originate from an U(ON)>x
type oxynitride phase [10]. The corresponding amounts of U>N3 are estimated as 1.1 wt% and 0.6
wt% for the samples consolidated at 1550 °C and 1600 °C, respectively. The crystalline phases
became much more complicated by consolidating the sample pellets with 100 cycle-ball milled
UN powders as indicated in Figure 5c. Besides the UsN3 and UO; secondary phases, other uranium
oxide phases including UO3 and UO: 34 can also be observed for the UN pellets consolidated at
different temperatures (1525 °C and 1650 °C) with 100 cycle-ball milled powders. The semi-
quantitative phase compositions derived from XRD peak refinement are summarized in Table 2,

which shows the U;Nj3 phase increasing with sintering temperature. The highest amount of U>Nj3
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(23.1 wt%) can be achieved for the pellet sintered at 1650 °C using 100 cycle-ball milled powders.
The finer UN powders after 100 cycle-ball milling could be more sensitive to the oxidation during
the powder handling and phase decomposition during sintering processes. The as-sintered UN
pellets exhibit a slightly higher lattice constant compared to that of pure UN powders (4.889 A).
The corresponding lattice constants shown in Figure 5d generally increase for the pellets sintered
at higher temperatures, suggesting a lattice expansion occurred during the SPS consolidation. This
is in consistent to a previous research by Hayes (1990), who demonstrated a linear increase in the
lattice parameter with temperature [25]. The lattice expansion is typically a result of tensile strain
on the structural lattice of materials due to a mismatch expansion coefficient of the fuel pellet itself
and graphite dies and thus resultant thermal strain upon cooling and temperature variation [34].
Both the microstructure and crystalline phases can be controlled by tailoring the starting powder

sizes and sintering conditions.

Table 1 Summary of the grain sizes and lattice constants of the as-sintered UN pellets

4 cycle ball milling grain size (Mm) Lattice constant (A)
1400 °C-50 mpa-10 min 15-30 4.895
1700 °C-50 mpa-10 min 10-60 4.932

44 cycles grain size (Um)
1300 °C-50 mpa-10 min 0.5-15 4.894
1400 °C-50 mpa-10 min 2.5-20 4.899
1500 °C-50 mpa-10 min 25 4.904
1600 °C-50 mpa-10 min 28 4911
1700 °C-50 mpa-10 min 32 4.915

80 cycle ball milling grain size (Um)

1550 °C-50 mpa-10 min 8 4.903

1600 °C-50 mpa-10 min 10 4.906
100 cycle ball milling grain size (Mm)

1550 °C-50 mpa-10 min 0.6 4.907

1650 °C-50 mpa-10 min 6 4.915
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Figure 1. SEM images of as-milled powders (a), and the fractured surfaces and the polished
surfaces of the UN pellets consolidated with 4 cycle-ball milled UN powders at 1400 (c) and 1700

°C (d) , and the setup of the SPS consolidation (b).
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Figure 2. SEM images (a-¢) of the polished (insets in Fig. 2¢-2e) and fractured surfaces of the UN
pellets consolidated with 44 cycle-ball milled UN powders (inset in Fig. 2a) under various
temperatures at 50 MPa for 10 mins; and (f) physical densities of the SPS-densified UN pellets at

different sintering and HEBM conditions.
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Figure 3. SEM images of the polished and fractured (insets in Fig. 3a-3c) surfaces of the UN

pellets consolidated with 80 cycle and 100 cycle-ball milled UN powders (at 50 MPa).
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Figure 4. SEM image (a), EDS elemental analysis (b) and an elemental line scanning (c) across

the grain boundary of the UN pellet sintered under 1700 °C with 44 cycle-ball milled UN powders.
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Figure 5. XRD profiles (a-c) of the as-sintered UN pellets and calculated lattice parameter (d)

for the UN pellets sintered at different SPS sintering and ball milling conditions (44, 80 and

100 cycles).

Table 2 Semi-quantitative analysis and phase content (wt%) based on Riteveld refinement of

XRD patterns
44 cycles UN U0 U024 U2N3 UOs
1400 °C-50 mpa-10 min 96.94+2.3 3.140.6 0 0 0
1500 °C-50 mpa-10 min 96.2+1.9 3.8+£0.2 0 0 0
1600 °C-50 mpa-10 min 92.54+2.1 7.5£0.5 0 0 0
80 cycles UN UO: UO2.34 U2Ns UOs
1550 °C-50 mpa-10 min 95.4+2.2 3.540.2 0 1.1£0.1 0
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1600 °C-50 mpa-10 min 92.7+1.8 6.7£0.2 0 0.6£0.1 0

100 cycles UN UO0: U024 U2N3 UOs3
1525 °C-50 mpa-5 min 95.1+£2.4 4.1£0.4 0.6+0.1 1.8+0.1 12.7£1.2
1550 °C-50 mpa-10 min 85.4+2.2 5.3£1.1 0 1.0+0.1 8.3+0.5
1650 °C-50 mpa-10 min 62.4+1.4 4.1£0.4 0.8+0.1 23.1£2.1 9.6+0.5

3.3 Thermal and mechanical properties of the UN pellets and microstructure impact

The mechanical properties of the as-sintered UN pellets were measured by a Vicker’s
hardness tester. The micron hardness gradually increases for the UN pellets consolidated with
44 cycle-ball milled UN powders under varied temperatures from 1300 °C to 1700 °C,
consistent with the increase in the physical density shown in Figure 2f. The highest Vicker’s
hardness is 6.78 GPa for the pellet consolidated under 1700 °C, while the lowest one is 1.65
GPa for the sample consolidated at 1300 °C. On the other hand, the Vicker’s hardness is higher
for the sample consolidated with finer UN powders and thus the pellet with smaller grain sizes
as shown in Figure 6¢. This can be explained by the Hall-Petch effect, as detailed in equation
(5), where H is the hardness of the materials, Hois the single crystal hardness, kn is a parameter
describing the stress intensity, and D is the grain size [35]. From the equation, it is clear that
hardness is negatively correlated to the grain size. The pile-up of dislocations at grain
boundaries impedes the movement of dislocations and thus increases the strength and hardness
of materials [36]. The lowest Vicker’s hardness can be observed for the pellet consolidated
with 4 cycle-ball milled UN powders with larger grain sizes. The highest one of 7.89 GPa is
observed for the pellet consolidated with 100 cycle-ball milled UN powders with the smallest
grain size and highest density (99% TD). This is significantly higher than the value (~4.46 GPa)

for the UN pellet consolidated under 1650 °C via hot pressing, while slightly lower than that of
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the UN pellet sintered at 1800 °C (~8.34 GPa), possibly due to the high porosity for the hot-
pressed UN pellet (82.5% TD) [32]. Transgranular fracture dominates the UN pellets
consolidated by SPS for both smaller (100 cycle-ball milled powders) and larger grain sizes
(44 cycle-ball milled powders), as evidenced by the cracks propagating across the grain
boundaries shown in Figures 6 and 7. In addition, the fracture toughness of the SPS densified
UN pellets is within the range of 2.5-3.5 MPa m'”?, representing three-fold enhancement as
compared with UO, (around 1 MPa m'?) and also comparable to the SPS-densified UsSi>
pellets as demonstrated in Figure 6d. In addition, the fracture toughness of smaller grain-sized
UN pellets (100 cycle-ball milled powders) is slightly higher than that of larger grain-sized UN
pellets. These results suggest that the SPS-densified UN pellets have good resistance against
crack propagation.

