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Abstract - Among the Generation IV systems, Sodium Fast Reactors (SFR) are promising and 

benefit of considerable technological experience, but improvements are researched on safety 

approach and capital cost reduction. One of the main drawback to be solved by the standard SFR 

design is the proper management of the risk of leakage between the intermediate circuit filled with 

sodium and the energy conversion system using a water Rankine cycle. 

The limitation of this risk requires notably an early detection of water leakage to prevent a water-

sodium reaction. One innovative solution consists in the replacement of the sodium in the 

secondary loops by an alternative liquid fluid ,not or less reactive with water. This alternative fluid 

might also allow innovative designs, e.g. intermediate heat exchanger and steam generator 

grouped in the same component. CEA, Areva NP and EdF have joined in a working group in order 

to evaluate different “alternative fluids” that might replace sodium. A first selection retained seven 

fluids on the basis of “required properties” as large operating range (low melting point, high 

boiling point …), fluid cost and availability, acceptable corrosion at SFR working temperature. 

These are three bismuth alloys, two nitrate salts, one hydroxide melt and sodium with 

nanoparticles of nickel. Then, it was decided to evaluate these fluids through a multi-criteria 

analysis in order to quantifiy advantages and drawbacks of each fluid and to compare them with 

sodium. Lack of knowledge, impact on materials, design, working conditions and reactor 

availability should be emphasized by this analysis, in order to provide sound arguments for a 

research program on one or two promising fluids. A global note is given to each fluid by evaluating 

them with respect to “grand criteria”, weighted differently according to their importance. The 

grand criteria are : thermal properties, reactivity with structures, reactivity with other fluids (air, 

water, sodium), chemistry control, safety and waste management, inspection maintenance and 

repair (ISIR), impact on components and circuits, availability and cost, experience. The impact on 

reactor availability and manageability and the level of knowledge on each fluid were estimated 

through the former “grand criteria” and introduced in the final comparison as grand criteria. The 

aim of this paper is to present the methodology of evaluation, the results obtained and the choices 

made. 

 

 

I. INTRODUCTION 

 

Among the Generation IV systems, Sodium Fast Reactors 

(SFR) are promising and benefit of considerable 

technological experience, but improvements are researched 

on safety approach and capital cost reduction. One of the 

main drawback to be solved by the standard SFR design is 

the proper management of the risk of leakage between the 

intermediate circuit filled with sodium and the energy 
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conversion system using a water Rankine cycle. The 

limitation of the risk requires notably an early detection of 

water leakage to prevent a water-sodium reaction. One 

innovative solution to this problem consists in the 

replacement of the sodium in the secondary loops by an 

alternative liquid fluid, not or less reactive with water. This 

alternative fluid (AF) might also allow innovative designs, 

e.g. intermediate heat exchanger (IHX) and steam 

generator (SG) grouped in the same component (see Figure 

1). For economical reasons, this fluid must be a liquid if a 

Rankine cycle is chosen. Many coolants have been tried or 

proposed in the past for Fast Breeder Reactors 1-6, but 

mostly for the primary circuit, excepted notably in 7. It was 

decided to evaluate the most interesting ones through a 

multi-criteria analysis in order to select the one or two 

most promising candidates which could be more 

thoroughly studied in a future research program. 

First, the selection was restricted to fluids that respect 

“required” criteria. Then, CEA, Areva NP and EdF have 

joined in a working group of experts for the evaluation of 

the selected fluids. The evaluation was performed through 

criteria, and the working group was separated in sub-

groups of experts in charge of a particular criterion.  

The method of evaluation and the main results are 

described in this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: SFR IHX/SGU with AF coupling 
 

II. FLUID SELECTION 

 

The fluid must be compatible with a classical sodium 

reactor with a Rankine cycle. The temperature in the hot 

branch of the primary system is about 550°C and the one 

of the cold branch about 400°C. No fluid was selected or 

rejected a priori, but according to the following criteria. 

• Melting point lower than 250°C (for easy cold stop 
operations). 

• Boiling or complete decomposition point above 650°C. 

• Corrosion rate allowing long term use of the 
components. 

• Simple mixture (limited to ternary compounds) with 
consistent composition of each compound (more than 5 
molar %) for chemistry control sake, 

• Compounds of reasonable cost and availability. 

• Reactivity with water and air significantly lower 
than sodium. 

