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Abstract

For both high temperature reactor (HTR) and gas cooled fast reactor (GFR) systems, the high operating temper-
ature in normal and accidental conditions necessitates the assessment of the thermodynamic data and associated phase
diagrams for the complex system constituted of the fuel kernel, the inert materials and the fission products. A classical
CALPHAD approach, coupling experiments and thermodynamic calculations, is proposed. Some examples of studies
are presented leading with the CO and CO, gas formation during the chemical interaction of [UO,4+.,/C] in the HTR
particle, and the chemical compatibility of the couples [UN/SiC], [(U, Pu)N/SiC], [(U, Pu)N/TiN] for the GFR system.
A project of constitution of a thermodynamic database for advanced fuels of gas-cooled reactors is proposed.
© 2005 Elsevier B.V. All rights reserved.

PACS: 07.75; 64.75.+g; 81.05.Je; 81.05.Uw; 81.30.—t; 82.60.—s

1. Introduction o the gas cooled fast reactor (GFR) for electricity pro-

duction, whose fuel cycle is optimised to recycle

Within the frame of the Generation IV project, CEA actinides and to minimise the waste production. No

is interested in two types of gas-cooled reactors [1]: complete reference system exists. The needs are con-

siderable and concern the choice of the core and

e the high temperature reactor (HTR) whose develop- structural materials, the passive safety system capa-
ment is mainly based on the knowledge achieved in bilities and the recycle techniques.

the seventies. The current needs are related to a
higher operating temperature for the fuel and the In both cases, the fuel may operate at about 1000—
structural materials; 1200 °C in normal conditions and may reach 1600—

1700 °C in case of accident.
* Corresponding author. For the HTR concept, classical TRISO particles are

E-mail address: cgueneau@cea.fr (C. Guéneau). considered (Fig. 1) [2,3]. The fuel kernel, made of pure
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Fig. 1. Schematic view of a TRISO particle.

UO; or of a mixture of UO, and UC,, is surrounded by
several successive coating layers:

e a graphite buffer layer that accommodates the noble
and CO, CO, gas release as well as fuel swelling;

e an inner pyrolytic carbon layer that protects the SiC
layer from chemical reactions with both fuel and fis-
sion products;

e a silicon carbide layer that decreases solid fission
product diffusion out of the particle and enhances
the mechanical behaviour of the system;

e an outer pyrolytic carbon layer that protects the SiC
layer and contributes to the particle mechanical
strength; in case of failure of the SiC layer, this layer
must play the role of barrier towards fission product
diffusion. ZrC is also considered to replace SiC.

For the GFR system, the criteria for the choice of the
core materials are the following ones: a high volume frac-
tion of actinide, a geometry and thermal properties that
allow a fast cooling, gas temperatures ranging from 400
to 850 °C (1200 °C-1600 °C in accidental conditions), a
mechanical strength towards gas pressure and the fission
product retention [4]. (U,Pu)C carbides and (U,Pu)N
nitrides are candidates for the fuel kernel because of their
high actinide density, and their elevated decomposition
temperature and thermal conductivity. Several fuel forms
are considered: composite ceramic—ceramic fuel (cercer)
with closely packed fuel kernels or fibers, advanced fuel
particles with large fuel kernels and thin coatings or cera-
mic clad, solid-solution metal (cermet) fuels.

The choice of the fuel coating materials has to meet
some constraints regarding fast neutron damage,
mechanical behaviour, thermal properties... but also
chemical compatibility with the fuel kernel from
1000 °C to about 2000 °C. The most promising materials
for core structures are ceramics such as SiC, ZrC, TiC,
TiN, ZrN... that may be inert towards the fuel kernel
[4]. In case of a chemical interaction between the fuel

kernel and the ceramic, an intermediate layer of a mate-
rial could be added to play the role of barrier.

2. Needs

For the HTR system, the thermomechanical behav-
iour of the particle is function of CO, CO, and fission
product release which gas pressures must be well known
to calculate the stresses on the inner pyrolytic carbon,
SiC and outer pyrolytic layers as well as of the chemical
state of fission products and their diffusion coefficients
which influence thermal conductivity, creep and melting
point of the fuel [5]. Thermodynamic calculations or
empirical laws are commonly used to estimate the CO
and CO; release in the TRISO particle as a function of
UG, fraction, enrichment, burnup value and tempera-
ture [6]. To better understand and predict CO and
CO, release in the fuel, a study on the vaporization of
CO and CO, in the U-C-O system is in progress. The
objective is to provide realistic vaporization laws for
CO and CO, partial pressures in the TRISO particle
by determining the deviation from the thermodynamic
equilibrium and the role of diffusion in the interfacial
reaction between UO, fuel and graphite. To take into
account the role of fission products on the CO, CO, re-
lease and to understand, control and predict the chemi-
cal interactions in the irradiated fuel particle and the
escape of fission products from a defective fuel in nor-
mal and accidental conditions, the thermodynamic
properties of all gas, liquid and solid phases and the
associated phase diagrams of the system [fuel particle
with fission products] have to be assessed.

