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ABSTRACT

In-depth understanding of nuclear fuel behaviour under operation is critical to antic-
ipate and prevent severe accidents. Loss-of-cooling events can lead to core meltdown,
and formation of U-Zr-O liquids (the basic components of corium lavas), formed of
molten fuel and cladding. To improve the knowledge on those liquid mixtures, we
evaluate the ability of existing interatomic potentials (CRG and Yakub) for solid-
phase (U, Zr)O2 to accurately reproduce density and heat capacity of molten UO2

and ZrO2 and their binary mixes within molecular dynamics simulations. Facing
their limits, we determine a new set of parameters for the CRG potential through
optimization on a single experimental density point for ZrO2 (d=0.070 atoms/Å3 at
T=2900 K). The proposed �tted potential shows good agreement during validation
with experimental data when applied at high temperatures.

KEYWORDS
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1. Introduction

The predominant materials in a pressurized water reactor (PWR) core are UO2, Zr and
steel. In the event of a loss of coolant accident (LOCA), fuel, cladding and structural
materials can reach temperatures above 3250 K (2976 °C), far above the melting point
of steel (1400 °C). The phase diagram of (U, Zr)O2 shows in this high temperature
regime a continuous mutual solubility in the solid and molten states.

Predicting the behaviour of molten core materials (liquid U�Zr�O phases), represents
an experimental challenge: due to the range of extreme temperatures involved, avail-
able data on liquid (U, Zr)O2 systems is scarce. Hence, multiscale modelling of these
materials is essential to describe accident situations for fuel performance codes. For
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instance, density, thermal expansion, and heat capacity are valuable properties in the
development of fuel behaviour models.

Molecular dynamics simulations enable the determination of thermophysical properties
of materials. The nature of the system (liquid mixture of heavy elements at high
temperature) makes it particularly di�cult to model with a full quantum mechanical
description of the electronic structure, such as DFT. Empirical interatomic potentials
o�er a notable computational gain in this regard, with acceptable accuracy and access
to longer time scales. A number of interatomic potentials have been proposed to model
UO2 [1,2], however the shift towards more elaborate manybody forms (based on the
embedded atom model) have given e�ective results, such as the CRG (Cooper-Rushton-
Grimes) potential [3] and the di�erent phases of ZrO2 [4,5].

In recent work, Frost et al. [6] used the CRG model proposed by Liu et al. [7] to
describe the interaction between the solid UO2 pellet and zirconium cladding. Their
set of parameters successfully predicts several thermophysical properties up to the
melting point, but fails for liquid phases. Additionally, the potential of Yakub [8] was
adapted with additional XRD data by Alderman et al. [9] to model corium lavas. In this
work, we evaluate the ability of these potentials to reproduce density and heat capacity
of liquid (U, Zr)O2, and propose a new set of parameters in the CRG framework to
model molten corium on the 2800K-5000K temperature range.

2. Methods

2.1. Empirical potentials

In this work, we compare two existing potentials: the CRG (Cooper-Rushton-Grimes)
potential [6,7,10] and a modi�ed iteration of the Yakub et al. potential[8] by Alderman
et al [9]. Both were initially designed to model pure UO2 structures in the solid phase,
and later extended for (U, Zr)O2 systems.

The Cooper-Rushton-Grimes (CRG) potential [3] was proven to accurately reproduce
lattice parameter, thermal expansion and heat capacity of solid UO2. This potential
was originally designed to model actinide oxides, and later adapted by Liu et al. for
U�Zr interactions in the solid phase by �tting data obtained from defect formation
energies from DFT calculations of cubic-phase ZrO2 [6,7]. Although here we will focus
on "pure" (U, Zr)O2 matrices, choosing CRG (Liu) allows for later consideration of
�ssion products in our systems, or extension to mixed oxides (MOX) fuels.