The fluids were researched among simple elements and 

their mixtures, molten salts, hydroxides and organic fluids. 

The reactivity with water criterion eliminates the use of K, 

Cs, Li and most of their mixtures, as alkali metal behaves 

globally like sodium with water (large exothermic reaction 

forming corrosive products). 

The corrosion criterion eliminates Ga8, Hg 1, Sn alloys 6, 

Pb-Li 9, 10 , Bi-Li and Pb-Mg. For example for Pb-Li at a 

reasonable velocity of 0.8 m/s, a typical 316 IHX tube of 

16 mm diameter corrodes at 520°C at a rate of about 350 

µm/y 11. It leads that unreasonable tube thickness would be 

needed to assure the mechanical integrity of the 

component. Similar corrosion rates are expected for Pb-

Mg or Bi-Li, as the corrosion process consists in the 

dissolution of major species of the steel (Fe, Cr…) in the 

fluids with no efficient oxide layer protection (as it can 

exist with Pb-Bi, see below…). 

The criteria on melting point and simplicity of mixture 

eliminate pure elements other than indium, gallium and 

mercury and most of the molten salt compounds, 

especially halides. 

The criterion on boiling point eliminates many chlorides, 

the hitec nitrate-nitrite salt (decomposition), as well as 

sulphur, selenium and most of cadmium compounds and 

high temperature organic fluids (ionic liquids). 

Some indium compounds present very interesting 

characteristics, in particular low melting point (Bi22%-In78% 

73°C or Cd26%-In74% 123°C, composition in at.%), but the 

high demand for indium in the recent year makes its cost 

being unreasonably high for this application (about 1000 

$/kg) even in a near future. However it is probable that 

corrosion problems would have arose as the formation of a 

protective iron oxide would have been impossible. Other 

compounds based on Au, Ag, La, Tl, Rh have also been 

eliminated by applying this cost criterion. This evaluation 

on cost and availability was mainly based on the Mineral 

Commodity Summary 2007 of the US Geological Survey 
12. 

At the end, only six fluids fulfilled these preliminary 

required criteria. They are binary or ternary mixtures at 

eutectic composition. Their composition and melting point 

are given in Table 1. 

Pb-Bi is well known as a fluid worldwide studied for the 

Accelerator Driven Systems (ADS) and it has been 

experienced as a primary coolant in the Russian alpha 

class submarines 13, 14. Two other bismuth alloys 

containing cadmium could be of interest due to their low 

melting point. Nitrate salts are of particular interest in solar 

application. The NaNO3-KNO3 mixture selected was used 

as coolant in the Solar2 Project 15. The hydroxides received 

most attention in the 1950’, when they were tested as 

primary coolants for aeronautics applications 16. 
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Fluid Pb-Bi Bi-Cd Pb-Bi-Cd NaNO3-KNO3 
NaNO3- 

LiNO3-KNO3 
NaOH-KOH 

Composition 

(mol. %) 

Pb 45% 

Bi 55% 

Cd 55% 

Bi 45% 

Pb 38% 

Bi 48% 

Cd 14% 

NaNO3 64% 

KNO3 36% 

NaNO3- 17% 

LiNO3-37% 

KNO3 46% 

NaOH 49% 

KOH 51% 

Melting point 124°C 144°C 92°C 235°C 120°C 170°C 

Table 1: Selected fluids for evaluation at SFR intermediate loops, molar composition and melting point. 

 

 

 

Three other fluids could also be considered of interest: 

sodium with addings of nickel nanoparticles 17-19, Na-Pb 

mixture 5 and the eutectic CuCl-KCl but very few is 

known about them. The chloride mixture has a low 

melting point and quite high boiling point but strong 

corrosion is attended and it was thus not retained in the 

first selection. The mixture Na with about 9% at. Pb 

(50 % weight) was suggested as being able to impeach 

inflammation of sodium (low vapour pressure of lead 

preventing vapour feeding with Na). However the mixture 

is not an eutectic, the liquidus (320°C) would be much 

higher than the desired melting point and below the 

liquidus a biphasic range could induce plugging problems. 

For these reasons, this mixture has not been retained in 

this first selection. The sodium with nickel nanoparticles 

seems much more promising, as the authors of the patents 

claim that the sodium water reaction can be lowered17. It 

was decided to evaluate also this fluid but, as little is 

known, the results will be presented apart. 

