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a b s t r a c t

In this work, we propose a newmechanistic model for the treatment of helium behaviour which includes
the description of helium solubility in oxide fuel. The proposed model has been implemented in
SCIANTIX and validated against annealing helium release experiments performed on small doped fuel
samples. The overall agreement of the new model with the experimental data is satisfactory, and given
the mechanistic formulation of the proposed model, it can be continuously and easily improved by
directly including additional phenomena as related experimental data become available.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A considerable research effort is targeting the improvement of
fuel performance codes towards the simulation of fast reactor fuel
pin behaviour [1]. In this research framework, helium behaviour
plays a significant role compared to UO2 for application in light
water reactors. This is even more true when the considered fuel is
devoted to transmutation, presenting consistent initial concentra-
tions of minor actinides and therefore a significant helium pro-
duction [2].

In order to focus on the modelling of helium behaviour in fuel
performance codes, it is useful to make a parallel with the state-of-
the-art description of fission gas behaviour. Modelling of fission gas
(i.e., xenon and krypton) behaviour in nuclear fuel is typically
approached in steps [3]: first, (1) creation by fission reactions, fol-
lowed by (2) intra-granular evolution [4e7], and lastly by (3) inter-
granular evolution [8,9]. A similar step-like modelling approach is
herein proposed for the description of helium behaviour. The
choice of this fission-gas-inspired model structure, in alternative
[1], a campaign of separate-
l of noble gases in fresh UO2

mbined behaviour of gases as

by Elsevier Korea LLC. This is an
for example to consider the effective transport of helium along the
pellet radius, brings about the possibility to explicitly account for
the interaction between helium and fission gas.1 Moreover, it al-
lows for straight inclusion in fuel performance codes, either by
direct implementation or via coupling with meso-scale modules
(e.g., SCIANTIX [10,11]). Another feature of a stepwise description of
helium behaviour is that each step can be in principle validated
(and verified) independently from the others. This is of great
importance because of the high uncertainty associated to themodel
parameters, and justifies the degree of simplification in the current
model in which for instance we do not describe point defects.
Therefore, it is preferable to assess the behaviour of the model on
sub-problems involving a limited number of parameters. Summa-
rizing, the present work should be considered as a first effort in the
mechanistic modelling of the complex phenomena linked to the
behaviour of helium in nuclear fuel.

The knowledge of the properties that govern the transport of
helium and its absorption/release mechanisms is a fundamental
step for understanding helium behaviour. For this reason, several
separate-effects experiments have been performed in the past in
order to investigate and characterize helium diffusivity in nuclear
fuel, e.g. Ref. [12e15], providing large uncertainty bands. By care-
fully reviewing and classifying the data depending on the combi-
nation of the technique used to introduce helium in the samples
and themicro-structure of the sample itself, clusters ascribed to the
different damage level caused to the lattice by the different
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techniques appear, and the new correlations obtained are affected
by a lower uncertainty [16]. One of the main reasons of the pecu-
liarity of helium behaviour in oxide fuels compared to fission gases
comes from its higher solubility [12,13,17]. Complementary to the
classification done for the diffusivity [16], Cognini et al. [18],
collected and analysed all the experimental data concerning the
helium solubility in uranium dioxide and categorized them on the
basis of the sample micro-structure, leading to the derivation of
two correlations for Henry’s constant as a function of temperature.
Moreover, several atomistic computer simulations (e.g., Molecular
Dynamics eMD and Density Functional Theory e DFT calculations)
have been performed to study helium diffusivity and solubility in
nuclear fuel [19e24]. These results are a fundamental tool in order
to progress in the understanding of the complex phenomena
related to inert gas behaviour in such materials [6] and have
therefore been included in the plot comparing correlations for
diffusivity and solubility (see Fig. 1 and Fig. 2, respectively). In
particular, Noirot [24] derived the theoretical value for Henry’s
constant applying to helium in interstitial positions in UO2 a
method devised to calculate the equilibrium concentration of point
defects and gas atoms in the vicinity of a bubble in UO2. Moreover,
Noirot performed 5 different calculations in the range 673e2073K,
as reported in Table 1.

