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ABSTRACT

Recycling and burning minor actinides (MA, e.g., americium, neptunium) in mixed-oxide (MOX) nuclear
fuel is a strategic option for fast reactor concepts of Generation IV, especially considering the current
interest in the ultimate radioactive waste management and sustainability improvement by better use of
natural resources. Among the fuel properties, thermal conductivity and melting temperature are pivotal
since they determine, respectively, the fuel temperature profile and the fundamental safety limit on the
margin to fuel melting, hence impacting on the overall fuel performance under irradiation and allow-
ing the safe irradiation of the fuel pin. Nevertheless, the available literature about Am- or Np-containing
MOX is currently scarce, both regarding experimental data and models. Moreover, state-of-the-art fuel
performance codes (FPCs, e.g., TRANSURANUS) do not account for the effects of minor actinides on MOX
fuel properties. This work presents original correlations for thermal conductivity and melting tempera-
ture of minor actinide-MOX fuels, i.e., (U, Pu, Am, Np)O,.4, derived based on the available literature and
accessible data, which are herein extensively reviewed. The assessment of the novel correlations is first
performed in a statistical way, evaluating the regressor p-values which indicate their significance with
respect to the available experimental dataset used for the fitting procedure. Additionally, the novel corre-
lations for MA-MOX are assessed against both measured and calculated data (from Molecular Dynamics
simulations), yielding an accuracy in line with the already existing correlations and with the state-of-the-
art experimental uncertainties. Finally, the potential integral impact of a homogeneous minor actinide
content in the fuel is illustrated on the basis of a fuel pin fast-ramped up to fuel melting during the
HEDL P-19 irradiation experiment.
© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

exist for the fabrication and exploitation of MA-MOX fuels, i.e., the
homogeneous one, corresponding to low minor actinide contents

The development of Generation IV nuclear reactor concepts
foresees the utilization of mixed-oxide uranium-plutonium fuel
(MOX) to be irradiated under fast neutron flux [1,2]. Another op-
tion is represented by the adoption of Minor Actinide-bearing MOX
(MA-MOX, i.e., (U, Pu, MA)O,.), with the aim of recycling and
burning minor actinides (americium, neptunium) as a strategic
choice for a better management of ultimate radioactive waste and
the improvement of the sustainability of Generation IV fast reactor
systems by a broader exploitation of fuel resources. Two strategies
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in the pellets (typically around 2-3 wt.%, up to 5 wt.%) [3], and the
heterogeneous one, consisting in higher minor actinide contents of
~ 10-15 wt.% [3-5]. The investigation of thermal properties of ho-
mogeneous MA-MOX fuels has started in the framework of the IN-
SPYRE H2020 Project [6,7] and both homogeneous and heteroge-
neous MA-MOX fuel concepts are of interest and under considera-
tion (as driver and blanket fuels, respectively) for application in the
MYRRHA Gen-IV reactor concept [8-10], in the framework of the
PATRICIA H2020 Project [11]. PATRICIA is indeed devoted to feasi-
bility studies of the transmutation of minor actinides (americium,
especially) in fuel pellets under irradiation in the MYRRHA facility.
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Since the margin to fuel melting is one of the main design
limits for the safe operation of fuel pins, ensuring the integrity
of the fuel pellets under irradiation, analysing the thermal perfor-
mance of nuclear fuel is of fundamental importance, especially in
fast reactor environments (characterized by harsh irradiation con-
ditions, e.g., higher linear heat rates with respect to light water
reactors, higher expected fuel burn-up [12,13]). Additionally, when
MOX fuel is irradiated to the target high burn-up for Gen-IV ap-
plications [1,2], significant quantities of fission products and mi-
nor actinides will exist in the fuel matrix, in solid solution and
as precipitations of oxide or metallic inclusions. In principle, this
fuel microstructure modification during irradiation directly affects
the fuel thermal and mechanical properties. Hence, the impact of
the minor actinide content on the evolution of MOX fuel proper-
ties needs evaluation and assessment. In this work, the focus is on
the thermal conductivity and melting (solidus) temperature prop-
erties of Am- and Np-bearing MOX fuels, fundamental (as for any
other kind of nuclear fuel) since determining the fuel temperature
profile and the melting safety margin, respectively, and impacting
on the overall fuel performance under irradiation.

In spite of the strong interest in the recycling and burning of
minor actinides (MA-MOX fuels are currently major candidates as
advanced nuclear fuels to be employed in fast breeder and trans-
mutation reactors [12-14]), measurements of physical properties of
MA-MOX fuels are scarcely reported in the state-of-the-art litera-
ture. This is mainly due to the limited amount of MA resources and
to the difficulties in fabricating and measuring materials containing
highly radioactive MA isotopes (e.g., Am-241, «-decaying). There-
fore, Molecular Dynamics (MD) can be a useful simulation tech-
nique to obtain information on the behaviour of MA-containing
materials and to evaluate their physical properties on a lower-
length scale basis (see e.g., a recent work on molecular dynam-
ics calculations on different types of nuclear fuels [15]). This con-
tributes to the development and implementation in fuel perfor-
mance codes (FPCs, e.g., TRANSURANUS [16-18]) of suitable mod-
els for the MA-MOX properties, accounting for the minor actinide
effects in an assessed way.

This work presents novel correlations for the thermal conduc-
tivity and melting temperature of minor actinide-MOX fuel, i.e.,
(U, Pu, Am, Np)O,_x, which have been derived based on available
and accessible literature data, and assessed for what concerns the
terms related to the minor actinide contents. Indeed, the correla-
tions herein proposed extend previous ones developed for fast re-
actor U-Pu MOX fuels by the same authors [19], keeping the same
comprehensive set of dependencies and adding the ones on the
minor actinides Am and Np (covering the homogeneous MA-MOX
strategy and the heterogeneous one as much as possible, in terms
of ranges of applicability). The correlation regressors related to the
minor actinide contents are first statistically assessed based on the
respective p-values, to evaluate their significance with respect to
the available experimental dataset, and then derived from a best
fit of the data. The novel correlations for MA-MOX are assessed
against both measured and calculated data (from molecular dy-
namics simulations). The ultimate aim is to overcome the current
limitations of the modelling of the thermal properties of MOX fuels
in fuel performance codes, towards their extension to fast reactor
conditions and application to safety analyses on Generation IV re-
actor concepts. Indeed, as an illustrative example, the herein pro-
posed correlations for MA-MOX are employed to simulate the ther-
mal performance of a fast reactor fuel pin chosen from the HEDL P-
19 database [20]. HEDL P-19 was a power-to-melt experiment per-
formed on U-Pu MOX fuel and already considered for validation
of the MOX thermal property correlations previously developed by
the same authors [19]. In this work, the potential impact of a 5
at% Am content in the HEDL P-19 fuel is evaluated, in terms of
fuel central temperature evolution, fuel-cladding radial gap width
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and fuel restructuring, comparing the integral pin performance re-
sults (as predicted by the TRANSURANUS fuel performance code
[16,21]) to those obtained for U-Pu MOX under the same experi-
mental HEDL P-19 irradiation conditions, i.e., fast power ramps up
to fuel melting.

The paper is organized as follows. An extensive overview of the
currently available state-of-the-art, concerning both thermal con-
ductivity and melting temperature of minor actinide-bearing MOX
and including both experimental and molecular dynamics data, is
provided in Section 2. As a complement, the already existing cor-
relations for both thermal properties are recalled and presented in
Section 3. Sections 4 and 5 present the development and assess-
ment of the novel, comprehensive correlations for the thermal con-
ductivity and melting temperature of MA-MOX, respectively, show-
ing the accuracy of the correlation predictions compared to the
state-of-the-art literature correlations. The application of the novel
correlations in the TRANSURANUS code to a test case, i.e., the ther-
mal performance of a fast reactor fuel pin irradiated up to fuel
melting, is illustrated in Section 6. Conclusions are drawn in Sec-
tion 7.

State-of-the-art experimental and Molecular Dynamics data

The majority of experimental and simulation activities on MA-
MOX (mainly Am-bearing) started in the ‘90s, along with the de-
velopment of Gen-IV fast reactor concepts and the related interest
in the possibility of minor actinide transmutation. Although some
experimental campaigns on minor actinide (Am, Np)-bearing fu-
els were performed earlier (e.g., the SUPERFACT-1 irradiation ex-
periment [3]), the available open literature works date back to 20
years ago at the most, as reported by the following Tables 1 and 2.
These tables provide a comprehensive collection of all the litera-
ture works about MA-MOX thermal conductivity and melting tem-
perature currently available to the authors.

Concerning the MA-MOX thermal conductivity, the experimen-
tal measurements as a function of temperature prove to be well
described by the classical solid-state physically-grounded formula,
i.e., including the lattice vibration contribution (dominating at
low temperatures and representing the phonon-phonon interac-
tion (Umklapp process) and the density of defects in the lattice)
and the contribution from free electrons (dominating at high tem-
peratures) [22,23]. Indeed, the measured MA-MOX thermal con-
ductivity according to the present knowledge decreases with in-
creasing temperature (down to a minimum value at around 1800-
2000 K) [23-26], while a slight increase of the conductivity at
higher temperatures is indicated by MD calculations [27,28] and
measurements on U-Pu MOX fuels [19,29,30]. This kind of be-
haviour holds for any value (in reasonable ranges) of fuel devia-
tion from stoichiometry (corresponding to an oxygen-to-metal ra-
tio O/M = 2.00), porosity and minor actinide (Am, Np) contents, as
shown e.g. by [24-26].

The effect of the plutonium content and the degradation of the
thermal conductivity with increasing burn-up (during fuel irradi-
ation) is suggested by observations on U-Pu MOX rather than on
MA-MOX. Indeed, the available references (Table 1) mostly analyse
the effect of MAs for a fixed Pu content, while only one author pro-
vides two experimental data on irradiated MA-MOX [22], which is
not sufficient to derive a burn-up effect specifically representative
of MA-MOX.

