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Supported by results of calculations performed with two analytical tools (MFPR, which takes account of
physical and chemical mechanisms in calculating the chemical forms and physical locations of fission
products in UO2, and MEPHISTA, a thermodynamic database), this paper presents an investigation of
some important aspects of the fuel microstructure and chemical evolutions of irradiated TRISO particles.
The following main conclusions can be identified with respect to irradiated TRISO fuel: first, the relatively
low oxygen potential within the fuel particles with respect to PWR fuel leads to chemical speciation that
is not typical of PWR fuels, e.g., the relatively volatile behaviour of barium; secondly, the safety-critical
fission-product caesium is released from the urania kernel but the buffer and pyrolytic-carbon coatings
could form an important chemical barrier to further migration (i.e., formation of carbides). Finally, signif-
icant releases of fission gases from the urania kernel are expected even in nominal conditions.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In the context of the Generation IV initiative, one particular
technology being investigated is the very-high-temperature
reactor (VHTR). Based on a helium-cooled, graphite-moderated
core, this technology aims to run fuels to very high burn-ups [up
to 15 at.% FIMA (Fission per Initial Metal Atom)] and generate high
coolant temperatures (P1173 K) [1]. The planned fuel is usually
urania (UO2) (but can also be a mixture of urania and uranium car-
bide) in the form of sub-millimetric spheres coated with successive
layers: a porous carbon coating (the buffer), an inner pyrolytic-car-
bon coating, a silicon-carbide coating and an outer pyrolytic-car-
bon coating. These so-called TRISO fuel particles are dispersed in
a graphite medium comprising the fuel element.

The UO2 kernels of TRISO-coated particles present some speci-
ficities with respect to UO2 fuel in pressurized-water reactors
(PWRs). These differences are a very much higher fission rate, a sig-
nificantly higher mean temperature (staying between 1273 and
1473 K in normal operating conditions compared to around 773–
1273 K for PWR fuel) that is also fairly homogeneous in the kernel
whereas in PWR fuel pellets a significant radial temperature gradi-
ent is created. In addition, the targeted burn-up of the TRISO UO2

fuel kernel is very high (between 10 and 15 at.% FIMA) compared
to that of PWRs (around 5 at.% FIMA). One can expect the formation
of considerably larger amounts of fission gases (affecting the
ll rights reserved.
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evolution of the fuel–kernel microstructure) and altered chemical
forms of the solid fission products (FPs) due to the high tempera-
ture and the different evolution of the oxygen potential within
the carbon-coated UO2 kernel. This latter difference arises when,
as part of the fission process, some of the oxygen liberated from
the UO2 fuel kernel combines with the carbon of the surrounding
porous buffer layer to form CO and/or CO2 [2]. This, in addition,
may induce extra mechanical stresses in the particle due to pres-
surization which can, in turn, impact the FP behaviour.

These physical and chemical phenomena are today under inves-
tigation (e.g., within the European RAPHAEL Project [3]) since they
may lead to many important modifications affecting the fuel per-
formance during normal or off-normal operation, e.g., regarding
the kernel size (swelling), the stresses in the coatings (particle
pressurization due to fission gases and carbon oxides), the corro-
sion of the coating layers by some FPs [4], etc. Nonetheless, some
of these wide-ranging and complex phenomena occurring during
irradiation of oxide fuels have been studied for a long time in
light-water reactors (e.g. [5]). Application of this knowledge to TRI-
SO particles may provide significant insights into FP behaviour in
these particles and the evolution of the kernel microstructure for
which there are very few available experimental data.

Hence, in this paper, two mechanistic approaches (MFPR [6],
Module for Fission-Product Release, and MEPHISTA [7], Multiphase
Equilibria in Fuels via Standard Thermodynamic Analysis), originally
developed for PWR studies by the French ‘Institut de Radioprotec-
tion et Sûreté Nucléaire’ in close collaboration with the Russian
Nuclear Safety Institute (IBRAE) and the THERMODATA/CNRS/INPG
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Laboratory, are used to analyse TRISO particles. MFPR is a com-
puter code mechanistically modelling FP behaviour in irradiated
UO2 fuel in normal and accident situations. It describes the evolu-
tion of the various defects of the fuel microstructure and their
interaction with fission-gas atoms and bubbles. The model also in-
cludes the chemistry of FPs in the temperature range 500–3000 K
by considering the chemical equilibrium at the grain boundary of
the multicomponent and multiphase U–O–FP system. MEPHISTA
is a self-consistent non-ideal-solution database designed for ther-
mochemical equilibria calculations. Initially created for UO2 and
MOX fuels, it has recently been extended to next-generation nucle-
ar fuels by including carbon and silicon (and their compounds) as
chemical elements. The CALPHAD approach [8] is used to obtain
the assessed parameters of the Gibbs energies of all the phases in
the chemical system Ba–C–Cs–La–Mo–O–Pu–Ru–Si–Sr–U–
Zr + Ar–H.

In the past, the approaches applied to predict FP behaviour in
TRISO particles were mainly based on thermodynamic calculations
(e.g. [9–11]). In such evaluations, kinetic aspects (such as solid-
state diffusion) which may be important in the temperature re-
gime of interest for the VHTR design are obviously not taken into
account. For this reason, the simultaneous application here of ki-
netic and thermodynamic approaches appears to be original and,
above all, complementary. Indeed, it allows detailed treatment of
the thermodynamic system presented by the particle (associating
UO2, FPs and carbon from the buffer layer), a system in which
one assumes that each element can react with all others (i.e., the
equilibrium hypothesis without kinetic considerations), and the
dynamic processes of FP migration, accumulation, formation of
separate phases and microstructure evolution within the fuel ker-
nel (the MFPR approach).

Supported by results of calculations performed with both tools,
this paper presents an investigation of some important aspects of
the fuel microstructure and chemical evolutions of irradiated TRI-
SO particles. This analysis has been performed by comparing and
contrasting the very few known experimental studies involving
measurements made on irradiated TRISO fuel, in particular from
Minato et al. [9], with calculated results.

2. Oxygen potential and particle pressurization

It is usually assumed that the fission of uranium atoms (i.e., the
burn-up) causes the oxygen potential of the fuel to increase [12]. In
this way, during irradiation the fuel is assumed to become slightly
hyperstoichiometric even if this evolution is tempered for TRISO
fuel by the reaction of some of this oxygen with the carbon of
the buffer layer. The resulting formation of carbon monoxide and
dioxide gases acts to pressurize the particle adding to the internal
pressurization from fission gases. This effect obviously increases
with burn-up. It may lead, in extreme conditions, to the failure of
the particle. For this reason, the determination of the CO, CO2

and FP (in particular Xe and Kr) contributions to the internal pres-
sure is critical in predicting the thermomechanical behaviour of
the particles in nominal or accidental conditions.

