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ABSTRACT

Molecular dynamics and density functional theory simulations are used to predict the lattice and electronic contributions of thermophysical
properties for UN, PuN, and mixed (U,Pu)N systems. The properties predicted include the lattice parameter, linear thermal expansion,
enthalpy, and specific heat capacity, as a function of temperature. The simulation predictions for high temperature specific heat capacity are
compared against experimental measurements to understand the behavior, and why differences in the experimental measurements are
observed. The influence of adding U vacancies, N interstitials, and Pu to UN is also examined. For this, a new PuN potential parameter set
is developed and used with the Kocevski UN potential, enabling the dynamics of mixed (U,Pu)N systems to be studied. How defects impact
the thermophysical properties is important for understanding fuel behavior under different reactor conditions, and these mechanistic
predictions can be used to support fuel performance codes where data is scarce.
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I. INTRODUCTION studies on UN thermal properties, >~ there is still a lack of under-
standing in how defects affect thermal and mechanical properties;
however, some studies have begun to address this.?’~%?
Consequently, here atomic scale simulations are used to predict
how specific defect configurations influence properties of UN.
Understanding the influence of defects is crucial if we are to
predict how the fuel performs under reactor conditions. Simulations
at the atomic scale contribute to our understanding by predicting the

Nitride nuclear fuels have been developed since the 1960s and
were originally proposed as an alternative fuel form for fast
neutron spectrum reactors.'~ Moreover, they have been investi-
gated for use in space propulsion, and more recently, as one of the
candidate fuels for several non-water cooled and advanced systems
also known as Generation IV (Gen IV) reactors.”” In addition, they
are being investigated as accident tolerant and advanced technology

fuels for next generation light water reactors (LWRs).” In com-  defect and temperature dependence of physical properties that
parison to conventional oxide fuels their higher thermal conductiv-  dictate the mechanistic behavior that relates to macroscopic proper-
ity, higher fissile element density, and predicted good radiation  ties (though other macroscopic predictions are also important).
tolerance make nitrides strong alternate fuel candidates. UN, for Modern fuel performance codes employ knowledge of the physical
example, has a higher melting point than conventional oxide fuels; ~ processes that underpin property behavior to inform constituent
however, the melting point depends on nitrogen overpressuriza- parts of the performance codes. This approach can be particularly

tion.”'" Nitride fuels have already been tested successfully under  useful where limited data are available on which to base empirically
operating fast reactor conditions.''™* fitted fuel behavior property models [which is the case for PuN and

The beneficial properties of pristine UN compared to conven- (U,Pu)N].
tional oxide fuels could allow the fuel to operate at higher Both stoichiometry changes and formation of Pu species occur
burn-ups, although it is unclear how defect formation alters prop- as a consequence of fuel burn-up. Thus, two classes of defect are
erties. While there have been many experimental and theoretical considered: first, those associated with hyper-stoichiometry
J. Appl. Phys. 135, 165101 (2024); doi: 10.1063/5.0177315 135, 165101-1
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(both U vacancies and N interstitials) and second, the consequence
of replacing U with Pu. In order to facilitate the latter, we predict
the temperature dependent properties of PuN and then mixed stoi-
chiometric (U,Pu)N systems.

Here, empirical potential based calculations are used to predict
lattice parameter, linear thermal expansion coefficient (LTEC),
change in enthalpy, and specific heat (at constant pressure) for UN
and hyper-stoichiometric UN. We compare these predictions to
available experimental data for UN, and address ambiguities between
the high temperature experimental specific heat capacity measure-
ments. Using the Kocevski et al.”” UN potential N-N parameters, a
new PuN potential was developed by fitting to the experimental PuN
lattice parameter data. This provided the capability to predict ther-
mophysical properties for PuN and mixed (U,Pu)N (10% and 20%
additions of PuN to UN). Similar to the UN predictions, we were
able to compare with available experimental data and make predic-
tions where available data are limited. For the UN cases, more than
one potential set is used to investigate properties where it is prudent
to check how sensitive the results are to potential choice. As will be
discussed later, having this comparison is important when interpret-
ing the predictions of the specific heat capacity of UN and is impor-
tant for choosing a UN potential to be used with the new developed
PuN potential. For the electronic component of the specific heat
capacity, electronic band structures were calculated using density
functional theory (DFT) to solve the Boltzmann transport equation
of both UN and PuN. DFT calculations are also used to examine the
defect energies of UN, comparing to other DFT and molecular
dynamics (MD) studies.