A clear and quantitative indication of the small effect of the MA
content on the fuel thermal conductivity is provided by the exper-
imental data of Kato et al,, [22]. It is reported that the Np and Am
additions to MOX caused the measured data to slightly decrease
(in the low temperature range < 1000 K), i.e., the 1.6 at.% Am
and 1.6 at.% Np contents therein analysed caused the thermal con-
ductivity to decrease by 2.0-2.5% of the corresponding U-Pu MOX
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Table 1
List of references of MA-MOX thermal conductivity experimental and molecular dynamics (MD) data, detailing the fuel material and the experimental/calculation technique
employed.

Reference Measured/simulated fuel Experimental/calculation technique

Kurosaki et al. [27]

Morimoto et al. [24]

Morimoto et al. [25]

Morimoto et al., 2009
[26]

Kato et al. [22]

Prieur et al. [23]

Li et al.[28]

Yokohama et al. [46]

MD calculations on fresh, stoichiometric Am-MOX: (Ug 7.,
Pug3 Am,)0,, z = 0, 0.016, 0.03, 0.05, 0.1, 0.15. T = 300 -
2500 K, density = 100% TD (Theoretical Density).

Fresh, stoichiometric Am-MOX: (Ug7., Pugs Am;)0,,

z = 0.007, 0.022, 0.03. T = 873 - 1673 K, density = 84.3%
- 100% TD.

Fresh, hypo-stoichiometric Am-MOX: (Ugg7s Pug3
Amg;2)0,%, X = 0.001 - 0.085. T = 870 - 1773 K,
density = 100% TD.

Fresh, stoichiometric Np-MOX: (Ug7., Pugs Npw)O>,

w = 0.06, 0.12. T = 870 - 1800 K, density = 93%, 94.1%
TD.

Irradiated, hypo-stoichiometric MA-MOX: (Upggs Pugs
Npoo1s AmMgp16)02x, X = 0.017, 0.043. T = 1273 K,
density = 93% TD, burn-up = 0.082 GWd/tyy.

Fresh, hypo-stoichiometric MA-MOX: (Ug74 Pugz; Am,
Npw)O2x, (X, z, w) = (0.01, 0.02, 0.02) and (0.02, 0.035,
0.005). T = 540 - 1615 K, density = 94.8%, 94.6% TD.

MD calculations on fresh, stoichiometric Am-MOX: (Ug 7.,
Pug3 Am,)0,, z = 0, 0.03, 0.05, 0.1, 0.15, 0.2, 0.25.
T = 500 - 3000 K, density = 100% TD.

Fresh, stoichiometric Am-MOX: Pu content = 30 at.%, Am
content = 10 at.%, T = 300 - 1500 K, density = 100% TD.

lons initially arranged in a CaF,-type crystal structure.
Calculations performed using a MD program based on
MXDORTO, employing the semi-empirical two-body
potential function by Ida [41]. Thermal conductivity
calculated using the Green-Kubo relation.

Laser-flash method for the simultaneous
measurement of thermal diffusivity and specific heat
capacity (with a calorimeter in the sample position).
Laser-flash method for the simultaneous
measurement of thermal diffusivity and specific heat
capacity (with a calorimeter in the sample position).
Laser-flash method for the simultaneous
measurement of thermal diffusivity and specific heat
capacity (with a calorimeter in the sample position).
Short irradiation tests performed in the fast reactor
Joyo [42-45]. Thermal conductivity evaluated from
irradiated samples characteristics, according to
correlations from [24-26].

Thermal diffusivity measurement: shielded laser-flash
device, temperature perturbation on the opposite
surface of the sample recorded with a pyrometer.
Thermal conductivity calculated via heat capacity
(Neumann-Kopp’s law) and density (from measured
lattice parameter, accounting for porosity).

EMD simulations with LAMMPS program, on 3
different fluorite unit cells: 4 x 4 x 4,5 x 5 x 5 and
8 x 8 x 8 unit cells. BMH interatomic potential, with
PIM. Thermal conductivity calculated according to
Green-Kubo relation.

Thermal diffusivity measurement with laser-flash
method, after heat treatment at 1473 K (to recover
lattice defects induced by self-irradiation during
long-term storage, and to adjust the O/M ratio of the
sample to 2.00). Thermal conductivity calculated via
heat capacity (Kopp’s law) and density (measured).

Table 2
List of references for MA-MOX melting temperature experimental and molecular dynamics (MD) data, detailing the fuel material and the experimental/calculation technique
employed.

Reference Measured/simulated fuel Experimental/calculation technique

Konno et al. [31]

Konno et al. [33]

Morimoto et al. [40]

Kato et al. [32]

Kato et al. [22]

Tanaka et al. [34]

Prieur et al. [23]

Fouquet-Métivier
et al.[39]

Fresh and irradiated Am-MOX: burn-up = 0 - 124
GWd/tyym, O/M = 1.95 - 1.98, Pu content ~ 30
mol%, Am content = 0.04 and 0.9 mol%.
Irradiated Am-MOX: burn-up = 8.2 - 110.9
GWd/tym, O/M = 1.98 - 1.99, Pu content = 17.5
mol%, Am content = 0.13 mol%.

Fresh MA-MOX (Sample 1): (Uggs Pug3o Amggz
Npo.02)02.x, X=0.012, 0.037. Samples 2 and 3:
(Uosa Pug3o Amgoz Npoo2 FPo02)02x (including
simulated fission products).

Fresh Am-MOX, O/M = 1.922 - 2.000, Pu
content = 11.7 - 60.0 mol%, Am content = 0.3 -
3.3 mol%.

Irradiated, hypo-stoichiometric MA-MOX: (Uggss
Puo3 Npo.ois Amgo16)02x, X = 0.017, 0.043,
burn-up = 0.082 GWd/tym.

Irradiated Am-MOX fuel containing simulated
fission products: (Upess Puo29 Amoos FPgo15)02,
burn-up = 150 GWd/tyy.

Fresh, hypo-stoichiometric MA-MOX: (Ug74 Pugaz
Am, Npw)Os.y, (X, 2, W) = (0.01, 0.02, 0.02) and
(0.02, 0.035, 0.005).

Fresh, hypo-/hyper-stoichiometric Am-MOX: Pu
content = 28 at.%, Am content = 1 - 2 at.%,
O/M = 1.98 - 2.05.

Thermal arrest technique on samples in W
capsules.

Thermal arrest technique on sample in a W
capsule.

Thermal Arrest technique and analysis of
pyrometer thermograms.

Sample heating in Re or W capsules, analysis of
pyrometer thermograms.

Short irradiation tests performed in the fast
reactor Joyo [42-45]. Samples in Re inner capsule,
model for solidus/liquidus temperatures (based
on ideal solid solution) employed for
interpretation of measurements.

Thermal arrest method on crushed pellet loaded
into a Re inner capsule (W outer capsule).

Laser heating and analysis of pyrometer
thermograms: onset of melting detected by the
appearance of vibrations in the signal of a probe
laser reflected by the sample surface (RLS
technique).

Laser-flash tests on samples in a self-crucible
setup: 8 successive shots on same sample,
recording of pyrometer thermograms. Combined
MD (CALPHAD) modelling to derive corresponding
phase diagrams.
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value. The variation is hence supposed to be negligibly small also
in the operating temperature range of fast reactor MOX fuels [22].
In addition to the experimental works, Table 1 includes two pub-
lications on MD-calculated thermal conductivity of MA-MOX fuels
[27,28]. Both refer to stoichiometric, fully dense Am-MOX with 30
at.% Pu content, but cover wide ranges in terms of temperature (up
to melting temperatures, although melting is not accounted for by
MD simulations) and Am content (up to 25 at.%, hence well be-
yond the limit for the homogeneous recycling of MAs, typically
set at 5 wt.%). In both works, the calculated thermal conductivity
does not account for neither high temperature effects (electronic
contribution), nor the effects of self-irradiation [10], hence it con-
tinuously decreases with increasing temperature according to the
phononic contribution, showing values at low temperatures higher
than the experimental ones. The effect of the Am inclusion into
the material lattice is smooth, especially at higher temperatures,
while noticeable at 500 K according to [28]. The uncertainties in
the MD calculations, associated to the thermal conductivity values
reported by [27], consist in around 20% of the values at room tem-
perature, while the uncertainty sensibly decreases with increasing
temperature.

As for the MA-MOX melting temperature, the available liter-
ature works (Table 2) agree on the decreasing effect (although
slight) of increasing MA contents [23,31,32] and of increasing
fuel burn-up [31,33,34]. Furthermore, among the references of
Table 2 only Kato et al., 2008 [32] shows the impact of a varying
fuel plutonium content, but the decrease of melting temperature
with increasing Pu is confirmed by the majority of experimental
(e.g., [35-37]) and Molecular Dynamics [15,38] studies on MOX fu-
els (at least in the current ranges of interest for fast reactor and
Gen-IV applications, i.e., Pu content < 50 wt.% and 1.90 < O/M <
2.00).