 

III. EVALUATION METHOD 

 

A. Principles of the method 
 

It was decided to evaluate each of the selected fluids 

through a multi-criteria analysis. Eleven grand criteria 

were defined and weighted according to their importance 

for the intermediary circuits (see Table 2 and below) by a 

group of experts from CEA, Areva NP and EdF. The 

weights range from 10 (less important) to 50 (most 

important). 

For each of the nine first grand criteria, sub-criteria with 

relative weights were also defined by sub-groups of 

experts. Then a list of technical questions was established 

for each sub-criterion in order to rationalize the evaluation 

of the fluids through a consensual notation ranging from 0 

(very bad) to 40 (very good). 

The two other grand criteria, “confidence” and 

“availability and manageability of the reactor” are 

evaluated through the other nine grand criteria, by giving 

also a notation for these criteria when the sub-criteria are 

assessed. For example a sub-criterion can be evaluated as 

being “good” but the confidence on the answer as “very 

good” and the consequence on the availability and 

manageability of the reactor as “very bad”. This would be 

for example the case when considering the consequence 

of sodium leakage if sodium is considered as the 

secondary fluid (well-known problem, no related safety 

concerns but to the prize of an heavy investment and a 

lower availability of the reactor). 

The analysis was applied to the six selected fluids of 

Table 1. The sodium was also evaluated for sake of 

comparison. It was also decided to evaluate the fluid 

“sodium with nickel nano-particles”, but as very few is 

known about it, the results will be presented separately. 

 

Two meetings between experts of each group were at least 

necessary. The first in order to define the sub-criteria, 

their respective weights and the list of technical questions. 

The second for the final evaluation. Between the two 

meetings, a web site was created for promoting and 

facilitating the communication between experts and the 

exchange of documents. 

When all notations are completed, a weighted summation 

of the different criteria yields the final evaluation of the 

fluid (given as % of the maximum note). It was also 

thought that the best fluids should present a well-balanced 

notation for each criterion: hard weak points should not 

be hindered by a good global note. It was decided to 

evaluate this quantitatively by calculating the average of 

the notation of grand criteria dividing by the standard 

deviation between the notations. Practically, it leads to an 

“equilibrium note” between 1 (bad unbalanced fluid) and 

about 10 (very good and balanced fluid). 

Comments were given for each notation in order to 

evidence possible impact of the fluid on the design and 

the operation of the reactor as well as research program 

that could be necessary to comfort or not the use of the 

fluid. 
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Grand criteria 
Thermal 

properties 

Interactions 

with structure 

Interactions 

with fluids 

Chemistry 

control 

Safety, Security  

Environment 
 

weight 30 50 50 30 50  

Grand criteria ISIR 
Components 

& circuits 
Cost Level of use 

Level of 

confidence 

Availability and 

manageability 

weight 30 20 20 10 30 30 

Table 2 : grand criteria and their relative weight (10 less important, 50 most important). 

 

B. Grand criteria 
 

A brief description of the nine grand criteria is given below. 

Thermal properties: 

The ability of the fluid to transport and transfer the heat will 

directly impact the cost of investment by determining the 

size of the circuits and the areas of the exchangers (as the 

temperatures of the fluid in the intermediary circuit are 

assumed fixed, the lower are the transport and transfert 

properties, the larger are the component). The power of the 

pump will impact the in-service cost. This can be assessed 

through characteristic groups of properties of the fluid (heat 

capacity, thermal conductivity…). The method has been 

described in a previous paper 20, few adaptations were 

proposed. Except for Pb-Bi, which for an extended and 

recent review is available 21, the properties (heat capacity, 

thermal conductivity…) of the mixtures were calculated by 

using classical interpolations from the properties of pure 

compounds. 

 

Interaction with structures 

The interactions between the fluid and the material of the 

circuits and components lead to particular choices for the 

material. This item includes general corrosion (oxidation or 

dissolution), localized corrosion (grain boundary corrosion, 

liquid metal embrittlement…), mass transfer (plugging, 

fouling), mechanical properties and long term modelling. 

The general corrosion must not induce an unacceptable loss 

of the mechanical or heat transfer properties of the material. 

