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ABSTRACT 

Within the development of Lead-cooled Fast Reactors (LFR), the evaluation of the 

composition at thermodynamic equilibrium of the fuel-coolant system following a cladding 

failure event was faced for the first time. By referring to European Lead-cooled System 

(ELSY) reactor, systems composed of Pb and both metallic and oxide fuels have been 

considered. A database of thermodynamic data was compiled through a detailed bibliographic 

research for all the species present or most likely formed following the fuel-coolant contact. 

The missing information were estimated by semi-empirical methods. Therefore, the 

composition of the systems at equilibrium was evaluated in the temperature range from 650K 

to 1350K by a code based on the minimization of the Gibbs free energy using the data from 

the thermodynamic database. In this preliminary research, the systems characterized by 

metallic fuels (Umet) proved to be very reactive with the consequent formation of intermetallic 

compounds right from low temperatures. In contrast, the systems characterized by oxide fuels 

showed to be stable up to 1200K. The Umet-Pb system allowed to validate the approach 

proposed, by comparing the calculated results with the phase diagram available in literature.  

The proposed approach revealed to be promising for the preliminary analysis of the problem 

and it allowed to evaluate the method application limits to more complex systems due to the 

lack of experimental thermodynamic information for the compounds of interest.  

1 INTRODUCTION 

Nowadays, a new interest in Gen IV nuclear systems has grown due to the increase of 

the world energy consumption. The primary goals of the new reactor designs developed under 

the auspices of the Gen IV initiative are i) an efficient use of fissile fuel resources and ii) the 

ability to burn its own high-level wastes and those coming from LWR (Light Water Reactor) 

[1]. In particular, Lead-cooled Fast Reactors seem to be very promising in terms of matching 
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the guidelines for sustainability, safety & reliability. Lead and Lead-Bismuth Eutectic (LBE) 

coolants present many positive thermo-physical and chemical properties with the respect to 

sodium: i) high boiling point and low melting point prevent from the risk of system boiling 

and freezing ; ii) low chemical reactivity of the system with water and air reduces the risk of 

fire or explosions; iii) lead and lead-alloys are compatible with air, steam, CO2, and water so 

no intermediate coolant loop is needed; iv) the high solubility of the actinides in these system 

minimizes the potential for re-criticality events upon core melting [2]. Moreover, high density 

and wider range of operating temperatures enables the implementation of passive safety 

systems [2]. Finally, these cooling systems provide a higher shielding against gamma rays and 

energetic neutrons. On the other hand, the main drawback for both these cooling systems is 

recognized to be the liquid metal corrosion at high temperature [3]. This phenomenon is able 

to change the microstructure and composition of structural materials leading to a system 

failure. Consequently, it becomes essential to limit the corrosion rate in order to preserve the 

mechanical properties of the components in contact with the coolant.  

As safety is one of the most relevant objectives to pursue, the interaction between fuel 

and cladding has been widely investigated both in normal and incidental conditions, and many 

technological solutions have been proposed to enhance the resistance of these materials 

towards corrosion [4, 5], such as: i) the introduction of a coating [6], ii) the addition of 

corrosion inhibitors [3], or iii) the use of special alloys [7]. On the contrary, very poor 

information are available about fuel-coolant interaction following a cladding failure event. 

The study of the possible incidental conditions is necessary to predict the evolution of the 

event and its consequences and to actively reduce the probability of core damage, enhancing 

the safety and reliability of such reactors.  

In this work, a preliminary theoretical study on the chemical interaction between fuel 

and coolant in LFRs following a cladding failure event is presented, at best of our knowledge, 

for the first time. In order to analyse the composition at equilibrium of different fuel-coolant 

systems, a code based on the minimization of the Gibbs free energy was used.  

2 PROGRAM DETAILS 

The program used in the present work is a SOLGASMIX-PV-like computer code [8]. 

This program estimates the composition of the system at thermodynamic equilibrium through 

the minimization of the Gibbs free energy. The input parameters are temperature, pressure and 

the initial composition of the system under analysis. These parameters depend on the working 

conditions of the reactor (normal operation or incidental event) and on the specific component 

considered (fuel, cladding or coolant). The temperature at the external layer of the fuel pellet 

has been considered as system temperature, during the normal operation it is between 700K 

and 950K, but during an Unprotected Loss Of Flow (ULOF) event it can reach 1450K [9]. 

The pressure is set equal to the atmospheric air pressure. In order to evaluate the Gibbs free 

energy of the system, the program requires as input some thermo-chemical information for the 

possible compounds that constitute the system at thermodynamic equilibrium. At the end of 

the Gibbs free energy minimization process, the program provides as output the system Gibbs 

free energy and the moles of each compound present in the system at equilibrium as gas, 

liquid or solid state. For the calculations, the mass balance is checked.  