Instead, the state-of-the-art literature does not show uniform
agreement on the dependence of the MOX and MA-MOX melt-
ing (solidus) temperature on the deviation from fuel stoichiometry
(with respect to O/M = 2.00). According to most authors the melt-
ing temperature should decrease with increasing deviation from
stoichiometry (in the hypo-stoichiometric range and supposedly
also in the hyper-stoichiometric one [19,32,33,35]), but a few of
recent works, both experimental (e.g., Kato et al. [22]) and MD
[38,39], indicate the opposite. In particular, these MD (CALPHAD)
calculations [38,39] show a maximum melting temperature around
O/M = 1.98 and not 2.00, as commonly accepted from the ex-
perimental point of view. Nevertheless, these considerations must
take into account the reported, significant uncertainty on the fuel
O/M ratio upon measurement, due to the oxidation of the sam-
ples during the successive laser shots of the experimental proce-
dure [39]. The experimental uncertainty on the melting temper-
ature is also indicated, being consistent with the state-of-the-art
one from literature, i.e., around 2% (~ 60 K) of the measured val-
ues [23,32,35,39]. Quantitative indications about the impact of Am
and Np additions (1.6 at.% each) in MOX fuels are reported by
[22], causing a decrease of the MOX melting temperature of 2-4 K
(at deviations from stoichiometry of ~ 0.02 and 0.04, respectively,
Table 2). Instead, the burn-up degradation effect is quantified by
Konno et al. [31], showing that the extent of decrease of the MA-
MOX melting temperature is 5, 4 and 3 K per 10 GWd/t at 50,
100 and 150 GWd/t, respectively [31], a trend qualitatively con-
firmed by the same authors in their later work [33]. Among the
references for the MA-MOX melting temperature (Table 2), Mori-
moto et al. [40] and Tanaka et al. [34]| consider the presence of
simulated fission products in the lattice of sintered MA-MOX pel-
lets (although the representativeness of data from SIMFUELS is still
to be assessed). In particular, Morimoto et al. focus on the depen-
dence of the melting temperature of (30 at.% Pu, 2 at.% Am, 2 at.%
Np) on the deviation from stoichiometry, indicating an unexpected
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decrease of the melting temperature towards fuel stoichiometry as
well [40]. Instead, Tanaka et al. analyse the burn-up dependence in
Am-MOX, since the considered compositions are representative of
fresh fuel and of high burn-up conditions (150 and 250 GWd/ty,
HM: heavy metal) [34]. The measured melting temperature values
are consistent with the expected burn-up degradation, i.e., lower
(accounting for the significant uncertainties) than the values mea-
sured on fresh fuel or on samples at lower burn-up.

In Tables 1 and 2, the aforementioned literature works acces-
sible to the authors and providing experimental measurements
or MD calculations of MA-MOX thermal conductivity and melting
temperature are listed. The available state-of-the-art data concern
hypo-stoichiometric and (mainly) stoichiometric MA-MOX fuel. The
description of the kind of measured/simulated fuel and of the mea-
surement/calculation technique employed is included.

State-of-the-art correlations

The experimental data on MA-MOX thermal conductivity, col-
lected in Table 1, have been in most cases exploited by the same
authors as a basis (fitting datasets) to propose correlations rep-
resentative of those specific data. The developed correlations for
the MA-MOX thermal conductivity, currently available in litera-
ture, are summarized in Table 3. They generally include only the
lattice vibration (phononic) contribution, expressing the temper-
ature dependence in the form (A+BT)~! and describing well the
data measured at temperatures < 1800 K [24-26]. In these works,
the A and B coefficients of the phononic contribution to thermal
conductivity are corrected to include additional MA-related depen-
dencies. Specifically, the inclusion in correlations of the Am effect
for stoichiometric Am-MOX is performed by [24], the sole effect
of the deviation from stoichiometry of (30 at.% Pu, 2 at.% Am)
Am-MOKX is represented by [25], while both the Am and Np con-
tent effects in MA-MOX are considered by [26]. Also, Prieur et al.
[23] model the thermal conductivity of MA-MOX (with up to 3.5
at.% Am and 2 at.% Np contents) with only the phononic contribu-
tion, for temperatures up to 1600 K. These past works on MA-MOX
all agree in proposing a higher impact on the thermal conductivity
(i.e., stronger degradation) due to minor actinides in Am-MOX fuels
than in Np-MOX, although the effect is anyway small in percent-
age with respect to a reference U-Pu MOX thermal conductivity.
The degradation of the thermal conductivity of mixed-oxide fuels,
already analysed in detail in [19], is supported by theoretical con-
siderations, some of which are also included in [24-26], and exper-
imentally observed in various types of materials and nuclear fuels
[47-49]. Moreover, the MA impact proves to be well represented
in the A coefficient, while B can be considered independent of the
MA content (at least for small minor actinide contents < 5 at.%,
but confirmed also for 10 at.% Am content by [46]).

Kato et al, [22] extends the usual modelling at low tempera-
tures, therein based on [25,26], to high temperatures, introducing
in the proposed thermal conductivity correlation for MA-MOX an
additional electronic contribution exponential in the temperature,
based on data from [50] (not accessible to the authors). This kind
of electronic contribution to thermal conductivity can be found
also in correlations describing UO, and U-Pu MOX fuels for ap-
plication in both thermal and fast reactors [16,19,51,52]. Although
Kato et al.,, reports a couple of measurements of irradiated MA-
MOX fuels (beginning-of-life conditions), they are not sufficient to
represent a burn-up effect in that correlation, which is then rec-
ommended only for fresh MA-MOX [22]. Table 3 highlights that
none of the state-of-the-art correlations include the evolution of
MA-MOX thermal conductivity with fuel burn-up, which is mainly
due to the scarcity of current experimental data linked to the
difficulties in handling Am-bearing materials during the fabrica-
tion process and post-irradiation examinations. As a consequence,
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List of state-of-the-art thermal conductivity correlations, available in the open literature or employed by FPCs, for MA-MOX fuel. The dependencies
included by each correlation are indicated with X, while for the missing dependencies the corresponding values of the fitted data (for which the

correlation is in principle valid) are reported.

Correlation Temperature o/M Pu content  Am content  Np content Porosity Burn-up
Morimoto et al. [24] X 2.00 30 at.% X 0 X 0
Morimoto et al. [25] X X 30 at.% 2.2 at.% 0 X 0
Morimoto et al. [26] X 2.00 30 at.% X X X 0
Kato et al. [22] X X 30 at.% X X X 0
Prieur et al. [23] X 1.99 /198 22 at% 2 [3.5at% 2/05 at% 94.8 /946%TD O
TRANSURANUS, SUPERFACT-1 [16] X 2.00 0 25/0at% 25 /50 at%  95.5 | 95% TD 0

Table 4

List of state-of-the-art melting temperature correlations, available in the open literature or
employed by FPCs, for MA-MOX fuel. The dependencies included by each correlation are indi-
cated with X, while for the missing dependencies the corresponding values of the fitted data
(for which the correlation is in principle valid) are reported.

Correlation o/M Pu content ~ Am content  Np content  Burn-up

Konno et al.[31] 1.95-1.98 X
Konno et al.[33] X X

X 0 X
X 0 X

neither the impact of fission products (dissolved or precipitated),
nor radiation-induced lattice defects or produced by sample self-
irradiation («-decay) is at present accounted for as in e.g., the
model developed by Sobolev et al. [10]. Potential developments in
this direction could also follow the approach proposed by Ikusawa
et al. for MOX fuels [53]. Nevertheless, the correlation by Kato
et al, [22] is employed in a recent work to evaluate the thermal
performance of Am-MOX fuel pins irradiated up to very low burn-
up (beginning-of-life conditions) in the Joyo reactor [54], or also
in the DIRAD-TRANSIT code system developed at the Japan Atomic
Energy Agency for simulating the thermal behaviour of MA-MOX
fuels under irradiation [55]. None of the existing correlations for
the MA-MOX thermal conductivity (Table 3) is comprehensive and
inclusive of the Pu content effect combined with the MA one.

State-of-the-art fuel performance codes are typically equipped
with thermal conductivity correlations for U-Pu MOX fuels, ap-
plied also to MA-MOX. The effect of the minor actinide addi-
tion on the degradation of the thermal conductivity property
is not specifically represented since currently assessed as small
in both fresh/irradiated conditions, and therefore neglected. The
TRANSURANUS FPC [16] includes two thermal conductivity corre-
lations, based on specific data measured at JRC-Karlsruhe on MA-
bearing fuels fabricated for irradiation during the SUPERFACT-1
campaigns [3]. The considered fuels are (U, Am, Np)O, with 25 at.%
Am, 25 at.% Np contents and (U, Np)O, with 50 at.% Np content,
hence representative of the heterogeneous fuel strategy. The mod-
els developed and implemented in the code target only the tem-
perature dependence of thermal conductivity, but are independent
of the fuel O/M, Pu content and burn-up.

As the MA-MOX thermal conductivity correlations, also the ex-
isting melting temperature correlations have been derived sep-
arately by different authors, relying on their own set of mea-
surements without integrating with available data from previous
works. Table 4 summarizes the state-of-the-art correlations for the
melting temperature of mixed-oxides accounting for the effect of
minor actinides. Only two correlations from the same authors are
available in the open literature, but actually the most recent one
[33] can be considered as the update and extension of the previ-
ous one [31] including the dependence on the deviation from fuel
stoichiometry.

Konno et al. [31] proposes a correlation which is simpler in
form, obtained by fitting experimental data measured on fuel sam-
ples irradiated up to 124 GWd/tyy in the Japanese experimen-
tal fast reactor Joyo. Samples were then canned in tungsten cap-

sules for melting tests. The correlation was derived by applying a
combined multi-variable and experimental regression analysis, as-
suming additivity of the different dependencies within the dataset
ranges and modelling the effect of actinides (Pu and Am) accord-
ing to the ideal solution model. The analyses led to a first order
dependence on the Pu and Am contents, while a quadratic depen-
dence on the fuel burn-up was proposed. Instead, the correlation
by Konno et al.[33] includes all the main dependencies of interest,
i.e.,, fuel burn-up, stoichiometry, plutonium and americium con-
tents', based on a set of data (still from irradiation campaigns in
the Joyo reactor) representative of the deviation from stoichiome-
try effect (in the hypo-stoichiometric range). The resulting corre-
lation features a quadratic dependence on the Pu content, besides
the quadratic one on fuel burn-up and mixed-effect terms involv-
ing the Am content. Both models are applicable to a wide range of
burn-up values, i.e., up to 124 and 110 GWd/tyy, respectively. In-
stead, as indicated by Table 4, the neptunium content effect is cur-
rently not represented, and also, the considered data were deemed
not suitable to include in the correlations an explicit dependence
of the MA-MOX melting temperature on the soluble fission prod-
ucts, which are actually recognized to sensibly impact the fuel
melting temperature [31].