To this end, equilibrium calculations are performed considering
a thermodynamically-closed system comprising the UO2+x kernel,
the carbon buffer and a buffer volume (equal to 3 � 10�11 m3, a
volume corresponding to the geometrical characteristics given in
[9]). The stoichiometric deviation, x, is used here as a variable
parameter representing a variable amount of the fission products.
This approach has been chosen rather than performing direct cal-
culations with the FP present in the MEPHISTA database since cer-
tain FPs with significant fission yields such as neodymium and
cerium are absent in the database where these can significantly al-
ter the evaluation of the oxygen potential and hence the CO and
CO2 pressures. It can be noted that even calculation of the oxygen
potential with a complete thermochemical database should also be
regarded as approximate given the incomplete knowledge of FP
behaviour in the UO2 kernel. Additionally, the burn-up dependence
of the oxygen potential in irradiated fuels remains today an inten-
sely debated point in the literature (see [13,14]). For these reasons,
here, the thermodynamic calculations are presented as a function
of oxygen potential.

In this frame, the accurate modelling of the U–C–O phase dia-
gram is essential to estimate reliably the CO and CO2 pressures.
The CALPHAD models of the two border sub-systems, U–C and
U–O, of the U–C–O phase diagram, published in [15,16], are parts
of the MEPHISTA modelling. In particular, the U–O model satisfac-
torily reproduces the experimental database for oxygen potential
in UO2+x that governs the free oxygen over the hyperstoichiometric
fuel for the carbonic gas formation. The U–C–O phase diagram is
optimised on the basis of the different experimental ternary sec-
tions compiled by Potter [17] and completed by the thermody-
namic properties of the C–O and U–O gases. It can be shown that
the present model fits well the experimental values of CO pres-
sures over U–C–O as recently reviewed in [18].

Fig. 1 provides the respective contributions to the internal pres-
sure in the particle of the carbonic gases (CO and CO2) at 1450 K
and at 1873 K versus the oxygen potential. The chosen tempera-
tures correspond, respectively, to nominal operating conditions
and to the design-objective upper-bound temperature in accident
conditions for modern HTRs [19]. For both temperatures, CO pres-
sure dominates that of CO2 for values of oxygen potential below
�325 kJ mol�1. Oxygen-potential measurements in irradiated TRI-
SO particle are very scarce. Lindemer and de Nordwall [20] re-
ported calculated oxygen potentials from measurements of CO
released from irradiated UO2-coated particles (6% FIMA) between
�480 and �380 kJ mol�1 at 1450 K and between �500 and
�380 kJ mol�1 at 1873 K. The highest value (�380 kJ mol�1), lo-
cated below the equilibrium oxygen potential of Mo/MoO2 in the
temperature interval 1450–1873 K, is consistent with the microa-
nalyses available in [9] which indicated that, for a slightly lower
burn-up (<5.2% FIMA), Mo was mostly present in the metallic
precipitates.

At �380 kJ mol�1 (maximum value in [20] for 6% FIMA), the
sum of CO and CO2 pressures could reach a maximum of 6 and
23 MPa at 1450 and 1873 K, respectively (Fig. 1). These values
are in agreement with the calculations previously performed by
Schram et al. [10] or with the evaluations of Minato et al. [9] for
the same particle geometry and U, O, C inventories. This pressuri-
zation, acting on the silicon carbon layer has to be compared to the
maximum pressure (about 100 MPa [20]) equivalent to the ulti-
mate tensile strength, /SiC, of silicon carbide (SiC). For such a mod-
erate burn-up (6% FIMA), the total pressure CO + CO2 within the
coated particle does not attain this critical value either in nominal
operations (1450 K) or in accidental conditions (1873 K). The pres-
sure corresponding to /SiC is reached when the oxygen potential is
between �330 and �325 kJ mol�1. These values correspond to an
oxygen potential in equilibrium with UO2+x, with a specific x which
is calculated to be lower than 0.001 (Fig. 2). This result is in agree-
ment with the estimates previously made in [20,21].

Recent measurements [13] have indicated that this oxygen-
potential range between �325 and �350 kJ mol�1 can be poten-
tially reached for a burn-up of 9% FIMA in PWR UO2 fuel at
1273 K. For such low-enriched fuel, the burn-up accumulated
after the third irradiation cycle mainly results from the fission
of 239Pu which is known to be a more oxidising process than
the fission of 235U. For the TRISO fuel kernel, the uranium fission
is assumed to be preponderant during a longer time considering
the higher initial enrichment. Consequently it is expected that
TRISO UO2 kernels reach these oxygen-potential values at higher
burn-up.



Fig. 2. Calculated x in UO2+x fuel in equilibrium with carbon as a function of oxygen potential at 1450 and 1873 K.

Fig. 1. Thermodynamic calculations of CO and CO2 pressures in the TRISO particle as a function of oxygen potential at 1450 and 1873 K.
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For such a high burn-up (>9% FIMA), an additional but impor-
tant contribution to the particle pressurization due to fission gas
(Xe and Kr) formation has to be taken into account in the calcu-
lation of the thermomechanical loading of the particle. At 9%
FIMA, the pressures of the fission gases can represent one half
of the contribution of CO and CO2 (Fig. 3). At lower burn-up
(e.g. 6% FIMA), it must be stressed that pressurization of the par-
ticle should arise principally from fission-gas release. The signifi-
cant role played by the fission gases on the pressurization of the
particle has to be tempered by the fact that the pressure may be
lower since some fraction of these noble gases may remain
trapped in the fuel kernel. Nevertheless, the MFPR calculations
(see below) indicate that significant release of fission gas occurs
even at low temperature (e.g., �20% for 4% FIMA or �35% for
10% FIMA at 1450 K).