Il. METHODOLOGY
A. Molecular dynamics simulations
1. Simulation approach

Equilibrium simulation predictions of thermophysical proper-
ties were carried out using the molecular dynamics (MD)
Large-scale  Atomic/Molecular Massively Parallel ~Simulator
(LAMMPS) simulation package”>* under constant temperature
and pressure (0 MPa) by applying an isothermal-isobaric (NPT)
ensemble. Consequently, the system was able to undergo volume
relaxation, without an external pressure. To achieve this, a Nosé-
Hoover thermostat (with a damping value of 0.1 ps) and barostat
(with a damping value of 0.5 ps) were used throughout.

2. Empirical potential sets

The potential set used to calculate the inter-atomic forces is a
crucial factor in MD modeling as it controls the numerical and
algorithmic simplicity and the fidelity of the simulations to repro-
duce the behavior of a material. Thus, it is important to know the
applicability of the potential set to the objective of the simulations
(i.e., is the simulation set selecting the right potential set for the
property being investigated and does it reflect the physics that
underlies that property?). A single type of atomic interaction
modeled by one analytical function is not capable of reproducing
all the different types of bonding in a material; therefore, different
forms of inter-atomic potentials are normally tested. In this report,
five potential parameter sets””*>***’ found in the literature and

ARTICLE pubs.aip.org/aip/jap

describing the forces between the U and N atoms have been
investigated.

MD simulation cells for defect-free UN and PuN were con-
structed by repeating the cubic rock salt unit cell 15 times in the
three orthogonal directions, yielding a simulation box containing
27000 atoms (i.e., a 15 x 15 x 15 supercell). Hyper-stoichiometric
UN simulation cells were generated in two ways: first, by randomly
assigning N atoms to octahedral interstitial sites in the perfect
supercell or second, by removing U atoms, until the desired defect
concentration was reached. Similarly, mixed nitride systems were
created by randomly assigning Pu atoms to U sites. In order to
reduce the effect of bias introduced by any particular configuration,
five distinct, random distributions were generated for each compo-
sition. Results shown later in this study were obtained by taking
averages over these five configurations.

Following the creation of the structure, the system was equili-
brated for 40 ps. This was used to minimize the effect of energy
fluctuations in the system. This step is especially important for
structures containing defects, in order to reduce the effect that local
energetic configurations may have on further MD runs. MD calcu-
lations were then performed using a sequential temperature ramp
with steps of 25K from 300 to 2500 K for UN and with steps of
50 K from 300 to 2000 K for systems containing Pu. At each tem-
perature, the system was equilibrated for 40 ps with the volume and
enthalpy averaged over the final 4ps. This allowed the system
dimensions and enthalpy to be determined as a function of
temperature.

3. Thermophysical properties

For the UN, PuN, and (U,Pu)N, the lattice parameter was pre-
dicted by taking the cube root of the systems volume. The linear

thermal expansion coefficient is then derived similar to the study !

by Hayes et al.,'

L—-1L

a=——->,
Lo(T — To)

1)

where Ly is the lattice parameter at the reference temperature Tp,
and L is the lattice parameter at temperature T. T, is taken as
300 K.

By plotting the enthalpy increment, H(T)-H(298K), as a
function of temperature (see Sec. II A C), the specific heat capacity,
at a constant pressure can be determined from the first derivative
of the enthalpy increment,

1 (OH
CP = ; (ﬁ)p, (2)

where 7 is the number of moles and ‘?3—1; is calculated by fitting a
straight line to the enthalpy increment at a specific temperature
and the points within 50 K on either side.

4. BoltzTrap2 calculations

The electronic contribution to the specific heat capacity was
calculated by using the electronic band structure (calculated from
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quantum mechanical calculations described in Sec. II B below) to
solve the semi-classical Boltzmann transport equation, under a
relaxation time approximation implemented by the BoltzTrap2
code.”®

B. Density functional theory

To capture electronic effects, density functional theory calcula-
tions were implemented using the Vienna ab initio Simulation
Package (VASP).”” This code solves standard Kohn-Sham equa-
tions using plane wave basis sets and projected augmented wave
(PAW) pseudopotentials.”’ For all DFT calculations, a plane wave
basis set with a cut-off of 500 eV and an 8 x 8 x 8 Monkhorst-
Pack’ k-point mesh were used. An accurate representation of the
materials properties requires a good approximation for many-body
electron effects. This is captured by the exchange-correlation poten-
tial, and in this work the generalized gradient approximation
(GGA) scheme defined by Perdew, Burke, and Ernzerhof (PBE)™
was applied. However, the challenge in modeling U and Pu lies in
their f electron behavior. Therefore, in order to describe the behav-
ior of the localized f states, calculations were also conducted
including the orbital dependent, Coulomb potential (Hubbard U),
and the exchange parameter J, as formulated by Dudarev et al.””
Using existing literature data,”™”” values of U =2.50eV and
J =0.125eV were applied to UN calculations, while values of
U =3.20eV and ] = 0 eV were applied for PuN calculations. The
U values also consider the recommendation by Claisse et al.”® that
the value should be greater than 1.5 eV. For each relaxed configura-
tion, the forces on the atoms were less than 0.001 eV/A.

lll. RESULTS AND DISCUSSION

In this section, for different UN systems, PuN and mixed
(U,Pu)N, we predict the following: thermal dependence of lattice
parameter, LTEC, enthalpy, and the specific heat at constant
pressure.