For example, if an oxide is formed on the surface of the 

material, the increase in its thickness during the lifespan of 

the reactor should not induce a decrease in the thermal 

transfer more than about 20%. In case of mass transfer, the 

quantity of corrosion products should not reasonably 

exceed dozens of kilograms per year (equivalent of the 

maximum expected in the primary circuits of the SFR). The 

best known corrosion resistant “industrial” material for 

each fluid has been selected for the evaluation. As they vary 

from one fluid to another, the mechanical properties of the 

materials were also compared, as well as their resistance to 

water or sodium corrosion (respectively in the steam 

generator SG or in the intermediate heat exchanger IHX). 

The availability of the reactor can be affected by the 

corrosion, the mass transfer or the loss of mechanical 

properties. 

 

Interaction with other fluids 

The intermediate fluids can react with sodium, water, air or 

other materials or fluids like concrete or oil. The 

thermodynamics, the kinetics and the by-products of these 

reactions and their effects (corrosion, erosion, plugging, 

toxicity…) must be considered. 

 

Chemistry control, operating range 

The coolant can be operated in domains of temperature, 

pressure and chemistry (of the fluid or the gas phase) that 

have to be specified. The wider the ranges, the easier the 

operation of the reactor. The consequences of out-of-range 

operations (temperature sudden rise, impurity ingress…) 

must be evaluated. Instrumentation is required to assure that 

the fluid is being operated in the specified range and a 

dedicated chemistry control system may be necessary to 

maintain the fluid in that domain. For example, it is 

generally specified that hydrogen level in a sodium 

secondary circuit should be less than 0.1 ppm, for a 

sufficiently early sodium water reaction detection. This can 

be done by precipitating the hydrides in a cold trap and by 

controlling the resulting dissolved H concentration with a 

hydrogen-meter (by membrane diffusion and spectroscopy 

or by an electrochemical probe). 

Measurement and control systems are evaluated through 

their reliability, sensibility, accuracy, toughness, 

efficiency… 

The manageability and availability of the reactor can be 

affected by the operating range and the operation to be 

conducted in case of out of range operation, and also 

affected by the methods of measurement and control. For 

example, if numerous maintenance operations are necessary 

on the purification units.  

The tritium behaviour (diffusion, trapping…) was also 

evaluated in this criterion.  

 

Safety, security and environment 

The consequences of different kinds of leaks and reaction 

between fluids on the safety were evaluated, by taking into 

account the risks of core plugging, gas bubbles in the core, 

exothermicity of reactions, risks of fire, explosion… The 

capacity of the fluid to absorb transient regime was also 

roughly estimated as well as the possibility of using the 

intermediate loop for Decay Heat Removal DHR, as an 

assistant of the classical DHR systems. 

The manageability and availability of the reactor are of 

course affected by a proper management of the 

consequences of the leaks. 

The management of effluents and wastes during 

maintenance or dismantling operations was evaluated. This 

takes in consideration recycling of the fluids and the 

toxicity of the fluid or of the by-products. 
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In Service, Inspection and Repair22: In operation, the 

following physical properties of the fluid must be 

measured: temperature, flow rate, pressure. The leaks of 

one fluid in another must also be detected, the faster the 

higher the damages they might induce. The most critical for 

the safety is the leak of the alternative fluid in the sodium 

of the primary circuit. Some aspects of leak detection were 

treated in the group dealing with the chemistry control, for 

example air ingress in the AF, as it is generally detected by 

instruments connected with the fluid purity control system. 

The inspections of the components are conducted 

periodically during shutdown of the reactor. They must 

guarantee that any defect is likely to induce latter 

misfunctioning in service. 

Maintenance of the components and circuits is periodical 

operations, when repair operations are not. But the related 

problems are globally the same: components must be 

cleaned (and decontaminated for the IHX), re-qualified and 

strict procedures of start-up of the reactor must be followed. 

It is well known that with sodium coolant, problems arose 

mainly during the start-up of the reactor after maintenance 

operations, due to fast caustic corrosion effect. 

The availability and manageability of the reactor are 

affected by all these aspects. 

 

Components & circuits 

The process (including weldability) and approximate costs 

of the following components and circuits were assessed: 

IHX, SG, pumps, valves, main circuit, auxiliary circuit, 

chemistry control circuit, instrumentation. The nature of the 

component, their size and their material can greatly differ 

from one fluid to another. Input data were given by all the 

other groups (thermal properties for the size of the 

component, interaction with the structures for the material, 

chemistry control for the purification unit…). 