The resulting scatter for solubility is larger than the experi-
mental scatter. Therefore, in order to avoid the inclusion of an
additional source of uncertainties in the model parameters, we
have decided to account, in our analysis, only for the input coming
from experimental data, in this early stage of development. Indeed,
what still hinders a more intense and direct application of DFT
results in fuel performance codes is that, according to the conclu-
sions of the NEA state-of-the-art report [25], the calculations are
still open for discussion. Additionally, it is important to underline
that the model herein developed is based on parameters derived
from experiments mainly with UO2 fuel, due to the scarcity of data
for MOX fuels in literature. An extensive validation of this model
also for fast reactors therefore calls for new experiments. These
review activities are deemed as fundamental for the development
of the herein presented physics-based model.

In this work, we present a model for the intra-granular helium
behaviour in UO2 fuel that represents a first step into the direction
of amoremechanistic description, as compared towhat is currently
Fig. 1. Plot of experimental helium diffusivity in uranium dioxide as reported in Luzzi et al
in the fuel performance codes. The proposed model is suitable for
application in fuel performance codes, and is hence implemented
in the fission gas behaviour module SCIANTIX [10] and compared
with the current model adopted in the TRANSURANUS perfor-
mance code [2,26,27]. The proposed model is described in Section
2, together with the physical parameters involved in the model
equations. Section 3 presents the main features of the experimental
database against which the model calculations are compared, and
the results are collected and described in Section 4.
2. Model description

The proposed model aims at a more physics-based description
of the helium release and retention mechanisms, which can be
directly applied in fuel performance codes. Therefore, in a first step,
it does not describe the evolution of point defects. To this end, we
extend state-of-the-art models developed for the description of
intra-granular fission gas behaviour (such as [5,28,29]) by including
the treatment of helium solubility. Besides solubility is not usually
considered for xenon and krypton (as discussed and ruled out, e.g.,
by Lӧsӧnen [30]), Veshchunov [4] included it in rate theory models
due to its potential contribution at high temperatures. In this work,
we propose a description of helium solubility in UO2 in line with
[4,30]. It has been verified that helium solubility in oxide nuclear
fuel is linearly proportional to the infusion pressure at a fixed
temperature and hence the system He-UO2 obeys Henry’s law
[12,13,17,31]:

CS ¼ kHp (1)

where kH (at m�3 MPa�1) is Henry’s constant for the He-UO2 system
and CS (at m�3) is the solubility achieved at a pressure p (MPa).

The inclusion in the model of the mobility of intra-granular
helium bubbles has been proposed by Talip et al. [15], based on
the observation of helium release rates from doped fuel samples.
This model extension follows the generalization of Speight’s rate
theorymodel [28] proposed by Van Uffelen et al. [32]. Nevertheless,
in this work, we do not include this bubble-diffusivity term due to
the scarcity of data available in literature. Indeed, to the best of our
knowledge, the only bubble diffusion coefficient available is the one
derived in Ref. [15] by fitting the experimental results of helium
. [16] to which have been added the results of atomistic simulations (grey [19,20,22]).



Fig. 2. Plot of experimental helium solubility in uranium dioxide as reported in Cognini et al. [18] to which have been added the results of atomistic simulations (grey [23,24]).

Table 1
Different values of incorporation energies of a helium atom in an interstitial posi-
tion, Einc and of different activation energies for the diffusion of helium in UO2, Ej
used by Noirot [24] in the atomistic simulations shown in Fig. 2.

Case nr Einc (eV) Ej (eV)

1 �0.1 2
2 0.45 0.9
3 0.45 2
4 0.45 2.5
5 1.5 2

2 This term includes ternary fissions, (n,a)-reactions on oxygen, and a-decays.
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release rate during annealing of doped fuel samples. However, we
have in the meantime noticed an error in that paper: despite the
simulations and consequent plot of results being all correct, the
activation energies reported in the equations for single gas atoms
diffusion and bubble diffusion have been erroneously interchanged.
This clearly does not limit the outcome of the work by Talip and co-
authors, but implies that the bubble diffusion coefficient derived in
that paper has a lower activation energy compared to the single gas
atoms diffusion coefficient, which is questionable as it would imply
that bubble diffusion dominates at lower temperatures. For this
reason, bubble diffusion has been disregarded in this work. For the
same reason, we decided to implement the diffusion coefficient
proposed in our previous work [16] that consists in the best fit of all
the experimental data available in literature concerning uranium
dioxide samples, in which the helium has been introduced by
means of infusion. As detailed in Section 3 and 4, this dataset is
herein selected as validation base for the proposed model and
therefore we apply parameters derived independently.