The thermal diffusivity of the as-sintered pellets was measured by a laser flash analyzer
from room temperature to 550 °C, and their thermal conductivity was subsequently calculated,
as shown in Figure 8. A slight reduction in the thermal conductivity above 500 °C can be a
result of slight oxidation of the UN pellets during LFA measurements when above the onset
temperature for oxidation as inferred from the dynamic oxidation testing to be discussed later.
The thermal conductivity evaluated at full density considering the impact of porosity is shown
in Figure 8. The thermal conductivity is significantly higher for the pellets sintered at elevated
temperatures (1500-1600 °C) compared to the sample consolidated at 1400 °C, consistent with
grain size enlargement and increase in densification. Another observation is that larger grain-
sized pellets (from 4 and 44 cycle-ball milled UN powders) have significantly higher thermal
conductivity than smaller grain-sized UN pellets (manufactured from 80 cycle-ball milled UN).
Previous research conducted by Yang [44] studied the relationship between grain size and
thermal conductivity of nanocrystalline yttria-stabilized zirconia and found that the thermal

conductivity of the smaller crystalline specimen is significantly lower than the coarse-grained
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specimen. Nan [45] and Dong [30] also derived relationships between the grain size and
thermal conductivity and obtained similar grain size-dependent correlation, confirming thermal
conductivity reduction with smaller grain sizes. The highest thermal conductivity of 16 W/m-K
and 20.8 W/m-K are measured at 25 °C and 425 °C for the UN pellets consolidated at 1550 °C
with 44 cycle-ball milled UN powders (Figure 8c). The SPS-densified UN pellets show higher
thermal conductivity than other accident tolerant fuels such as U3Siz (7-16 W/m-K) (see Figure
8c), but inferior to UB; (34 W/m-K at 25 °C and 23 W/m-K at 425 °C, respectively) [39,46].
The high thermal conductivity of the densified UN pellets can enable lower fuel temperatures
and a large thermal safety margin for a transient operation. In addition, the thermal conductivity
for the sample consolidated at 1600 °C is slightly reduced, which can be attributed to the severe
phase degradation to the low thermal conductivity phase of UOz (7.5 wt%) as confirmed by the

XRD profile in Figure 5a.
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Figure 6. SEM images (a and b) showing micro-indentation on the surfaces of UN pellets consolidated

with 44 cycle-ball milled UN powders under 1600 and 1700 °C; and micro hardness (c) and fracture
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toughness(d) of the UN pellets sintered under different conditions as compared to reference data on

U3Si21 8 and U0240

(a) 80 cycles 1550 °C-50 mpa-5 min

() 100 cycles 1550 °C-50 mpa-5 min (d) 100 cycles 1550 °C-50 mpa-10 min

Figure 7. SEM images (a-d) showing micro indentation on the polished surfaces of the UN

pellets consolidated with 80 or 100 cycle-ball milled UN powders.
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Figure 8. Thermal diffusivity (a,b) and calculated thermal conductivity (c,d) of the as-sintered

UN pellets with different microstructures as sintered at different temperatures and ball milling
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durations.

3.4 Dynamic oxidation behavior of the SPS consolidated UN pellets

The dynamic oxidation behavior of the SPS densified UN pellets along with heat flow and
weight gain were measured by a dynamic TGA tests with a ramp of 10 °C/min up to 1000 °C
as shown in Figure 9. The onset temperature for oxidation, oxidation rate and the terminal
oxidation are determined and summarized in Table 3. The oxidation rate (wt%/min) is
calculated from the weight gain percentile divided by the total oxidation time. Comparing the
UN pellets fabricated under various temperatures, pellets with higher densities typically display
greater onset temperatures for oxidation, probably due to the slow oxygen diffusion in dense
fuel pellets [16,35,47]. The effect of porosity on the oxidation kinetics of sintered UN pellets
has been previously studied by Johnson (2016) [48] reporting that eliminating the open porosity
can considerably delay the onset temperature and reduce the oxidation rate. The onset
temperature for the UN pellets consolidated with 80 cycle-ball milled powders are within the
range 0f 323 + 10 to 410 + 11 °C corresponding to sintering temperature between 1500 °C (92%
TD) to 1600 °C (98.2% TD). These are generally higher than the values (260 °C) and (320 °C)
reported by Costa (2021) [16] and Johnson (2016) [48] for the UN pellets with theoretical
density of 83.8% and 92%. Johnson (2016) [48] also repored that the onset temperature
increased from 320 °C to 440 °C when the physical density of the SPS-densified pellets
(sintered at1650 °C and 134 MPa) increased from 92% to 99.8%.

The measured weight gain corresponding to the oxidation of UN is 12.17 wt% for the UN
pellet fabricated at 1500 °C, slightly higher that the weight gain (11.4 wt%) reported by Johnson
(2016) [48]. The weight gain gradually reduces for the pellets sintered at higher temperatures

from 1500 °C to 1600 °C, which might be attributed to a slight phase degradation of UN during

SPS sintering and the existence of secondary uranium oxide phases (see Figure 5 and Table 2).
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A previous study [49] reported that the oxidation of UN began around 200 °C with a slow
absorption of oxygen. At higher temperatures, the intensive incorporation of oxygen
accompanied by the loss of nitrogen leads to the formation of an intermediate uranium
oxynitride. When all the UN transforms to the final product UsOg as evidenced by the XRD
shown in Fig. 9c, the full weight is 11.4 wt% assuming nitrogen is released [50]. A slight weight
reduction can be observed in the TGA curve after the completion of full oxidation, which might
be attributed to the release of trapped nitrogen from an intermediate oxynitride [16,50,51].

In addition to physical density as controlled by different sintering temperatures, the grain
structure also has profoundly impacted the oxidation behavior of the densified UN pellets as
manipulated by different ball milling durations. The onset temperatures for the UN pellet
sintered with finer UN powders (44 cycles or 80 cycles) despite the lower sintering
temperatures are higher than these of the UN pellets consolidated with 4 cycle-ball milled
powders. Similar results are also reported in which the finer-grained U;Si, pellets exhibit higher
oxidation resistance with significantly reduced oxidation kinetics [46]. The onset temperature
of 434 °C can be observed for the 44 cycles UN pellet sintered at 1600 °C (the blue curve in
Fig. 9b).

The UN pellets sintered with 100 cycle-ball milled UN powders displays slightly higher
onset temperatures than the pellets sintered with 80 cycle- or 44 cycle-ball milled powders, but
significantly reduced oxidation kinetics as evaluated by the weight gain percentage per unit
time (0.088 wt%/min) as compared to other samples (Table 3). The oxidation of the dense UN
pellet sintered with 100 cycle—ball milled powders completes beyond 900 °C at a ramping rate
of 10 °C/min, significantly higher than the completion temperature of other UN pellets. For
example, the oxidation completes quickly for the pellets sintered with 4 cycle-ball milled
powders with the oxidation completion point around 600 °C and the oxidation rate is almost

triple (as high as 0.248 wt%/min). The enhanced oxidation resistance for smaller grain-sized
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UN pellets might be attributed to the strain effect that could retard the oxidation in dense UN
post SPS consolidation. The strain effect on the oxidation behavior is also consistent with a
previous observation for air oxidation of Si, in which a small amount of strain will alter
oxidation resistance significantly [52].

The significantly-reduced oxidation kinetics for the pellets with increased ball milling
durations from 4 cycles to 100 cycles can also be evidenced from the heat flow. Specifically, a
plateau heat flow can be identified for the pellets sintered with both 80 cycle- and 100 cycle-
ball milled powders, indicating a slow heat release as a result of mild oxidation reaction. The
lower oxygen pickup (7.2 wt%) for the UN pellet consolidated with 100 cycle-ball milled
powders might be attributed to the phase heterogeneity in which partial oxidation and
decomposition occur during SPS sintering with finer UN starting powders with the existence
of both UOx and UzN3 as demonstrated in the XRD profile in Figure 5c. These results highlight
a correlation among processing conditions, microstructure control and phase heterogeneity that
can affect the oxidation kinetics of the UN pellets to improve its oxidation resistance of the UN
fuel as the leading ATF candidate and a new form for advanced reactor systems. Further
autoclave and steam oxidation tests are ongoing to further investigate the impact of the
microstructure control and phase heterogeneity on the oxidation and corrosion resistance of the

SPS-densified UN pellets.