 

Experience 

A fluid can be most confidently chosen if it has been 

already experienced as a coolant, especially in a nuclear 

context. Moreover, the R&D cost can be decreased if test 

infrastructures already exist. 

 

 

 

Cost 

The cost of a fluid (with purity specification) was estimated, 

as well as the availability of the component and the cost in 

operation. 

 

It can be seen that criteria related to Thermal properties, 

Components & circuits, Experience and Cost are rather 

related to investment costs, when Interaction with structures, 

Interaction with fluids, Chemistry control, Safety, ISIR and 

Availability are rather related to operation costs and 

protection of the investment. Globally, ¼ of the notation 

was on the first group of criteria and ¾ on the second group. 

 
IV. RESULTS 

 

A. Final results 
 

The final results of the evaluation are given in Figure 2. The 

final notation of the fluid is given as a percentage of the 

maximum note, first (blue) bars. The “equilibrium notes” 

are the second (red) bars (x10 for easier comparison in the 

graph). The note given to Na-Ni is also reported and the 

note of sodium is given for sake of comparison. The best 

note is obtained by Pb-Bi, 64%. It corresponds to a note 

between “average” and “good”. Pb-Bi is also the fluid with 

the best “equilibrium note”, 6.6. Two other fluids have also 

good notes but their equilibrium notes are much lower 

NaOH-KOH and Na-Ni, 2.2. Most important features to 

understand the notations are given below. It is worth noting 

that a sensitivity analysis relative to the weights for the 

grand criteria (in particular by giving less weight to the 

interaction with fluids and a higher one to components & 

circuits) has pointed out that the results keep globally 

unchanged in a reasonable extent. 

In Figure 3, a radar graph represents the notes of the grand 

criteria for the three most promising fluids: Pb-Bi, NaOH-

KOH and Na-Ni. It can be seen that Pb-Bi does not suffer 

any weak point but does not present either very good 

notations. On the contrary, NaOH-KOH and Na-Ni have 

very good and bad notes. It must be kept in mind that as 

very few is known about the Na-Ni fluid, the relative 

notations are only rough estimates. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 : Global (first bars) and equilibrium (2

nd
 

bars) notes of AF for SFR intermediate circuits. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Radar graph of the notations of grand criteria 

for Pb-Bi, Na-Ni and NaOH-KOH. 
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B. Key features 
 

Thermal properties.  

Molten salts are the best for heat transport (high ρ.Cp, 

where ρ is the fluid density and Cp its heat capacity), when 

Heavy Liquid Metals (HLM) are more efficient for heat 

transfer (linked with thermal conductivity λ). But sodium is 

much better concerning energy performance (extracted 

power on pumping power) due to his high λ and Cp and 

low ρ. First calculations showed that exchanger areas 

would be almost twice larger for molten salt than for 

sodium (heavy metals are intermediate). For Pb-Bi and Na, 

details of the results can be found in 20. Globally all fluids 

have good final notes for this criterion. 

 

Interactions with structure 

Heavy liquid metals 23-35 and nitrate salts 36-39 allow, in 

specific operating conditions, the formation of protective 

oxide layer on the classically used T91 ferritic martensitic 

and 316 austenitic steels (see Figure 4). For HLM, the 

concentration of oxygen has to be approximately above the 

concentration needed for the formation of magnetite 

Fe3O4
40. It was calculated for T91 immersed in stagnant Pb-

Bi by using an oxidation model established for oxygen 

saturated conditions and developed in 30-32, that the steel 

would, at 520°C and for an intermediate level of oxygen 

(about 10-2 ppm, see § Chemistry control), develop an oxide 

layer of about 40 µm in 20 years. Strong attention must be 

paid to the fact that this model was developped for oxygen 

saturated condtions, and that its application to intermediate 

levels of oxygen concentrations has not been validated. It 

should be emphasized that lower corrosion rates and less 

constraint on oxygen control could be obtained by lowering 

the maximum fluid temperature (lower than 500°C by 

example) or by using innovating high resistant corrosion 

materials (protected by alumina-forming layer). Mass 

transfer due to the possible spallation of the magnetite layer 

(half of the oxide layer) could be observed. It was 

postulated that similar rates could be obtained with the 

other HLM, provided the oxygen concentration could be 

maintained in the targeted range. For nitrate salts, the 

oxidation rates appear to be somewhat lower, and 316 steel 

can be used (in HLM, nickel is preferentially leached 

leading to important corrosion rates for temperatures above 

500°C even for controlled oxygen conditions). However, 

long term tests are missing (max 7000 h) 37. For both HLM 

and nitrates, clear gain could be obtained by operating at 

lower temperature or by using corrosion resistant steels 

(forming alumina or silica protective layers 28, 41, 42). 