The potential gives the interaction energy between a pair of atoms i and j as shown
in equation in 1, and features both a pairwise and a many-body term:

ECRG
i =

1

2

N∑
j

φαβ(rij) −Gα

√√√√ N∑
i

σβ(rij) (1)
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Contribution φB φM

Pair Aαβ (eV) ραβ (Å) Cαβ (eVÅ6) Dαβ (eV) γαβ (Å−1) r0 (Å)

U�U [3] 18600 0.2747 0.0 - - -
Zr�Zr [7] 18600 0.2307 0.0 - - -
Zr�U [7] 18600 0.2517 0.0 - - -
U�O [3] 448.779 0.3878 0.0 0.6608 2.058 2.381
Zr�O [7] 1147.471 0.3224 0.0 1.2269 1.4482 1.998
O�O [3] 830.283 0.3529 3.884 - - -

Table 1. Pairwise parameters for the CRG (Liu) potential. The U-U, U-O, and O-O parameters were derived
in the original CRG paper [3]. The Zr-Zr, Zr-O, and Zr-U were derived by Liu et al. [7]. Elements in bold were
modi�ed during the �tting procedure.

Species Gα (eVÅ3/2) nβ (Å5)

O [3] 0.690 106.856
U [3] 1.806 3450.995
Zr [7] 1.597 1188.786

Table 2. Many-body parameters for CRG (Liu) [7]

φαβ(rij) = φC + φB + φM (2)

φC(rij) =
Ze�
α Z

e�
β

4πε0rij
(3)

φM (rij) = Dαβ[e−2γαβ(rij − r0)− (4)

2e−γαβ(rij−r0)] (5)

φB(rij) = Aαβe
−rij/ραβ −

Cαβ
r6ij

(6)

Pairwise interaction between atoms i and j, (labelled α and β according to their species)
is described within the φαβ element: long-range (Coulomb) interaction in the φC(rij),
and short-range contributions with Morse (φM (rij)) and Buckingham (φB(rij)) poten-
tials. Parameters for φM (rij) and φB(rij) are given in table 1; note that φM models
cation-oxygen partially covalent bonding, while φC and φB account for cation-cation
and cation-oxygen interactions only (Dα=β = 0). The same �xed atomic charges from
Yakub et al [8] are used, these are Ze�

α = −1.1104 for oxygen and Ze�
α = 2.2208 for

cations (tetravalent). An 11.0Å cuto� is set for short-range interactions.

The second term of equation 1 makes use of the Embedded Atom Model (EAM) to
add a many-body perturbation, the key feature of the CRG potential form.
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Pair Dαβ (eV) γαβ (Å−1) r0 (Å)

U-O 0.21 1.50 2.880
Zr-O 0.30 1.80 2.493
O-O 0.02 1.48 3.760

Table 3. Parameters for the potential proposed by Alderman et al [9].

σβ(rij) =
nβ
r8ij

(7)

EAM-style potentials have been shown to give a good description of the bulk thermo-
physical properties, such as phonon spectra, thermal expansion, and elastic constants,
although melting point of most metals is typically underestimated [11]. Many-body
e�ects are accounted for by applying a non-linear function (square root for CRG,
weighted with the Gα coe�cient) to the pairwise density sums (eq. 7). EAM parame-
ters for CRG (Liu) are reported in table 2. A minimum cuto� radius of 1.5Å is applied
to avoid masking short-range interactions, in addition with a 11Å maximum cuto�
similar to pairwise interactions.

Yakub et al proposed a Morse-based pair-potential for UO2 solid-liquid phase tran-
sition [8], presenting optimal performance around the melting point[12]. Alderman et

al., proposed a simpli�ed version for binary (U, Zr)O2 melts where some parameters
describing the Zr�O interaction were re�ned through experimental XRD structure fac-
tor measurements on (U, Zr)O2 melts[9]. The potential is composed of a Coulomb and
a Morse term, similar to the ones described for CRG (Liu):

EAlderman
ij = φC(rij) + φM (rij) (8)

Their parameters are shown in table 3; however they did not mention a Morse cuto�
radius in their study, Alderman con�rmed a value of 8.0Å was used in their initial
work.