Table 3 Summary of the dynamic oxidation tests of the SPS densified pellets sintered at

different conditions as measured by a TGA-DSC thermal analyzer. The ramping rateis

10 °C/min.
Onset Weght Oxidation completion  Oxidation rate
temperature gain (%) point (°C) (Wt%/min)
“C)
1500 °C-50 mpa- 327.5 12.2 657.7 0.211

10min 80 cycles
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1600 °C-50 mpa- 356.7 11.3 699.5 0.184

10min 80 cycles
1550 °C-50 mpa- 405.4 11.3 646.4 0.2
10min 80 cycles
1700 °C-50 mpa- 419.5 12.9 596.7 0.248
10min 4 cycles
1550 °C-50 mpa- 425.7 7.2 914.4 0.088
10min 100 cycles
1600 °C-50 mpa- 452.3 10.8 674.4 0.183
10min 44 cycles
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Figure 9. Dynamic oxidation tests (a, b) by a thermo-gravimetric analyzer with a temperature
ramping (10 °C/min) in air showing different oxidation behaviors of the SPS densified UN
pellets with various microstructure and phase heterogeneity; (c) a XRD diffraction of the UN
pellet post oxidation testing showing U3Og as the final oxidation product; and (d) a bar chart

represents the anti-oxidation capacity of the as-sintered UN pellets.

4. Summary
In summary, dense UN pellets can be fabricated by SPS with controllable microstructures

and phase heterogeneity by controlling the particle sizes of the starting powders and synthesis
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conditions. The corresponding thermal-mechanical properties and oxidation behavior are
characterized on the SPS densified UN pellets by SEM, XRD, thermal diffusivity
measurements, micro-hardness testing and TGA analysis. The correlation among sintering
parameters, microstructure control, phase behavior and thermal mechanical properties is
investigated. Longer ball milling durations and elevated sintering temperatures promote
densification and grain growth, and dense pellets with controlled grain structures tailored from
several tens of microns to submicron can be obtained. Phase heterogeneity and phase
degradation including the formation of uranium oxides and UxNs can be found during SPS
sintering when reducing the size of the starting UN powders and increasing the sintering
temperature. SPS densified UN pellets exhibit high thermal conductivities, and the
continuously-increasing thermal conductivity with temperature suggests a dominant effect of
electron transport for heat conduction. The SPS-densified UN pellets possess simultaneously-
high hardness (4.46-7.89 GPa) and fracture toughness about 3.5 MPa m'?, significantly better
than UO2 and comparable to the SPS-densified UsSiz pellets. The hardness and fracture
toughness increase by increasing the pellet density as well as reducing the grain size. The
oxidation resistance of the SPS-densified UN pellets is generally enhanced by reducing the
grain size for the pellets sintered with UN powders ball milled at longer durations. The
oxidation kinetics can be greatly reduced for the pellets with finer grain structures and existence
of uranium oxides and U>Nj phases, highlighting important impacts of microstructure control

and phase evolution on the oxidation resistance of UN fuel pellets.
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Report: Planned Dopants
Dylan Windsor & Dr. Haixuan Xu
University of Tennessee, Knoxville-Dept. of Materials Science and Engineering

Summary:

The dopants currently being considered for inclusion in Uranium Dioxide (UO,) are Cerium (Ce),
Lanthanum (La), Yttrium (Y), Niobium (Nb), Chromium (Cr), Magnesium (Mg), and Bismuth (Bi). This
list was compiled based on the consideration of several factors perceived to have significant impacts on
the suitability of a given dopant in the UO; system. The considered parameters included charge effects in
similar oxide environments, ionic radii, solubility and phases in the UO; system, neutron cross-section,
and finally whether or not the dopant in question is a fission product of UQO..

Table 1: Here is a summary table of the dopants remaining on the list after all criterion were applied.
Notice that Bi and Mg do not have information for quite a few of the criteria used; however, these two
were still on the list since they have ionic radii that are within ~15 pm of U. The information on the
solubility limits of several of these dopants was not available or was limited (as in the case of Nb).

Dopant | Ionic Radii (pm)' | Charge (+)! | Solubility (at.%) | Phase Lattice Const.
Ce 115 3 | <30% Fluorite | Decrease!®

La 117.2 319-10%" Fluorite | Decrease

Y 104 3| <15%!! Fluorite | Decrease

Nb 78 5| ------ Fluorite | Decrease

Cr 75.5, 63.0 3,5 | ~0.45% Fluorite | Decrease’
Mg 86 Py —

Bi 117 3| e

General Fluorite Structure of UO;:

The phase of UO, being considered is the fluorite structure, wherein Uranium cations with a +4
formal charge occupy face-centered cubic lattice cites while Oxygen anions with a -2 charge occupy
tetrahedral interstitial sites. Several materials with this structure have shown capability to host a
substantial amount of dopant before transformation into other competing phases. The primary mode of
integration into the structure for cation dopants is substitution, which leads to changes in the lattice
constant. Thus, dopants being considered are those which may reasonably change the electronic structure
of the UO; fluorite phase to favor electronic conduction without changing the phase of the parent
structure.

Criterion I: Ionic Charge and Radii

Compilation of the initial list of dopants was performed by comparing ionic radii and charge state
of ions of most of the elements on the periodic table. For this, the Shannon ionic radii and associated
charge state were compared, finding the most suitable dopants from tabulated data'. Dopants whose
Shannon ionic radii which were within several picometers of the ionic radii of Uranium (U) in the UO,
system and a charge state within +2 or +5 compared to U were kept on the list as possible dopants. This
criterion also allows initial evaluation of ionic mismatch in the doped UO, system. Combining with the
charge compensating defects, oxygen vacancy in this case, a significant local stress may be introduced in
the host material. Similarly, too large a size difference between a given dopant ion and the uranium
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would cause high stresses, therefore introducing phase instability into the UO, matrix. The initial list of
possible suitable dopants obtained in this way was then rigorously checked against solubility information
found in the literature, and for those dopants whose solubility and phase information could be found in
the UO, system, the solubility and phase were used to either remove or keep possible dopants.

Criterion II: Solubility and Phase

The solubility/phase criterion was applied by checking the literature using the ICSD database and
Phase Equilibria Diagrams (PED) online database. Data found in the literature was assessed further by
comparing the solubility**>** and phase transition** in the fluorite lattice structure to remove more
dopants from the list. The solubility of most dopants given in the literature and phase diagrams found
show a limit of approximately 10% (though notable exceptions were Gd and Er at 40% and 62.5%,
respectively) before stresses resulting in phase changes occurred in the fluorite structure. Those dopants
which were documented to cause a phase change in the U;.xMxO2+, (Where M is an arbitrary dopant)
system were rejected as suitable dopants. It should also be noted that those dopants for which no
information on solubility or phase transitions could be found were kept on the list. The list of dopants for
consideration by this time had been reduced to Ce, La, Y, Nb, Cd, Gd, Cr, Mg, Bi, Er, and Yb.

Criterion III: Fission Product and Neutron Absorption

Finally, the neutron cross-section and fission production in UO, were considered. These criteria
were applied by finding available literature information on neutron cross-section and stability of fission
products of UO, under radiation conditions®. This search revealed that of the list of dopants Cd, Gd, Er,
and Yb were strong neutron absorbers. In addition, it was found that Nb, Cd, La, Y, and Ce were fission
products which form in the UO; system; however, except for Cd, each of these fission products formed a
solid solution with the UO,.2 As such, the dopants Cd, Gd, Er and Yb were removed from the list of
suitable dopants.

Table A.1°: The following table outlines the data used to eliminate the final group of possible dopants,
leaving only those highlighted in green as the list of suitable dopants for consideration. The data shows
the absorption for fission neutrons in addition to the incoherent (Incoh.) and coherent (Coh.) scattering
cross-sections (Scat. X.), and the incoherent and coherent scattering length (Scat. L.). Note the high
absorption cross section (Abs. X.) for Cd, Gd, and Yb, this is the reason for their removal from the list of
suitable dopants. These data were compiled from the Neutron scattering lengths and cross sections
website from the National Institute of Standards and Technology (NIST).

Natural Incoh.
Abundance/half | Coh. Scat. | Incoh. Coh. Scat. Scat. Tot Scat. | Abs. X for
Isotope | -life L Scat. L. X X. X 2200m/s n°
- - fm fm barn barn barn barn
Ce - 4.84 | ---- 2.94 0.001 2.94 0.63
136 0.19 5.8 0 4.23 0 4.23 | 7.3(1.5)
138 0.25 6.7 0 5.64 0 5.64 1.1
140 88.48 4.84 0 2.94 0 2.94 0.57
142 11.08 4.75 0 2.84 0 2.84 0.95
La - 8.24 | - 8.53 1.13 9.66 8.97
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138 0.09 | 8.2.) 8.(4.) 0.5 | 8.5(4.0) | 57.(6.)