Embrittlement by lead-bismuth is mostly observed in non-

oxidizing conditions ensuring wetting of the specimens and 

for temperatures below 400 °C, this point has to be 

considered carefully especially for Fe-9Cr steels 43. 

Cadmium is known as an effective embrittler of ferritic 

steels 44. 

The NaOH-KOH mixture induces high corrosion rates and 

nickel base materials show the best resistance 16, 45, 46. Many 

phenomena occur during corrosion : nickel oxidation, 

dissolution and reaction with Na to form a mixed oxide 45. 

Very few data are available in the temperature range 

considered here (around 500°C) and the data available are 

very scattered, corrosion rates are usually high (more than 

50 µm/year for inconel at 500°C) and so is the associated 

mass transfer of nickel (at 500°C about 0.5 kg.m-2) in the 

cold zone. Moreover, caustic cracking might occur in some 

particular conditions. 

 

 

 

 

 

 

 

 

 
Figure 4 : oxidation layers on a T91 steel, 3700h at 

470°C in oxygen saturated Pb-Bi (by courtesy of 

L.Martinelli, CEA Saclay). 

 

Interactions with other fluids 

The three considered HLM will react with Na above 400°C 

and form solid phases as BiNa3 and BiNa 7, 47, 48. The BiNa3 

formation is very exothermic, 190 kJ.mol-1 from pure 

components 48, which can be compared with the 180 

kJ.mol-1 for the reaction between vapour and sodium. In 

EBR-II, Sn and Bi spilled in the sodium after failure of the 

liquid seal of the rotating plug, but no 210Po generated from 

Bi activation was detected in the sodium, contrary to Sn 

isotopes 49. It was concluded that Bi is removed from the 

sodium in the cold trap, where it precipitated. Lead in 

solution in sodium should also be precipitated in the cold 

trap, but cadmium rather not (according to phase diagrams 
47). According to Miyahara et al. 7, heavy BiNa3 particles 

might settle and only those which diameter is smaller than 

one micron are transported by the sodium. Nitrates react 

exothermically with sodium to form NaXO (X =Na, K, Li) 

and N2. The heat of reaction of NaNO3 with Na is about 

800 kJ.mol-1. NaOH-KOH should form Na2O and NaH in 

sodium that should finally dissolve as O and H in sodium. 

Pb-Bi slightly reacts with air, the reaction being exothermic. 

It is certainly related to its low vapor pressure and its 

effectively very protective oxide layer. By contrast, Bi-Cd 

should be able to inflame at low temperature, by analogy 

with cadmium. CdO vapors are toxic. Because of the low 

Cd content in Pb-Bi-Cd, inflammation should be much 

more difficult than for Bi-Cd. Pb-Bi slightly reacts with 

water, though attention must be paid to the problem of 

steam explosion 50. Reaction between Cd and liquid water is 

possible (the free enthalpy for CdO formation is negative 

for T >150°C) and is slightly endothermic but produces 

toxic CdO. Nitrate salts and hydroxides are inert with air 

and water. 

 

Chemistry control, operating range. 
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Pb-Bi has a large liquid range (125°C - 1670°C), a low 

vapor pressure (≈10-5 times lower than sodium at 520°C) 21 

but suffers from oxygen contamination. The oxygen content 

must be kept between two extreme values on the operating 

range 40: the upper limit corresponds to PbO formation (risk 

of plugging) and the lower value to the formation of 

protective oxide layers (Fe3O4) necessary for the protection 

against corrosion. Practically, the oxygen content should be 

fixed between 5.10-4 and 10-2 ppm 40. As the oxygen activity 

is lower for CdO than for PbO formation, it could be 

expected that the operating oxygen contents for Bi-Cd and 

Pb-Bi-Cd are narrower or may not exist. However, 

preliminary calculations show that it should be close to the 

one of Pb-Bi. The oxygen content is measured by 

electrochemical sensors 51-53. Their most important 

drawbacks are stability and little durability 40. In normal 

operating conditions, the oxygen should be consumed by 

oxidation of the structures. The oxygen content can be 

controlled by gaseous systems (e.g. H2O/H2 mixtures 54, 55) 