2.2. Potential optimization

Fitting an interatomic potential to match experimental data can be achieved through
several paths, depending on the targeted property, such as X-ray scattering data for
structure, lattice constants, or in our case, density. Further re�nement can be performed
with ab initio data. We used the soon-to-be-released PPro�t �tting tool, designed by
M. J. Rushton for the original �t of the CRG potential [3,13].

Rather than performing a tedious adjustment of the parameters by hand, or a brute-
force method, Potential Pro-Fit proposes to apply a minimization algorithm to facil-
itate parameter optimization of the potentials models to be used with classical sim-
ulation codes. The procedure is described in �gure 1. Minimizers are responsible for
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choosing sets candidate parameter and iteratively optimizing them to minimize an
objective function (merit function). The minimizer gradually changes an initial set of
input variables to improve the property predictions yielded by the potential set. Mini-
mizers available with PPro�t include the Nelder-Mead "simplex" algorithm, di�erential
evolution algorithm (DEA) and simulated annealing method.

Figure 1. Flowchart of the PPro�t optimization algorithm

Evaluators are responsible for extracting values from the output of a given job (simula-
tion observables). Typically, the di�erence between the value of an observable predicted
for a particular set of candidate parameters is compared with a desired value, such as
an experimental value. The evaluators return the magnitude of the di�erence in the
predicted and desired property values. The �t is considered completed when the merit
function has reached a small enough convergence criterion (e.g. 10−6).

2.3. Computational details

2.3.1. Simulation parameters

Mixed (U, Zr)O2 oxides compositions were generated by randomly substituting U with
Zr on cation sites in a Fm3̄m cubic �uorite structure; no speci�c random structure-
generation procedure such as SQS (special quasirandom structures) was used, as recent
work proved it had little to no impact for determining density or heat capacity in large
cells for mixed oxides systems [14]. A single purely random con�guration was used for
each composition, as previous work from Cooper et al. showed only small variations
between multiple random con�gurations above 2500 atoms [10]. Mixes are labelled ac-
cording to the uranium content of the matrix, from U0 (0% of U, 100% Zr) to U100
(100% of U, 0% Zr). Two 10x10x10 and 6x6x6 supercells (12000 and 2500 atoms) were
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used for density and heat capacity calculations respectively, periodic boundary condi-
tions being applied in each spatial direction. All simulations were run at equilibrium,
sampling in the NPT (isothermal-isobaric) ensemble; the Nosé-Hoover thermostat and
the Parrinello-Rahman barostat [15,16] were used for controlling temperature and pres-
sure. Integration timestep was set to 2 fs, thermostats and barostats relaxation times
to 0.1 ps. These values have been widely used in previous work with the CRG poten-
tial form [6]. For high temperatures, each supercell was heated to 5000 K, for thermal
quenching and ensuring proper melting of the atomic structure (avoiding unrealistic
crystalline structure above the melting point). Long-range interactions were computed
using the standard Ewald summation method, with a 11Å cuto�.

MD simulations were performed with the LAMMPS software suite [17] using the CRG
(Liu) potential tabulated �le from Frost et al. [6,18].

2.3.2. Fitting strategy

Considering the composite nature of CRG (EAM/Morse/Buckingham), and the num-
ber of possible parameters to �t (25), the �tting strategy must be organized in several
steps, where only a subset of parameters is �tted. Since the parameters speci�c to
oxygen and uranium (i.e. the O and U embedding function, U-U, U-O, O-O pair inter-
actions) do not have impact on the Zr-X interactions by design, and because we want
to maintain accuracy on pure UO2 properties, they will be left out of the optimization
scheme. This limits the �tting complexity and time.