Summarizing, the proposed model includes single-atoms
diffusion (in an equivalent sphere [33]), trapping of single atoms
at intra-granular bubbles and irradiation induced re-solution of gas
atoms from intra-granular bubbles, helium solubility, and helium
production rate. Namely:
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v

vr
r2
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vr
c� b
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�
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inwhich r (m) is the radial coordinate along the fuel grain (assumed
as spherical) and t (s) is time, c andm (at m�3) are the concentration
of helium single-atoms and helium in intra-granular bubbles,
respectively, S (at m�3 s�1) is the helium production rate,2 b (s�1) is
the trapping rate and a (s�1) is the irradiation-induced re-solution
rate, D (m2 s�1) is the single-atom diffusion coefficient, and CS,ig (at
m�3) is the intra-granular helium solubility. By using Eq. (1), these
solubilities are related to the helium pressure in those bubbles, i.e.:

CS;ig ¼ kHpig (3)

The boundary conditions assumed for the single-atoms diffu-
sion problem are:

cðr ¼ a; tÞ ¼ CS;gb ¼ kHpgb
v

vr
cðr ¼ 0; tÞ ¼ 0

(4)

where a (m) is the radius of the spherical fuel grain and CS,gb (at
m�3) is the inter-granular helium solubility. As depicted in Eq. (3),
this solubility is dependent on the inter-granular pressure which is,
in general, a complex data to measure experimentally. A helping
hand in understanding the complex phenomena occurring at the
grain boundaries could come from atomic scale simulations, as also
shown in Ref. [34]. However, in this initial stage of development of
the model, we focus on the intra-granular behaviour, comparing
with experimental data in which grain boundary phenomena
should be less relevant.

Besides the definition of each model parameter appearing in Eq.
(2), which is detailed in the following, it is worth noting that the
introduction of the solubility calls for the necessity of evaluating
the helium pressure within intra- (pig) and inter-granular bubbles
(pgb), as expressed in Eq. (3). This is not trivial since:

� Intra-granular and inter-granular bubbles could have very
different size and helium densities, and thus in order to calcu-
late their pressure awide ranged equation of state is required, or
a combination of different equations of state tailored to each
bubble population [35].
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� The knowledge of solubility of helium at grain boundaries is
limited, since the experimental knowledge about solubility in
UO2 derives from infusion in single crystals and powders, with
the lack of data available for polycrystalline samples [18]. The
estimation of the gas content in inter-granular bubbles is
therefore strongly dependent on model assumptions.

In viewof these intrinsic limitations in the general application of
the model formalized in Eq. (2), we focus on the simplified version
of the model applicable to the simulation of fast annealing experi-
ments performed in vacuum conditions [15]. Despite the loss of
generality, this approach allows us to assess the performance of the
model with a subset of parameters and to compare its results with
the experimental measurements of release rates during annealing
in KEMS of doped UO2 performed by Talip et al. [15] (Sections 3, 4).

In annealing conditions, the irradiation induced re-solution rate
is null, a ¼ 0, whereas the condition of fast transients allows
neglecting the helium production rate, S z 0, with the average
intra-granular concentrations of helium initialized to c(t) ¼ c0 and
m(t) ¼ m0. In fact, it is assumed that a bubble population is formed
at the first time-step, m0, and then it evolves during the whole
experiment, accordingly to the modelling hypothesis made also in
Talip et al. [15]. Moreover, specifically for this case in which the
experiments are performed in vacuum (i.e., in the KEMS), the
pressure at grain boundaries is assumed to be zero, pgb z 0,
implying by Eq. (3) that CS,gb ¼ 0. Under these assumptions and
using Henry’s law (Eq. (3)), Eq. (2) becomes:
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in which the term bkHpig represents thermal re-solution.
By using the classic trapping rate by Ham [36]

b¼4pDRigNig (6)