2.1 Reference System 

The amount of each element present in the system is provided to the program in terms 

of moles. The core design of ELSY reactor was considered as reference [10]. The fuel 
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assembly is an open square lattice (Figure 1), with a cell side of 13.9mm, containing a single 

pellet with a diameter of 10.5mm and filled by the coolant [9]. The fuel pellet has cylindrical 

shape with a radius of 4.5mm with a central cavity of radius 1mm. A 0.15mm gap is present 

between pellet and cladding, where the fission gases can be gathered. The cladding is 0.6mm 

thick. For calculations, the height of the reference volume was considered equal to the typical 

pellet height (12mm) [10, 11], while the gap was disregarded, as reported in Figure 1. 

According to these indications, the volumes of fuel, cladding and coolant were calculated for 

the reference system. The quantities in grams as well as the moles of each element were 

evaluated using a density value averaged in the temperature range considered [12].  

            

Figure 1: Fuel Assembly (on the left) and reference volume (on the right) for initial 

composition evaluation. 

 

2.2 Thermodynamic Database 

The necessary thermo-chemical information are provided by a specific database which 

contains the thermodynamic data of the species present or potentially present in the system 

following the fuel-coolant interaction, both in condensate and gas state. The thermo-chemical 

information included in the database are: molar weight, phase transition temperatures, 

entropy, enthalpy and Gibbs free energy at 298.15K, thermal capacity as a function of 

temperature and density. The database were compiled with data available from literature [2, 

13-16]. Despite the thorough literature research, some basic information, such as for example 

the specific heat capacity, was missing and was therefore evaluated by a semi-empirical 

approach.  

3 RESULTS AND DISCUSSION 

Different systems have been defined following appropriate criteria that account for the 

increasing complexity of the system and allow to check on the results in order to validate the 

approach used. Systems characterized by lead in combination with both metallic and oxide 

fuels were considered, with particular attention to the mixed oxide fuel (MOX). At first, a 

simplified configuration was adopted that considers only the presence of coolant and fuel in 

both metallic and oxide forms. The first system analysed was the Umet-Pb system in order to 

validate the method by comparing the results at different temperatures and compositions with 

the U-Pb phase diagram present in literature (Figure 2) [15, 16].   
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Figure 2: Phase diagram of U-Pb [15]. 

The temperature was varied between 650K and 950K in nominal conditions. The moles 

in input were 0.7351mol for lead and 0.2649mol for uranium. The results obtained are 

presented in Table 1. The following symbols were adopted by convention: “-” for the species 

not present at equilibrium; “0” for species with quantities under 10-12mol; “<10-6” for species 

in quantity under 10-6mol. The phase diagram (Figure 2) suggests the formation of two 

intermetallic phases: PbU and Pb3U.  

Table 1: Results of the subsystem Umet-Pb under nominal conditions.  

Temperature K 650 700 750 800 850 900 950 

G
as

 P
h

as
e
 

U mol 

0 Pb mol 

Pb2 mol 

L
iq

u
id

 

P
h

as
e U mol 

- 
Pb mol 

S
o

li
d

 P
h

as
e 

U mol <10-6 0 0 0 0 0 0 

PbU mol 0.0298 0.0298 0.0298 0.0298 0.0298 0.0298 0.0298 

Pb3U mol 0.2351 0.2351 0.2351 0.2351 0.2351 0.2351 0.2351 

Balance mol 1 1 1 1 1 1 1 

It can be noted that the system reacts completely as shown in Table 1: the initial components 

(liquid lead and metallic uranium) disappear due to the formation of the intermetallic 

compounds PbU and Pb3U, in complete agreement with the phase diagram. In the temperature 

range considered the gas components are negligible. The system shows the same behaviour 

also in incidental conditions but these results are not here reported for sake of brevity.  

This approach was applied to all binary systems with U-Pu-O-Pb obtaining a good 

correspondence between the results and the thermodynamic information available in the 

literature. Meanwhile it highlighted some limitations of the program: it is not able to treat 

with non-stoichiometric compounds and it does not recognise eutectic points, but this does not 

affect the present work. Anyway, in the condition of temperature and composition of interest 

for the present work, all such limitations were avoided in the case of binary systems.  
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Once verified the consistency of the program, the UO2-Pb system was considered. The input 

compositions were 0.1916mol for uranium, 0.4252mol for oxygen and 0.3832mol for lead 

during normal operations. The results obtained are reported in Table 2.  

Table 2: Results of the system UO2-Pb under normal operation.  