To summarise, the prevalent oxygen potential, while evaluated
with some uncertainty, does not lead to excessive pressurization
(relative to the ultimate tensile strength of silicon carbide) due



Fig. 3. Thermodynamic calculations of the Xe + Kr pressure as a function of burn-up at 1450 and 1873 K.
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to carbon monoxide (or dioxide) formation up to at least 9% FIMA.
At high burn-up (>9% FIMA, that is foreseen in the design of the ac-
tual VHTR), the CO and CO2 pressures may become an unaccept-
able loading regarding the mechanical integrity of the particle. It
has been recently shown experimentally that the kinetics of forma-
tion of CO could limit the build up of the internal pressure of the
particle [22]. For this reason, the CO and CO2 pressure values deter-
mined from the equilibrium calculations presented here have to be
considered as conservative. Nevertheless, the failure of the SiC
layer may happen by other means where CO formation is implied.
Corrosion of the SiC layer by CO can occur resulting from failure of
the inner pyrolytic-carbon layer caused by an irradiation-induced
shrinkage [23]. CO and CO2 pressures are suspected of being partly
responsible for the mechanical weakening of the inner pyrocarbon
coating by acting as the vehicle for mass transfer of carbon in pres-
ence of a thermal gradient [24]. For these reasons, the suppression
of excessive CO formation during oxidation of UO2 based particle
remains an important design objective at moderate and high
burn-up.

3. Fuel chemistry

Knowledge of fuel chemistry is an important item for the de-
sign of the VHTR particle since it is a prerequisite for the determi-
nation of potential release that must be evaluated for normal or
accident conditions. The fission-product behaviour also impacts
the evolution of the kernel oxygen potential which in turn
influences the pressurization of the particle. Finally some fission
products released from the kernel might attack the coatings
(SiC notably).

The behaviour of chemically active elements, beyond the ther-
mochemical stability of species, depends on temperature, the sol-
ubility of elements/oxides in the fuel and the fuel oxygen
potential. To determine this behaviour, calculations with both ap-
proaches (MEPHISTA and MFPR) are performed. It is worth noting
that there are significant differences between these approaches
and these are described below.
– MEPHISTA provides an equilibrium composition of a chemical
system with a given inventory of chemical elements. Kinetic
aspects are therefore not considered. In contrast, MFPR calcu-
lates the dynamic processes of FP migration and accumulation
at the grain boundaries; formation of compounds and phases
is calculated to be at equilibrium at the grain boundaries.

– MEPHISTA calculations are performed at a given value of the
oxygen potential while MFPR provides a value of the oxygen
potential as a result of a set of oxidation/reduction reactions
with oxygen participation considered in a self-consistent
manner.

– Regarding the extension of the treated chemical system, the list
of the important FPs in the MFPR database is almost complete
but the thermodynamic description of the ternary phases (pre-
cipitating at the fuel grain boundaries) mostly refers to stoichi-
ometric compounds. In contrast, MEPHISTA provides the
thermochemical behaviour of the ternary phases not only as
stoichiometric substances but also as solid solutions (where
these exist) and allows the impact of carbon to be considered
in detail though for a more restricted chemical system in terms
of FPs.

For all these reasons, the two approaches appear highly comple-
mentary for the investigation of the fuel chemistry of the TRISO
particle.

Very few experimental investigations of fuel–kernel chemistry
are available. Electron Probe Microanalysis Examinations (EPMA)
on irradiated TRISO particles were reported by Minato et al. [9]
but the burn-up (about 4–5% FIMA) is relatively modest regarding
the objective of the VHTR technology (burn-up >10% FIMA). There
are apparently no experimental data relating to fuel chemistry for
such high burn-up particles.

In this context, firstly conditions representative of the ranges of
the irradiation conditions in terms of burn-up and temperature
investigated in [9] were chosen: (A) 1450 K, 120 Effective Full-
Power Days, 4% FIMA; (B) 1700 K, 100 Effective Full-Power Days,
4% FIMA. The lowest temperature (1450 K) corresponds to nominal
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operating conditions. The highest temperature (1700 K) is some-
what lower than that fixed as a design-objective maximum in an
accident (1873 K). However, many of Minato’s experimental anal-
yses were performed on particles irradiated at this temperature
and can be consequently compared to the calculations.

Secondly, some calculations at higher burn-up (10% FIMA,
1450 K), more relevant to the VHTR technology, are also presented.

For the MFPR calculations, taking into account the size of the
fuel kernel (�0.5 mm diameter), homogeneous conditions have
been assumed. One must note for example, that in the case of
the irradiation experiments in [9], the conditions of irradiation
are fairly constant because in many cases the difference between
the mean average temperature and the maximum temperature
was not very significant (no more than roughly 150 K). This allows,
at least in a first approach, the MFPR calculations to be performed
considering constant temperature and fission rate.

3.1. Behaviour of fuel (4% and 10% FIMA) at 1450 K and at 1700 K (4%
FIMA)

The main results of the MFPR calculation at 1450 K can be sum-
marised as follows (Table 1):

1. Molybdenum is predicted to form mainly metallic precipitates
and to a lesser extent molybdate (Cs2MoO4).

2. Caesium is mainly trapped in uranate (Cs2UO4) and to a lesser
extent molybdate (Cs2MoO4); CsI (caesium iodine) is also
formed.

3. The behaviour of barium and strontium are similar since they
form uranates (BaUO4 and SrUO4); strontium is more signifi-
cantly trapped in the UO2 solution in agreement with experi-
mental data [25].

4. Practically all zirconium is in the UO2 matrix and the formation
of zirconates is suppressed.

EPMA observations performed by Minato et al. [9] within the
fuel kernel did not reveal ternary oxide compounds. In contrast,
they confirmed the presence of metallic precipitates (five-metal
Table 2
Distribution (expressed in%) Cs, Mo, Ba, Sr, Zr, La in the different phases (10% FIMA, 1450

UO2 solid solution Metallic phase Ru–Mo–Tc–Rh–Pd Oxide phases

Uranate M

Cs �1 (Cs) �61 (Cs2UO4) �
Mo �1 (MoO2) �86 �

(C
Ba �1 (BaO) �91 (BaUO4) 0(
Sr �2 (SrO) �90 (SrUO4) 0
Zr �95 (ZrO2)

La 100 (La2O3)

Table 1
Distribution (expressed in%) of Cs, Mo, Ba, Sr, Zr, La in the different phases (4% FIMA, 145

UO2 solid solution Metallic phase Ru–Mo–Tc–Rh–Pd Oxide phases

Uranate Mo

Cs �2 (Cs) �62 (Cs2UO4) �3
Mo �2 (MoO2) �87 �1

(Cs
Ba �2 (BaO) �91 (BaUO4) 0 (B
Sr �9 (SrO) �90 (SrUO4) 0 (S
Zr �98 (ZrO2)

La 100 (La2O3)
precipitates, Pd–Te, . . .). This clearly indicates that molybdenum
was not fully oxidised during irradiation, i.e., in agreement with
the MFPR result which additionally provides the value of the oxy-
gen potential, �455 kJ mol�1. This value may appear to be slightly
too low in comparison with the oxygen-potential database com-
piled by Spino et al. [14] for PWR irradiated UO2 which indicates,
for a similar burn-up, a higher value (i.e., >�450 kJ mol�1), even
if these values are not directly comparable due to the difference
of enrichment between PWR fuel and HTR fuel kernels.