139 99.91 8.24 3 8.53 1.13 9.66 8.93
Y 100 7.75 1.1 755 | 0.15 7.7 1.28
Nb 100 7.054 -0.139 6.253 | 0.0024 6.255 1.15
cd 4.87-0.71 | - 3.04 | 346 6.5 | 2520.(50.)

106 1.25 | 5.02.) 3.1 0|3.12.5) 1

108 0.89 5.4 3.7 0 3.7 1.1

110 12.51 5.9 44 0 44 11

111 12.81 6.5 | - 53 0.3 5.6 24

112 24.13 6.4 0 5.1 0 5.1 2.2

113 12.22 | -8.0-5.731 | - 12.1 0.3 12.4 | 20600.(400.)

114 28.72 7.5 0 7.1 0 7.1 0.34

116 7.47 6.3 0 5 0 5 0.075

151.(2.

Gd 6.5-13.82i | - 293 |) 180.(2.) | 49700.(125.)
152 0.2 | 10.(3.) 0| 13.(8. 13.(8.) | 735.(20.)
154 2.110.3) 0| 13.(8. 13.(8.) | 85.(12)

(+1-)5.(5.)-
155 14.8 | 6.0-17.0i | 13.16i 40.8 | 25.(6.) | 66.(6.) | 61100.(400.)
156 20.6 6.3 0 5 0 5] 1.5(1.2)
(+1-)5.(5.)- 394.(7. 259000.(700.

157 15.7 | -1.14-7.91 | 55.8i 650.(4.) ) 1044.(8.) | )

158 24.8 | 9.2) 0| 10.(5.) 0] 10.(5) 2.2

160 21.8 9.15 0 10.52 0 10.52 0.77
Cr 3.635 | - 1.66 1.83 3.49 3.05

50 4.25 4.5 0 2.54 0 2.54 15.8

52 83.79 4.92 0 3.042 0 3.042 0.76

53 9.5 4.2 6.87 222 | 593 8.15 | 18.1(1.5)

54 2.36 4.55 0 2.6 0 2.6 0.36
Mg 5.375 | - 3.631 |  0.08 3.71 0.063

24 78.9 5.66 0 4.03 0 4.03 0.05

25 10 3.62 1.48 1.65| 0.28 1.93 0.19

26 11.01 4.89 0 3 0 3 0.0382
Bi 100 8.532 | - 9.148 | 0.0084 9.156 0.0338
Er 7.79 | - 7.63 1.1 8.7 | 159.(4.)

162 0.14 8.8 0 9.7 0 9.7 | 19.2)

164 1.56 8.2 0 8.4 0 8.4 | 13.(2)

166 33.4 10.6 0 14.1 0 14.1 | 19.6(1.5)

167 22.9 3 1 1.1 0.13 1.2 | 659.(16.)

168 27.1 7.4 0 6.9 0 6.9 2.74
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170 14.9 9.6 0 11.6 0] 11.6(1.2) 5.8
Yb S 1243 | ---- 19.4 4 23.4 34.8

168 0.14 | -4.07-0.62i 0 2.13 0 2.13 | 2230.(40.)

170 3.06 6.77 0 5.8 0 5.8 | 11.4(1.0)

171 14.3 9.66 -5.59 11.7 3.9 15.6 | 48.6(2.5)

172 21.9 9.43 0 11.2 0 11.2 0.8

173 16.1 9.56 -5.3 11.5 3.5 15 | 17.1(1.3)

174 31.8 19.3 0 46.8 0 46.8 | 69.4(5.0)

176 12.7 8.72 0 9.6 0 9.6 2.85

Plan Moving forward:

Furthermore, the list of dopants was arranged in a way so as to test those dopants for which the
most information had been gathered would be tested first. The current plan of action is to test La and Y
first, followed shortly by Ce. Based on calculations of the electronic structure for these dopants, multiple
dopants may be tested simultaneously to observe the impact on the electronic structure.
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Report: Computational Methodology
Dylan Windsor & Haixuan Xu
University of Tennessee, Knoxville-Dept. of Materials Science and Engineering

Summary:

There are currently three levels of density functional theory (DFT) in consideration, used
in previous works, to study the properties of uranium dioxide (UO3) in addition to doped UO>
systems: DFT+U, hybrid functionals of DFT (henceforth, simply “hybrid”), and DFT+DMFT.
The question addressed herein concerns which level of DFT is required to accurately describe the
properties of interest in UO> systems, while providing the greatest efficiency for computational
resources under the current time and resource constraints. First, it is important to note that
standard DFT functionals, such as Local Density Approximation (LDA) and Generalized
Gradient Approximation (GGA), are well known to be insufficient to describe electronic
properties of systems which contain highly correlated electrons, failing even to calculate the
insulating behavior of UO,!"’. These drawbacks make standard forms of DFT functionals
inadmissible for use in the current work, and as such, are not considered further. Contrariwise,
DFT+U has been used in many studies of the UO» systems to great effect, reproducing both
structural and electrical properties to an appreciable accuracy in comparison to experiment!~’,
through a user supplied Hubbard-U parameter that provides an energy penalty on the correlated
electron orbitals. This however, introduces metastable state solutions by causing electrons to
become localized to certain bands during electronic relaxation, which may not be escaped
easily!">36, and avoided only through methods such as occupation matrix control, stepwise
increases in Hubbard-U parameter, etc!">®. Alternatively, hybrid functionals, such as HSE or
PBEO, may be used to even more accurately approximate material properties by mixing the
Hartree-Fock (HF) exact exchange with standard DFT functionals. Thus, hybrid functionals
remain relatively computationally efficient while increasing the accuracy of calculations, with
the drawback of still needing a user specified variable to explicitly define the amount of mixing
between the standard DFT functional and the more accurate HF exact exchange® 31314, The
final method under consideration is DFT+DMFT, where DFT is augmented through use of
dynamic mean-field theory (DMFT) to allow for the solution of local many-body electron
problems®% %16 Through the inclusion of local many-body electron interactions, strongly
correlated systems of electrons may be treated even more precisely and accurately than in hybrid
or DFT+U; however, the computational cost of this accuracy is considerably greater than hybrid
functionals, insofar as to make DFT+DMFT infeasible on systems larger than 10s of atoms®.
After assessing and comparing each of these methods, we posit that a combination of hybrid and
DFT+U used in conjunction would provide the most time and resource efficiency, while
sacrificing the least accuracy.

DFT+U:
The DFT+U level of theory achieves greater accuracy, especially in materials with

correlated electrons, than standard DFT functionals by including a Hubbard-like Coulomb
interaction (U) parameter in the total energy of the electrons:

Epprev = Eppr + Enup — Eac (1)2
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where Eppr is the energy contribution from the standard DFT functional, Ey,,;, is the energy
from the Hubbard-like Coulomb interaction, and Ej. is the double counting term (energy
removed from Eppr, being replaced by Eyy,p,). The Eyy,p term is a Coulomb type interaction
accounted for in the orbitals where the highly correlated electrons are found, providing a more
accurate representation of the interaction energy between electrons in those orbitals, which does
not include the erroneous self-interaction present in Eppp!> 3. E,., the double-counting term,
attempts to remove the part of Eppr, which is now being accounted for with Ey,,;,, by applying
an energy penalty to fractionally occupied bands?. The energy penalty results in metastable
states, or local minima, that can be very difficult to escape, due to the magnitude of the energy
penalty.
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Figure 1%: Herein, a two-state system with a single electron is considered, where n; is the
occupation number for the band considered. Note, when using the LDA+U functional and energy
penalty is applied to fractional occupations, and it is this energy penalty that results in the
creation of additional metastable states.