Based on the available experimental data collected in
Tables 1 and 2, novel correlations for the thermal conductiv-
ity and melting temperature of minor actinide-bearing MOX fuel
are herein derived, extending correlations for U-Pu MOX previously
published by the same authors [19,30], and compared to the liter-
ature correlations collected in Tables 3 and 4 in terms of accuracy
in predicting the state-of-the-art measurements. As a modelling
choice, both correlations are obtained from a best fit of the ex-
perimental data, while the data provided by molecular dynamics
calculations are kept for comparison and additional assessment.
This is justified by the discrepancies and novelties brought about
by the MD calculations with respect to the state-of-the-art experi-
mental knowledge on both properties as mentioned in Section 2,
e.g., higher thermal conductivity values at low temperatures, or a
maximum melting temperature at hypo-stoichiometric fuel rather
than for stoichiometric fuel. Possibly, MD simulation results could
be exploited as part of the fitting dataset in future developments,
to refine the modelling of thermal properties and further extend

1T The effect of actinides is included in the correlation by Konno et al., 2002 [33],
based again on the ideal solution model. The applied method still consists in an
experimental regression analysis under the hypothesis of additive effects.
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the range of validity of the herein presented correlations, covering
values of the correlation variables at which the experimental
information is currently missing or poor (e.g., high temperatures >
2000 K, high Pu contents > 50 wt.%, high MA content > 10 wt.%).
A similar approach has been recently adopted for the modelling of
heat capacity of MOX fuels [56].

Novel correlation for thermal conductivity of MA-MOX fuels

As fitting dataset for the modelling of thermal conductivity of
MA-MOX fuels, all the experimental works listed in Table 1 have
been considered, in light of the limited amount of information
available in the open literature. Most of the currently available
works provide measurements on fresh MA-MOX fuels, i.e., Mo-
rimoto et al. works [24]-[26] on stoichiometric Am-MOX, hypo-
stoichiometric Am-MOX and stoichiometric Np-MOX, respectively;
Prieur et al. data on both Am and Np-bearing hypo-stoichiometric
MOX [23]; the recent Yokohama et al. data on stoichiometric MOX
with higher Am content (10 at.%) [46]. Only one work is currently
available in the open literature about irradiated MA-MOX, by Kato
et al., [22], providing two data points corresponding to a low MA
content (1.6 at.% of both Am and Np), besides the single, low tem-
perature of measurement (1273 K) and the very low fuel burn-up
(< 1% FIMA, Fissions per Initial Metal Atom), from short irradiation
campaigns performed in the Japanese fast reactor Joyo (Table 1). In
general, the available measurements correspond to a temperature
range from about 300 K up to 1800 K, deviation from fuel stoi-
chiometry up to 0.085 (in the hypo-stoichiometric range), 30 at.%
Pu content (apart from Prieur’s measurements, at 22 at.% Pu con-
tent [23]), Am content up to 10 at.%, Np content up to 12 at.%,
porosity up to ~ 16% Theoretical Density (although most of the
data are normalized to 100% TD), fresh fuel or at very low burn-up
[22] (consistent with reactor start-up situations).

As for the recently proposed, novel thermal conductivity corre-
lation for U-Pu MOX fuels [19], also the model development for
MA-MOX is performed in two steps. First, a correlation for fresh
MA-MOX thermal conductivity (kq) is derived, fitting the regressors
associated to minor actinides on the experimental data of fresh
MA-MOX. Then, a correlation describing the thermal conductivity
evolution during fuel irradiation is obtained by including kqy in a
burn-up dependant formulation (k, [19]), fitted on the available
data measured on both MOX and MA-MOX irradiated fuels (hence,
keeping the validity of the correlation for U-Pu MOX).

The adopted modelling choice, justified by the reported small
effect of minor actinide inclusions on the MOX thermal conduc-
tivity [22] and by the limited amount of available experimental
data, consists in applying the same methodology and the same
formulation proposed for the MOX thermal conductivity [19,30]. It
is a physically grounded expression ko(T, X, [Pu], p) including two
temperature-dependent contributions (lattice vibration (phononic)
and electronic, dominant at low and high temperature, respec-
tively), corrected with the inclusion of plutonium and deviation
from stoichiometry-dependent terms in the lattice contribution,
and of a porosity factor. This comprehensive correlation is herein
extended to account for specific dependencies on the contents of
the minor actinides Am and Np, under the assumption that the
same coefficient values of the MOX correlation [19,30] hold also for
the MA-MOX thermal conductivity?. The additional dependencies
on the Am and Np contents are introduced modifying the A and B
terms of the lattice vibration contribution, similarly to the Pu con-
tent effect (and the deviation from stoichiometry one). Hence, the
comprehensive functional form of the thermal conductivity corre-

2 This assumption relies on the current predominance of the data available on
MOX fuels [52,61-65] with respect to MA-MOX ones [23-26,46].

Journal of Nuclear Materials 557 (2021) 153312

lation for fresh MA-MOX is:

D
spe)a-p? )

1

ko(T.x. [Pul. [Am]. [Np]. P) = (557
with A = Ag + Ax - X + Apy[Pu] + Apm[Am] + Anp[Np] and B =Bj +
Bpy[Pu] 4 Bam[Am] + By [Np], i.e., with the Am and Np content ef-
fects supposedly introduced both in the A and B terms, in absence
of precise indications available in literature about an assessed for-
mulation [22,23,26]. The variable T is for the temperature (K), x
is the deviation from fuel stoichiometry, p is the porosity (/ TD),
while [Pu], [Am], [Np] are the plutonium, americium and nep-
tunium (local) concentrations, respectively. The reader is referred
to [19,30] for the meaning of and further details about the other
terms of Eq. 1. In addition to the coefficients already fitted on the
MOX fuel data (i.e., Ag, Ax, Apy, Bo, Bpy, D, E, [19, 30]), Aam, Anp:
Bam and By, are the additional correlation coefficients for the mi-
nor actinide effects, to be fitted on the set of fresh MA-MOX exper-
imental data. The validity of the thermal conductivity contribution
from the classical phonon transport model (i.e., the lattice vibra-
tion term (A + BeT)~!) has been confirmed also for MA-MOX at
low temperatures by [23], up to about 1400 K.

Following the same assessment approach adopted for the fresh
MOX correlation [19,30], the significance of the minor actinide-
related contributions to the correlation (depending on the cho-
sen fitting dataset) is evaluated relying on a statistical analysis.
A multi-dimensional fit has been performed using both MATLAB
tools [57] and the R code [58], an open source software with built-
in statistical analysis capabilities, to obtain the regressor values,
the related p-values, the confidence intervals and the fit residu-
als. The significance of each MA-related regressor of the supposed
functional form is assessed considering the associated p-value as
figure of merit, compared to a threshold p-value of 5% (corre-
sponding to a 95% confidence on the significance of a regressor).
Hence, a regressor is kept in the assessed correlation if the as-
sociated p-value is below 5%, otherwise it is rejected as statisti-
cally insignificant, i.e., not well represented by the fitting dataset.
It is worth highlighting that the p-values and all the results of the
fitting procedure depend on the dataset on which the fit is per-
formed [19,30]. The coefficient initial values, required by the non-
linear fit iterations searching for convergence, were set equal to the
corresponding values employed by existing correlations [22,24,26].
Moreover, the stability of the fit results and their independence on
the initial values was tested and verified, within reasonable ranges
of the initial values themselves.

As for the statistical assessment of the correlation, it was tested
against the entire set of available experimental data (Table 1) as
well as against sub-sets of data corresponding to a dependence
on the sole Am or Np content. The aim of these partial fits is to
achieve higher confidence on the significance of each correlation
regressor, focusing only on the p-values. The resulting p-values
allow the inclusion in the correlation of the supposed four MA-
related regressors (i.e., Aam, Anp, Bam, Bnp), with the best p-value
associated to A, (< 1%, while the others are closer to the 5%
threshold but still lower than 5%). The fit of the statistically as-
sessed formulation of Eq. 1 on the set of fresh MA-MOX experi-
mental data (Table 1) leads to the results collected in Table 5, in
terms of coefficient values, calculated standard errors and asso-
ciated p-values. The final regressor values were obtained by im-
posing their positivity as a constraint, in order to guarantee their
physical sense, i.e., the degradation of the MA-MOX thermal con-
ductivity with increasing Am and Np contents, as expected from
experimental observations (Table 1) and from theoretical consid-
erations about phonon interactions with lattice defects [26,59,60].
The regressor values reported in Table 5 hold for americium and
neptunium concentrations ([Am], [Np]) expressed in atomic frac-
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Table 5

Results of the fit of the statistically assessed ko(T, x, [Pu], [Am], [Np],
p) correlation (Eq. 1) on the set of available experimental data on
fresh MA-MOX thermal conductivity [23-26,46] for what concerns the
MA-related regressors. The other coefficients of Eq. 1 are assumed
equal to the values holding for U-Pu MOX fuel [19,30].

Regressor  Units Estimate Std. Error p-values

Apm m K w-! 0.596 0.377 8.45010°3
Anp m K w-! 2.22 104 4.020102
Bam m W-! 5.47 104 416 1074 4.76¢10°2
Bnp m W-! 248 1074 - 3.69¢1072

tion; the thermal conductivity kg (Eq. 1) is calculated in W m~!
K-1.