The speciation given by MFPR is then mainly characterised by
formation of a large amount of uranate-type phases. This result
is very different from the chemical state of FPs as given by the ther-
modynamic database MEPHISTA which predicts, for an oxygen po-
tential fixed at �455 kJ mol�1, the trapping of barium (and some
part of strontium) in the (Ba,Sr)(U,Zr,Mo)O3 perovskyte phase
(the so-called grey phase already identified in some microanalyses
of irradiated oxide fuels [26]).

At higher burn-up (10% FIMA, 1450 K), the speciation for FPs gi-
ven by MFPR does not change significantly (Table 2).

The FP speciation given by MFPR exhibits a significant change at
1700 K for 4% FIMA, i.e., conditions close to those of the Minato
et al. tests (Table 3). One can note a reduction of uranate amounts
and preferential trapping of barium and strontium in zirconates
(BaZrO3 and SrZrO3). The chemical form of caesium is also changed
since it is principally found in a molybdate phase (Cs2MoO4)
whereas it was trapped in uranate (Cs2UO4) at lower temperature.
This result seems to be more in agreement with what it is expected
from the analysis of the thermodynamic stabilities of the different
ternary oxide phases [27] which usually shows the preferential for-
mation of Cs2MoO4 relative to formation of Cs2UO4.

EPMA on the coating layers of the TRISO particles which expe-
rienced higher temperatures (1783, 1743 and 1688 K for the S5,
S6 and S9 tests in [9], respectively) show that part of the barium
and the cerium in oxide forms were located in the buffer layers.
Caesium was also detected in the buffer and in the pyro-carbon
layers with a homogeneous distribution for the S3 test (5% FIMA,
1773 K). In the MFPR calculations, caesium is released from the
kernel but only to a small extent (Table 3). By contrast, in the MFPR
K) as predicted by MFPR.

CsI

olybdate Zirconate

32 (Cs2MoO4) 0 (Cs2ZrO3) �6
13 0 0
s2MoO4) (BaMoO4) (SrMoO4)
BaMoO4) �8 (BaZrO3)
(SrMoO4) �8 (SrZrO3)

0 �2.5 �2.5
(Cs2ZrO3) (BaZrO3) (SrZrO3)

0 K) as predicted by MFPR.

CsI

lybdate Zirconate

0 (Cs2MoO4) 0 (Cs2ZrO3) �6
1 0 0
2MoO4) (BaMoO4) (SrMoO4)
aMoO4) �7 (BaZrO3)
rMoO4) �1 (SrZrO3)

0 �1.8 �0.2
(Cs2ZrO3) (BaZrO3) (SrZrO3)



Table 3
Distribution (expressed in%) Cs, Mo, Ba, Sr, Zr, La in the different phases (4% FIMA, 1700 K) as predicted by MFPR (*) 0.2 of Cs is released.

UO2 solid solution Metallic phase Ru–Mo–Tc–Rh–Pd Oxide phases CsI

Uranate Molybdate Zirconate

Cs(*) �3.8 (Cs) �16 (Cs2UO4) �74 (Cs2MoO4) 0.2 (Cs2ZrO3) �5.8
Mo �4 (MoO2) �69 �27 0 0

(Cs2MoO4) (BaMoO4) (SrMoO4)
Ba �4 (BaO) �30 (BaUO4) 0 (BaMoO4) �66 (BaZrO3)
Sr �10 (SrO) �56 (SrUO4) 0 (SrMoO4) �34 (SrZrO3)
Zr �75 (ZrO2) 0 �17 �8

(Cs2ZrO3) (BaZrO3) (SrZrO3)
La 100 (La2O3)
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calculations barium as well as cerium is fully trapped in condensed
phases in disagreement with the observations.

3.2. Discussion

3.2.1. Strontium and barium behaviour
The main difference between the MFPR speciation and the MEP-

HISTA thermodynamic calculation is the preferential trapping of
barium and some part of the strontium in uranate phases in the
MFPR calculations at 1450 K. To explain this difference, one has
to investigate the particular role played by zirconium on the fis-
sion-product speciation. Indeed, the presence (or absence) of zirco-
nium at the fuel grain boundaries may induce very different forms
for some of the FPs. In particular, in the case of sluggish diffusion of
zirconium towards the grain boundaries or/and high solubility of
zirconium in UO2, one expects that formation of a uranate-type ter-
nary phase could be favoured instead of zirconates.

It is well known that zirconium dioxide (ZrO2) is highly soluble
in uranium dioxide at high temperature (i.e., >1700 K) [28]. At low-
er temperature, this solubility strongly decreases where Romber-
ger et al. [28] measured at the eutectoid temperature of the
UO2–ZrO2 phase diagram (1383 K) a content of 0.38 mol.% of
ZrO2 in UO2. On this experimental basis, zirconium is assumed,
in the thermodynamic models, to precipitate as a separate phase
and its presence at the grain boundaries usually results in the pref-
erential formation of zirconate-type compounds since these com-
pounds are more thermodynamically stable than uranates.
Nevertheless, it is not excluded that the solubility of zirconium
in irradiated UO2 fuel at low temperature is increased due to the
increase of the number of defects created by irradiation. The theo-
retical work of Grimes and Catlow [29] using a Mott-Littleton sim-
ulation technique, calculated slightly positive values for the
solution energy of ZrO2 in UO2±x at 0 K indicating that the solution
of ZrO2 in UO2 is not a priori energetically favourable. The solution
energy includes a term corresponding to the dissociation of zirco-
nium dioxide. Through this term, this energy is representative of
the ability of zirconium dioxide to be soluble in urania as it can
be measured in classical thermodynamic experiments (e.g., [28]).
In the situation of cations produced inside irradiated fuel, the per-
tinent energy is more likely the incorporation energy of the cation
in the UO2 matrix in a pre-existing defect. Whatever the defect
type in the UO2 matrix, Grimes and Catlow [29] showed that zirco-
nium solubilisation is always a favourable process from an ener-
getic point of view. The lowest incorporation energy corresponds
to the uranium vacancy. It can be shown that the concentration
of this defect type strongly increases during the irradiation process
(MFPR calculation in Fig. 14). In the case of very-low thermody-
namic solubility such as that of zirconia in urania at low tempera-
ture, irradiation could have an important impact on the effective
solubility of zirconium in urania.