Covalent bond distances from the Morse and Buckingham part (ρ, r0) are �tted �rst
because of their important sensitivity: ensuring their minimization is key to avoid
artefacts later in the �tting run simulations; Aαβ and Dαβ are �tted next. Finally,
EAM parameters (Gα, nβ) are �tted last, since they bear no physical meaning relative
to the system, and only serve to adjust the collective behaviour in the cell [14].

A single atomic density reference point d=0.070 atoms/Å3 at T=2980 K was taken for
reference. This point was chosen as it overlapped the error bars of both Kondo and
Kohara's measurements [19,20], and Alderman's simulation [9]. This decision was mo-
tivated to test the validity of the method in the context of the scarcity available data.
Should this simple test case yield correct predictions, then one can assume adding extra
reference points will only enhance the �tted potential. Each �tting run was performed
on a 3x3x3 simulation box (324 atoms) for faster results, with an equilibration time
of 50 000 steps (2 fs timestep), and density averaging on 10 000 additional steps. Vali-
dation runs consisted in similar MD simulations as for �tting, albeit a larger cell size
(1500 atoms) and longer equilibration time (500000 steps). We checked small variations
around the reference (± 0.001 atoms/Å3) did not impact the results of the �t.

The DEA minimizer [21] is used as a �rst step in the optimization, as it accelerates the
procedure by �nding a global minimum. The Nelder-Mead algorithm [22] then explores
the local surface around the global minimum, to re�ne the approximated value.

3. Results and discussion

3.1. Predictions by current potentials

We used the potentials from Liu [7] and Alderman [9] to study liquid (U, Zr)O2 mixes.

6



Density (atoms/unit volume) was extracted from simulation data and reported on �g.
2 together with experimental measurements from the literature. The density of liquid
UO2, ZrO2 and their alloys decrease linearly with increasing temperature, which is a
generally observed behaviour for liquid metals.
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Figure 2. The densities of liquid (U, Zr)O2 mixed systems and their UO2 and ZrO2 end-members are plotted
as a function of temperature. Broken lines represent recommended densities for both end-members and data
�ts. Alderman data points (squares) overlap the melting point of ZrO2. Data from Kohara et al. was plotted
with the adequate uncertainty.

Let us �rst review the set of experimental data, shown on �g. 2. Density measurements
of UO2 by Breitung [23] and Drotning [24] show little scatter. We notice however a
signi�cant uncertainty in the values and trends of liquid ZrO2. Kohara et al. [20] ran
a series of aerodynamic levitation (ADL) experiments on molten ZrO2 on a relatively
short range of temperatures slightly above melting point (2970 K � 3230 K). Kondo et

al. (2019) [19] ran similar experiments (2 replicas with identical conditions, #1 and
#2) for a wider temprature range (2600 K � 3250 K) 1 , with limited but not negligible
di�erences (5% at 3010 K) from linear �ts of Kohara data. Since Kohara also used the
ADL method to measure the density of liquid ZrO2, they provide a useful insight on
this divergence: the experimental setup was slightly di�erent. Kohara et al. only heated
the top side of the sample by a single laser, the bottom side was not directly heated,
resulting in a temperature and density gradient (estimated to several tens to even a few
hundred Kelvin [25]). As stated by Kondo et al. [19], the temperature measured by their
pyrometer may have been overestimated. Asmolov [26] proposes a correlation based on

1Some points were reported below the melting point (2973K) for Kondo and Kohara. Such results are common
for ADL experiments, as the system is completely isolated from its surrounding besides the stream of gas: the
molten droplet can therefore maintain a "supercooled state", where the liquid phase can exist below the melting
point (or liquidus, as levitation was reported to prevent nucleation).
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their own pycnometric measurements of corium melts and literature data. It should be
noted they did not perform a direct measure of pure ZrO2 density, their correlation
was constructed from a regular solution model interpolation of densities measured with
a (U77%Zr23%)O sample. The CRG (Liu) potential overestimates densities of all mixes
containing Zr, as it was designed to accommodate for compact crystals (tetragonal
phase).