Before the thermal dependent properties of UN were pre-
dicted, the literature MD potentials sets were tested for suitability.
From the five potential sets examined,””****™*" two were rejected
for further use after initial test simulations. These were the poten-
tial forms derived by Chen et al.”® and Kurosaki et al”> With
regard to Chen et al,”® it was found that the potential could not
stabilize the UN structure for NPT calculations and it was rejected
on this basis. Then, the Buckingham-Morse potential by Kurosaki
et al.”” was found to be unusable as key parameter set values were
missing from the literature. In addition, the U, Pu, and N atoms of
the Kurosaki et al.”” potential sets contain charges. As the nitrides
examined in this study behave like metallic systems, to capture the
correct bonding behavior, they should have a charge of zero. The
Kurosaki ef al.”” PuN potential set was, therefore, also rejected. The
potential sets of Kuksin et al.”’ and Tseplyaev and Starikov’” both
delivered stable MD results, although they do not also have param-
eters to model PuN. Finally, the recent potential for UN, derived
by Kocevski et al.,”* was able to predict the thermophysical proper-
ties of UN. However, again there was no model for PuN. Therefore,
a new PuN parameter set was developed, compatible with this UN
potential as it uses the same N-N potential parameters, thereby
giving the capability of predicting mixed (U,Pu)N properties

ARTICLE pubs.aip.org/aip/jap

TABLE |. Parameters for the many-body interaction described by Egs. (3)-(5). The
arrow shows that the density of the atomic species on the left are being embedded
in the other atomic species density, e.g., for N — Pu, the N atom density is being
embedded in the density of the Pu atom.

Fop (eV A7 Bos (A™ rgﬁ (A) n,
N — Pu 3.0805 1.9481 1.3470
Pu—-N 47887 1.2831 1.7459
N 0.5418
Pu 0.6287

(derivation of this potential was made possible through access to
the same fitting procedure as used by Kocevski et al.””).

A. New PuN potential

The PuN potential uses the same many-bodied Finnis-Sinclair
EAM potential combined with a pairwise Buckingham term
employed by Kocevski et al.

The potential energy, E;, of an atom i with respect to all other
atoms j is written as

E =F, (Zpaﬁ(nj)) +%Z bop(rij)s ng # 1, (3)

j#i j#i

where o and S represent the species of atoms i and j. The density
function, p,4(r;)), is specific to the type of interacting species. This
differs from a “standard” EAM potential where the same density is
used, no matter the species of the central atom. The term »n®
ensures that the embedding function is non-linear.

The density function is described by

Pap(ri) = Fapri exp (—Bag(r,j — rgﬁ)z), a # B, 4)

where F,g, Byg, and rgﬂ are empirical parameters dependent of the
embedded atom and the density. ¢,4(r;;) describes the pairwise
interaction between atoms i and j. It has the Buckingham form
where A,p and p,,; are empirical parameters, shown in Eq. (5),

ij Cy,
baprij) = Aap exp (— i) -2, (5)

Pap ri6j

The C term is set to zero for this potential.
Parameters for the potential are outlined in Tables T and II.
Due to a lack of single crystal elastic property experimental data for

TABLE II. Parameters for the Buckingham interaction described by Eq. (5).

a— ﬂ Aaﬁ (CV) Pap (A)
N-N 6611.7524 0.2338
Pu-Pu 1506.3201 0.3939
N-Pu 219.1329 0.4287
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TABLE lll. Elastic constants (nyg and bulk modulus in GPa for the new PuN poten-
tial set compared to DFT values.”” Note the predicted lattice parameter for this DFT

ARTICLE

and 2500 K derived using the potentials of Kocevski et al.,”*

pubs.aip.org/aip/jap

Kuksin

work is 4.94 A compared to 4.89 A using the potential and 4.89 A from experiment.