The diffusion process can also considerably slow down the seg-
regation mechanism. The formation of a separate phase enriched in
zirconium at the grain boundaries requires the cationic diffusion
towards these sites. There are apparently no data for diffusion of
zirconium in urania. Yashima et al. [30] estimated, on the basis
of experimental information, the duration for Zr4+ to diffuse over
a distance of 1 lm to be 120 days at 1473 K in CeO2 which has a
similar crystalline structure to UO2. This implies a diffusion coeffi-
cient for zirconium DZr � 10�19 m2 s�1. For a typical irradiated UO2

grain of diameter, dg = 20 lm, it would mean a typical duration (t)
for a zirconium FP atom created at the centre of the grain to reach
the grain boundary equal to t = 0.25 d2

g /DZr, i.e., 12000 days, which
is approximately 60 times the duration of the irradiation period of
[9]. This means that the sluggish diffusion of zirconium in fuel
should therefore prevent significant formation of zirconate
compounds.

Another mechanism able to limit the zirconium segregation at
the grain boundaries of irradiated fuel has been recently assumed
by Stanek et al. [31] who showed that the segregation energy of
different cations (Zr4+ in particular) in UO2 strongly depends on
the surface on which the segregation is proceeding. It was shown
that zirconium can only segregate on the (100) surface which is
not assumed to dominate in UO2 [32].

In irradiated fuel, the behaviour of zirconium must be appre-
hended by considering both solubility and diffusivity aspects at
least at low temperature (<1500 K). The assumption of thermody-
namic equilibrium at low temperatures (for instance as applied at
1200 K in [9–11] or at 1450 K here with the MEPHISTA calculation)
for the description of its behaviour is probably ungrounded. A
model considering both solubility and diffusivity aspects (as in
the MFPR approach) implies an apparent higher solubility of zirco-
nia in irradiated urania. Some microanalyses performed on irradi-
ated UO2-coated particles with very high burn-ups (50% FIMA) at
temperatures about 1573 K [33] effectively confirm this assump-
tion since 7%wt. zirconium was measured in the fuel whereas the
true thermodynamic solubility is lower [34].

At high burn-up, longer irradiation times should favour zirco-
nium diffusion from the grain to the grain boundaries and then for-
mation of zirconate-type phases. At 10% FIMA (as shown by the
MFPR calculation, Table 2), irradiation time is, nevertheless, not
long enough to permit significant formation of these phases con-
sidering the very-low diffusion coefficient of zirconium in fuel.
The experimental work of Sato et al. [35] where the radial distribu-
tion of zirconate barium precipitates by X-ray microanalysis along
the radius of irradiated fuels (of burn-up to 13.3% FIMA) was deter-
mined showed that zirconium (and barium) did not precipitate
near the cladding where the temperature was in the interval
1073–1273 K, i.e., in agreement with the MFPR predictions for
the fuel kernel of the TRISO particle of similar burn up (10%).

At higher temperature (1700 K), the reduction of uranate
amounts is more significant and there is a preferential trapping
of barium and strontium in zirconates (BaZrO3 and SrZrO3). This
is mainly due to the increase of the zirconium diffusivity (one
order of magnitude) and obviously to the higher thermodynamic
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stability of these compounds relative to that of uranates. The
microanalyses [33] performed on irradiated UO2-coated particle
at an intermediate temperature (about 1573 K) effectively showed
that a part of the zirconium was associated with the perovskyte
phase with barium and strontium.

In the microanalyses performed on TRISO particles [9,33], it is
observed that strontium and barium do not behave exactly simi-
larly. They can be associated in the perovskyte phase (as previously
discussed) at the grain boundaries if zirconium has diffused [33] or
found in the UO2 matrix (higher solubility for strontium than for
barium) [33] but only some part of barium is released from the ker-
nel to the buffer, at least above 1573 K [9,33]. Thermodynamic cal-
culations (Fig. 4) reproducing the experimental conditions of [9]
(4% FIMA, 1700 K) show that BaO is the most probable volatile spe-
cies for barium (in agreement with the observations in [9]) at the
oxygen potential calculated by MFPR (�425 kJ mol�1).

3.2.2. Caesium behaviour
The MFPR calculations evidence a relatively different speciation

for caesium between 1450 and 1700 K. Usually caesium is ex-
pected to be found in precipitates since it is lowly soluble in fresh
UO2 (0.07 wt.% of Cs in UO2 at 2173 K in [25]). In irradiated UO2

fuel at slightly lower temperature (i.e. between 1973 and
2173 K), some experimental observations seem to evidence the
same thermodynamic behaviour [36] Ab initio calculations [42]
have recently shown that incorporation of caesium in slightly
hyperstoichiometric UO2+x could be favoured in case of increase
of uranium vacancy concentration which happens in fuel submit-
ted to irradiation (exactly as for zirconium, as previously dis-
cussed). Nevertheless, incorporation (or solution) energy of
caesium in uranium vacancy [42] is considerably lower than for
zirconium [37]. For that reason, its behaviour is expected to be dif-
ferent from that of zirconium. In the calculations at 4% FIMA (Ta-
bles 1 and 3), caesium is effectively found in oxide ternary
phases, mainly in molybdate phase (Cs2MoO4) at 1700 K whereas
it is trapped in uranate-type compounds (Cs2UO4) at lower temper-
ature (1450 K). The difference of chemical forms of caesium be-
Fig. 4. Thermodynamic calculations of pressures of different compound
tween low and high temperature (uranate versus molybdate) in
the calculations is attributed to the higher oxygen potential
reached at 1700 K (�425 kJ mol�1) which enhances the depletion
of the metallic precipitates in molybdenum and then the correla-
tive increase of Cs2MoO4 amount. The cationic diffusion inside
the fuel matrix is not, in this case, the limiting process at low tem-
perature since the diffusion coefficient for molybdenum is equal to
5 � 10�16 m2 s�1 in MFPR in accordance with [38], i.e., 5000 times
the value of the diffusion coefficient of zirconium.

Nevertheless, an important finding of the Minato’s experimen-
tal study is the presence of caesium in the carbon buffer layer at
1700 K, i.e., released from the UO2 kernel. In the MFPR calcula-
tion (Table 3), only a very minor part of caesium (0.2%) is re-
leased at this temperature and the main part caesium is
trapped in ternary oxide compounds (mainly molybdate) which
are, on the contrary, not detected in the microanalyses performed
by Minato et al. [9].