Considering liquid UO2, the CRG (Liu) potential reproduces density accurately, in
agreement with experimental results from Drotning around the melting point, and
within minor deviation of Breitung & Reil for higher temperatures (1.5% di�erence at
4250K).

Kim et al. [27] proposed a similar approach using an unmodi�ed version of CRG (Liu)
to model a regular solution model on the end-members. Their results were limited and
reported in an unclear fashion as pointed by [9], and were therefore not included in the
�gures.

Alderman's potential on the other hand fails to predict the proper density for pure
uranium oxide, despite making use of an adequate potential form that showed excellent
agreement with reference data from the INSC database [8]. Several of their lowest
temperature points correspond to supercooled liquids, allowing (according to their
paper) for interpolation of results through the melting points.

The heat capacity of UO2 and ZrO2 was shown to be nearly constant at high tem-
peratures (T > 3000 K). Regarding UO2 Experimental and recommended values are
reported on �g. 3, and show a large degree of scattering, as noted by Ronchi et al. [28].
Fink [29] suggests a correlation �tted from both enthalpy data and direct heat capacity
measurements (using a calorimetric method) for UO2 in the 3120 K � 4500 K range.
They argue enthalpy measurements are more consistent across several runs than direct
cp calculation, hence favoured with a larger weight during the �t. Kolev [30] however
proposes a reference value of 135 J K−1 mol, in good accordance with data from Fischer
and Breitung & Reil. Both Yakub and CRG give a similar estimate of the cp for UO2,
although they do not indicate the 20% di�erence with ZrO2 shown by experimental
data. Heat capacity for ZrO2 falls within a good range of the data from Horost et

al.[27].

3.2. Potential �t

The procedure yielded satisfactory results within a few iterations (nmax=30). Mini-
mization of the merit function was achieved after �tting only the �rst set of pairwise
parameters (ρ, r0, A, D) ; EAM parameters remain unchanged.

The trend observed in the new parameters (presented in table 4) can be interpreted
since each term has a physical meaning ; we recall the initial form was developed for the
solid phase. The r0 parameter of the Morse φM component represents the equilibrium
length for the covalent part of cation-oxygen interaction ; we observed a slight increase
(1.998 Å to 2.009Å), re�ecting the thermal shift of the Zr-O bond at high temperatures.
The Buckingham parameter AZrO shows a signi�cant increase (1147.471 eV to 1169.686
eV), re�ecting the global reduction in density (larger repulsion overall).
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Figure 3. Heat capacity for UO2 (left) and ZrO2 (right). MD simulations with CRG (Liu) and Yakub (red
and yellow respectively) show a small under-evaluation. The purple line shows the newly computed cp with the
potential �tted in this work.

Parameter Original Fitted

ρZrZr (Å) 0.2307 0.1981
AZrO (eV) 1147.471 1169.686
ρZrO (Å) 0.3224 0.3401
r0ZrO (Å) 1.998 2.009

Table 4. New parameters proposed for the �t of CRG (this work) compared with their initial values (CRG
Liu).

3.3. Potential validation

Validation data is shown on �g 4. The �t agrees with the predictions of Alderman
for pure ZrO2, and intersects both Asmolov and Kolev predictions in the same region.
Furthermore, the U25 mix is coherent with data from Alderman ; their experimental
measurements were performed on a 27% uranium sample at 3070K, making it the most
relevant point of their set, where our �t and his intersect. The �t maintains identical
predictions for pure UO2 density, verifying the hypothesis on �tting only Zr parameters.

The newly computed heat capacity (�g 3) shows a slight improvement over the two
other potentials: evaluation of the root-mean-square error relative to the reference value
(table 5) gave a better score to our �tted candidate (3.053 vs. 8.196 and 5.835 for CRG
(this work) and Alderman respectively).