Furthermore, calculations may become stuck in these local minima and never reach the ground
state!2. To further complicate matters, the value of “U” is user defined, many electrical
properties of the material depend on this value quite strongly, and different properties depend on
it in varying degrees, meaning a single value of U may not obtain all desired properties®.
However, it is prudent to note, structural properties, including bulk modulus and lattice
parameters, exhibit a much smaller dependence on the U-parameter value than electronic or
magnetic properties!'-> 36,
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E-E;, Gap

i j Matrix (eV) (eV)
-3 -2 [1100000] No convergence
-3 -1 [1010000] 0.00 2.8
-3 0 [1001000] 1.87 Metallic
-3 1 [1000100] 0.71 1.6
-3 2 [1000010] 1.63 Metallic
-3 3 [1000001] 345 0.1
-2 -1 [0110000] No convergence
-2 0 [0101000] 1.65 0.9
-2 1 [0100100] No convergence
-2 2 [0100010] 2.62 0.2
-2 3 [0100001] No convergence
-1 0 [0011000] 1.87 Metallic
-1 l [0010100] 0.71 1.6
-1 2 [0010010] 1.63 Metallic
-1 3 [0010001] 0.00 2.8

0 1 [0001100] 1.87 Metallic

0 2 [0001010] 0.10 2.0

0 3 [0001001] 1.87 Metallic

1 2 [0000110] 1.63 Metallic

1 3 [0000101] 0.00 2.8

2 3 [0000011] 2.32 Metallic

Table 1: This work performed by [1], shows the careful exploration of the existing metastable
states of UO». The metastable states range from simply having slightly higher cohesive energy,
to being incorrectly described as metallic. These states were explored using the occupation
matrix control scheme, and it is shown in [1] that these states can be avoided by use of one of
several methods (see text).
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Figure 2: This figure is taken from [2]. The colored curves are for highlighting the OCM method,
while solid black is initializing a calculation from random orbitals. As shown here, the choice of
U parameter doesn’t seem to strongly influence the lattice constant.

There are several ways to set the value of U, two of the most popular being U-ramping and
setting U empirically to match desired properties (property matching)®. In the case of UO», the
widely accepted values of U are ~3.9 to 3.96 eV, as calculated from x-ray photoemission
spectra!”- 18 although other values are used as well, extending the range from around 3.5 to 4.0
eV. Ramping the U-parameter, by contrast, is used far less often to set the value of U itself, and
is instead used alongside two other methods to avoid metastable states: i.) occupation matrix
control, (OMC) wherein the occupation matrix is set to nearly the ground state occupation matrix
using progressively more accurate guesses; ii.) U-ramping, where incrementally (usually 0.1 eV)
larger values of U, starting from 0 eV, are used from the previous calculations wavefunctions to
converge the system slowly to the ground state; iii.) quasi-annealing (QA), in which a “fake”
fluctuation is applied to the background potential to explore the potential energy surface®>. It
has been shown by Dorado ef al. that even the metastable state closest to the ground state occurs
at a difference of +12 meV, with 20 other metastable electronic configurations possible as well
(Table 1). Some of these metastable states possess energies even up to 3.45 eV above the ground
state or with a metallic band structure, making them an important hurdle in the calculation of
electronic properties that, when improperly handled, can result in significant error®. For UO»,
this is much less a danger due to the significant body of previous works performed specifically to
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explore and avoid these metastable states, and to find the U values for which the experimental
values of properties are reproduced!- % 14,

Table 2. UO; bulk properties (cell parameters, cohesive energy E, bulk modulus B, and bandgap A), calculated with different
approximations beyond DFT, including DFT + U with different functionals, hybrid functionals (PBEO, HSE, EECE), and SIC.

Authors Approx. Basis (a, b, ¢) (A) E.on (eV) B (GPa) A (eV)
Dudarev [84) LSDA + U LMTO/ASA (5.36,5.36,5.36) 1.1
Dudarev [85] LSDA + U LMTO/ASA (5.37,5.37,537) 222 173 1.3
Yun [86] PBE + U PAW (544,544,544) 203 209 1.8
Iwasawa [87) PBE + U PAW (5.52,5.52,5.47) 190 1.8
Prodan [32) PBEO GAUSSIANS  (5.45,5.45,5.45) 219 3.1
HSE (5.46,5.46,5.46) 222 24
Gupta [88] PW9l + U PAW (5.52,5.52,5.52) 217 209 1.8
Geng [89] LSDA + U PAW (5.44,544,544) 328 208 1.5
PBE 4+ U (5.55,5.55,5.55) 288 181 1.6
Nerikar [90] PW91 + U PAW (5.49,5.49,5.49) 19
Gryaznov [91] LSDA + U PAW (5.46,5.46,5.42) 260 196 1.8
PBE + U (5.57,5.57,5.51) 230 180 19
PW9I 4+ U (5.56,5.56,5.51) 23.1 183 19
Yu [92) GGA + U PAW (5.54,554,549) 212 1.2
Dorado [34) PBE + U PAW (5.57,5.57,5.49) 187 23
Jollet [35] EECE PAW (5.51,5.51,5.51) 199 20
Petit [93) SIC LMTO/ASA (5.47,5.47,5.47) 219 26
Devey [94] GGA + U PAW (5.54,5.54,5.549) 197 26
Sanati [95] LSDA + U PAW (5.45,5.45,5.45) 221
PBE 4+ U (5.55,5.55,5.55) 192
Thompson [96) PW9l 4 U PAW (5.54,5.54,5.59) 188 28
Tian [97] PBE + U PAW (5.55,5.55,5.55) 218 192 22
Dorado [82) LSDA + U PAW (5.41,541,541) 248 222 23

(Table 2 is reproduced from [2])

However, in the case of several of the dopants being considered in this study, namely, Bi, Cr, and
Nb, it has been difficult to find a U-parameter applied to the correlated electrons for the doped
species in the UO; environment. This means there would be error associated with choosing a U-
parameter for these materials, since U depends on crystal structure, chemical environment, and is
also often chosen for the property of interest'->°. Furthermore, assuming a correct U-parameter
could be chosen and vetted against experiment, the issue of ensuring each calculation converges
to the global minimum would involve OCM?, U-ramping?, or QA2 each of which expand the
time required to obtain the properties of interest. It is the authors belief that learning and
executing the required techniques within VASP would require more time than per system than
would hybrid calculations.

10
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Figure 3': The total density of states (DOS) of the ground state (above) and the first metastable
state (below) of UOy, as calculated in [1] using the OCM method. It should be noted here, the
danger of metastable states and not carefully choosing the U parameter accordingly, since the
metastable states can have significantly different electronic structures.

This stems from the nature of the study, by looking for a particular property in a variety of
unknown systems the OCM process, for example, would need to be repeated for every system.
On the other hand, if the study were focused on a single system, there would only be need to
perform the OCM process once to explore the properties of the system, since the occupation of
the orbitals in the system would be unchanged or would start from the same place.

1"
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Figure 47: Shown here is a comparison of GGA+U to experimental data of various kinds. Upper
panel: XPS, BIS, and XAS are shown, where XPS and BIS are aligned on the valence band
maximum and conduction band minimum with a band gap of 2.1 eV. XAS spectra of O 1s, U
4dsp, and U 4f7, are aligned with the conduction band minimum (first two shown in TFY mode,
and last in TEY mode). Features a and b originate from hybridization of O 2p and U 5f, while ¢
and d result from hybridization of O 2p and U 6d. The middle panel shows the optical responses,
and the bottom shows GGA+U calculated partial DOS using Uesr = 4.261 eV applied to U 5f
orbitals. This illustrates the closeness that can be achieved to experimental data using DFT+U;
however, it should be noted that [7] made no mention of ensuring the results were for the ground
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state and not a metastable state. Additionally, there have been several recent studies of using
DFT+U on defect system as well to some success.

Hybrid:

There are currently two hybrid functionals under consideration for the current work,
PBEO and HSE, both of which are implemented in VASP, and have been used to study the UO»
system. The hybrid functional PBEO has been shown to achieve high levels of accuracy
reproducing properties of actinide oxide materials. However, there is a large computational cost
associated with performing calculations using PBEO, due to the inclusion of the Hartree-Fock
(HF) exact exchange component that provides the improved accuracy.

uo, (1) —_ %
hybrid calc —VU6d

PESdata — ©°O%2%

500 meV broadening
1 eV shift (midgap)
'S s

A
Ll L L4

4 £ 4 2 0 6 4 2 0
Binding Energy (eV)

Figure 5'3: In this figure, from [13], experimental PES DOS data is compared to a hybrid
functional calculation of the DOS. This shows very good agreement between the methods.