Property MD (this work) (GPa) DFT* (GPa)
Cy 3115 280
Cp, 1124 92
Cus 57.1 63
Bulk modulus 178.8 154

PuN systems, this potential was fit only to the experimental lattice
parameter data at different temperatures.”® Elastic moduli for PuN
predicted by this potential are reported in Table III and compare
favorably to values derived using DFT.

B. Lattice parameter as a function of temperature
1. Uranium mononitride

Figure 1 shows the lattice parameters and LTEC as a function
of temperature for UN and hyper-stoichiometric UN between 300
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UN 1% N interstitial v

A UN 1% U vacancy 7
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et al,”’ and Tseplyaev et al”” For U vacancy and N interstitial

hyper-stoichiometric materials, the stoichiometry was UpogN and
UN; g2, respectively. The black points are empirical correlations by
Hayes et al.,'” derived from collated experimental data sets. The red
points are first principle predictions from Mei et al.*’ Although
both the Kuksin and Tseplyaev potentials predict slightly lower
lattice parameter values compared to experiment, the trend with
temperature is similar. There is relatively good agreement with the
experimental correlation given by Hayes et al.'” and the Kocevski
potential. However, while the lattice parameter as a function of
temperature predicted using this potential is closer to the data by
Hayes et al. than predicted by the previous potentials, the slope is
slightly different. That is, the Kocevski potential slightly overesti-
mates the lattice at lower temperatures and underestimates at
higher temperatures, crossing through the experimental data at
~1500 K.

At ambient temperature, all potential sets predict that the
hyper-stoichiometric structure containing U vacancies exhibits a
slightly lower lattice parameter compared to the perfect structure
(because the uranium vacancy has a small negative defect volume).
As temperature increases, the lattice parameter converges onto the
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FIG. 1. Predicted using MD based on the Kocevski, Kuksin, and Tseplyaev potentials: (a) the variation of lattice parameter as a function of temperature for UN, UN with U
vacancies, and UN with N interstitials; (b) the linear thermal e 7pansmn coefficient as a function of temperature of UN, UN with U vacancies, and UN with N interstitials. A

correlation of experimental results is given by the black points'” and first principle calculations given by the red points. 40
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non-defective value. Conversely, with all potential sets, hyper- Schottky reactions, whereas previous DFT simulations and simula-
stoichiometric UN facilitated by N interstitials slightly raises the tions using the potential due to Kuksin et al. or those due to
lattice parameter compared to the non-defective system, consis- Tseplysev et al. marginally favor the N Frenkel reaction over
tently over the temperature range (due to a small positive defect Schottky. It could then be that the creation of N Frenkel or
volume). Nevertheless, because the defect volumes are so small, Schottky defects contribute to the rapid growth in the linear
the lattice parameter is not a strong function of U vacancy or N thermal expansion coefficient above 1700 K—although as stated
interstitial concentration. This is similar to what is seen for hypo- above, defect volumes are small so this is by no means definitive.

stoichiometric UN.”! Furthermore, the LTEC values for stoichio-
metric and hyper-stoichiometric materials are practically identical

over the whole temperature range, apart from that using the 2. Uranium and plutonium mononitride

Kuksin potential, which shows a slight enhancement for U vacan- The PuN potential was fit to the lattice parameter, resulting in
cies. This suggests that hyper-stoichiometry will not in itself give the close agreement with experimental data® in Fig. 2. Adding UN
rise to lattice swelling or modify in how the lattice volume changes to PuN lowers the lattice parameter and values lie between PuN
as a function of temperature. Nevertheless, other terms, for and UN. Due to the Kocevski potential slightly overestimating the
example, associated with the accumulation of fission products, may UN lattice parameter at low temperatures [Fig. 1(a)], it is expected
have an influence and these must eventually be considered.”! that the lattice parameter for (Ugg, Pujo)N and (Ugg, Puyo)N is also

For the simulations presented in Figs. 1(a) and 1(b), the lattice slightly over-estimated (i.e., below 1000 K) as these mixed nitrides
parameter increases linearly with temperature until ~1500K, at are heavily weighted toward UN. The predicted linear thermal
which point the rate of growth increases non-linearly. This effect ~ expansion coefficients as a function of temperature for PuN and
can be seen more clearly in the plots of linear thermal expansion (U,Pu)N are shown in Fig. 3. Fits to the lattice parameter data are
coefficient, o, as a function of temperature [Fig. 1(b)]. Curiously, described by the following equation:

this change of rate for the lattice parameter with temperature is
analogous to the superionic transition seen in UO,, PuO,, ThO,, Lp(T) = (AUNX + Apn(1 — x)) T2 4+ (BUNx + Bpun(1 — x))T