Melting points were evaluated through the so-called moving interface method [2], and
estimated with the �tted potential to be T = 3075K for (U25%Zr75%)O2, T = 3150K
for (U50%Zr50%)O2, T = 3175K for (U75%Zr25%)O2, within 50K error. These show no
improvement over the temperatures reported by Frost et al., con�rming this potential
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Figure 4. Similar as �g. 2, with a focus on the �tted potential from this work. The post-optimization CRG-
form potential retains the same densities for UO2.

is not suited to model (U, Zr)O2 systems during the phase transition, and should be
used only for the liquid phase. The melting point predicted for UO2 is consistent with
data reported in [31].

4. Conclusion

We have shown the limitations of the existing interatomic potential forms (Yakub
and CRG) to accurately reproduce the density and heat capacity of liquid (U, Zr)O2

matrices at high temperature, by modelling the UO2 and ZrO2 end-members. Through
a simple �tting procedure of CRG (Liu) parameters based on a single experimental
density data point, we obtained an enhanced prediction of ZrO2 and binary alloys

Potential ERMS

CRG (Liu) 8.196
Alderman 5.835
CRG (this work) 3.053

Table 5. Root mean squared error on ZrO2 heat capacity compared between the potentials and the reference
data from Horost [27].
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density, conform with pycnometric experimental observations, while maintaining full
precision on UO2 systems, and subsequently on intermediate mixtures.

The proposed potential is future-proof, as it can be extended to account for �ssion
products, corium-vessel interaction (Fe contamination) or hypostoichiometric systems
for a more complete model. We showed a single-point optimization scheme is a fast
and e�ective method to obtain a valid potential: re�nement will be performed with
additional data on corium melts.

5. Acknowledgements

High-performance resources from Grand Equipement National de Calcul Intensif
(GENCI) [Centre Commun de Recherche et de Technologie (CCRT)] were used for
the calculations.

MJDR is funded through the Sêr Cymru II programme by Welsh European Funding
O�ce (WEFO) under the European Development Fund (ERDF).

References

[1] Govers K, Lemehov S, Hou M, et al. Comparison of interatomic potentials for UO2. Part
I: Static calculations. Journal of Nuclear Materials. 2007;366(1):161�177. Available from:
https://www.sciencedirect.com/science/article/pii/S0022311507000098.

[2] Govers K, Lemehov S, Hou M, et al. Comparison of interatomic potentials for
UO2: Part II: Molecular dynamics simulations. Journal of Nuclear Materials. 2008;
376(1):66�77. Available from: https://www.sciencedirect.com/science/article/

pii/S0022311508000986.

[3] Cooper MW, Rushton MJ, Grimes RW. A many-body potential approach to modelling
the thermomechanical properties of actinide oxides. Journal of Physics Condensed Matter.
2014;26(10).

[4] Du J, Devanathan R, Corrales LR, et al. Short- and medium-range structure of amorphous
zircon from molecular dynamics simulations. Phys Rev B. 2006 Dec;74:214204. Available
from: https://link.aps.org/doi/10.1103/PhysRevB.74.214204.

[5] Arima T, Fukuyo K, Idemitsu K, et al. Molecular dynamics simulation of yttria-stabilized
zirconia between 300 and 2000 k. Journal of Molecular Liquids. 2004;113(1):67�73.
17th IUPAC Conference on Chemical Thermodynamics. Selected papers of the sections
'Electrolyte solutions and non-electrolyte mixtures including reactive chemical species'
and 'Molecular simulations of �uids and statistical thermodynamics'; Available from:
https://www.sciencedirect.com/science/article/pii/S0167732204000741.

[6] Frost DG, Galvin CO, Cooper MW, et al. Thermophysical properties of urania-zirconia
(U, Zr)O2 mixed oxides by molecular dynamics. Journal of Nuclear Materials. 2020;
528:151876. Available from: https://doi.org/10.1016/j.jnucmat.2019.151876.