which might be complex and inefficient in large systems or 

by solid/liquid exchange systems, first developed in Russia, 

where PbO pellets dissolve in Pb-Bi 40, 56. In start-up 

operation or in case of large contamination (air ingress), a 

purification system should be used (by filtration…) 40. It is 

postulated that the same considerations hold for cadmium 

alloys, if replacing PbO by CdO. The volume change at 

fusion for HLM is very low – almost 0 for Pb-Bi21. The 

tritium behavior in the reactor is not clear. The hydrogen 

solubility in Pb-Bi is very low 57 and thus most of the 

tritium should be found in the primary system (cover gas 

and cold trap), in the cover gas of the intermediate circuit 

and in the SG. It should be noticed that chemistry control 

constraints and tritium behavior might be easier to manage 

if an alumina-former steel is used (less oxygen 

consumption, tritium blocked at walls). 

Nitrate salts operating range and chemistry control is ruled 

by their decomposition in nitrites NO3
- = NO2

-+1/2O2 
37. At 

equilibrium at 520°C about 1% of the nitrates decomposes, 

and the exchanger would operate in biphasic mode if nitrite 

concentration is not well controlled. Moreover, temperature 

excursions could lead to higher decomposition (e.g. about 

3% at 550°C). The methods for in-line measurement and 

control of nitrite content are not well defined. It must also 

be stressed that volume change at fusion is quite important 

for the ternary salt (≈ 15%). The tritium will probably be 

retained as tritiated water in the salt. 

NaOH-KOH has a large temperature operating range (170- 

>1000°C) and intermediate vapour pressure at 550°C. But it 

should be operated in reducing atmosphere to lower the 

corrosion rate, this being proved to be difficult to control in 

large systems 58. The volume change at melting is large (≈ 

15%) 59. The tritium will be trapped in the fluid itself (by 

isotopic exchange and formation of NaOT-KOT). 

 

Safety, security and environment. 

For HLM, the leaks in primary sodium could lead to safety 

problems if the reaction products (BiNa3…) might plug the 

assemblies or, to a lesser extent, wear the primary pumps. 

For alloys with Cd, risks of fire, CdO toxicity and SG 

plugging by CdO are serious drawbacks compared to Pb-Bi. 

The risks of steam explosion have to be dealt with. 

For nitrate salts, the major safety concern is the production 

of N2 (with a highly exothermic reaction) in the primary 

sodium in case of sodium/nitrate reaction, as gas bubbles 

could enter the core. For nitrates containing lithium, lithium 

enrichment in 7Li could be necessary to prevent the risk of 

large tritium build-up. Moreover because of their important 

decomposition above 520°C, these fluids are less capable to 

remove residual heat or accommodate temperature sudden 

increase. For NaOH-KOH, it was estimated that the risks of 

plugging by Na2O or the risks of NaOH-Na corrosion were 

limited. In case of temperature sudden rise, the corrosion 

could be dramatically increased. 

The effluents of the fluid will not be easy to manage. Pb 

and especially Cd are very toxic and there is an actual trend 

to try to decrease their content in all effluents. As the 

nitrates and the hydroxides will contain tritium, adequate 

treatment would be necessary before release. 

 

ISIR 

The detection of HLM and nitrates reactions with sodium 

could be performed by using two complementary methods : 

ultrasonic (US) measurement for BiNa3 particles 7 or N2 gas 

bubbles, and Laser Induced Breakdown Spectroscopy 

(LIBS) for elements dissolved in sodium (as Bi, Pb or Li, 

with a detection limit postulated to be around 1 ppm, but 

not K, which content in sodium is generally high, >150 

ppm). For NaOH-KOH leaks in primary sodium, an 

optimized plugging indicator should detect O and H build-

up in the sodium. In HLM, small water leaks could be 

detected by electrochemical sensors and large one by 

acoustic sensors. For nitrates and hydroxides, it is believed 

that periodical sampling could be sufficient for small leaks 

detection. 

The external leaks could be detected in each case by using 

shifted insulations and instrumented collecting pots. 

Due to the safety risks induced by the leaks of the 

intermediate fluid in the primary sodium, the IHX has to be 

carefully and periodically controlled, which might induce 

delays by comparison with a SFR with Na as an 

intermediate fluid where only the SG is periodically 

controlled. 