and MOx systems.””™*’ Underpinning this behavior in actinide + (Cunt + Couy(1 — 1)) )
oxides are defects generated in greater numbers at this temperature o PN ’
due to relatively low oxygen Frenkel energies, which are roughly
~4—5¢V.”" If the same were true in the case of UN, we would
anticipate similarly low disorder reaction energies in UN.
Therefore, the reaction energies for N Frenkel, U Frenkel, and
Schottky disorder were predicted using each of the potentials (see
Table 1V). Similarly, these energies were calculated using the DFT
approach described in Sec. II B, assuming 1k anti-ferromagnetic < UN
order (see Table IV). It should be noted that diffe}rer}t DFT « (U90 Pu10IN
methods can obtain different ground states for UN"**'">> And, . LUSO,PUZOgN
therefore, influence the formation energies. In particular, the study 4.98 uN’

by Kocevski et al."* outlines a detailed DFT study comparing dif- : o Hayes et al. UN
ferent methods and takes an approach to address the metastable o o Takano et al. PuN
states that can arise using DFT+U by applying occupational matrix
control. However, the trend of decreasing energy from Frenkel U to
Frenkel N to Schottky is consistent across the DFT studies shown
in Table IV. The formation energies given in Table IV indicate that
the N Frenkel and Schottky pair reactions exhibit much lower for-
mation energies than U Frenkel, but the N Frenkel and Schottky
disorder energies are close. In fact, the potential due to Kocevski
et al. and the current DFT simulations marginally favor the

where T is the temperature in K, and the fitted coefficients for
AUN: APuN) BUN’ BPuN’ CUN> and CPuN are reported in Table V
while x describes the UN concentration (between 0 and 1).
Electronic contributions are not expected to greatly impact the

8G'S¥'vL ¥20Z dunr 61

4.95

Lattice Parameter A

TABLE V. Formation energies per defect (i.e., total reaction energy divided by two)
in eV, predicted using the three potential sets used in this study, compared to DFT
values.2*#

4.89

500 1000 1500 2000
Kuksin Tseplyaev Kocevski ~ DFT DFT Temperature K
Defect (MD) (MD) (MD)  (literature) (this work)

Frenkel U 7.87 .94 14.36 71,874 9.98 FIG. 2. The closed circles are MD calculated lattice parameter as a function of
Frenkel N 4.04 s 401 49 483 494 temperature for UN, PuN, and mixed (U,Pu)N. The open circles and squares

g ~ . 7> . represent experimental correlational and experimental values for UN and PuN,
Schottky ~ 4.43 4.52 390 496 3.36 respectively. The lines are fits to the MD data described by Eq. (6).
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TABLE V. Polynomial parameters for use with Eq. (6). All coefficients are in units A.

AUI\] X
10~° Apanx 107 Bynx10™  Bpx10™  Cunv  Crun
4.964 1.278 2.392 3.617 4.900 4.895

lattice parameter of UN or PuN, therefore these contributions are
not included in the fit.

The model described by Eq. (6) provides a reasonable agree-
ment with experimental lattice parameter values for (U,Pu)N
across the temperature range 1500-2000 K (which extends beyond
the operating temperature range for these mixed nitride fuels).
For UN the potential predicts too low a slope across the full
temperature range compared to the experimental data, slightly
overestimating the lattice parameter at lower temperatures and
underestimating at higher temperatures, but crossing through the
experimental data at ~1500 K. Therefore, it is not recommended to
use this correlation with UN (or (U,Pu)N heavily weighted with
UN) at temperatures much below 1500 K. That said, the UN poten-
tial is close to the experimental data between 1500 and 2000 K and
with the PuN potential being fitted to experimental data, the fits
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FIG. 4. MD predictions of the lattice contributions to: (a) variation of enthalpy increment as a function of temperature for UN, UN with U vacancies, and UN with N intersti-
tials. (b) The variation in specific heat capacity as a function of temperature. A correlation of experimental results is given by the black points."®
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will give an accurate description of the thermal dependence of the
lattice parameter for these systems over this temperature range. The
mixed (U,Pu)N predictions from MD should then behave correctly
across this temperature range and fitting to these (as well as UN
and PuN) should yield a useful model between 1500 and 2000 K.
An improved (U,Pu)N potential from 300 to 2000 K would be
desirable to improve this model across this temperature range.
Furthermore, there is a need for experimental values of mixed
(U,Pu)N systems since data are scarce.