where Rig (m) is the radius of intra-granular bubbles and Nig (at
m�3) is the intra-granular bubble density, and using the Van Brutzel
et al. [35] equation of state for the intra-granular bubble pressure
pig (Pa)3

pig ¼
kT
Vat

Z (7)

where k (J K�1) is the Boltzmann’s constant, T (K) the temperature, Z
the compressibility factor, and Vat the atomic specific volume, i.e.,
Vat ¼ Vig/nHe, with Vig (m3) being the intra-granular bubble volume
and nHe (at) being the number of atoms per bubble. We can write:
3 For the sake of completeness, the equation of state is here summarized: pig ¼
kTZ/Vat, Z ¼ (1þyþy2-y3)/(1-y)3, y ¼ pd3/6Vat, with Vat (m3) ¼ 7.8 10�30 under the
approximation of saturated nanobubbles, and d being the hard-sphere diameter
given by d (m) ¼ 2.973 10�10 [0.8414e0.05 ln(T (K)/10.985)]. The assumption of
constant Vat is in line with the required complexity of the model but is not sup-
ported by any physical interpretation. At the cost of increasing the complexity of
the model (in terms of number of equations and of parameters), one could include
the description of the evolution of point defects allowing for a more physical
description of vacancy absorption at intra-granular bubbles. This development
exceeds the scope of the present work, but is deemed relevant considering that the
lattice damage accumulated in the samples considered (0.04 dpa at very low
temperature) is expected to lead to the buildup of a non-negligible vacancy
concentration.
bkHpig ¼4pDRigNigkH
kTZnHe
Vig
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where g (s�1) is interpreted as a thermal re-solution rate.4With this
notation Eq. (5) can be written as:
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which is formally the homogeneous form (i.e., with no source term)
of the system studied by Speight [28].

As for the model parameters to be used in Eq. (9), we adopt
Ham’s trapping rate b [36] (Eq. (6)), the thermal re-solution rate g

defined by Eq. (8), and the diffusion coefficient D by Luzzi et al. [16],
recommended for infused samples5 and valid in the temperature
range 968e2110 K, i.e.:

D
�
m2s�1

�
¼2:0 10�10expð � 2:12 ðeVÞ = kTÞ (10)

The Henry’s constant is selected after the review of Cognini et al.
[18]. We use the relation reported for single crystals and valid in the
temperature range of 1073e1773 K, since Eq. (9) describes the
solubility of helium within a fuel grain

kH
�
at m�3MPa�1

�
¼4:1 1024expð�0:65 ðeVÞ = kTÞ (11)

Moreover, in the attempt to account for the grain changings that
could have an important effect on the evolution of helium content,
the grain growth and the related grain boundary sweeping have
been considered in our model.

For the sake of comparison, we report the model for helium
behaviour6 currently implemented in TRANSURANUS [2]. This
model includes the treatment of intra-granular helium diffusion
with an effective diffusivity Deff acting on the total helium con-
centration, in line with [28,32]. The diffusion coefficient is based on
the best-estimate correlation derived by Federici et al. [27]. 7 The
governing equation is:

vðcþmÞ
vt

¼Deff
1
r2

v

vr
r2

v

vr
ðcþmÞ þ S (12)

with the source rate being calculated from the TUBRNP depletion
module [2,37]. As for the inter-granular helium behaviour, the
model assumes that above 800�C all the gas reaching the grain
boundaries is released, whereas at lower temperatures the helium
is trapped at the grain boundaries up to a certain saturation value.

Both the new model (Eq. (2)) and the current TRANSURANUS
one (Eq. (12)) have been implemented in SCIANTIX [10,11,38].
4 This definition of the thermal re-solution is dependent on the choice of the
equation of state for intra-granular helium bubbles. Different equation of states will
imply different formulas for g [30].

5 The sample was estimated to have 0.04 dpa (displacements per atom) at the
time it was examined, far from typical values reached in irradiated fuel.

6 In TRANSURANUS, also a model describing the absorption of helium from the
rod free volume is present. This model is out of the scope of this work and is
therefore not discussed.

7 Alternatively, a lower [27] or an upper [43] bound of the data can be selected.



Fig. 3. Temperature histories of the annealing experiments considered [15].