It must be stressed that if caesium molybdate formation is usu-
ally thermodynamically favoured in the absence of any limitations
by kinetics or Mo supply under oxygen potential and temperature
of fuels of PWR, this compound, as far as the authors are aware,
was never detected in PWR irradiated UO2 fuels. The HTR condi-
tions are expected to be much more less favourable for the forma-
tion of this compound in TRISO fuel kernels taking into account,
firstly the carbon rich environment which tends to reduce the oxy-
gen potential and secondly, the initial enrichment (e.g. 8% in the
Minato’s tests [9]) which contributes to have an irradiation process
less oxidising. The possibility of forming Cs2O and MoOx, constitu-
ent oxides of caesium molybdate, is expected then to be strongly
reduced. If the trapping of molybdenum in metallic inclusions, in
agreement with the observations in [9], is considered as the most
probable situation, formation of caesium molybdate should pro-
ceed by another mean. McFarlane et al. [39] assumed a possible
reaction between CsI, UO2+x (x = 0.1) and metallic molybdenum
leading to the formation of Cs2MoO4. They investigated this reac-
tion between 1100 and 1500 K and it was shown to only progress
to a small extent, most CsI remaining undissociated.
s including Ba as a function of oxygen potential (4% FIMA, 1700 K).
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Observations by Walker et al. [36] showed that release of cae-
sium in irradiated UO2 fuel (<6.5% FIMA) under post-irradiation an-
neal conditions above 1473 K is similar to xenon behaviour. The
described mechanism of release is governed by the degree to es-
cape tunnels at the grain boundaries have developed during irradi-
ation. The MFPR calculations (see following sections) foresee the
creation of interconnected porosities in the fuel kernel microstruc-
ture under irradiation regime leading to significant release of xe-
non at 1700 K (but also at 1450 K). The fuel microstructure (as
predicted by MFPR) could then effectively provide escape routes
for caesium for reaching the carbon buffer layer. For kernel UO2 un-
der irradiation regime, the mechanism for caesium to reach these
routes depends both on temperature and irradiation conditions:

– at high temperature (1700 K), it is expected that the atomic cae-
sium and xenon diffusion assisted by thermally created defects
dominates [40]. Crocombette [41] showed by means of ab initio
calculations, that uranium vacancy is the more energetically
favourable site in UO2+x for trapping Kr. The incorporation of
caesium in UO2+x investigated by similar calculations techniques
[42] is predicted to the most favourable in the uranium vacancy
sites. On this basis, similar mechanisms of diffusion for caesium
and xenon can be assumed as the observations by Walker et al.
[36] seemed to indicate.

– at lower temperature (1450 K), it is expected that the atomic
caesium and xenon diffusion induced by irradiation should
dominate [40]. No experimental observations are available but
‘recirculation’ of caesium atoms in fuel (not actually modelled
in MFPR) should be similar to the recirculation fission gases
(see following sections for the description of the mechanism)
and then leads, as for xenon, caesium to reach grain boundaries.

From this analysis, it can be only concluded that conditions in
terms of oxygen potential and fuel microstructure (open porosi-
ties) are likely combined to favour caesium release from fuel kernel
towards the carbon buffer layer of the particle. This is the situation
at moderate burn-up. At higher burn-up for which the oxygen po-
Fig. 5. Cs distribution between the different condensed
tential is expected to be higher, some part of caesium could be
trapped in oxide ternary phases in the fuel kernel. Microanalyses
performed by Kleykamp on irradiated coated particles (50% FIMA,
1573 K) [33] effectively seem to indicate that part of caesium is
present in the (Cs,Ba,Sr)(U,Zr,Mo)O3 perovskyte phase. It must be
noticed that the examined particles in [33] were initially very
highly enriched (90%) and then different from the point of view
of the evolution of the oxygen potential under irradiation. For that
reason, these microanalyses are only indicative of what it may hap-
pen at high burn-up in the TRISO fuel particles for the actual VHTR
technology.

Once in the buffer, caesium may react with carbon. The MEP-
HISTA thermodynamic calculation indicates that, for a value of
oxygen potential equal to �455 kJ mol�1, caesium and graphite
effectively react, at 1450 K, to form caesium carbide (C60Cs). The
threshold oxygen potential for the formation of Cs2MoO4 out of
C60Cs, as calculated by MEPHISTA is �385 kJ mol�1 at 1450 K
(Fig. 5). It is interesting to underscore that it is not foreseen forma-
tion of oxide forms of caesium (uranate or zirconate) for practically
all the interval range of oxygen potentials given in [20], i.e., be-
tween �380 and �500 kJ mol�1. At temperatures higher than
1500 K, the caesium carbide compounds are assumed to be no
more stable in MEPHISTA. At temperatures higher than 1500 K,
caesium zirconate Cs2ZrO3 becomes the stable compound for cae-
sium in the condensed state at low oxygen potentials.

The question of the stability of the CnCs compounds at temper-
atures higher than 1100 K is an important concern. At nominal
temperature (1450 K) caesium may be released and associated
with carbon of the buffer layer to form compounds. These com-
pounds, if they are not stable with increasing of temperature,
may become a potential source of caesium release. The thermody-
namic properties of these compounds, CnCs (n = 8, 10, 24, 36, 48,
60) in MEPHISTA are derived from vapour pressures measured be-
tween 670 and 1070 K [43,44]. There is no data at higher temper-
atures as mentioned in different reviews [45,46]. It was only
shown that caesium-graphite compounds are not stable at 923 K
under vacuum and decompose to give caesium vapour and
phases as a function of oxygen potential at 1450 K.



Fig. 6. Threshold pressure for the reaction between caesium and graphite [Eq. (1)].
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graphite [47]. A method was developed [48] for estimating the con-
ditions under which graphite reacts with caesium in HTR conditions
(high temperatures and low caesium pressures) to form com-
pounds. The following expression is given for the threshold partial
pressure of caesium (in Pa), at any temperature (in K), below which
no reaction occurs between caesium and graphite (Fig. 6):

PðCsÞ ¼ 105 expð�158992=RT þ 78:34=RÞ ð1Þ

with R, the ideal gas constant (J mol�1 K�1).
Fig. 7. Comparison between threshold pressure for the reaction between caesium an
Indicative comparisons between this threshold partial pressure
of caesium and the thermodynamic partial pressure of caesium
within the particle have been performed at 4% FIMA and 10% FIMA.
In these comparisons, it is assumed that caesium is totally released.
It means that caesium is not trapped in any ternary phases (molyb-
date or zirconate) in the kernel. Fig. 7 indicates that, for 4% and 10%
FIMA, caesium carbide compounds would be formed at 1450 K. In
contrast caesium would be chemisorbed in graphite in accidental
conditions (1873 K).
d graphite and thermodynamic partial pressure of caesium within the particle.