The HSE functional realizes higher computational efficiency compared to PBEO by substituting a
screened Coulomb potential for the full one, which is split using the error function. The parts of
the exact exchange are split into the short- and long-range portions of the HF, where the long-
range HF is replaced by the long-range portion of the GGA functional. This leads to the energy
calculation:

Ezgreened = aBy " (w) + (1 — ) B (w) + BV (w) + EE @,"
where the parameters a and w are responsible for mixing, ESS"¢¢"¢? is the total energy of the
calculation, the superscripts HF and GGA refer to energy components from the exact exchange

and standard DFT GGA, respectively, and the superscripts LR and SR refer to long-range or
short-range. The mixing parameter w is internally set to 0.15 Bohr! based on the initial

13
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realization of the functional, while a is set by the user, usually 0.25, based on arguments from
perturbation theory. Amazingly, GGA and screened Coulomb substitution has been shown not
to depreciate the agreement of HSE results with experimental studies, and in a test against
benchmarked semiconductor materials yielded an absolute mean error of 0.26eV, agreeing
quantitatively with the benchmark calculations using quantum Monte Carlo.
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]
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Experimental Band Gap (eV)
Figure 6%: Shown here is a comparison of the local spin-density approximation (LSDA), PBE
generalized gradient approximation (GGA), TPSS (a meta-GGA), and the HSE hybrid functional

to experimental data for benchmark semiconductors. It is shown here that HSE agrees very well
with experiment and is superior to the other functionals used.

In addition to the computational efficiency improvements over PBEO, HSE improves upon older
hybrid functionals, such as B3LYP and PBEh, by correctly handling metallic systems as well.
Finally, in a study of silicon phases and defects, the HSE functional was shown to agree very
well with both experimental and benchmark Diffusion Monte Carlo (DMC) results on diffusion
energy barriers, defect formation energies, and cohesive energy of crystalline materials®. Thus,
based on improved computational efficiency over PBEO without suffering significant accuracy
loss, as well as improvements to allow the handling of metallic systems, the HSE functional
would work very well in the current work, given the inclusion of dopants may change the
electronic structure of the UO;. Finally, given the good quantitative picture of the electronic
structure given by HSE, and its computational efficiency advantages over previous

14
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renditions of hybrid, the authors believe HSE would best suit the careful study of the band
structures of even doped systems of UQO:.

- .
T Lo 2 T T Y T T T L2 T T T T o T T T

16

& ]
Energy (eV)
Figure 7!'': Shown on the left are comparisons of the ferromagnetic (FM) and antiferromagnetic
(AFM) states of bulk UO; as calculated by several different functionals for comparison. PBE
and TPSS are pure DFT functionals, which are compared based on calculated partial and total
DOS data with hybrid functionals PBEO and HSE. Note the significant improvements to the
DOS structure from HSE and PBEO.
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DFT+DMFT:

The final method under consideration is DET+DMFT, wherein the static mean-field
theory, DFT, is supplemented with dynamic mean-field theory. In DMFT, the local many-body
electron problem is solved instead of the one-electron problem posed in DFT, meaning that
interactions between electrons are more accurately accounted for and properties based entirely on
electron-electron interactions would lend themselves to study. As such, DMFT allows study of
solid systems and their properties at finite temperature, in addition to considerations of properties
at 0 K'5. This makes DFT+DMFT the most accurate method currently being considered for use
in the current work; however, the cost of this accuracy is a computational tax on resources
greater than that of even PBEO, being suitable for only 10s of atoms in very small supercells® 'S,
Furthermore, it is noted by Amadon!® that previous to use of DMFT, the computational cost was
so prohibitive that no calculations were performed on actinides at all, and while these advances
have improved computational efficiency enough to make it feasible there are still several hurdles
to overcome when using DFT+DFMT!S. First, a self-consistent DET+U calculation, or several,
must be carried out using the U-ramping method and constrained random phase approximation
(cRPA) to calculate both the Coulomb and Hund’s interactions, the separate components of the
U-parameter. Second, these parameters are used with the wavefunctions and eigenvalues
obtained therein, weighted with the correlated Wannier orbitals, to calculate the noninteracting
polarizability. The noninteracting polarizability is used with the cRPA method to calculate the
new U parameter for DFT+U, a process that is repeated until the value for U has converged.
These Wannier functions are also used here to calculate the lattice Green’s function, from which
the local electron interactions are calculated, which is the DMFT part of the process. The self-
energy in this method is computed afterword (not using DMFT), using a continuous-time
quantum Monte Carlo (CTQMC) solver, and is fed back into the lattice Green’s function until
the self-energy has converged!®. As such, the spin-orbit coupling and other local effects are
accurately described using this method, and it is one of the few methods capable of describing
paramagnetic structures very accurately as well'. Finally, based on the above discussions and
figures below, while DFT+DMFT is certainly a navigable theory for simulating small UO>
systems very accurately, it is not feasible to simulate supercells greater than a few 10s of atoms.
Since the edge of DFT+DMFT’s limitation is only 10s of atoms it would be practically infeasible
to use in the current work where defects included as the systems are doped would further
increase the computational cost.

16
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Figure 8'¢: Herein, the DFT+DMFT spectral functions are compared to the experimental spectra.
The U experimental photoemission spectrum was gathered at 398K, and the DFT+DMFT results

shown here show good agreement'® with experiment.
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Figure 9'*: To the left, the partial and total DOS of UO; as calculated by DFT+DMFT in [14] is
shown against XPS and BIS experimental data. The agreement here between the U 5f DOS and
XPS/BIS data is very good, showing the accuracy of the DFT+DMFT.
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Figure 10'®: Above (from [16]), experiment, GGA+DMFT, and GGA calculated volumes of cells
are compared for several of the actinides in the rightmost window. Note that for U, there is little
requirement for the use of DMFT for structural parameters, since there is little difference within
the calculated volumes. In later actinides where spin-orbit coupling becomes a more dominant
effect, there standard DFT (such as GGA) is not sufficient.
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Comparison and Conclusion:

In comparing the three methods above, the accuracy is highest in DFT+DMFT, followed
by hybrid, and last is DFT+U, while the computational efficiency trend is the opposite.
However, the accuracy required can be easily assessed by comparison with experimental data.

Property a=b C E coh Gap

Method A) A) V) V)
Experimental 5.47 5.47 21.912 | 2.0-2.523:13.18
PBE+U

Yun 20053 5.44 5.44 20.3 1.8
Geng 20073 5.55 5.55 28.8 1.6
Gryaanov 2009* 5.57 5.51 23 1.9
Dorado 2009! 5.57 5.49 2.3
Tian 2012° 5.55 5.55 21.8 2.2
Hybrid (Prodan 2006)!!

PBEO 5.45 545 3.1
HSE 5.46 5.46 2.4
DFT+DMFT!

Yin 2.2

Table 1: Data taken from various studies (based on the table in [5]) is shown here. Note the
higher degree of accuracy in later studies using DFT+U, when metastable states were more
carefully considered, as in Tian and Dorado. The cohesive energy, as well as band gap agree
with the experimental data, but the lattice parameters have less accuracy here. (It should be noted
that the authors have obtain better agreement with experiment for the current work). The hybrid
functionals maintain good agreement with experimental data in both structural parameters and
band gap. Finally, as expected, the DFT+DMFT method obtained high accuracy for the value of
the band gap.