C. Enthalpy and specific heat
1. UN

The predicted changes in enthalpy [H(T)-H(298 K)] and spe-
cific heat calculated using constant pressure MD between 300 and
2500 K for UN and hyper-stoichiometric UN using the potentials
of Kuksin et al. and Tslepeav et al. are presented in Fig. 4. In all
cases, as the temperature increases, so does the enthalpy [Fig. 4(a)].
Thus, defects in the system associated with hyper-stoichiometry are
not predicted to alter this behavior compared to the stoichiometric
case.

As stated in the method section, Eq. (2), the specific heat
capacities can be calculated from the derivative of the change in
enthalpy and are presented in Fig. 4(b). Both the Kuksin and
Tslepeav potentials predict a consistent growth in the specific heat

3 MB + electroni L
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X
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FIG. 5. The specific heat capacity as a function of temperature for three MD
potential sets, with and without electronic correction, compared to experimental
data'®**** and a DFPT study by Mei et al."’
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until about 1500 K, at which point it increases more rapidly. This
behavior is also a feature in the experimental data (this point is dis-
cussed further later in this section) and like the lattice parameter
predictions, it is reminiscent of the superionic behavior in UO,.

The potential of Kocevski et al. is also used to predict the MD
enthalpy increment and specific heat of UN (see Fig. 4). As with
the other two potential sets, the enthalpy increment is predicted to
gradually increase in value leading to a growth in specific heat
value. However, unlike the previous results, a more rapid increase
does not begin until well over 2000 K, and even then it is much
more modest even though the defect formation energies are similar
for all three potentials (Table IV).

The simulations illustrated in Fig. 4 only capture the lattice
contribution to specific heat and not the contribution of 5f electron
excitations that could also account for the increase in specific heat
(which is known to be the case over low temperature ranges, that
is, 300-900 K, in uranium systems’*"’). Figure 5 shows the specific
heat capacity predicted using the three potentials via MD (i.e., only
the lattice contribution) but also, MD results corrected for the elec-
tronic contributions, calculated by solving Boltzmann transport
equations (described in Sec. II A 4). Electronic contributions to the
specific heat capacity of UN and PuN were calculated by solving
Boltzmann transport equations (see Sec. II A 4) and are presented
in Fig. 6. By comparing with values in Fig. 4, it is clear that elec-
tronic contributions are only slightly smaller than the lattice contri-
butions, which is consistent with other studies."””® Figure 5 also
shows the correlation data of Hayes et al., predictions using density
functional perturbation theory (DFPT) by Mei et al,*’ and the two

available high temperature experimental datasets by Affortit,” and
Conway and Flagella(’() (discussed below).
°*UN
20 PuN
X 15
©
S
>
[oX
© 10
5
500 1000 1500 2000 2500

Temperature K

FIG. 6. Electric contributions to the specific heat capacity for UN and PuN as a
function of temperature. The fits given by Eq. (7) are shown as lines.
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FIG. 7. The variation of enthalpy increment as a function of temperature for PuN, (Ugg, Pusg)N, and (Ugg, Pug)N is shown in (a), and (b) depicts the variation in specific
heat capacity as a function of temperature. The summed lattice and electronic contributions for PuN are represented by circles.

Considering the total specific heat capacity (electronic and
lattice contributions, Fig. 5), it is observed that two of the potentials
(Kuksin and Tseplyaev) predict a rapid rise and are in good agree-
ment with the Conway and Flagella data (see Fig. 5). These poten-
tials were not fitted to specific heat or enthalpy data but still
predict this behavior. The Kocevski potential”> does not predict
this rapid rise but has a trend similar to the data of Affortit” and
the modeling predictions using DFPT by Mei et al."’

Many studies have been carried out to calculate the specific
heat of UN as a function of temperature using calorimeter and
laser flash experimental techniques as well as thermodynamic rela-
tionships.” It was from eight different such datasets that the corre-
lation equation developed by Hayes et al. was derived. In general,
most of the experimental work is in good agreement, and, thus, a
good understanding of the behavior can be assumed. However,
there are some discrepancies at higher temperatures. Between 1000
and 1700 K, most of the data appear consistent apart from mea-
surements by Affortit,”” where both the magnitude and the slope
differ from other available experimental data. This disagreement
could be a result of the experimental technique employed by
Affortit, which involved the rapid heating of a UN wire. Therefore,
the data by Affortit were not used as one of the datasets by Hayes
et al. when developing their correlation model.

Above 1700 K, there are only two sets of experimental data:
those of Affortit”” and Conway and Flagella."” The work by

e UN °
. U90,Pu10;N .
° (U80,Pu20)N . ¢
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E [
; o
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(@]
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FIG. 8. MD calculated lattice contributions to the specific heat capacity for UN,
PuN, and mixed (U,Pu)N as a function of temperature. The fits given by Eq. (7)

are shown as lines.
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TABLE VI. Polynomial parameters for use with Eq. (7) for the phonon contribution to the specific heat capacity. All coefficients are in units J/mol K.