From Table 5, it is worth highlighting the main effect of the Am
content on the fresh MA-MOX thermal conductivity, while the Np
content effect proves negligible. In particular, the value of coeffi-
cient Aay is dominant (among the minor actinide-related effects)
and in line with the corresponding value obtained by previous lit-
erature works [22,24,26]. This can be explained considering the «-
activity of Am-241, which sensibly contributes in producing more
lattice defects in the fuel material, hence determining a lower ther-
mal conductivity of Am-MOX samples compared to U-Pu MOX or
Np-MOX ones [23]. Furthermore, differences in the local fuel stoi-
chiometry/oxygen potential determined by the presence of Am or
Np, reported by [23], may contribute to different (local) thermal
conductivity values. This is mainly due to the presence of trivalent
Am, giving rise to vacancies in the Am-MOX material and inducing
a reduction of the thermal conductivity of Am-MOX. Instead, little
experimental information is available about Np-bearing MOX and
only from samples with low Np content [23,26], hence the herein
derived effect of the Np concentration, which could be further in-
vestigated and better assessed when additional data will become
available. The obtained values of the Aay, and By, coefficients pro-
vide effects on the lattice vibration contribution to thermal con-
ductivity, (A + BeT)~! (i.e., Axme[Am] and By, e[Am]eT), which are
compatible with the orders of magnitude of A and B [19,30]. More-
over, the dependency on the Am content is stronger in A than in
B, in line with previous experimental findings showing a B value
which can be assumed as constant or independent of the MA con-
tent [22,24-26], and in line with theoretical considerations since
the A term represents the interaction of phonons with lattice im-
perfections (e.g., defects, impurities).

To account for the burn-up effect on the MA-MOX thermal
conductivity, the modelling choice is coherent with the formula-
tion already proposed for U-Pu MOX fuels [19,30], consisting in
an exponential, asymptotic degradation of the thermal conductivity
with fuel burn-up (Eq. 2). This is suggested first of all by physical
grounds, i.e., the accumulation with increasing fuel burn-up of fis-
sion products and point defects in the material lattice, up to sat-
uration. This increases the phonon scattering effect lowering the
thermal conductivity, and the saturation value is represented by
an asymptotic thermal conductivity accounting for thermal recov-
ery processes, as explained in [19,30]. Moreover, the limited effect
of minor actinide inclusions in MOX fuels, equivalent in kind to
the Pu content one, and the scarce amount of data currently avail-
able on irradiated MA-MOX [22] support the choice of relying on
the same burn-up formulation for the irradiated MA-MOX thermal
conductivity. Hence, the proposed correlation for MA-MOX fuels,
inclusive of the burn-up effect, reads:

K(T. %, [Pu], [Am], [Np]. p. bu) = Kint + (ko — kinr) - €% (2)

where kg = ko (T, x, [Pu], [Am], [Np], p) is the thermal conductivity
of fresh MA-MOX calculated using Eq. 1 (employing the coefficient
values collected in Table 5), bu is the fuel burn-up in GWd/tyy,
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Table 6

Results of the best fit of the k(T, x, [Pu], [Am], [Np], p,
bu) correlation (Eq. 2) on the set of available experi-
mental data on the thermal conductivity of irradiated
MOX and MA-MOX [22,61,62].

Regressor  Units Estimate  Std. Error
King Wm!' K 1755 -
® GWd/tym 128.75 8.59
6
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Fig. 1. Temperature dependence of the MA-MOX thermal conductivity experimental
data (light blue dots, Table 1), compared to the corresponding predictions provided
by the novel correlation developed in this work (orange dots, Eqs. 1 and 2 with
coefficients in Tables 5 and 6) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).

Kins is the asymptotic thermal conductivity at high fuel burn-up
and ¢ is a correlation coefficient to be fitted on the irradiated fuel
data. As fitting dataset for the burn-up effect, the accessible ex-
perimental data about both fast reactor MOX [19,30] and MA-MOX
fuels have been considered, to overcome the limitation of too few
information currently available about irradiated MA-MOX. Hence,
the open literature data by Yamamoto et al. on MOX at low and
moderate burn-up ([61], open literature) and the measurements of
NESTOR-3 fast reactor MOX fuel at high burn-up performed during
the ESNII+ European Project [62], already considered in [19,30],
are herein complemented by the only two available data points
concerning irradiated MA-MOX (at very low burn-up, [22]). Conse-
quently, the considerations leading to the best value for k;,s, based
on MOX fuel experimental information [19,30], are deemed still
valid for MA-MOX. Indeed, the values of thermal conductivity re-
ported by [22] are compatible with MOX fuel data. Based on this
value of k;,s, the best fit of Eq. 2 on the considered dataset leads
to the same value for the coefficient ¢, which is reasonable con-
sidering the current predominance of the MOX data over the MA-
MOX ones. The formulation of Eq. 2 is hence still applicable to
MOX fuel, setting zero Am and Np contents, and applicable to fresh
fuel, since at zero burn-up Kk(T,Xx,[Pu],[Am], [Np], p,bu=0) =
ko (T, X, [Pu], [Am], [Np], p), from Eq. 2. The burn-up-related coef-
ficients are collected in Table 6.

The comparison between the correlation predictions (Eq. 1 and
2 with coefficients in Tables 5 and 6) and the available MA-MOX
experimental data (Table 1), considered as fitting dataset, is shown
in Figs. 1 and 2, in terms of temperature dependence and valida-
tion plot, respectively. The agreement between data and predic-
tions is remarkable, both at low and high temperatures, with slight
over-estimations at low temperatures (< 700 K) and slight under-
estimations at higher temperatures, where more data are available.
The satisfactory accuracy is particularly indicated by Fig. 2, includ-
ing the side-diagonals corresponding to the typical experimental
uncertainties on MOX thermal conductivity reported in literature,
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Table 7
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Root mean square error of the correlation for the MA-MOX thermal conductivity developed in this work, compared
to the state-of-the-art literature correlations for MA-MOX fuel accounting for the MA effect, over the set of data of

fresh and irradiated MA-MOX [22-26,46].

Morimoto et al.[24]  Morimoto et al.[26]  Kato et al.[22]  This work
Root mean square error (rmse)  0.08 0.12 0.07 0.10
+20% +10% +20% +10%
g s 12 e
o fresh MA-MOX | -10% * Kurosaki 2006 . -10%
4 o irradiated MA-MOX . - 555 10 S ~ 0%

Thermal conductivity - calculated (W m™ K1)
o

1 2 3 4 5 6 7 8
Thermal conductivity - measured (W m K1)

Fig. 2. Comparison between the experimental data of both fresh and irradiated MA-
MOX thermal conductivity (Table 1) and the corresponding predictions provided
by the novel correlation developed in this work (Eqs. 1 and 2 with coefficients in
Tables 5 and 6).

i.e., between 10 and 20% of the measured values [52,61-65] (while
no specific uncertainty indications on the measured MA-MOX ther-
mal conductivities are reported by the authors [22-26,46]). The
only series of points outside the 20% deviation band in Fig. 2 cor-
respond to data measured on samples with high deviation from
stoichiometry [25] (i.e., x > 0.05, which is the limit of the appli-
cability range of the proposed correlation), where defect clustering
may occur [66]. The novel correlation proves suitable to predict the
thermal conductivity of low burn-up MA-MOX fuel according to
the only accessible literature reference ([22], red points in Fig. 2).
The ranges of applicability of the herein proposed correlation
for the thermal conductivity of MA-MOX, obtained by extending a
previously developed correlation for MOX fuels [19,30], mainly cor-
respond to the ranges covered by the available experimental data:

o Temperature, T: [500, 2700] K

o Deviation from stoichiometry, x: extended to [0, 0.05] (hypo-
stoichiometric range)

Plutonium content, [Pu]: [0, 45] at.%

Americium content, [Am]: [0, 10] at.%

Neptunium content, [Np]: [0, 12] at.%

Porosity, p: extended to [0, 10]% TD

Burn-up, bu: [0, 130] GWd/tyy.

The applicability of the correlation to high temperatures, high
plutonium contents and high fuel burn-up levels is guaranteed by
the available experimental data on MOX fuels [19,30], while the
predictions at high deviations from fuel stoichiometry (above 0.05)
and high porosities (above 10% TD) are not deemed reliable, due to
deviations from the measured thermal conductivity values higher
than the upper experimental uncertainty, i.e., 20% of the mea-
sured data. As already proposed in [19], data assimilation tech-
niques [67] could be envisaged for a progressive upgrade of the
correlation and further extension of its ranges of applicability, as
soon as more and representative experimental results on MOX and
MA-MOX fuels for fast reactor and transmutation applications will
become available.

Thermal conductivity - calculated (W m™1 K1)

0 2 4 6 8 10 12
Thermal conductivity - MD data (W m 1 K1)

Fig. 3. Comparison between the molecular dynamics data of MA-MOX fuel thermal
conductivity ([27,28], Table 1) and the corresponding predictions provided by the
correlation developed in this work (Eqs. 1 and 2 with coefficients in Tables 5 and
6). The uncertainties associated to the data reported by Kurosaki et al. ([27], green
dots) consist in up to 22% of the MD-calculated values (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article).

Table 7 reports the root mean square error (rmse) of the novel
correlation on the entire set of experimental data of MA-MOX
thermal conductivity, including both fresh and irradiated MA-MOX
(Table 1), compared to the rmse of three literature correlations de-
veloped for specific MA-MOX datasets and herein considered for
comparison [22,24,26]. The average error associated to the novel
correlation proves small, improves that from [26] and is compa-
rable with the rmse obtained with the correlations from [22,24],
hence the comprehensive correlation herein developed can be con-
sidered satisfactory.