Fig. 8. Thermodynamic calculations of pressures of different compounds including Cs as a function of oxygen potential (4% FIMA, 1700 K).
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Coming back to the Minato’s observations, in Fig. 8, the calcu-
lated thermodynamic pressures of the different species including
caesium at 1700 K with a chemical inventory corresponding to
4% FIMA are plotted. It shows, as already noted in [10], that as
the oxygen potential increases, the pressure of caesium decreases.
The presence of caesium in the buffer layer at 1700 K [9] conse-
quently pleads for a relatively low oxygen potential in the particle.
The threshold of oxygen potential (��450 kJ mol�1) from which
the caesium pressure begin to decrease (Fig. 8) depends on the
thermodynamic description of the condensed phases in MEPHISTA.
The calculated threshold of �450 kJ mol�1 is linked to the forma-
Fig. 9. Mo distribution between the different condensed
tion of Cs2MoO4 out of Cs2ZrO3. If thermodynamic properties of
carbide compounds are extrapolated in order to stabilise them
up to 1700 K, the threshold is shifted to �340 kJ mol�1 and corre-
sponds to the formation of Cs2MoO4 out of C60Cs. In any case, for an
oxygen value presumably lower than �425 kJ mol�1, caesium
would be released in agreement with Minato’s observations.

3.2.3. Ruthenium and molybdenum behaviour
Ruthenium and molybdenum (in case of release from the fuel

kernel), as caesium, could present a particular speciation, in re-
spect to the PWR UO2, due the carbon rich environment. At low
phases as a function of oxygen potential at 1450 K.



Fig. 10. Ru distribution between the different condensed phases as a function of oxygen potential at 1450 K.
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oxygen potential (i.e., �450 kJ mol�1), at 1450 K, thermodynamic
calculations show that:

– molybdenum may form carbide (Fig. 9). No detection of such
precipitates was mentioned in the analyses of the buffer in [9].

– a small part of ruthenium may associate to molybdenum carbide
(solid solution) whereas the main part remains in the metallic
precipitates Ru–Mo (Fig. 10). The microanalyses performed on
irradiated UO2-coated particles with very high burn-up (50%
FIMA) at temperatures about 1573 K [33] effectively showed
association between ruthenium and molybdenum in the carbon
buffer layer. These associations have to be confirmed for TRISO
particles more representative in terms of burn-up.

4. Fission-gas behaviour and fuel microstructure

The case of the UO2 kernel in TRISO-coated particles is unusual
compared to PWR UO2 fuel because the fission rate and the tem-
perature are very high. Fuel microstructural characteristics and fis-
sion-gas behaviour may then evolve in different ways for TRISO-
coated particles. These items, in particular the fuel microstructure
evolution, are usually not investigated in the post-irradiation
examinations performed on TRISO particles. They play an impor-
tant role in the release mechanisms of FP in nominal regimes
and in the case of accident conditions since they determine the es-
cape routes for fission products. MFPR calculations allow signifi-
cant insights into these subjects.

4.1. Fission-gas behaviour

From PWR UO2 fuel experience, a general knowledge of fission-
gas behaviour is available, described in [49]. The fission gases are
of very low solubility and form bubbles in the grain. Both gas
atoms and (in a very much lesser extend) bubbles migrate to the
grain boundaries where gas porosities are created and grow by
atoms and vacancies capture or by coalescence on the grain face.
After sufficient growth, the face bubbles are able to form intercon-
nected porosities leading to the further growth of edge bubbles
which, after reaching a critical swelling value, can form an open
path to the fuel free volumes. Such a percolation-type mechanism
[50] is implemented in the MFPR code and reproduces correctly the
main trends of the gas behaviour in irradiated UO2 fuel for PWR.

In the UO2 kernel of TRISO-coated particles, both fission rate
and temperature are significantly higher which induces different
fission-gases behaviour. The higher temperature reached in these
particles leads to an increase in the thermal gas atoms diffusivity
which would lead to higher gas concentration at grain boundaries.
This would also increase the coalescence of the face bubbles and
gas atoms capture by bubbles [49]. On the other hand, the irradia-
tion effects additionally increase gas atoms mobility and induce
very high gas atom re-solution from bubbles in the grain and at
grain boundaries. In the grain the re-solution process limits signif-
icantly gas trapping by bubbles. At the grain boundary, the re-solu-
tion from bubbles on grain faces give ‘circulation’ of gas atoms
collected by growing intergranular bubbles from the grain face
and then returned back (by the re-solution process) into the grain
matrix, making intergranular bubbles much less effective sinks for
gas atoms, since it decreases their growth (i.e., approaching a bal-
ance among absorbed and re-emitted atoms). Thus a continuously
increasing fraction of the source term flux (i.e., diffusion flux from
grain to grain face) is eventually transported to grain edges. In par-
ticular, this permits a possible gas release from fuel when the
grain-face coverage is far below the saturation value (at which
interlinkage of face bubbles occurs generally taken as 50%).

Such models describing irradiation effects are implemented in
MFPR. Fig. 11 shows the results obtained for high fission rate with
high temperature (1700 K) and lower temperature (1450 K). In any
case the gas release is very significant, in agreement with some
preliminary experimental observations [51]. The gas release is al-
ways significant and increased in case of high temperature (be-
cause of thermal effects in atoms mobility). As shown by Fig. 12,
the face bubble size remains limited (<1 lm) and gas release with
a very-low grain-face coverage fraction (20% at 1700 K and �6% at
1400 K) is possible. Nevertheless, one must be careful with the
validity of re-solution models which are still in discussion (see
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[52] for re-solution in the grain). Additional calculations with dif-
ferent models for gas re-solution from bubbles (reducing this ef-
fect) were performed and gave also significant release but this
time with interconnection of face bubbles.

The thermodynamic analysis (see Section 2), assuming isochoric
conditions, predicts that total pressure may approach 30 MPa.
According to the work by Kashibe and Katsumi [53], this pressure
is insufficient to have a major influence on fission-gas release at
the relatively low burn-ups of their experiments (�4% FIMA). Fur-
thermore, the release mechanism in the HTR conditions involves,
according to our predictions, release via interconnected edge bub-
bles without interconnection of face bubbles. This may reduce the
possible effect of particle pressurization on the release. Hence, a
strong effect of the pressure on the release is not expected.