Note from the discussions above, that to accurately replicate experimental data concerning the
electronic structure of UO,, DFT+U sufficiently reproduces the structural data and lattice
parameters of the UO> system when compared to experiment and the other two methods in
question!2> 16 Finally, while DFT+U is capable of reproducing the band gap and Mott
insulating behavior correctly, and in agreement with experimental, hybrid, and DFT+DMFT
benchmark values® 3, it can only reproduce the DOS (and therefore band structure itself)
qualitatively, and does not necessarily agree with the structure reported by hybrid and
DFT+DMFT!L 7 14,16,

Since DFT+U seems to reproduce structural parameters in addition to an accurate value for the
band gap, this level of theory should be relegated to use for finding the structural parameters and
to quickly look at an approximate DOS when needed. This way, the section of the work
involving structural energy minimization will have the greatest computational efficiency without
sacrificing accuracy.
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When looking at the reproduction of an accurate DOS, figures 5, 7, and 9 should be
compared. Note the accuracy of the DFT+DMFT technique and hybrid are comparable to one
another and both reproduce good agreement with experiment when calculating DOS and band
structure!® !, As such, with the extra computational burden of DFT+DMFT and the limited time
constraints for the current work, it seems pragmatic to use hybrid, since it will provide the
needed boost in accuracy over DFT+U, allowing for a quantitative picture of the electronic
structure, without the large computational burden of DFT+DMFT.

Summary Main Points:

1.) DFT+U agrees with benchmark methods and experiment for structural parameters,
cohesive energies, and band gap values, and provides the greatest computational
efficiency of the methods in question. As such, DFT+U will be used for structural
relaxations, but not electronic structure study (i.e. DOS and Band structure
calculations)

ii.) Hybrid agrees with benchmark methods and experiment for structural parameters and
electronic structure, providing the needed accuracy in both areas, but less
computationally efficient than DFT+U. Therefore, hybrid will be used for DOS,
partial DOS, and band structure calculations.

iii.)  DFT+DMEFT is itself considered a benchmark method for looking at structural
parameters and electronic structures; however, its computational cost is so prohibitive
that it is impractical for the current work.

Issues:

During acquisition and set up of resources purchased for the project, a member of the
Advanced Computing Facility (ACF) staff, working in the area where the resources are housed,
contracted COVID-19. As a result, access to the areca where the resources are has been denied to
staff in charge of setting up the resources, causing a significant delay in the project workflow,

and putting the calculations significantly behind schedule.
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Report: Results of Dopant Studies
Dylan Windsor & Haixuan Xu
University of Tennessee, Knoxville-Dept. of Materials Science and Engineering

Summary:

Many dopants were considered to improve the conductivity of Uranium Dioxide (UO>) in its
antiferromagnetic (AFM) ground state: Cerium (Ce), Lanthanum (La), Yttrium (Y), and Niobium (Nb)
were targets for cationic substitution, while different concentrations of Nitrogen (N) were investigated for
anionic substitution. As discussed in previous deliverables, the concentrations chosen for substitutions of
both types were limited to “safe” concentrations that could be theoretically replicated based on
thermochemical determinations and phase diagrams from the literature. In addition, it was determined
(see deliverable 2) the level of theory required to quantitatively determine the density of states of these
doped systems was hybrid Density Functional Theory (DFT), while an appropriate qualitative calculation
requires only a DFT+U level of theory. Based on the aforementioned, DFT+U was used to perform
calculations on a specific concentration of each cationic dopant and over varying concentrations of the
anionic dopant, N.

Table S1: Herein, all of the data for the study is summarized for each of the dopant cases considered in
the current study and compared with UO,. Each dopant case caused the band gap to be reduced to
varying degrees, with the greatest reduction in the band gap being Ce and Nb for cationic dopants, and 25
at. % Nitrogen doped (8xN) for anionic dopants. However, there are no completely metallic systems
contained herein using DFT+U.

System Cation | Anion | Band | Band Gap E-fermi Lattice Lattice Gap (UO2)-

(at. %) | (at. %) | Gap Reduction (eV) Parameter Parameter Gap (System)

(eV) (%) Difference A)
(%)

uo2 0 0 233 0.00 8.113 0.00 5.47719 0.00
Single 6.25 0 0.81 65.19 8.081 -0.13 5.47013 1.52
Neutral Ce
Single 6.25 0 1.50 3545 8.220 -0.02 5.47599 0.83
Neutral La
Neutral La 12.5 0 1.33 42.92 8.647 0.40 5.49898 1.00
Defect
Complex
Single 6.25 0 0.62 73.43 9.352 -0.51 5.44940 1.71
Neutral Nb
Neutral Y 12.5 0 1.77 23.99 7.634 -0.26 5.46283 0.56
Defect
Complex
1xN UON 0| 3.125 1.52 34.94 8.380 -0.12 5.47088 0.81
2xN UON 0 6.25 1.51 35.19 8.390 -0.28 5.46181 0.82
4xN UON 0 12.5 1.28 45.02 8.583 -0.57 5.44607 1.05
8xN UON- 0 25 1.28 45.15 8.766 -1.09 5.41757 1.05
SQS
8xN UON 0 25 0.96 58.80 9.034 -1.09 5.41757 1.37
16xN UON 0 50 1.22 47.77 9.105 -2.00 5.36755 1.11
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Methodology:

The Vienna ab-initio Simulation Package (VASP)'~ was used to carry out all simulations for the
current study. Each relaxation calculation was performed with a fluorite structure supercell containing 48
atoms (16 U sites and 32 O sites) of size v/2xv2x2 using a 2x2x2 Monkhorst-Pack (k-point) grid. For the
density of states (DOS) calculations, a 6x6x6 k-point grid was used alongside a tetrahedron method with
Blochl corrections® for Brillouin zone integration to generate a precise and accurate DOS plot with 1500
points taken over a 16eV window of energy, where the features of interest for this study are found.
Finally, those calculation parameters used in both types of calculations are an energy cutoff of 550eV, a
+U parameter of 3.5e¢V applied to U, and the PBEsol functional.

Each relaxation calculation was carried out by freezing atomic positions or cell volume in
alternating cycles, such that VASP was able to relax both the volume and atomic positions of each doped
system while the shape of the supercell remained constant. Relaxations using this method preserve the
fluorite v/2xv2x2 supercell structure, while allowing symmetry with the cell to be broken during
relaxation. The structures converged to a state where the force was below SE-03 eV/A on each atom and
the energy difference between iterations was under 1E-06 eV. Highly accurate DOS plots generated from
the charge density of a subsequent fully self-consistent calculation are those contained herein.

_ S C. Calculation ol — Tomposco:
' ISIF=2 \ Charge DenS|ty C
Norard Final Structure 4 DOS Plot I8

g DOS CaIcuIatlon ‘ : WVM

\ E b %)

Figure M1: A graphic representation of the calculation methodology, where ISIF is the tag that controls
the relaxation degrees of freedom in VASP, and S.C. stands for “self-consistent.”

Results:
(i.) Justification of Using DFT+U:

As shown in Fig. R1, the DFT+U DOS result from this study is in good qualitative agreement
with the HSE hybrid functional result for the AFM state of Prodan et. al. [7], giving credence to the
aforementioned methodology and ensuing DOS. In addition, the hybrid results from Prodan et. al. for the
AFM state gives a band gap of 2.2-2.4 eV, which is also in good quantitative agreement with the
calculated band gap of 2.33 eV from Fig. R1.
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current results, the
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generated in the
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systems and
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results of Prodan
et. al. [7] (Fig.
R1(b)) for the
antiferromagnetic
(AFM) state.
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(ii.) Cation Doping:

Each of the cationic dopants under consideration were placed into the uranium sublattice by
replacing a single U atom with the given dopant, resulting in an atomic % concentration of 6.25, or a
given dopant was placed into the lattice as a defect complex (2 U replacements and 1 Vo). In this way the
effects each dopant had on UO; were investigated separately. It should also be noted here that those
calculations for a defect complex were initially used, but due to time constraints were discontinued. This
is justified by the kind of study being presented, wherein many cases are screened to get a sense of the
qualitative effects of each dopant with the goal of moving to a more accurate technique, like hybrid
functionals, in the most promising cases.

Table R1: The cationic dopants most capable of reducing the band gap seem to be both Ce and Nb,
though each of the cationic dopants did reduce the band gap somewhat, as expected.