For the GFR system, before considering fission prod-
ucts, the chemical compatibility between the fuel kernel
(U,Pu)C or (U,Pu)N and the different considered cera-
mic matrices (SiC, ZrC, TiC, TiN, ZrN) has first to be
studied from 1000 °C to 2000 °C in order to choose
the materials for the system [fuel + inert matrix]. In a
second step, the chemical state of fission products will
be also needed.

For both HTR and GFR systems, a thermodynamic
database containing both the constituents of the core
materials and the fission products has to be developed.

3. Thermodynamic approach

A usual coupling of experiments and thermodynamic
calculations is proposed by using the CALPHAD meth-
od. In this method, the Gibbs energy functions of all
solid, liquid and gas phases are assessed on the basis of
the available experimental data (both phase diagrams
and thermodynamic data). The CALPHAD method
presents several advantages: it allows to calculate thermo-
dynamic equilibria and associated phase diagrams for
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complex materials containing a lot of elements from the
extrapolation of binary and ternary sub-systems; it re-
quires a critical analysis of all available experimental
thermodynamic data reported in the literature which
leads to a consistent set of experimental data; it helps to
define the experimental programs necessary to perform
as well as to prepare and to interpret new experiments.

For the PWR system, different databases were devel-
oped in the past. For example, one was dedicated to the
irradiated fuel studies, mainly to determine the chemical
state of the fission products and the associated oxygen
chemical potential of the fuel [7]. In this case, only stoi-
chiometric compounds were described except the solid
solution (U, Pu, fission products)O,+, for which a com-
plete assessment of oxygen chemical potential variation
with the oxygen stoichiometry (oxygen under metal ra-
tio) and temperature was performed. An other database,
NUCLEA, was independently developed by Thermo-
data to study the physicochemical behaviour of the cor-
ium in the framework of severe nuclear accident studies
[8]. NUCLEA allows calculating phase diagrams but is
only valid at high temperature.

For the gas-cooled reactors, a more suitable solution
would be to develop a single database with the fission
products valid for both normal and accidental condi-
tions. In both HTR and GFR systems, even if tempera-
tures as high as 3000 °C will not be reached in accidental
conditions, the temperature level remains elevated
(lower than 2000 °C) and then requires the calculation
of phase diagrams. If the list of elements involved in
the HTR concept is known, it is not the case for the
GFR system. For this one, the oxygen interaction with
carbide and nitride fuels has to be considered in case
of accident. Therefore, a lot of sub-systems are common
to both HTR and GFR fuels. For the GFR system, the
priority is to develop a database for the different consid-
ered couples [fuel/inert matrix]. At longer term, the
objective is to assess the thermodynamic properties of
all gas, liquid and solid phases for HTR and GFR ad-
vanced gas reactor fuels with the fission products. In a
first step, thermodynamic calculations are performed
using the existing databases for ternary or quaternary
sub-systems, waiting for the development of a single
one dedicated to HTR and GFR fuels.

4. Examples

The first example concerns the HTR fuel assembly
when the two following ones lead with GFR’s system.

4.1. HTR fuel: UO,.,/C chemical interaction in the
TRISO particle

As reported in the previous section, prediction of the
thermochemical behaviour of the TRISO particle re-

quires realistic laws of CO and CO, release [S]. The pur-
pose of the present work is to use high temperature mass
spectrometry to study the kinetic of CO and CO, forma-
tion from the interaction between UO,+, and C in the
TRISO particle. In a first step, thermodynamic proper-
ties of the U-O-C ternary system are assessed. It re-
quires a critical analysis of literature data. In a second
part of the work, the deviation from thermodynamic
equilibrium will be determined. The fission products
are progressively taken into account by thermodynamic
calculations with a database which development is in
progress.

4.1.1. Critical analysis of CO partial pressure
measurements in U-C-O

Most of CO measurements were performed in three-
phase domains of the phase diagram [UC, + UO, + C]
[9-16], [UC,+ UC,_,O,+ UO,] [9,10,15,17,18] and
[U+UC,_,0, + UO,] [9,19]. Some discrepancies exist
between available experimental data. As an example,
measurements in the [UC, + UO, + C] domain are ana-
lysed. In most of the experiments, CO partial pressures
in a heated vessel were measured with a gauge placed
at a cold point (room temperature). In case of a molec-
ular flow regime (low pressures), when the Knudsen
number Kn is lower than 3 (Knudsen number = hole
diameter/mean free path of the CO molecule), a correc-
tion must be applied that takes into account the thermal
effusion effect [20]. This effect leads to a pressure gradi-
ent due to the existence of a temperature gradient. By
considering that in static conditions, the flux coming
from the hot point (heated specimen) is equal to the flux
coming from the cold point (7, = 300 K), the thermal
effusion correction is applied as follows:

