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The energetics of oxygen self-diffusion in NpO, over a range of temperatures is important for
nuclear fuel applications. This can be realized using the ¢cBQ thermodynamic model where the
defect Gibbs energy is proportional to the isothermal bulk modulus (B) and the mean volume
per atom (Q). In the present study we employ elastic and expansivity data in the framework of
the ¢cBQ model to derive the oxygen self-diffusion coefficient in NpO, in the temperature range
2000 K to 2900 K. The predicted results are in agreement with the available experimental and
theoretical data.
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Monemosauua camonudysii B NpO2 muisxom 3B’43Kky mapamMeTpiB TOUKOBUX edeKTiB
3 00’emuumu Bnactusoctamu Alexander Chroneos, Ioannis L. Goulatis, Lefteri H. Tsoukalas,
Ruslan V. Vovk

Enmepreruka camommdysii kucaio B NpO, B miamasoHi TemmepaTyp € BamJIMBOK JIJIf
3acrocyBaHHs B smepHomy masuBi. lle moskHA peasridyBaTu 3a JOIIOMOTOK TEPMOJHHAMIUHOI
mozetic BQ, ne emepria ['i66ca medeKTy mIpomopIiiiiHa i30TepMIYHOMY MOIYJII0 00 €MHOI IIPYKHOCT1
(B) Ta cepegubomy 00’'emy Ha aTtoMm (). ¥V 1bOMY HOCTIIKEHHI MU BHKOPHCTOBYEMO IAHI IIPO
IPYKHICTh Ta PO3IIMPEHHSA B paMkax momesi cBQ mis BusHaueHHs KoediiienTa camomudysii
rucaoO B NpO, B miamagomi remmeparyp Bim 2000 K mo 2900 K. Ilepembaueni pesysisraTu
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Y3TrOMKYITECA 3 HAABHHUMU €KCIIEPUMEHTAJIbHUMHU Ta TEOPETUIYHUMU JaHWUMU.

1. Introduction

A very active field of research is the under-
standing of the physical, chemical and mechan-
ical properties of materials as these are impor-
tant in order to optimise them for semiconduc-
tor, superconductor, battery and quantum com-
puting applications [1-10]. Experimental work
in conjunction with theoretical modelling and
thermodynamic approaches can offer a more
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complete perspective accelerating technological
advancement [11-20].

With ever increasing energy demand
pumped by the need to power datacentres and
artificial intelligence focus on nuclear energy
has resurfaced. Nuclear energy is econom-
ic, sustainable, and generates insignificant
amounts of greenhouse gases as compared to
the use of fossil fuels. Presently, the main com-
ponent of conventional nuclear fuel is UO,. This

645



A. Chroneos et al. /| Modeling self-diffusion in NpO, by connecting ...

can be blended with actinide oxides (for exam-
ple PUO, or ThO,) to form mixed oxide (MOX)
fuel [21-23]. At any rate there is a need for fur-
ther understanding of nuclear materials and
this is further enhanced by the consideration
of alternative nuclear fuel cycles. For example,
thoria has a high corrosion resistance, high
melting point, higher thermal conductivity,
and abundance compared to UO, and is there-
fore considered as a mainstream nuclear fuel
candidate [24-26]. It is notable also that the
Th-U fuel cycle results in lower concentrations
of long-lived transuranic elements and can be
considered to be more proliferation-resistant
but there are numerous issues that need to be
determined [27-30].

Spent fuel generated in light water reactors
(LWR) contains uranium, short lived fission
products and about 1 wt% of minor actinide
isotopes [31]. Minor actinides are a significant
part of long-term radiotoxicity and heat gener-
ation of spent nuclear fuels [31,32]. The aim is
to reduce minor actinides to deposit in reposi-
tories and this requires advanced fuel cycles
strategies and increased fuel cycle efficiency
[31,33]. It is important to develop advanced
techniques to reprocess spent fuel with minor
actinides [34]. Mixed oxide (MOX) fuels with
minor actinides loaded in Generation IV fast
nuclear reactors will lead to the transmutation
of the minor actinides in the fuel [35].

Considering heavy water reactors, there is
no intend to reprocess spent fuel, as the content
of fissile material is considerably lower than in
the LWR. There are investigations to apply
heavy water reactors for the partial transmu-
tation of actinides generated by the LWR [36].
At any rate it is important to characterize the
physical and thermodynamic properties of
MOX fuels containing minor actinides. From
an experimental viewpoint this is difficult and
expensive due to the handling of highly radio-
active samples [37-39].

Numerous theoretical models attempted to
relate the defect Gibbs energy (g') and the bulk
properties in solids [40]. Importantly, Varot-
sos and Alexopoulos [41-43] proposed that g! is
proportional to the isothermal bulk modulus
B and the mean volume per atom Q (to be re-
ferred from now on as the ¢cBQ model). There-
after, the cBQ model has been used to describe
the diffusion and point defect processes in a
wide range of materials [44-49], including self-
diffusion in UO,, PUO,, ThO,. and MOX fuel
[60-54]. To our knowledge there are no cBQ
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model studies for oxygen self-diffusion NpO,,
which is also a fluorite-related oxide.

In NpO, oxygen self-diffusion is mediated by
oxygen vacancies (vacancy mechanism of diffu-
sion) and this is appropriate for the cBQ model
given that the model works particularly well
in systems with a single diffusion mechanism.
In the present theoretical study, we apply the
c¢BQ model to investigate oxygen self-diffusion
coefficients in NpO, in the temperature range
2000-2900 K.