System Cation | Band | Band Gap E-fermi Lattice Lattice Gap (UO2)-

(at. %) | Gap Reduction (eV) Parameter Parameter Gap (System)

(eV) (%) Difference A)
(%)

uo2 0 2.33 0.00 8.113 0.00 5.47719 0.00
Single 6.25 0.81 65.19 8.081 -0.13 5.47013 1.52
Neutral Ce
Single 6.25 1.50 3545 8.220 -0.02 5.47599 0.83
Neutral La
Neutral La 12.5 1.33 42.92 8.647 0.40 5.49898 1.00
Defect
Complex
Single 6.25 0.62 73.43 9.352 -0.51 5.44940 1.71
Neutral Nb
Neutral Y 12.5 1.77 23.99 7.634 -0.26 5.46283 0.56
Defect
Complex

Since, the La neutral defect complex reduces the band gap by 8% more than its single
replacement counterpart, the single replacement case for Y was deemed of less relative importance due to
the small band gap reduction of the neutral Y defect complex. Even though the defect complexes do
reduce the band gap more than the single substitutions, based on the above data, this does not indicate that
the doped material will naturally have a greater reduction in the band gap than shown, since in the defect
complexes the concentration of the dopant is higher. This is further corroborated by the lack of any key
changes between the DOS of a single La substitution and an La defect complex (Fig. R3 and R4). In each
case, the La d- and f-states contribute to the leading edge (higher energy side) of the band gap, and only
slightly to the tailing edge (lower energy side). This is only minorly modified by the presence of an
oxygen vacancy in the defect complex case, where p-states of oxygen now appear to hybridize with the
contribution of the dopant at the leading and tailing edge of the band gap (see Fig. R4 and R6).

Contrarily, the best candidates for cationic doping, Ce and Nb, reduced the band gap by >60% based on
considerably different effects than the other dopants being considered. Both Ce and Nb cause additional
bands to be added near the center of the band gap, and the orbitals of the dopant in each case contribute to
the leading edge of the band gap as well (see Fig. R2 and R5). However, the Nb d-states are more
effective for reducing band gap than the Ce f-states, even causing the Fermi energy to be elevated
significantly from the original UO, system. These factors make Nb the most promising candidate moving
forward, and highest priority for HSE calculations on single cationic dopants, followed closely by Ce.
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Cationic Conclusions:
e There is very little change between single substitution cases and defect complex cases.

e The greatest band gap reductions occurs in Nb and Ce, where the d- and f-states
contribute to the center of the band gap.

e Laand Y contributed primarily to the leading edge of the band gap, and as a result do not
reduce the band gap by as much.
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% Ce, decreasing the lattice
200+ parameter of the fluorite
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Ce 5d and 4f valence states
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6 —4 2 0 2 4 partial DOS (below).
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(iii.) Anion Doping:

Based on literature found supporting the stability for many compositions of a UOu.Nx system, N
concentrations ranging from 3% (single O sublattice substitution) to 50% (16 O sublattice substitutions)
were used to explore the effects of anionic doping in UO,. Nitrogen was chosen for the first anionic
doping case since the UN system has a metallic band structure, though further anionic doping cases were
not fully investigated due to time constraints. As such, N remains the only anionic dopant with complete
results over a compositional range, although the effects of chemical environment on the N substitutions
couldn’t be fully explored.

Table R2: The compositional effects of N are shown above, where an increase in concentration is met by
a steady decrease in the lattice parameter, and a variable decrease in the band gap. It seems based on the
above results that a concentration of 25 at. % N is the most promising candidate for band gap reduction.
Here, SQS (special quasi-random structure) is a structure generated by fitting the 2- and 3-body radial
distribution functions to those of a completely random system at the specified concentrations.

System Anion | Band Gap | Band Gap | E-fermi | Lattice Parameter | Lattice Gap (UO2)-
(at. %) | (eV) Reduction | (eV) Difference (%) Parameter | Gap (System)
(%) A)
uo2 0 2.33 0.00 8.113 0.00 5.47719 0.00
1xN UON 3.125 1.52 34.94 8.380 -0.12 5.47088 0.81
2xN UON 6.25 1.51 35.19 8.390 -0.28 5.46181 0.82
4xN UON 12.5 1.28 45.02 8.583 -0.57 5.44607 1.05
8xN UON-SQS 25 1.28 45.15 8.766 -1.09 5.41757 1.05
8xN UON 25 0.96 58.80 9.034 -1.09 5.41757 1.37
16xN UON 50 1.22 47.77 9.105 -2.00 5.36755 1.11

Based on Table R2, increasing the concentration of N results in a steady decrease in lattice
parameter and band gap, accompanied by an increase in the Fermi energy level. However, both the
increase in the Fermi energy level and decrease in band gap do not occur in a linear fashion. Rather, both
effects have a kind of saturation behavior, after which the efficacy of increasing the N concentration is
significantly reduced. In fact, it seems there may be an increase in the band gap by increasing the
concentration of N beyond 25 at. %. These effects seem correlated to the changes in the DOS that result
from the increasing number of N p-states added primarily to the leading and tailing edges of the band gap
(Fig. R7-R12). Additionally, it seems that as the concentration of N increases in the system there arises
an increasing density of p-states in the range of -2 to 0 eV, achieving the greatest density in the DOS of
the 25 at. % (8xN) system, in direct correlation with large a band gap reduction in the system. Both this
effect and the Fermi energy increase observed with increasing N concentration seem to saturate in the
8xN system, and little change is observed in band gap reduction upon further increase in N substitutions.

Anionic Conclusions:
e As N concentration increases, there is a significant increase in the density of N p-
states between -2 and 0 eV.
e The densest the p-states become is at 25 at. % N, where the band gap reduction is

greatest.

e The greatest reduction in the band gap seems correlated to these states.
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(iii.) Exploring SQS at 25 at.% N:

The initial SQS* results for the 8xN system seem to suggest the chemical environment of the
doped N atoms does have a nontrivial effect on the band gap reduction in the system, though details of

15

this interaction were not completely investigated due to time constraints. Despite this loss of efficacy in

SQS 8xN, the aforementioned trend of increasing density in p-states between -2 and 0 eV in the 8xN
system holds, preserving the qualitative features of the DOS when comparing the 8xN and SQS-8xN
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systems (Fig. R10 and R12). Based on these analyses, it seems the 25 at. % concentration of N is the
most promising candidate for anionic doping, and further work screening for anionic dopants should
begin from 25 at. % anionic substitutions for comparison.

140
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Conclusions:

The study of the band gap reduction effect for the cationic dopants Ce, La, Nb, and Y, and the
compositional range of the anionic dopant N have resulted varying success. Neither of the cationic
dopants La or Y reach a band gap reduction far above ~40% and tend to see the greatest contribution to
band gap reduction by addition of states to the leading edge of the band gap. In contrast, both of Nb and
Ce achieve a band gap reduction of >60%, which is primarily due to the addition of states to the center of
the band gap, and a significant increase in the Fermi energy in the case of Nb. In exploring the
compositional effects of N doping, the band gap reduction effect appeared to increase with increasing
concentration up to 25 at. %, then saturated thereafter. An increase in the Fermi energy and in N p-state
contributions just below the Fermi energy were observed to accompany this behavior, again followed by a
saturation and diminishing effect upon further increases in N concentration. Finally, those dopants with
the greatest promise for increasing the thermal conductivity of the fluorite UO; fuel are Ce, Nb, and ~25
at. % N. Furthermore, since DFT+U is known to underestimate the effects of highly correlated electron
systems relative to hybrid functionals, such as PBEO and HSE, it is possible the band gap will be further
reduced upon hybrid DFT treatment of the systems.

Moving forward, hybrid functional treatment and compositional effects in the most promising
cases, in addition to further screening of anionic dopants, and a thorough investigation of the impact of
local chemical environment would be in order. Hybrid treatments providing a much clearer quantitative
picture of both the DOS and Band structure would allow for a more complete analysis of the band gap
reduction effects in doped and codoped systems, and a more accurate assessment of the resulting
improvements to thermal conductivity. Further screening of anionic dopants could quickly reveal any
other systems which provide promising band gap reduction effects. Finally, it appears, based on initial
SQS results, that the impact of local chemical environment may be nontrivial in this system, and certainly
worthy of an estimation for the magnitude of the effect on the system.
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