The novel correlation for the MA-MOX thermal conductivity is
also assessed against the results of the only two sets of values
from molecular dynamics simulations available in the open liter-
ature ([27,28], Table 1). The results of this assessment are shown
in Fig. 3, including the deviation bands corresponding to the typi-
cal experimental uncertainties reported in literature (i.e., between
10 and 20% of the measured data) [19,30]. The cloud of points
is reasonably close to the perfect agreement between predictions
and data at low thermal conductivity values (1 - 45 W m~! K1),
especially considering the uncertainties currently involved in the
MD calculations, i.e., up to 22% as reported by [27]. The signifi-
cant deviations from the high thermal conductivity values calcu-
lated by means of molecular dynamics correspond to low temper-
atures (data at 500 K [28], lower limit of applicability of the novel
correlation) or to high Am contents between 15 and 25 at.% [28],
which are outside the range of validity of the correlation, and show
that the correlation is conservative. It should be kept in mind that
the MD simulations do not consider at present the effects of self-
irradiation related to a-decay [10], which is instead accounted for
by the experimental measurements and therefore also in the fitted
correlation herein proposed.
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Novel correlation for melting temperature of MA-MOX fuel

Among the available state-of-the-art experimental measure-
ments of MA-MOX melting temperature, collected in Table 2, the
ones selected as fitting dataset for the novel melting tempera-
ture correlation for MA-MOX fuel cover both fresh and irradiated
material, although the number of data points currently available
is lower compared to MA-MOX thermal conductivity. About fresh
MA-MOX, literature works by Kato et al., [32], Prieur et al. [23] and
the recent measurements performed at JRC-Karlsruhe by Fouquet-
Meétivier et al. [39] have been considered. Among Kato et al. mea-
surements [32], only those performed in rhenium inner capsules
(sealed into outer tungsten capsules) have been selected, due to
the confirmed strong contamination by W of the molten fuel ma-
terial, which heavily affects the measured melting temperature
[35,68]. Kato et al. data [32] all correspond to stoichiometric MA-
MOX, bearing both Am and Np. Data on hypo-stoichiometric fuels
are instead provided by Prieur et al. (Am, Np-MOX) and Fouquet-
Métivier et al. (Am-MOX). The latter includes also measurements
on hyper-stoichiometric samples, which are beyond the scope of
the present analysis, focused on the hypo-stoichiometric range (ap-
plied for mixed-oxide fuels fabricated for fast reactor applications).
The MA-MOX data by Morimoto et al. [40] include the simulated
effect of fission products, but have been excluded from the anal-
ysis due to a reported behaviour of the melting temperature as a
function of the deviation from stoichiometry (i.e., decreasing with
decreasing off-stoichiometry), which deviates from the majority of
experimental and modelling works in the literature for various
types of oxide fuels [16,19,33,69]. Hence, the suitable data about
irradiated MA-MOX are those provided by Konno et al., [33], al-
ready considered in [19,30] and corresponding to fuel irradiated
up to high burn-up (~ 110 GWd/tyy), and by Kato et al., [22], on
very low burn-up fuel samples (< 1% FIMA). Previous data on irra-
diated MA-MOX by Konno et al. [31] are not used here because the
measurements were performed in W capsules, leading to sensibly
lower measured melting points. The single data point at very high
burn-up (150 GWd/tyy) available from Tanaka et al. [34] is kept
for additional comparison and considerations, since it includes also
the effect of simulated fission products. In summary, the selected
datasets of both fresh and irradiated MA-MOX fuels (from Table 2)
correspond to low MA contents (up to 3.5 at.% Am content and 2
at.% Np content, with the majority of data concerning Am-MOX)
and to Pu contents that are in line with values of interest for fast
reactor and Gen-IV applications (between 16 at.% and 60 at.% Pu).

The correlation herein proposed for the melting (solidus) tem-
perature of MA-MOX fuel relies on the same modelling strategy
and hypotheses adopted for the already published correlation for
U-Pu MOX fuels [19,30]. In a similar way to the modelling of ther-
mal conductivity, the strategy consists in a two-steps model devel-
opment, foreseeing first a correlation suitable for fresh MA-MOX
(Tm.o), derived by fitting the selected experimental data of fresh
MA-MOX. Then, a correlation describing the melting temperature
evolution with fuel burn-up is obtained by including Ty, ¢ in a for-
mulation fitted on the data measured on irradiated fuel. As in [19],
it is assumed that each effect is independent (i.e., additive) and a
linearly decreasing dependency of the melting temperature is ap-
plied for each parameter as a first approximation, in light of the
limited set of available experimental data. Hence, the correlation
for fresh U-Pu MOX [19,30] is extended with the inclusion of the
Am and Np effects (supposedly acting as the Pu content), read-
ing:

Tm.o(X. [Pu]. [AM], [Np]) = Tm,uo, — ¥x X
—¥pu [PU] — Yam [Am] — ¥ip [NP] 3)

where (as in [19]) T uo, is the melting temperature of fresh sto-
ichiometric UO,, i.e., 3147 K according to the recent experimental
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Table 8

Results of the best fit of the statistically assessed
Tm.o(X, [Pu], [Am]) correlation (Eq. 4) on the set of selected
melting temperature data of fresh MA-MOX [23,32,39]. The values
of yx and yp, are kept equal to those holding for U-Pu MOX fuels

[19,30].
Regressor  Units Estimate Std. Error  p-values
Vx K 1014.15 253.57 1.21¢102
VPu K at./~! 364.85 13.96 < 210716
Y Am K at./~! 329.5 2232 5.65¢1074

measurements by Manara et al. [70] recommended by the ESNII+
Catalogue on MOX properties [71]; x is the deviation from fuel sto-
ichiometry, while [Pu], [Am], [Np] are the plutonium, americium
and neptunium contents, respectively. The coefficients yx and ypy
were already represented in the correlation for U-Pu MOX fuels
[19,30], while yam and yyp are the novel regressors associated to
the minor actinide effects, to be fitted on the fresh MA-MOX melt-
ing temperature data.

The statistical analysis based on the regressor p-values was per-
formed again applying the R code and MATLAB tools [57,58] and
still assuming a threshold p-value of 5%. It reveals the significance
of the Am effect but leads to the exclusion of the Np effect, accord-
ing to the fitting dataset herein considered. Indeed, the p-value as-
sociated to the Np-dependent term is sensibly > 5% (48.6%), also
testing it as a single effect on the (few) data showing the sole Np-
dependence. The amount of available data on Np-bearing fuels is
indeed very limited (four data points in total), hence the Np effect
on the mixed-oxide melting temperature cannot be properly rep-
resented and justified. Moreover, the negligible Np effect on the
melting temperature of mixed-oxides suggests that material self-
irradiation due to a-decay, among the MA-related effects, mostly
drives the decrease of the fresh MOX thermal properties (also of
the thermal conductivity, comparing the values of the Am- and
Np-related correlation coefficients, Table 5). Indeed, americium is
highly «-active, inducing a substantial amount of defects in the
fuel microstructure which degrade the nuclear fuel thermal prop-
erties.

As a result, the statistically assessed formulation of the correla-
tion for the melting temperature of fresh MA-MOX is established
as follows:

Timo(%, [Pu], [Am]) = Tmvo, — ¥x X = Yeu [PU] = Yam [Am]  (4)

The best fit of Eq. 4 over the selected set of fresh MA-MOX
melting temperature data (from Table 2) yields the results summa-
rized in Table 8, in terms of regressor values, associated standard
errors and p-values. In line with the extension of the MOX thermal
conductivity correlation to MA-MOX (Section 4), the values of the
yx and yp, coefficients are kept as in the MOX correlation [19,30],
while y,;, is obtained by a best fit of the experimental data on
fresh MA-MOX fuel. The coefficient values reported in Table 8 hold
for Tmuo, expressed in K and [Pu] and [Am] expressed in at./, and
Tm.o is calculated in K. The analysis of the trends of the fit resid-
uals, including the Am-dependent term, does not call for the in-
troduction of higher-order terms or mixed dependencies (present
instead in the Konno et al., correlation [33]), since all the fit resid-
uals are randomly distributed if plotted against x, [Pu] or [Am].

In the second step of the model development, the ex-
pression for the melting temperature of fresh MA-MOX (i.e.,
Tm.o(X, [Pu], [Am]) according to Eq. 4, with regressor values in
Table 8) is used in a burn-up dependent formulation, still consist-
ing in an exponential, asymptotic decrease of the melting tempera-
ture with burn-up, as for the melting temperature of irradiated U-
Pu MOX fuels [19,30] and for the thermal conductivity of irradiated
MA-MOX fuels (Section 4). This is physically grounded and justified
in a similar way as for the thermal conductivity evolution with
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Table 9

Results of the best fit of the Ty, (x, [Pu], [Am], bu) cor-
relation (Eq. 5) on the set of selected experimental
data of melting temperature of irradiated MA-MOX

[22,33].
Regressor  Units Estimate  Std. Error
Ti,inf K 2964.94 34.62
8 GWd/tgm  41.01 24.25
+2% +1%
3080
e fresh MA-MOX L
3060 1 .
e irradiated MA-MOX P 1%

3040
3020 s . 2%
3000 '
2980
.
2940

2920

Melting temperature - calculated (K)

2900
2900

2960
Melting temperature - measured (K)

2920 2940 2980 3000 3020 3040 3060 3080

Fig. 4. Comparison between the experimental data of both fresh and irradiated
MA-MOX melting temperature (Table 2) and the corresponding predictions given
by the novel correlation developed in this work (Eqs. 4 and 5 with coefficients in
Tables 8 and 9).

fuel burn-up, i.e., considering the continuous build-up of defects
and fission products evolving towards the saturation of the ma-
terial lattice, confirmed by both experimental observations ([31],
showing that the extent of decrease of the MA-MOX melting tem-
perature is 5, 4 and 3 K per 10 GWd/t at 50, 100 and 150 GWd/t,
respectively) and results of molecular dynamics calculations (e.g.,
[15,31]). Hence, the formulation proposed for the MA-MOX melt-
ing temperature correlation including the burn-up effect reads:

bu

Tm (X’ [PU], [Am], bu) = Tm.inf + (Tm.O - Tm.inf) -e s (5)

where bu is the fuel burn-up in GWd/tgy, Tmo=
Tm,o(X, [Pu], [Am]) is the melting temperature of fresh MA-MOX
according to Eq. 4, while Ty, ;. and § are the correlation parame-
ters to be fitted on the set of melting temperature data of irradi-
ated MA-MOX. This formulation is consistent with the one previ-
ously developed for U-Pu MOX fuel [19,30], setting zero Am and
Np contents, and with Ty (x, [Pu], [Am], bu) = Ty, o (X, [Pu], [Am])
when the fuel burn-up is equal to zero. Fitting Eq. 5 on the
irradiated MA-MOX data [22,33] leads to the regressor values
reported in Table 9. The values of the coefficients Ty, i, and §
only slightly differ from the corresponding values obtained for
MOX fuels [19,30], due to the few additional measurements on
MA-MOX available in literature (by Kato et al., [22]) besides Konno
et al., ones already exploited for the MOX correlation [33].