2. Methodology

In a crystal with a single diffusion mecha-
nism the diffusion phenomenon can be described
using the activation Gibbs energy (g**). g** is
the sum of the Gibbs formation (g") and the
Gibbs migration (g") energies. The activation

act

entropy s and the activation enthalpy h**
are defined using [44,45]:
act
Sact — _ dg (1)
dT |P
hact — gact + Tsact (2)
The diffusivity D is given by:
7gad 7ga(‘t
D =Dy """ = falve "" (3)
Where D, isthe pre-exponential factor, f is

the diffusion correlation factor, a, is the lat-
tice constant, v is the attempt frequency and
ky is Boltzmann’s constant. f depends on the
diffusion mechanism and the geometry of the
crystal structure.

A key aspect of the ¢cBQ model is the link of
the defect Gibbs energy g' to the bulk properties of
the solid via the relation [41-43]:

g' =c¢'BQ 4)

Through the combination of Egs. (3) and (4) we

obtain: »
¢ BQ

D= fagvei kT (5)

The pre-exponential factor (i.e. fa’v) can be
calculated using either information from mo-
lecular dynamics or experiment. This will then
require one experimental (or theoretical) diffu-
sivity value at one temperature to calculate the
c¢™ using Eq. 5. Alternatively, we can employ
Eq. 5 using two experimental (or theoretical)
diffusivity values at two corresponding temper-
atures to derive both the pre-exponential fac-
tor and ¢*. Using this ¢* the diffusivity D;
at any temperature T; can be calculated using
Eq. 5 assuming that the elastic data and expan-
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Table 1. MD derived and calculated self-diffusion coefficients in NpO, alongside the elastic and expan-
sivity data used in the ¢cBQ model.

T /K B/10% Nm-2 Q/10-3%m3 DO 21 D% /21
2000 131.54 14.14 8.02 -1014 2.01-10°13
2100 126.97 14.20 7.51-10°13 7.53-10°13
2200 124.77 14.26 1.26 - 10712 1.91 - 10712
2300 120.34 14.32 6.64 - 1012 5.73 - 1012
2400 115.64 14.40 1.57-10°11 1.61-1011
2500 108.93 14.46 4.83-10°11 5.23-10°11
2600 103.42 14.55 1.34 -10°10 1.35-10°10
2700 96.44 14.66 3.86 - 1010 3.79-1010
2800 95.73 14.75 8.59 -10°10 5.42 1010
2900 98.07 14.85 1.52 -109 5.59 -10'10

sivity can be derived or are known for T}. ¢* is .

considered to be constant and can be assumed 10° D

to be temperature and pressure independent - \\\

[41-45]. It is also important to note that the _ 107 '\\k

¢BQ model can capture anharmonic effects that N \\\‘

can appear by the temperature decrease in B g 107" \\{

and by the thermal expansivity. In the present S

study, we only compare with molecular dynam- 107 \\\.

ics results as to our knowledge there is no solid S

experimental data on the oxygen self-diffusion 107 a

coefficient in NpO, in the temperature range

2000 K to 2900 K.

3. Results and discussion

The expansivity and the isothermal bulk
modulus data were derived using MD by Bell-
ino et al. [31,32]. These values are reported in
Tables 1 alongside the MD derived oxygen self-
diffusion coefficients in NpO, [32]. The latter
are compared with those calculated from Eq. 5
using the ¢cBQ model. To calculate the ¢ pa-
rameter the single experimental measurement
method [43,44] can be used or other methods
such as the compensation law and the “mean
value” method [45-48]. The advantage of the
single experimental measurement method is
its simplicity, however, the calculated value of

c¢® will depend upon the experimental error
in the B, Q and the diffusivity value. In more
complicated diffusion mechanisms, there will
be errors in the pre-exponential factor and this
makes its derivation difficult.

Here we do not depend on the MD uncertain-
ties to calculate ¢ as we employed the mean
value method. In this approach the linear

behavior of InD versus B—Q further indicates

B
the validity of the ¢cBQ model with the slope
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Figure 1. The Arrhenius plot of oxygen self-dif-
fusion in NpO, as derived by the ¢cBQ model.

being ¢ (refer to Eq. 5). As it can be seen
from Figure 1 there is an almost linear rela-
tion, which can be represented by:

~ 0.256B0

D=6.24e ™7

107 m?s™! (6)

Using Eq. 6 we can now derive the self-dif-
fusion coefficients in NpO, using ¢cBQ model
and complete the table. As it can be seen from
Table 1 the self-diffusion coefficients in NpO,
calculated by the cBQ model are in good agree-
ment with the MD values over the temperature
range considered. There are some differences
that can be explained by the calculation of B
and Q through MD. Given the nature of the ma-
terial, it is hard to find appropriate experimen-
tal data. At higher temperatures there is the
superionic transition in these materials [55]
that may be modeled within the cBQ model but
will require a different c¢*’. Whenever there is
a change of phase in the host material, different
composition, or different diffusion mechanism
there will be the need to derive a further c¢*
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to describe the process. The present study can
serve as a paradigm to investigate the proper-
ties of other binary or ternary materials for en-
ergy applications [56-58].

4. Conclusions

In the present study we employed the ¢cBQ
model to describe self-diffusion in NpO,. There
is a relatively good agreement between the cBQ
model derived and MD oxygen self-diffusion
coefficients in both NpO, in the temperature
range considered. It is expected that due to the
superionic transition in NpO, the oxygen self-
diffusion coefficients for very high temperatures
(above 2800-2900 K) cannot be described by the
c¢BQ model with the derived c¢“. The efficient
description of NpO, motivates the investigation
of other technologically important actinide ox-
ides. In particular, it is expected that thermo-
dynamic modelling will play an increasing role
to model MOX fuel and bridge the gap in data
at a range of temperatures and pressures.
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