8 Besides the other model parameters (helium diffusivity and solubility)
described in Section 2, we briefly recall that since the annealing is performed in
vacuum conditions, we assume zero retention of helium at the grain boundaries.
Moreover, we neglect the source term because of the short duration of the
annealing histories.

L. Cognini et al. / Nuclear Engineering and Technology 53 (2021) 562e571566
3. Description of the annealing experiments and simulation
set-up

The goal of the separate-effects experiments performed by Talip
et al. [15] is to investigate the helium release from UO2 samples
doped with 0.1 wt% of additive containing 66.7 wt% of 238PuO2,
aged 15 years in a glovebox with inert atmosphere (N2). The sam-
ples have been subject to helium desorption experiments per-
formed in a Knudsen Effusion Mass Spectrometry (KEMS) system
connected to a Quantitative GAs MEasurement Set-up (Q-GAMES).
In this technique, the helium released from the samples during the
annealing is collected, purified and quantitatively measured by
comparison with a known spike of gas [39].

The five annealing temperature histories considered in this
work (see Fig. 3) are characterized by a heat up step (around 30min
with 10e30 K min�1), followed by a holding at the annealing
temperature (for 1e3 h). In three out of five annealing histories, the
temperature is decreased after the plateau, while in two histories
there is a second heat up phase up to 2200e2300 K. For each
temperature history, two figures of merit have been analysed,
namely: the helium fractional release and the helium release rate.
The helium fractional release is measured up to the end of the
annealing plateau, while the helium release rate is measured
continuously to the end of the annealing history (i.e., for two cases,
up to 2200e2300 K).

The experimental measurements are supported by SEM images
[15] allowing to estimate the population of helium bubbles in the
sample before it experiences the annealing history. In line with
Talip et al. [15] we assume an initial concentration of helium single-
gas atoms c0 ¼ 1.6 1024 at m�3 and a helium concentration trapped
in intra-granular bubbles of m0 ¼ 8.3 1022 at m�3. Based on the
measurement of bubble size in the order of 1e2 nm, a bubble
density of 400 atoms per bubbles is assumed, resulting in a number
density of Nig ¼ 2.08 1020 bub m�3 intra-granular bubbles. In detail,
we assume that the choice of considering 400 helium atoms per
bubble in Talip et al. comes from the ratio Vig/VHe where Vig is the
volume of intra-granular bubbles considered as spheres with a
radius of 1 nm and VHe is the atomic volume of helium.

In recognition of the impact of the grain size, a (m), in the
evolution of helium behaviour (e.g., affecting the diffusion rate D/a2

(s�1) and eventually sweeping the intra-granular helium concen-
tration by grain growth, providing an additional release contribu-
tion) Talip et al. [15] measured the grain size before and after the
annealing experiments, reporting a general trend of strong grain
growth. In order to attempt to account for this effect, the grain
growth and the consequent grain boundary sweeping have been
included in SCIANTIX: we use the Van Uffelen et al. grain growth
model [40] and the same model present in TRANSURANUS for the
swept volume fraction [41].
4. Discussion of results

Fig. 4 reports the total concentration of helium, as single atoms
(c0) and bubbles (m0), used for the initialization of the helium
behaviour model in SCIANTIX (see Section 2)8 and their evolution
as function of the annealing time, together with the helium
released, for the cases at 1320 K (on the left) and 1800 K (on the
right). As it appears from Fig. 4, the curves are qualitatively similar
in both cases. In fact, for what concerns the annealing temperature
history at lower temperature (Fig. 3 case (a) and Fig. 4, left panels),
during the first 20 min,m quickly goes to zero, while c increases up
to an equilibrium value and, in correspondence to the plateau (at
1320 K) starts to decrease slowly. Once the plateau finishes, the
temperature rises again, and c decreases more quickly reaching the
value 8.17 1021, after almost 6 h from the beginning of the annealing
history. Likewise, it happens for the annealing temperature history
at higher temperature (Fig. 3 case (e) and Fig. 4, right panels).
During the first 15 min,m quickly goes to zero, while c increases up
to a stable value and then it decreases during the annealing down
to 2.92 1023, after 4 h from the beginning of the experiment. From
the comparison of these two cases, it emerges that at the beginning
of the annealing histories, the initial single helium atoms in solu-
tion in the matrix (c) increase at the expense of the bubble con-
centration (m) due to the thermal re-solution that is dominant
compared to the trapping, as explained in more detail below. In
addition, also regarding to the helium released from the samples
(the yellow curves in Fig. 4), the behaviour results qualitatively
similar with an increase of the release correspondent to a heat up
step of the annealing temperatures.