4.2. Fuel microstructure

As said above, the high fission rate leads to strong gas atoms re-
solution from bubbles. Bubble size (grain face and edge) might
then be strongly limited. Association of limited intergranular bub-
bles size and high temperature is able to give significant grain
growth [54]. In our case, as shown in Fig. 13, such grain growth
is foreseen at 1700 K. In [51], a significant increase of the grain size
was observed at 1500 K.

It must be noted that the behaviour of intergranular porosities
determines the grain size evolution. At high temperature (but also
high fission rate and strong re-solution) growth of intergranular
bubbles might be important. In MFPR, only coalescence of face
bubbles by random migration is considered which could be a prob-
lem at high temperature where coalescence by growth and
impingement might be effective [55]. Such model will be imple-
mented in the future version of MFPR but it could be anticipated
that significant face bubble growth occurred (namely at 1700 K)
in closer qualitative agreement with experimental observations
in [51] and to a decrease of grain growth when these large poros-
ities are created.

An additional very important effect of the high fission rate is to
increase the concentration of point and extended defects. At high
temperature (Fig. 14) the relative (to the thermal equilibrium va-
lue) vacancy concentration evolution together with their two main
sink strength terms in grain bubbles and dislocation as a function
of burn-up is plotted (other sink terms are of minor importance).
From Fig. 14, one must note that the vacancy concentration re-
mains higher than the thermal equilibrium value:

– at the first stage of the irradiation process (up to 0.5% FIMA) the
dislocation concentration is relatively low. The vacancy concen-
tration can then freely increase and the grain bubble concentra-
tion also increases. Indeed the behaviour of grain bubbles is
strongly associated with vacancy concentration. In the case of
steady-state irradiation conditions, the bubble nucleation factor
is proportional to the probability that a vacancy is located in a
certain position (collision of two atoms) and therefore to the
vacancy concentration.

– at higher burn-up (>0.5% FIMA), the increase of the extended
defects and the grain bubbles (Fig. 12) tends to limit, by trap-
ping, the vacancy concentration which in turn impacts the bub-
ble grain concentration. It leads to the well known saturation of
the grain bubble concentration evolution.

Dislocations are generated under irradiation in the form of di-
interstitial clusters and continuously grow by absorption/emission
of point defects in two types, dislocation loops and dislocation
network. A simple approach is developed by considering bi-modal
distribution of loops, their evolution and transformation into



Fig. 14. Vacancy, grain bubble and dislocation concentrations (1700 K).
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dislocation network [56]. The results for high temperature are gi-
ven in Fig. 15, rather similar to those obtained at lower tempera-
ture. The value for dislocation density is very high. As observed
in [57] at about 900 K, tangled dislocation networks with low-an-
gle grain boundaries might form by accumulation of dislocations
when dislocation density attains �6 � 1014 m�2 in fuel of typical
burn-up of 5% FIMA. At higher burn-up, there is transition from
low-angle to large-angle cells occurring in the range of dislocation
density from �6 � 1014 to �1015 m�2 which can be defined as a
possible criterion for evolution to sub-divided grains with high-an-
gle boundaries postulated as the nucleus for the re-crystallization
of fuel [58]. Such effect could be foreseen in our case.
Nevertheless, one must take care with the complex behaviour of
dislocations at high temperature. An additional mechanisms
(unaccounted in the current model) leading to the dislocation den-
sity reduction operates at high temperatures (e.g. mutual annihila-
tion of dislocations, release from grains due to sliding under
thermal stresses, etc.). A dislocation sliding mechanism (with some
activation energy at the initial static recovery, which is the energy
for dislocation annihilation by glide or cross-slip) might operate at
high temperature inducing annihilation. The consequence is usu-
ally an increase of the material ductility. On the contrary, at low
temperature, the dislocations tend to be locked and move with
difficulty (brittle behaviour). Since the ductile behaviour of (fresh)
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UO2 prevails at temperatures above �1473 K [59], the current dis-
location model cannot be applied with confidence to the high-tem-
perature range.

Recent modifications in the MFPR approach taking into account
non-equilibrium vacancy concentration on dislocation and its
dependence on elastic energy and stacking fault energy of disloca-
tion loop, showed a noticeable decrease of the dislocation density
at 1300–1400 K (nominal conditions of HTR) and then no restruc-
turing at this temperature up to 10% FIMA in agreement with re-
cent experimental observations [60], also confirmed by more
recent observations of [51] where no restructuring was observed
at 1300 K for very-high burn-up fuel, around 11%FIMA.

5. Conclusion

Based on comparison with experimental data, the physico-
chemical composition of irradiated TRISO-coated fuel particles
has been investigated using the non-ideal solution thermodynamic
database MEPHISTA and the mechanistic fuel-analysis code MFPR.
This study had the dual objective of developing the understanding
of FP behaviour within such particles while honing the analysis
capabilities of these approaches in the special conditions of HTR
fuel.

An initial conclusion concerns the analysis approaches them-
selves. They were developed for specific PWR applications and it
has been found that they have certain shortcomings with respect
to HTR conditions (i.e., the dislocation model in MFPR, limited
number of FPs in MEPHISTA). Due to these limitations, an impor-
tant item identified as a safety concern relates to silver (110mAg)
migration and speciation through the different coatings [61,62]
that could not be studied in the present paper.

Nevertheless, these shortcomings were offset to a great extent
by the complementary nature of the MEPHISTA and MFPR analy-
ses. The following main conclusions can be identified with respect
to irradiated TRISO fuel:

– the relatively low oxygen potential within the fuel particles with
respect to PWR fuel leads to chemical speciation that is not typ-
ical of PWR fuels, e.g., the relatively volatile behaviour of
barium;

– the safety-critical FP caesium is released from the urania kernel
but the buffer and pyrolytic-carbon coatings form an important
chemical barrier to further migration (i.e., formation of
carbides);

– significant (�20% or more) release of fission gases from the ura-
nia kernel is expected even in nominal conditions;

– for fuel microstructure, significant grain growth and porosity
coalescence might be expected. Despite the very significant irra-
diation-induced damage, the high temperature will tend to
decrease dislocation density and probably avoid fuel re-
crystallisation.

Looking to the future, additional data from micro-characteriza-
tions of TRISO particles would be extremely valuable. This is partic-
ularly true with respect to confirming the absence of ternary
phases as advanced in [9]. Further work is planned in this direc-
tion. The next step will be analysis of the HFR-EU1bis test per-
formed within the RAPHAEL Project [51].
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