[7] Liu XY, Cooper MW, McClellan KJ, et al. Molecular Dynamics Simulation of Thermal
Transport in UO2 Containing Uranium, Oxygen, and Fission-product Defects. Physical
Review Applied. 2016;6(4):1�19.

[8] Yakub E, Ronchi C, Staicu D. Molecular dynamics simulation of premelting and melting
phase transitions in stoichiometric uranium dioxide. Journal of Chemical Physics. 2007;
127(9).

11

https://www.sciencedirect.com/science/article/pii/S0022311507000098
https://www.sciencedirect.com/science/article/pii/S0022311508000986
https://www.sciencedirect.com/science/article/pii/S0022311508000986
https://link.aps.org/doi/10.1103/PhysRevB.74.214204
https://www.sciencedirect.com/science/article/pii/S0167732204000741
https://doi.org/10.1016/j.jnucmat.2019.151876


[9] Alderman OL, Benmore CJ, Weber JK, et al. Corium lavas: Structure and properties of
molten UO2 �ZrO2 under meltdown conditions. Scienti�c Reports. 2018;8(1):2�11. Avail-
able from: http://dx.doi.org/10.1038/s41598-018-20817-z.

[10] Cooper M, Murphy S, Rushton M, et al. Thermophysical properties and oxygen transport
in the (Ux, Pu1 �x)O2 lattice. Journal of Nuclear Materials. 2015;461:206 � 214. Available
from: http://www.sciencedirect.com/science/article/pii/S0022311515001701.

[11] Averback R, de la Rubia T D. Displacement damage in irradiated metals and semicon-
ductors. Solid State Physics. 1997;51:281�402.

[12] Skinner L, Benmore C, Weber J, et al. Molten uranium dioxide structure and dynamics.
Science. 2014;346(6212):984�987.

[13] Rushton MJD. Potential pro-�t [https://github.com/mjdrushton/
potential-pro-fit]; 2015�2021.

[14] Takoukam-Takoundjou C, Bourasseau E, Rushton M, et al. Optimization of a
new interatomic potential to investigate the thermodynamic properties of hypo-
stoichiometric mixed oxide fuel U1�y PuyO2�x . Journal of Physics: Condensed Matter.
2020;32(50):505702.

[15] Tuckerman ME, Alejandre J, López-Rendón R, et al. A liouville-operator derived measure-
preserving integrator for molecular dynamics simulations in the isothermal�isobaric en-
semble. Journal of Physics A: Mathematical and General. 2006;39(19):5629.

[16] Parrinello M, Rahman A. Polymorphic transitions in single crystals: A new molecular
dynamics method. Journal of Applied Physics. 1981;52(12):7182�7190. Available from:
https://doi.org/10.1063/1.328693.

[17] Plimpton SJ. The LAMMPS molecular dynamics engine. Sandia National Lab.(SNL-NM),
Albuquerque, NM (United States); 2017.

[18] Galvin C, Obbard E, Cooper M, et al. Data for thermophysical properties of urania-
zirconia (u, zr)o2 mixed oxides by molecular dynamics ; 2019. Available from: http:
//handle.unsw.edu.au/1959.4/resource/collection/resdatac_882/1.

[19] Kondo T, Muta H, Kurosaki K, et al. Density and viscosity of liquid zro2 measured
by aerodynamic levitation technique. Heliyon. 2019;5(7):e02049. Available from: http:
//www.sciencedirect.com/science/article/pii/S2405844019357093.

[20] Kohara S, Akola J, Patrikeev L, et al. Atomic and electronic structures of an extremely
fragile liquid. Nature Communications. 2014 Dec;5(1). Available from: https://doi.org/
10.1038/ncomms6892.