Figs. 5 and 6 collect the results of the SCIANTIX simulations
using both the new helium behaviour model and the current model
available in TRANSURANUS. The simulation results are compared
with the experimental release in terms of helium fractional release
(Fig. 5) and of helium release rate (Fig. 6).

From the observation of Fig. 5, it appears that both the current
TRANSURANUS model and the new proposed model have a satis-
factory agreement with the experimental results. The mean square
errors calculated between the simulation results and the experi-
mental data are reported in Table 2, and quantitatively confirm this
observation. Despite adopting an effective treatment of helium
diffusivity, TRANSURANUS model catches both the kinetics and the
integral values of the helium release remarkably well, in all the
range of considered annealing temperatures.

It should be added that the effective diffusivity by Federici et al.
[27] is the only parameter considered in the model of TRANS-
URANUS, since the grain-boundary release temperature threshold
and the grain-boundary retention [2] are turned off to represent the
vacuum conditions in which the annealing is performed. The
effective diffusion coefficient Deff proposed by Federici et al. rep-
resents (in the model of TRANSURANUS) a combination of the
single-atom diffusivity D, the trapping rate b, and the thermal and
irradiation-induced re-solution rate g and a, i.e., Deff ¼ (a þ g)/(b þ
a þ g) D, whereas the new mechanistic model proposed describes
each of these parameters separately. Up to a certain degree, it is
expected that adding physics-based parameters with considerable



Fig. 4. Evolution of the helium concentration in the samples as single atoms (blue line) and bubbles (red line) as a function of the annealing time for the temperature histories at
1320 K (left panels: case (a) in Fig. 3), and 1800 K (right panels: case (e) in Fig. 3). The yellow curves represent, in logarithmic scale, the helium released from the two samples,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

L. Cognini et al. / Nuclear Engineering and Technology 53 (2021) 562e571 567
uncertainty [16,18,33,42] results in a limited predictive capability of
the model itself. Nevertheless, it is fair to say that the combination
of the physics-based parameters should attempt to reproduce the
effective diffusion coefficient by Federici et al., in view of its (i)
capability in reproducing experimental data (Fig. 5), and it (ii) being
the best-estimate fit of several experimental diffusivity measure-
ments [27]. This represents a development target for future work
on mechanistic models.

Fig. 6 reports the comparison of the simulation results with the
experimental data in terms of helium release as function of tem-
perature. For the annealing histories with the first plateau at 1320 K
(Fig. 6a) and 1400 K (Fig. 6b) two distinct peaks can be observed.
Beside the relatively poor quantitative agreement, both the new
proposed model and the TRANSURANUS model correctly predict
the onset of both release-rate peaks in this release. This is partic-
ularly important since this two-peaked release-rate evolution has
been ascribed to themobility of helium intra-granular bubbles [15],
which is not considered in the herein analysed models.9 In the
present description, for these two cases, the second peak is caused
by the rise in temperature of the annealing transient (Fig. 3) and the
consequent (i) increase in the diffusion rate of helium towards the
grain boundaries, together with (ii) a strong grain growth becoming
9 It could be said that since the description by Federici et al. is effective, it includes
already also the mobility of intra-granular bubbles. Nevertheless, the coefficient
proposed by Federici et al. is Arrhenius-like, i.e., Deff ¼ D0 exp(-E/kT) with E being
the activation energy, 1/kT the Boltzmann’s factor and D0 a pre-exponential, while it
is expected that the motion of intra-granular bubbles should have a specific acti-
vation energy, different from that of single atoms.
significant above 2000 K and the associated grain boundary
sweeping. It is worth noting that grain boundary sweeping plays a
major role in the formation of the second peak and therefore it is
crucial to include this effect (Fig. 7). In the calculations, the sup-
plementary fractional release term from the grains to the grain
boundaries is approximated by the volume fraction of the fuel
swept by the moving boundaries during each time step.