Temperature K 650 700 750 800 850 900 950 

G
as

 

P
h

as
e  mol PbO(g), Pb(g), Pb2(g), U(g), O(g), O2(g) 

0 

L
iq

u
id

 

P
h

as
e Pb mol 0.42520 0.42520 0.42520 0.42520 0.42520 0.42520 0.42519 

S
o

li
d

 P
h

as
e 

UO2 mol 0.19160 0.19159 0.19160 0.19160 0.19160 0.19160 0.19157 

Pb3U mol <10-6 <10-6 <10-6 <10-6 <10-6 0 3.49·10-6 

U4O9 mol <10-6 <10-6 0 <10-6 <10-6 <10-6 6.92·10-6 

UO3 mol 0 0 <10-6 <10-6 0 0 <10-6 

U3O8 mol 0 0 0 <10-6 0 <10-6 0 

PbU mol <10-6 0 <10-6 <10-6 <10-6 <10-6 0 

PbO mol <10-6 0 0 0 <10-6 <10-6 0 

PbO2 mol 0 0 0 0 0 0 0 

Pb3O4 mol 0 0 <10-6 0 0 0 0 

U mol 0 0 0 0 0 0 0 

Balance mol 1 1 1 1 1 1 1 

Unlike the Umet-Pb system, the UO2-Pb system proves to be stable in both working 

conditions (nominal and incidental). In fact, the fuel-coolant contact does not lead to the 

formation of harmful compounds for the reactor operations.  

With the aim to study a system as close as possible to the real case, plutonium was 

introduced so as to analyse the complete MOX system. Due to the lack of thermodynamic 

information about ternary or quaternary compounds, it was possible to consider only the 

binary oxide and intermetallic compounds. Under normal functioning this system shows a 

good stability, the fuel does not change its chemical form and there is no formation of other 

oxides or alloy compounds. The system composition under incidental condition (ULOF event) 

is: 0.1543mol for uranium, 0.0384mol for plutonium, 0.3854mol for oxygen and 0.4219 mol 

for lead and the temperatures were varied between 750K and 1350K. The results are reported 

in Table 3: up to 1150K the system is stable, but at increasing temperatures its behaviour 

seems to change. Oxygen starts to form different species, in particular U and Pu oxides with 

high oxygen content and lead oxide, the latter dangerous for the system. PbO production must 

be avoided for the assurance of stable hydrodynamics and heat transfer during service lifetime 

[2].  

The part of the work concerning UO2-Pb and MOX-Pb systems could not be directly 

checked with a ternary or quaternary phase diagram, because they are not available in the 

literature or, in few cases, available only at a fixed temperature. Anyway, authors have 

exploited all the available binary phase diagrams in order to check the results related to all the 

binary subsystems, thus confirming the validity and reliability of the approach and 

highlighting few limitations of the code.  
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Table 3: Results of the MOX system under incidental conditions.  

Temperature K 750 850 950 1050 1150 1250 1350 

G
as

 

P
h

as
e  mol PbO(g), U(g), Pu(g), O2(g), O(g), Pb(g), Pb2(g) 

0 

L
iq

u
id

 

P
h

as
e PbO mol - - - - - 0.0037 0.0001 

Pb mol 0.4219 0.4219 0.4219 0.4219 0.4219 0.4182 0.4218 

S
o

li
d

 P
h

as
e 

Pu mol <10-6 0 0 - - - - 

UO3 mol <10-6 <10-6 0 0 0 0 0 

U3O8 mol 0 <10-6 0 0 0 6.57E-06 <10-6 

U4O9 mol 0 <10-6 0 0 0 4.00E-05 0.01845 

PuO mol 0 <10-6 0 0 0 0 0 

Pu2O3 mol <10-6 <10-6 0 0 0 0.00375 0.01859 

PbO mol 0 <10-6 0 0 0 - - 

Pb3O4 mol <10-6 0 0 0 0 0 0 

Pb3U mol 0 <10-6 0 0 0 0 1.51E-06 

PbU  0 0 0 0 0 0 <10-6 

Pb2Pu mol <10-6 <10-6 0 0 0 0 0 

Pb5Pu4 mol 0 0 0 0 0 0 <10-6 

UO2 mol 0.1543 0.1543 0.1543 0.1543 0.1543 0.1541 0.0805 

PuO2 mol 0.0384 0.0384 0.0384 0.0384 0.0384 0.0309 0.0012 

 mol U, PbO2, Pb3Pu, Pb4Pu5, Pb3Pu5, PbPu3 

0 

Balance mol 1 1 1 1 1 1 1 

4 CONCLUSIONS 

The present work has demonstrated that the proposed approach has allowed to study 

different fuel-coolant systems in different operating conditions, in order to evaluate the 

formation of new chemical compounds following a cladding failure event in a LFR. The 

results obtained for the binary Umet-Pb system were in complete agreement with the U-Pb 

phase diagram available in literature, thus validating the approach used. Moreover, this 

preliminary research activity enabled to highlight the different behaviour of metallic and 

oxide fuels: the first reacts completely to form intermetallic compounds already at lower 

temperatures, while systems with oxide fuels seem to be stable up to 1200K. At higher 

temperatures the formation of different oxides that could be problematic for the safety of the 

reactor has been observed. Being apprised of the system behaviour under normal operation or 

incidental conditions is paramount for defining the actions to undertake in order to avoid 

serious consequences for the nuclear system. Calculations on more realistic systems including 

fission products and cladding components are already in progress, but the main difficulty is 

concerned with the thermochemical database compilation due to the lack of data which 

implies to resort to semi-empirical methods to estimate the missing values.  
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