COIT T
Pco :Pé%)K\/ﬁ~ (1)

In case of a transition regime (3 < Kn < 80), the gas flow
is considered as a mix of both molecular and isentropic
parts by the following equation [21]:

COrr T
PES = (1= 0pgs™ + 0pe0 300 (2)

300

with 6 = 1.057%" the molecular part of the gas flow. As
an example, CO measured and corrected partial pres-
sures are reported in Fig. 2. The corrected pressures cor-
respond to an increase by a factor three. A good
agreement is obtained finally between all authors.

4.1.2. Thermodynamic calculations on U-C-O

A database on the ternary system U-C-O is consti-
tuted from the U-O, U-C and C-O binary systems
which thermodynamic functions are reported in [22—
24]. The thermodynamic functions of both UC;+.O,
and UC,_,0, oxycarbides of uranium are evaluated
by representing mainly Henry’s experimental data [25].
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Fig. 2. Experimental and corrected data for CO partial
pressures above the three phase domain [UC, + UO, + C].

For UC,+,0,, the sublattice model (C,,C,0,
Va);(U); is used. Two interaction parameters between
UC and ‘UO’ and between ‘UO’ and UC,, respectively
equal to —95 kJ/mol and —38 kJ/mol, are optimized to
fit the experimental limit of the UC;+,O, oxycarbide
composition domain reported in [25]. For the metastable
compound ‘UQ’, the Gibbs energy of formation esti-
mated by Potter is used [26]. By comparison with previ-
ous calculations where the monooxycarbide was
represented as a solid solution between UC and ‘UQO’,
the present model allows to take into account a U/
(C + O) ratio that can deviate from 1. As shown in
Fig. 3(a) and (b), the calculated composition range of
the monooxycarbide is in good agreement with Henry’s
experimental data [25]. For the dioxycarbide, a similar
model (C;,C,,0, Va);(U); is chosen. An ideal solution
between UC, and UQ, is considered. A solubility of sev-
eral percents of oxygen in UC, can be obtained when the
Gibbs energy of the tetragonal fictive UO, is fixed to the
one of the cubic UO; plus 52 kJ/mol.

The main remaining uncertainties on phase diagram
and thermodynamic properties of U-O-C concern the
phase diagram at temperatures lower than 1573 K for
which no experimental data exist and thermodynamic
data for the dioxycarbide of uranium and its associ-
ated oxygen solubility limit for which experimental
data are scarce and scattered. This lack of experimen-
tal data could have important consequences concerning
the behaviour of a (UO, + UC,;) fuel for HTR’s sys-
tem. In normal conditions, at 1273 K, the dicarbide
of uranium is not thermodynamically stable (in U-C,
the temperature of formation is of about 1750 K). In
presence of UO,, UC, dissolves some oxygen and then
becomes stabilized. But the temperature of formation
of the ternary phase UC, O, in U-O-C is not
known.
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Fig. 3. (a) U-O-C isothermal section calculated at 1973 K
where available experimental data are reported. (b) Magnifica-
tion of the U-O-C isothermal section calculated at 1973 K
showing the composition ranges of both uranium oxycarbides.
‘UCO’ denotes the UC,+,0, oxycarbide.

4.1.3. Equilibrium CO and CO; partial pressures during
UO>../C interaction

Fig. 4(a) shows the calculated equilibrium partial
pressure of CO along the U-CO composition line repre-
sented in the U-O-C calculated isothermal section at
1773 K in Fig. 4(b). The CO and CO, partial pressures
vary very sharply, specially in the two-phase domain
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Fig. 4. (a) CO partial pressure variation along the U-CO
composition line at 1273 K and 1773 K. (b) U-O-C isothermal
section calculated at 1773 K where the U-CO composition line
is reported.

[UO,4, + C] due to the variation of oxygen potential in
the non-stoichiometric compound UQO,4 . In the TRISO
particle, a solution to fix the CO partial pressure at a low
value consists of adding UC, to UO,.

The present thermodynamic approach may overesti-
mate CO and CO, partial pressures. In fact, in the reac-
tion of a gas formation from two solid phases, kinetics
associated to diffusion phenomena at the [UO,/C] inter-
face must play an important role. In the present study,
the objective is to determine the kinetic of the CO and
CO, formation from UQO,., and carbon interaction by
high temperature mass spectrometry. The present exper-
imental method is used to determine both evaporation
() and condensation (f) coefficients for CO [27].