Fig. 6e shows the highest temperature plateau analysed, i.e., the
annealing history at 1800 K (Fig. 3). This case shows two release-
rate peaks, with an almost 100% helium fractional release
(Fig. 5e). Both peaks are observed during the heat up phase of the
annealing. This behaviour indeed suggests the activation of a sec-
ond release mechanism with an activation energy higher than that
of either the diffusivity of single atoms by Luzzi et al. [16] or the
effective diffusivity by Federici et al. [27]. The new proposed
mechanistic model is unable to catch this second peak at higher
temperature, despite the additional parameters compared to the
current TRANSURANUS model. With suited parameters, the model
itself could explain a two-peak release behaviour. A possible
mechanism could be: (i) first the diffusion of single atoms activates,
leading to trapping of gas at intra-granular bubbles and to diffusion
towards the grain boundariese i.e., causing the first peak of release,
(ii) second, at higher temperature, the thermal re-solution becomes
dominant compared to trapping and hence helium is re-solved in
the matrix and becomes available for diffusion e i.e., the second
peak. Nevertheless, this hypothetical evolution of intra-granular
helium is not predicted by the model, since the thermal re-
solution is always dominant compared to the trapping rate, also
at lower temperatures, i.e., at the beginning of the annealing tests.



Fig. 5. Comparison of SCIANTIX results (new helium model and current TRANSURANUS model) with experimental helium fractional release from Ref. [15]. Each subfigure cor-
responds to an annealing history which is referred to by the temperature of its first plateau, respectively (a) 1320 K, (b) 1400 K, (c) 1400 K, (d) 1600 K, and (e) 1800 K (see Fig. 3).
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In detail, writing Eq. (10) and Eq. (11) as D ¼ D0expð�ED =kTÞ and
kH ¼ kH0

expð � EkH =kTÞ, respectively, we can also express the
trapping rate b and the thermal re-solution rate g as Arrhenius-like:

b¼4pD0RigNig exp ð�ED = kTÞ¼ b0expð�ED = kTÞ (13)

with b0 ¼ 4pD0RigNig and
g¼4pD0RigkH0
kTZ
Vig

exp
�

� �ED þ EkH
� �

kT
�¼ g0exp

�� �ED þ EkH
� �

kT
�

(14)

with g0 ¼ 4pD0RigkH0kTZVig
.

Comparing Eq. (13) and Eq. (14), it is evident that the activation
energy of the thermal re-solution is always slightly higher than the
activation energy of the trapping, suggesting a prevalence of trap-
ping over the thermal re-solution at low temperatures. However, it



Fig. 6. Comparison of SCIANTIX results (new helium model and current TRANSURANUS model) with experimental helium release rate from Ref. [15]. Each subfigure corresponds to
an annealing history which is referred to by the temperature of its first plateau, respectively (a) 1320 K, (b) 1400 K, (c) 1400 K, (d) 1600 K, and (e) 1800 K (see Fig. 3).
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is the opposite, due to the great difference in the pre-exponential
factors, as shown for T ¼ 1800 K in the following calculation

g0
b0

¼ kH0
kTZ

VigNig
z1011 (15)

Consequently, the trapping mechanism results extremely weak
and once all the helium initially contained in the intra-granular
bubbles is re-solved into the matrix, it diffuses (at higher temper-
ature) towards the grain boundaries, resulting in a single peak of
release.
Summarizing, the discrepancies shown in Figs. 5 and 6 between

the results simulated in SCIANTIX and the ones obtained with
TRANSURANUS are mainly related to the different diffusion coef-
ficient used: the one derived by Luzzi et al. [16] and the effective
diffusion coefficient proposed by Federici et al. [27], respectively.
Moreover, the limited predictive capability of the helium release
rate at high temperature by the new proposed model can be
ascribed to:



Table 2
Validation metric (mean square error) for the comparison of the simulation results
with the experimental data by Talip et al. [15] in terms of helium fractional release
(see Figs. 3 and 5). Lower values of the validation metric correspond to a better
agreement.