[21] Storn R, Price K. Di�erential Evolution � A Simple and E�cient Heuristic for global Op-
timization over Continuous Spaces. Journal of Global Optimization. 1997 Dec;11(4):341�
359. Available from: https://doi.org/10.1023/A:1008202821328.

[22] Nelder JA, Mead R. A Simplex Method for Function Minimization. The Computer Jour-
nal. 1965 01;7(4):308�313. Available from: https://doi.org/10.1093/comjnl/7.4.308.

[23] Breitung W, Reil KO. The density and compressibility of liquid (U, Pu)-Mixed Oxide.
Nuclear Science and Engineering. 1990;105(3):205�217. Available from: https://doi.
org/10.13182/nse90-a19186.

[24] Drotning W. Thermal expansion of molten uranium dioxide. Sandia National Labs.; 1981.

[25] McCormack SJ, Tamalonis A, Weber RJK, et al. Temperature gradients for thermophys-
ical and thermochemical property measurements to 3000 °C for an aerodynamically levi-

12

http://dx.doi.org/10.1038/s41598-018-20817-z
http://www.sciencedirect.com/science/article/pii/S0022311515001701
https://github.com/mjdrushton/potential-pro-fit
https://github.com/mjdrushton/potential-pro-fit
https://doi.org/10.1063/1.328693
http://handle.unsw.edu.au/1959.4/resource/collection/resdatac_882/1
http://handle.unsw.edu.au/1959.4/resource/collection/resdatac_882/1
http://www.sciencedirect.com/science/article/pii/S2405844019357093
http://www.sciencedirect.com/science/article/pii/S2405844019357093
https://doi.org/10.1038/ncomms6892
https://doi.org/10.1038/ncomms6892
https://doi.org/10.1023/A:1008202821328
https://doi.org/10.1093/comjnl/7.4.308
https://doi.org/10.13182/nse90-a19186
https://doi.org/10.13182/nse90-a19186


tated spheroid. Review of Scienti�c Instruments. 2019 Jan;90(1):015109. Available from:
https://doi.org/10.1063/1.5055738.

[26] Asmolov VG, Zagryazkin VN, Astakhova EV, et al. The density of uo2�ZrO2 alloys.
High Temperature. 2003;41(5):627�632. Available from: https://doi.org/10.1023/a:
1026140627382.

[27] Kim WK, Shim JH, Kaviany M. Thermophysical properties of liquid UO2, ZrO2 and
corium by molecular dynamics and predictive models. Journal of Nuclear Materials. 2017;
491:126�137. Available from: http://dx.doi.org/10.1016/j.jnucmat.2017.04.030.

[28] Ronchi C. On the thermal conductivity and di�usivity of solid and liquid uranium dioxide.
Journal of Physics: Condensed Matter. 1994;6(38):L561.

[29] Fink J. Thermophysical properties of uranium dioxide. Journal of Nuclear Materials. 2000;
279(1):1 � 18.

[30] Kolev NI. Thermo-physical properties for severe accident analysis. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2012. p. 617�807. Available from: https://doi.org/10.

1007/978-3-642-20601-6_17.

[31] Galvin CO, Burr PA, Cooper MW, et al. Using molecular dynamics to predict the solidus
and liquidus of mixed oxides (Th,U)O2, (Th,Pu)O2 and (Pu,U)O2. Journal of Nuclear
Materials. 2020 jun;534:152127.

13

https://doi.org/10.1063/1.5055738
https://doi.org/10.1023/a:1026140627382
https://doi.org/10.1023/a:1026140627382
http://dx.doi.org/10.1016/j.jnucmat.2017.04.030
https://doi.org/10.1007/978-3-642-20601-6_17
https://doi.org/10.1007/978-3-642-20601-6_17

	Introduction
	Methods
	Empirical potentials
	Potential optimization
	Computational details
	Simulation parameters
	Fitting strategy


	Results and discussion
	Predictions by current potentials
	Potential fit
	Potential validation

	Conclusion
	Acknowledgements