Apyx1077 Apynx107° Bynyx 1077 Bpyx 1077 Cynx 1072 Cpun X 1072
1.621 3.072 -1.210 1.743 5.084 5.084
Conway and Flagella shows a rapid upward increase of specific heat 2. (UPu)N

values above ~1700 K. Their work consists of enthalpy measure-
ments, used to calculate the specific heat, performed on samples
containing 79.7 wt. % UN and 20.3wt. % UQ,."**" The enthalpy
was assumed to be the sum of the products of enthalpy and the
weight fractions of UN and UO,. The enthalpy of UO, is well
understood and above 1700 K, a superionic transition is known to
occur which would be evident in the results. A similar rapid
upward rise in specific heat capacity is seen at high temperatures in
other actinide fuels, such as oxides and carbides and is the result of
the formation of defects.”®' However, as highlighted above, there is
a paucity of equivalent data for UN above 1700 K and, furthermore,
UN is known to dissociate at these temperatures.”'*°* The heat
capacity correlated equation of Hayes et al. includes the results of
Conway and Flagella. These data were also chosen as it is in good
agreement with available data over the temperature range 1000-
1700 K. However, the work of Affortit was not included.

It is clear that further work is required, both simulation and
experiment to understand to what extent there is actually a rapid
increase in specific heat of UN at higher temperatures and to iden-
tify its origin. The simulation data may suggest that a defect pro-
duction mechanism is not being captured by the Kocevski potential
(see defect energies in Table 1V), but that is far from clear. If a
defect mechanism is not the cause of the rise in specific heat capac-
ity, another process must be operating such as softening of a
phonon mode or more generally an increase in the magnitude of
lattice vibrations (greater anharmonicity). Specific heat is effectively
a measure of how much heat is locked up as potential energy in the
system. This can happen as atoms vibrate about their sites. As they
vibrate further from their lattice points, in terms of classical MD
simulations, the atoms move further up the potential energy well
binding them to their sites—meaning more heat needs to be
pumped into the system as the temperature increases. It is also pos-
sible that the Kocevski potential captures the correct behavior and
this rapid rise observed by Conway and Flagella (and the other two
potential sets) is not a true representation of the specific heat
capacity behavior at high temperatures (i.e., above 1700K). As
such, this experimentally observed rapid rise could be a conse-
quence of another process such as dissociation of the UN. With so
many uncertainties and the lack of existing experimental data, new
high temperature measurements (above 1700 K) of specific heat of
UN would be valuable.

The predicted enthalpy increment [H(T)-H(298 K)] for PuN
increases with temperature, as shown in Fig. 7(a), and as with UN,
this is used to calculate the specific heat capacity [see Fig. 7(b)].
Specific heat capacity information for PuN is scarce and the three
experimental datasets presented in Fig. 7(b) differ greatly. It has
been argued that the data by Oetting®’ is more reliable and is
usually recommended.” However, the trend for the total specific
heat-temperature curves (electronic and lattice), shown by blue
points in Fig. 7(b), predicted here agrees better with the values cal-
culated by Alexander™** overall, and in particular, the temperature
dependence is close. That said, the values at high temperatures
(above 1500 K) are closer to those by Oetting.”” The PuN specific
heat values by Spear and Leitnaker”” are much lower than all other
values (predicted and experiment).

The lattice contributions to specific heat are also predicted for
two compositions of mixed nitrides [(Ugy, Pujg)N and
(Usgo, Puy)N] [see Fig. 7(b)]. These are lower than the lattice con-
tribution to the specific heat for PuN. This reduction is consistent
with the experimental work by Alexander.”® However, the reduc-
tion is not consistently smaller over the temperature range. These
values are close to the values of PuN at low temperatures and do
not rise as quickly as temperature increases. This could be due to

the UN part predicted by the Kocevski potential not rising as :
rapidly, as discussed in Sec. III B 2. There is little difference |

between the specific heat values of (Ugg, Pujo)N and (Ugp, Puy)N.

A quadratic equation fitted to atomistic data describes the spe-
cific heat capacity as a function of temperature (300-2000 K) for
(U,Pu)N. The specific heat is presented as its lattice and electrical
contributions, respectively. Phonon contributions to the specific
heat capacity of UN, (Ugg, Pu;o)N, (Ugg, Puyy)N, and PuN were
calculated from the changes in enthalpy [H(T)-H(298 K)] pre-
dicted by MD simulations and are presented in Fig. 8. The lines in
Fig. 8 represent fits to the data given by

Cp phonon(T) = (Aunx + Apun(1 — x)) T* + (Bunx + Bpun(1 — x)) T
+ (Cunx + Cpun(1 — %)),
(7)

where T is temperature in K, and Ayn, Apun, Bun, Brun> Cun, and
Cpyn are fitting coefficients while x describes the UN concentration

TABLE VII. Polynomial parameters for use with Eq. (7) for the electronic contribution to the specific heat capacity. All coefficients are in units J/mol K.