The comparison between the correlation predictions (Eq. 4 and
5 with coefficients in Tables 8 and 9) and the available MA-MOX
experimental data (Table 2) considered as fitting dataset is shown
in Fig. 4. The agreement between the predictions and the exper-
imental data is highly remarkable, both concerning fresh and ir-
radiated MA-MOX, since most of the predictions lay within the
1% deviation band from the perfect agreement (i.e., maximum ~
30 K deviation from the measurements, corresponding to the best
experimental uncertainty at the state of the art [32,36,63,72,73]).
The entire cloud of points of Fig. 4 is included in the 2% deviation
band, hence within the current highest experimental uncertainty
(~ 60 K).
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Fig. 5 compares the behaviour of the novel correlation for the
MA-MOX melting temperature, as a function of burn-up and Am
content, with the two state-of-the-art correlations available in the
open literature [31,33]. In terms of fuel burn-up, the novel corre-
lation exhibits an exponential, asymptotic decreasing trend, lead-
ing to higher melting temperature values predicted at high burn-
up (similarly to the novel correlation recently proposed for U-
Pu MOX fuels [19,30]). This reflects the characteristics of the fuel
microstructure at high burn-up, when the formation of a highly
porous High Burn-up Structure (HBS) in the low temperature (pe-
ripheral) fuel region determines a reduction of the fission product
concentration in the lattice [74-76]]. This process, together with a
large fractional release of gaseous fission products occurring in fast
reactor mixed-oxide fuels at high temperature, causes a reduced
rate of decrease of the fuel melting temperature. The predictions
of the correlations at high burn-up are compared with the only ex-
perimental measurement available, from [34] at 150 GWd/tyy. The
novel correlation proves to be the least accurate in this prediction,
but the deviation (~ 50 K) is within the reported experimental un-
certainties at the state of the art (30-60 K, as already discussed in
[19]). Moreover, it must be considered that this single experimen-
tal point accounts for the (degrading) effect of simulated fission
products on the melting temperature, which is not explicitly rep-
resented by the novel correlation herein developed but included
in the burn-up dependence. In terms of the Am content effect,
the novel correlation features a slighter dependence, which can be
considered more reliable since fitted on a wider set of experimen-
tal data [22,23,32,33,39]. Instead, the dependence of the melting
temperature on the Am content is much more pronounced in the
Konno et al. correlations, fitted only on limited sets of own data
subjected to significant uncertainties [31,33]. More experimental
data are therefore highly recommended for assessing the depen-
dency on the Am content, which is planned in the framework of
the PATRICIA H2020 European Project [11].

The novel melting temperature correlation (Eqs. 4 and 5, with
coefficients in Tables 8 and 9) is also assessed against a set of
molecular dynamics data available in the open literature (by Galvin
et al., on U-Pu MOX [15], hence the americium content in the
correlation is set to zero for a proper comparison). These MD-
calculated data concern stoichiometric MOX on the entire range of
Pu contents from UO, to PuO,, showing a Pu content effect on the
melting temperature in line (considering the existing high uncer-
tainties) with experimental measurements corresponding to plu-
tonium contents up to 60 at.% [32,35,36,77], hence including the
range of interest for MOX fuel applications in fast reactors and
Generation IV concepts [1,2]. The MD-calculated melting points
continuously decrease at higher Pu contents above 60 at.%, a re-
gion in which strong disagreements among different authors are
reported in literature [32,72,77]. The uncertainties associated to
the calculated values are around 1% or less, comparable with the
current experimental uncertainties (between 30 and 60 K, i.e.,
1-2% of the data [19]). The results of this assessment are pre-
sented in Fig. 6, showing satisfactory predictions since the cloud
of points lays within the 2% deviation band (corresponding to the
upper experimental uncertainty reported in literature, i.e., ~ 60 K
[23,32,33,35]). The only exception is represented by the melting
temperature of stoichiometric UO,, which is predicted to be equal
to 3147 K according to the present correlation (based on [19,70]),
while almost 100 K lower as calculated by [15].

The ranges of applicability of the novel correlation for the melt-
ing temperature of MA-MOX fuels are consistent with the ranges
covered by the fitted experimental data [22,23,32,33,39]:

e Deviation from stoichiometry, x: [0, 0.06] (hypo-stoichiometric
range)
e Plutonium content, [Pu]: [0, 50] at.%
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Fig. 5. Behaviour of the novel MA-MOX melting temperature correlation (orange line), as a function of fuel burn-up (left) and Am content (right), compared to the two
state-of-the-art correlations for MA-MOX available from the open literature [31,33]. Both plots refer to hypo-stoichiometric MA-MOX with x = 0.002 and Pu content = 20
at.%, while the Am content = 1.8 at.% in the left plot (to reproduce the experimental point from [34]) and the fuel burn-up = 50 GWd/tyy in the right plot.

Table 10

Root mean square error of the novel correlation for the MA-MOX melting temperature de-
veloped in this work, compared to the state-of-the-art literature correlations for MA-MOX
fuel, over the set of available data on fresh and irradiated MA-MOX [22,23, 32,33,39].

Konno et al. [31]

Konno et al. [33]  This work

Root mean square error (rmse)  0.017

0.016 0.007

3200
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Melting temperature - MD data (K)
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Fig. 6. Comparison between the MD data on MOX fuel melting temperature from
Galvin et al. [15] and the corresponding predictions given by the novel correlation
developed in this work (Egs. 4 and 5, with coefficient values in Tables 8 and 9, set-
ting zero Am content). The MD-simulated uncertainties are included as horizontal
error bars [15].

e Americium content, [Am]: [0, 3.5] at.%
e Burn-up, bu: extended to [0, 150] GWd/tym.-

Since the MA-MOX correlation herein proposed is an extension
of the previously published correlation assessed for U-Pu MOX fu-
els [19,30] and still includes the application to U-Pu MOX, the
range of applicability in terms of deviation from stoichiometry is
mainly dictated by the available MOX experimental data [19,30],
while the range in plutonium content is limited to 50 at.% due to
contradictory results available in literature for the melting temper-
ature of very high Pu content-MOX [15,38,72]. The extension of the
range of validity of the novel correlation in terms of fuel burn-up
can be justified by the prediction of the experimental point at high
burn-up from [34] within the experimental uncertainty, and by the
exponential, asymptotic functional form of the correlation.

Table 10 reports the root mean square error of the three corre-
lations (i.e., the novel correlation developed in this work and those
by Konno et al. [31,33]) on the entire set of available experimental

1

data, concerning both fresh and irradiated MA-MOX fuels (Table 2).
The error of the novel correlation is less than half the errors of the
other two literature correlations for MA-MOX [31,33] over the con-
sidered data.

Integral application of the novel correlations for MA-MOX fuel

As an illustrative example, the novel correlations for the ther-
mal conductivity and melting temperature of minor actinide-
bearing MOX fuels, herein developed (Sections 4 and 5), are em-
ployed to simulate the thermal performance of a fast reactor fuel
pin. The reference database corresponds to the HEDL P-19 irradia-
tion experiment, performed in the EBR-II reactor (sodium-cooled,
open pool type) and consisting in power-to-melt tests of U-Pu
MOX fuel (25 at.% Pu content) at beginning-of-irradiation condi-
tions [20]. The experimental data available from the HEDL P-19 ir-
radiation campaign have already been considered for the integral
validation of the correlations for the thermal properties of MOX
fuels ([19], where the complete details on the HEDL P-19 exper-
iment are collected). In this work, the focus is on a representa-
tive pin (# 27) selected from the HEDL P-19 database, showcas-
ing the potential impact of a minor actinide content in the U-Pu
MOX fuel. The reference results for the U-Pu MOX are compared
to those for an hypothetical Am-MOX fuel with 5 at.% Am content
subjected to the same irradiation conditions (i.e., fast power ramps
up to fuel melting in beginning-of-life conditions). The Am con-
tent here considered corresponds to the upper limit for homoge-
neous MA-MOKX (avoiding cluster effects on the fuel microstructure
and properties occurring in heterogeneous fuels [4,5]), and thus
maximizes the effect of Am in the mixed-oxide fuel. The follow-
ing discussion is based on the evolutions of the fuel central tem-
perature, the fuel-cladding gap size and the fuel restructuring (in-
ner void, columnar grain radius) of the HEDL P-19-27 pin as pre-
dicted by the TRANSURANUS fuel performance code [16,21], ver-
sion vim5j20 [78]. The corresponding experimental data are also
included in Figs. 8 and 9 and compared with the results for U-Pu
MOX fuel from [19].