Annealing history Current TRANSURANUS model New mechanistic model

1320 K (a) 1.48 0.74
1400 K (b) 0.64 0.76
1400 K (c) 0.76 0.69
1600 K (d) 0.62 0.64
1800 K (e) 0.28 0.57
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� The considerable uncertainty associated to the model parame-
ters, especially to the temperature dependence of the trapping
rate and of the thermal re-solution rate.

� The lack of representation of another release mechanism, e.g.,
intra-granular bubble mobility, a degree of grain-boundary
retention, pipe diffusion along grain boundaries, evaporation
at higher temperatures with associated stoichiometry varia-
tions, ect. Nevertheless, in view of the results on helium release
observed in Fig. 3 of Hiernaut et al. [44], it seems that evapo-
ration only plays a role above 1700 K and does not play a
dominant role in helium release, in contrast with the release of
other fission products.

A combination of these two issues could also be the case, but
given the lack of more experimental data, however, it seems hard to
justify introducing additional parameters and equations at this
stage of the model development. If the poor characterization of the
model parameters is responsible of the non-satisfactory agreement
with the experimental data, it appears that the most critical
parameter is the thermal re-solution. This can be deducted from the
fact that the activation of the diffusivity proposed by Luzzi et al. [16]
is similar to that proposed by Federici et al. [27]. Consequently both
models considered are able to correctly predict the onset of the first
peak, whereas the thermal re-solution contains both the equation
of state of intra-granular bubbles (which is not trivial to address
[33]) and Henry’s constant, which is also poorly characterised
experimentally [18]. Despite the big impact of the grain growth in
these experiments, the model for grain growth applied both in
Ref. [15] and in this paper is not able to reproduce properly all the
measured values reported by Talip et al. [15], especially for the
annealing histories at the lower temperatures. This could be due to
the characteristic of these separate-effects experiments, in which
Fig. 7. Comparison of SCIANTIX results (new helium model), including and excluding gra
corresponds to the 1320 K temperature history, respectively (a) fractional helium release a
only helium, among the fission gases, is considered. It is also
important to keep in mind the uncertainty on the measured
average grain growth, even in un-irradiated materials. More
experimental data would therefore be required, in which factors
that play an important role on grain growth (e.g., stoichiometry
variations) are measured (and controlled).

5. Conclusions

In this work, we compared simulation results of helium
behaviour and experimental data. Two models are considered, i.e.,
the current model available in TRANSURANUS and a new, more
mechanistic model. Both models are implemented in SCIANTIX,
which can be applied for the design and interpretation of separate-
effects experiments. The experimental data considered are
annealing tests performed in vacuum conditions at different
temperatures.

The agreement between the results of the new mechanistic
model and the experimental data is overall encouraging and proves
that it is equivalent with the current semi-empirical model in
TRANSURANUS. The remaining differences have been ascribed
mostly to a poor characterisation of some model parameters. In
particular, the thermal re-solution represents still an uncertain
term, especially for specific experimental conditions such as those
considered here. The re-solution contains both the equation of state
of intra-granular bubbles and the Henry’s constant, for which only
few experimental data are available in the open literature. To
address this issue, future experiments are planned, e.g., in the
frame of the INSPYRE Project concerning the solubility (and diffu-
sivity) of helium in UO2 and in MOX fuel, whose results will be
tested in the presented mechanistic model thus also aiming to
simulate the behaviour of fast reactor fuel. In this respect, it will
also be very important to analyse the potential impact of stoichi-
ometry variations on the model parameters of helium, since it is
known to have a strong impact on fission product behaviour in
general. In parallel to the experimental work, the analysis of the
point defects evolution will also be required as pointed out in the
analysis of the experiments considered here.

Given the mechanistic formulation of the new proposed model,
it will be possible to include directly new equations and parameters
as they become available, either from lower-length scale calcula-
tions or from dedicated experiments. This direction of future
development is intended at tackling one of the main model limi-
tations, i.e., the non-explicit consideration of the evolution of point
defects. Furthermore, the mechanistic approach, which is even
in boundary sweeping (GBS), with experimental data from Ref. [15]. Each subfigure
nd (b) helium release rate.
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more extensively adopted in the MFPR-F code for example, is
suitable to combine the models for the inert fission gases and he-
lium in irradiated fuels that are integrated in SCIANTIX and can be
applied in fuel performance codes.
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