Apn x 1070 Apnx107° Bunx107°

Bpun x 1076 Cynx 1072 Cpun x 1072

1.126 —1.435 5.450

9.002 1.518 1.716
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FIG. 9. Lines predicting the total specific heat capacity of UN, (Ugg, Pusq)N,
(Uso, Pusp)N, and PuN from the summation of the electronic and lattice
contributions.

dependence (between 0 and 1). Table VI reports the fitting parame-
ter values for Eq. (7).

As presented in Sec. I1I B 4, the electronic contributions to the
specific heat capacity of UN and PuN were calculated by solving
Boltzmann transport equations. A linear interpolation between UN
and PuN was assumed for the mixed (U,Pu)N nitride systems. A fit
applied to these results based on the same analytical form as
Eq. (7) gives rise to the coefficients reported in Table VII.

The total specific heat capacity for UN, PuN, and mixed
(U,Pu)N is shown in Fig. 9, derived by summing the phonon and
electronic contributions. Interestingly, for the intermediate compo-
sition, once the electronic terms are included, value sit more cen-
trally between UN and PuN than do values predicted just on lattice
contributions (compare Figs. 8 and 9).

IV. CONCLUSIONS

This study employed atomistic simulation techniques to inves-
tigate the temperature dependent thermophysical properties of UN
and hyper-stoichiometric UN. Three different sets of UN inter-
atomic potentials were used to calculate lattice contributions to
properties and DFT based simulations to calculate electronic con-
tributions. A new PuN potential parameter set was developed, con-
sistent with the Kocevski UN potential, allowing PuN and mixed
(U,Pu)N systems to be studied here. The simulation predictions
can be implemented in fuel performance codes, which rely on
information such as thermophysical properties, to predict accurate
fuel pin behavior. Furthermore, this potential will enable future
MD simulations to be conducted advancing the understanding of
(U,Pu)N, where data are scarce.

ARTICLE pubs.aip.org/aip/jap

For UN, it was found that all the properties predicted compared
well with experiment. Modest additions of N interstitials or U vacan-
cies, corresponding to hyper-stoichiometry, had little or negligible
impact on predicted property values. Again, this information is
important as defects like these will occur in UN fuel under reactor
conditions. As expected, for all UN properties investigated, the elec-
tronic contribution had the greatest impact on the specific heat
capacity as a function of temperature. For the lattice contribution to
the specific heat capacity, the three potential sets all predicted similar
behavior up to ~1700 K. However, above 1700 K, different behavior
was observed with two potentials predicting a rapid rise of specific
heat at high temperatures, while one does not. For the high tempera-
ture predictions, there are only two experimental datasets for the
specific heat capacity of UN with which to compare. There is a clear
discrepancy between these two experimental datasets and for both
studies, there are still questions about the reliability of the results.
Using our predictions, we discuss possible underlying causes for this
discrepancy and suggest that new high temperature measurements of
the specific heat capacity of UN are required.

For PuN and (U,Pu)N, the new potential predicts values close
to available experimental results; however, experimental data are
scarce. As the UN Kocevski potential slightly overestimates the
lattice parameter for lower temperatures and underestimates for
higher temperatures, crossing through the experimental data at
~1500 K, it is highly likely that (U,Pu)N heavily weighted with UN
would do the same. That said, the UN potential is close to the
experimental data between 1500 and 2000 K and with the PuN
potential being fitted to experimental lattice parameter data, an
accurate description of the lattice parameter for (U,Pu)N should
apply across this temperature range.

There are a handful of experimental results to compare the
predicted specific heat capacity of PuN, but the experimental

results vary widely. The simulation predictions help in understand- :

ing the experimental measurements, but, like UN, new experiments
for high temperature specific heat capacity of PuN and (U,Pu)N
would also be valuable. Due to the scarcity of reliable experimental
values above 1500 K but good agreement with specific heat experi-
ments below this temperature, it is probable that the atomic scale
predictions will yield reliable results for (U,Pu)N (with high per-
centage of UN) only up to 1500 K.

SUPPLEMENTARY MATERIAL

The supplementary material provides the tabulated (U,Pu)N
potential file used for this work.
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