4.2. UNISiC chemical interaction in GFR fuel

In the present work, both thermodynamic properties
and associated phase diagrams of the literature are
reviewed. Thermodynamic calculations are performed
with Gemini 2 code [8] and associated databases, up-
graded by using data from the literature. In order to
validate isothermal sections or to determine composition
of the phases in equilibrium, specific experiments are
achieved.

4.2.1. Thermodynamic calculations on U-N-Si—C

In the quaternary system U-N-Si-C, the thermody-
namic parameters of Si-C and Si-N binary systems
come from Seifert et al. [28]. The Gibb’s energy of
Si3Ny is taken from Hillert et al. [29]. The calculated iso-
thermal sections of the Si-C-N system are in good
agreement with generally admitted sections [28]. The
Si-U-N system is assessed only from the binary descrip-
tions. A high solubility of Si in UN is reported from a
single work in the literature [30]. This surprising behav-
iour must be verified before taking it into account in the
database. The U-C-N ternary system is built from U-C
and U-N binary systems. A complete solubility of UC in
UN exists, characterized by an interaction parameter
Auc_un- In order to simplify the calculations, UC and
UN are considered as stoichiometric compounds in the
temperature range of interest. A critical review of litera-
ture’s data leads to a value close to zero (ideal solution)
for the interaction parameter Ayc_yn.

4.2.2. UNISiC chemical interaction at 1400 °C under
argon gas flow

The chemical interaction is experimentally studied by
thermogravimetry (Setaram T(G92). The sample is con-
stituted of UN and SiC powders, which are compacted
together under 800 MPa. The pellet, placed into an alu-
mina crucible, is heated at 1400 °C during 20 h. An opti-
cal micrograph of the sample is presented in Fig. 5 where
UN, SiC, and uranium silicide (USi, gg) are identified by
using WDS analysis (Cameca SX100). The thermody-
namic calculations are performed with an argon volume
calculated from both argon flow and duration of the
experiment. At 1400 °C, the calculation leads at the
equilibrium to the following phases: UCq 15N s,
USijgs and P(N,)=1x10"%atm. The agreement
between predicted calculations and experimental results
is quite good.

4.2.3. UNISiC chemical interaction in reactor
conditions

Between 1000 and 1450 °C, thermodynamic calcula-
tions performed for a fuel constituted of a UN kernel
with 15% of free volume surrounded by a SiC matrix
lead to the formation of UC.N;_,, SizN; and USis.
From about 1450 °C, a liquid phase appears, enriched
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Fig. 5. Optical micrograph of a [UN/SiC] sample heated at
1400 °C during 20 h under argon flow.

in Si (80 at.% Si, 20 at.% U). This phenomenon could
cause the damage of the inert matrix. Due to a lack of
experimental data on the liquidus, a focussed thermody-
namic study on phase equilibria for the U-Si—C ternary
system is necessary to determine experimentally the
temperature of the liquid formation.

4.3. (U, Pu)NISiC and (U, Pu)NITiN chemical
interaction in GFR fuel

[(Up.78Pug.22)N/SiC] powder coming from the fabri-
cation intended to NIMPHE irradiation experiments is
used [31,32]. A first experiment has been carried out with
pure polycrystalline SiC (B-SiC) at 1600 °C for 100 h
under static argon. XRD analysis of the specimen allows
to identify both main initial products and secondary
phases such as a-SiC and a compound, denoted MSi;
(with M:U or/and Pu) that will be further characterized
by using an electron microprobe. The electron micro-
graph in Fig. 6 shows the presence of the actinide

New U, Py
rich Phase

T0pm

Fig. 6. SEM micrograph of the [(Ug75Pug2,)N/SiC] sample
heated at 1600 °C for 100 h under static argon.

silicide. Two other experiments are performed with sin-
tered SiC (a-SiC with 1 wt% B4C) at 1600 °C during 4 h
under argon flow and for 100 h under (96.5% Ar + 3.5%
N,). In both cases, the major phases are the actinide
compounds (with a possible substitution of N by C)
and o-SiC. The secondary phases are B,C as well as
probably MSi, (with M:U or/and Pu). On the contrary,
for the same heat treatments on [(Ug5Pug22)N/TiN]
powder, no secondary phases are present. These first re-
sults show that TiN has a lower reactivity towards
(U,Pu)N than SiC.

5. Conclusion

For both HTR and GFR systems, the high fuel
operating temperature requires the assessment of both
thermodynamic data and phase diagrams for the [fuel
kernel + inert materials + fission products] system,
specially for carbide and nitride fuels. A thermodynamic
database associated to a Gibbs energy minimizer code is a
necessary tool to help the fabrication process and the fuel
design as well as to understand and predict the physico-
chemical behaviour of such complex systems in normal
and long duration working as well as in accidental
conditions.
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