The impact of the 5 at.% Am content in the HEDL P-19 fuel on
the fuel central temperature is shown in Fig. 7, including also the
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linear heat rate evolution bringing the fuel to melting, i.e., a first
slower power ramp followed by a fast ramp up to full power, be-
fore power shutdown [20]. For both the reference U-Pu MOX fuel
and the hypothetical Am-MOX fuel, the central temperature pro-
gressively increases during the first slower power rise, reaching a
value close to fuel melting already in the power holding phase be-
tween 10 and 12 h of irradiation in the Am-MOX case. The fast
power ramp brings both kinds of fuels to melting, albeit with a
wider radial extent in the Am-MOX pellet (~ 30% instead of ~ 25%
of the pellet area, around the centreline) as a consequence of the
higher temperatures reached (~ 4000 K instead of ~ 3700 K). The
different behaviour in terms of fuel central temperature affects not
only the fuel melting, but also the fuel thermal expansion (Fig. 8)
and the restructuring (Fig. 9) and is mostly ascribable to the im-
pact of the 5 at.% Am content on the fuel thermal conductivity
rather than on the melting temperature. Indeed, as represented
by Fig. 7, the fuel melting temperature predicted by the correla-
tion proposed in this work at 5 at.% Am content is only ~ 20 K
lower with respect to that of U-Pu MOX (i.e., 2977 K instead of
2994 K), consistent with the limited impact of homogeneous minor
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Fig. 9. Evolution in time of the fuel inner void radius (blue lines) and columnar
grain radius (green lines), as predicted by TRANSURANUS for the reference HEDL
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web version of this article). .

actinides on the melting temperature reported in the current liter-
ature [22,31]. As a consequence of the higher fuel centreline tem-
perature, the inception of melting in the Am-MOX is anticipated,
reflecting in a lower power-to-melt predicted by TRANSURANUS,
ie, ~ 514 kW m~! instead of 57.3 kW m~! for the U-Pu MOX
fuel. This confirms the satisfactory accuracy of the code predictions
[19] when comparing with the experimental value of 61.7 kW m~1,
considering the experimental uncertainty of 6% on the power-to-
melt measurements [20].

Considering the fuel-cladding gap size evolution during the
HEDL P-19-27 test (Fig. 8), the gap reaches an anticipated closure
in case of the hypothetical Am-MOX fuel, already at the end of the
first slower ramp, consistently with the higher fuel temperature
causing a stronger fuel thermal expansion. The fuel swelling contri-
bution, also enhanced by the fuel temperatures, is deemed of sec-
ondary importance given the short irradiation histories performed
during the HEDL P-19 campaign. After the gap closure, which oc-
curs also for the experimental U-Pu MOX-fuelled pin during the
fast power ramp, the dynamics of gap re-opening during power
shutdown proves different between the two simulation cases, lead-
ing to different final gap size values at the end of irradiation. The
reason for a wider gap re-opening after power shutdown for the
Am-MOKX pin is attributed to a higher creep due to the longer fuel-
cladding mechanical interaction during gap closure, leading to a
higher cladding plastic strain (effective plastic strain of ~ 0.7% in-
stead of ~ 0.45%). The agreement between the TRANSURANUS pre-
diction and the measured gap width for the U-Pu MOX fuel at the
end of irradiation is remarkable, as shown by Fig. 8.

The higher extent of fuel restructuring in the case of the hypo-
thetical Am-MOX fuel under the HEDL P-19 irradiation conditions
(Fig. 9) is the consequence of the higher fuel temperature. The pre-
dicted dynamics are similar for the two types of fuel, with an an-
ticipated start of columnar grain growth in the Am-MOX case. Both
inner void and columnar grain extensions are enhanced by the fast
power ramp. In terms of comparison with the available experimen-
tal data at the end of irradiation, the TRANSURANUS predictions
seem somewhat conservative, since underestimating the fuel re-
structuring and hence the beneficial thermal feedback on the fuel
temperature regime. Definitive conclusions about this effect would
require more and suitable data to compare with.
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Conclusions

The aim of this work was to derive and assess novel, physically
grounded and comprehensive correlations for the thermal conduc-
tivity and melting temperature of minor actinide-bearing mixed-
oxide fuels (MA-MOX. i.e., (U, Pu, Am, Np)O,.x). The novel models
are based on an extensive review of the currently available liter-
ature about data and existing correlations, performed in Sections
2 and 3, respectively, and are developed by extending correspond-
ing correlations for U-Pu MOX fuels, previously published by the
same authors, with the inclusion of the Am and Np content effects.
The functional form of the herein proposed correlations has been
statistically assessed through a p-value analysis on the regressors,
which confirmed the inclusion of the comprehensive set of de-
pendencies in both models. The available data, both experimental
and from molecular dynamics calculations, allowed the extension
of the ranges of applicability of the correlations up to significant
Am and Np contents (10 at.% and 12 at.%, respectively) and to high
fuel burn-up (150 GWd/tyy ). Nevertheless, the minor actinide con-
tent effect on the thermal properties of mixed-oxides proves to be
limited, at least in the aforementioned ranges where data are cur-
rently available. The predictions obtained from the novel MA-MOX
correlations are remarkable since within the experimental uncer-
tainties with respect to the data, and the average deviations are in
line with or lower than the error of the existing literature correla-
tions. This proves the quality of the approach followed and of the
modelling results obtained, able to coherently represent important
processes occurring in oxide fuels under irradiation, e.g., the pollu-
tion and saturation of the material lattice with fission products as
fuel burn-up evolves.

This work represents an advancement with respect to the state-
of-the-art modelling implemented in fuel performance codes from
the thermal properties point of view, pivotal in determining the
fuel temperature regime according to the actual fuel composi-
tion and burn-up, and hence the compliance with the margin-to-
melting safety limit. In particular, this paper contributes to the
analysis of the behaviour of minor actinide-bearing oxide fuels un-
der irradiation, which is recognized as a topic of current inter-
est in view of americium and neptunium burning and transmu-
tation in fast reactors and Generation IV systems. Future develop-
ments of the herein presented work could concern first the fur-
ther assessment, validation and possible refinement of the ther-
mal conductivity and melting temperature correlations proposed,
as soon as additional experimental data will become available. This
will help to better assess the impact of the minor actinide con-
tents on the fuel thermal properties, currently identified as lim-
ited. Moreover, the effects of large deviations from fuel stoichiom-
etry (> 0.05) and high plutonium contents (> 50 at.%) are still to
be deeply analysed and understood. In this perspective, molecular
dynamics simulations could be exploited to complement the ex-
perimental measurements, since MD techniques are currently able
to simulate mixed-oxide materials with potentially any composi-
tion (e.g., heterogeneous MA-MOX with > 10 at.% MA content) and
micro-structural features (also in the hyper-stoichiometry range),
hence further extending the ranges of applicability of the present
correlations. Nevertheless, the authors suggest first further anal-
yses of the molecular dynamics results before their integration
with experimental data, in light of some controversial outcomes of
current MD calculations compared to the accepted literature, e.g.,
an increased melting temperature for slightly hypo-stoichiometric
MOX fuel. Moreover, the systematic underestimation of the MD-
calculated thermal conductivity data at low temperatures (Fig. 3)
could suggest an effect related to the selection of the interatomic
potential applied in the MD simulations, which is still an open is-
sue to be investigated.
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Additional experimental data and investigations would also be
useful on high-porosity MOX and MA-MOX (> 10% TD), of concern
for the un-restructured fuel region or considering the strong poros-
ity migration and accumulation near the pellet centreline in fast
reactor fuels and Generation IV conditions. In this way, the current
modelling of thermal conductivity valid up to 10% TD could be re-
fined and extended, improving the large deviations obtained from
the state-of-the-art data beyond the current range of applicabil-
ity in terms of fuel porosity. Instead, the impact of the minor ac-
tinide concentrations in oxide nuclear fuels could be assessed also
via grain-scale simulations, in a more mechanistic way exploiting
e.g., the MFPR-F and SCIANTIX codes [79-81]. Among their capa-
bilities, these tools allow evaluating the density of lattice defects
induced by fuel self-irradiation (caused mainly by the «-activity
of americium) and the fuel lattice recovery by annealing of lattice
defects at high temperatures. In addition, the impact on the ther-
mal properties of the concentration of fission products retained in
the fuel, evolving during irradiation and sensibly influenced by the
high temperatures of fast reactor fuels that promote fission prod-
uct release, could be accounted for. The use of MFPR-F or SCIANTIX
tools could enable a more accurate consideration of the high tem-
perature effects of recovering part of the burn-up degradation of
thermal conductivity and melting temperature of oxide nuclear fu-
els, especially at high burn-up [82]. This would result in the in-
troduction of a sort of effective burn-up, as recently performed
in [83] for the modelling of the High Burn-up Structure. The be-
haviour of thermal conductivity and melting temperature of MOX
and MA-MOX fuels at high burn-up indeed requires further inves-
tigations, given the current scarcity of experimental data and the
current limitations of MD simulations in this respect.

Lastly, a more extensive integral validation of the fuel perfor-
mance code capabilities towards MA-MOX fuels under irradiation
is needed, besides a deep separate-effect validation of the novel
correlations for the MA-MOX thermal properties. The applicative
example, herein presented to showcase the potential effect of an
americium content in MOX fuels concerning the fuel melting and
restructuring behaviour in beginning-of-life conditions, should be
complemented by further analyses and simulations of the be-
haviour at extended burn-up of pins employing MA-MOX fuel pel-
lets. Indeed, the proposed thermal conductivity correlation is the
first in literature featuring a burn-up dependence for MA-MOX,
reasonably based on the U-Pu MOX behaviour [19] (while an exist-
ing correlation not accounting for the burn-up effect [22] has been
already tested in predicting the thermal performance of short-
irradiated Am-MOX pins in the Joyo reactor [54]). Also, the inte-
gral impact of a heterogeneous Am content (> 10 at.%) is of inter-
est to assess the feasibility of high-MA content fuel irradiation in
fast reactors for enhanced burning and transmutation applications,
and will be investigated in the framework of the PATRICIA H2020
European Project [11] once more experimental data will become
available for modelling extension and validation purposes.

The identified development paths all fall within the scope of
continuously enhancing the predictive capabilities of fuel perfor-
mance codes towards properties and phenomena peculiar of MOX
and MA-MOX fuels under irradiation in fast and Generation IV con-
ditions.
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