On the contrary, maintenance operations should be easier as 

the cleaning of the fluid might be easier compared to 

sodium, for which particular care has to be taken to prevent 

caustic corrosion. For Pb-Bi, a cleaning solution 60 could 

consist in the ternary H2O2/ethanol/acetic acid mixture used 

to remove residual HLM for the preparation of 

metallographic samples 26, 61. It should be checked that a 

related process might be efficient at the industrial scale. For 

nitrates and hydroxides, water cleaning should be sufficient. 

 

Components & circuits. 

It was estimated that use of coatings were an unrealistic 

solution for large components and circuits as their 

deposition would be difficult and the complete tightness 
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impossible or very difficult to control in each point. For 

HLM, the hot branch materials should be T91 type (9 Cr) 

steels, when austenitic steels (316) could possibly be used 

in the cold branch (lower than 400°C). Due to the high 

density of the liquids, short circuits are preferred (for 

seismic resistance purposes…). Auxiliary circuits are 

necessary for the purification and the oxygen content 

control. For nitrates salts, components are made of 316 steel 

but they have to be larger or more numerous by comparison 

to a sodium circuit. Also, degassing systems have to be 

implemented to avoid the risk of bubbles passing into the 

core. Particular care has to be drawn to the valves because 

of the large volume change at melting point. NaOH-KOH 

would require expensive circuits because of the large 

components and the costs of the nickel based materials. 

Except for 316 steel, the demonstration of the feasibility of 

large and thick components with long time reliable 

mechanical properties is still an open question (in particular 

their weldability). 

 

Experience 

Lead Bismuth is the only fluid that benefits from some 

experience as a coolant in nuclear facilities (Russian 

submarines) and international experimental facilities, in the 

framework of the ADS programs. NaNO3-KNO3 has been 

tested as a coolant in solar applications at an industrial scale 

and some experimental facilities exist, in particular in the 

USA (Sandia National Lab) and Europe (ENEA). No other 

fluids benefit from facilities though possibly HLM with Cd 

could be tested in Pb-Bi facilities and the ternary nitrate 

with no problem on those dedicated to the binary salt. But it 

should be underlined that the facilities do not address all 

problems arising when using these fluids in a SFR (in 

particular, reaction with sodium). 

 

Cost 

Lead, bismuth and cadmium are rather low cost elements 

(max 10$/kg for Bi), but the cost of the pure mixture could 

be one order of magnitude higher. This has to be compared 

to the estimated price of nuclear sodium, about 5 $/kg. The 

availability of bismuth is an opened question : according to 

reference 12, the estimated bismuth reserves are of 680000 

metric tons. It could then be estimated that a maximum of 

250 large power SFR reactors could be run at the same time, 

if no other bismuth resources are discovered. Nitrates and 

hydroxides are rather low cost compounds and the 

specifications on purity (low chloride or magnesium 

content in nitrates for example) should not change 

drastically their cost. On the other hand, it was considered 

that lithium enrichment should be necessary for the ternary 

nitrate. In that case, this compound would become very 

expensive and its availability very low. 

 

Availability and manageability 

The notes of the fluids for this criterion are rather low, in 

particular in comparison with sodium, when it was expected 

that the elimination of the reactions with air and water 

would greatly improve this point. This is mostly due to the 

corrosion impact and the risks of the reaction with the 

sodium and the sensors which have to be implemented to 

detect it. Moreover, fluids with cadmium suffer from the 

high toxicities of this element and of its oxide.  

 

Sodium with nanoparticles of nickel. 

This fluid was estimated as being equivalent to sodium in 

many points. Its claimed advantages are linked to its lower 

reactivity with air and water (but it does not lower the risk 

due to caustic corrosion after maintenance), but they are 

still to be proved in real situations (reduction of wastage 

occurrence in case of a water sodium reaction…). 

According to our estimations, its drawbacks are its 

experience, its cost/availability and the risk of instability of 

the solution (growth, sedimentation of the particles) and 

thus the management of the fluid: in-operation control that 

the nanoparticles respect the required specifications. 

Moreover, the use of electro-magnetic devices, in particular 

pumps seems not to be possible. Finally, it was considered 

that no best compound than nickel could be used as nano-

particles (oxides would react with sodium, carbides are too 

much abrasive, metallic elements are too much soluble or 

can form oxides with sodium and oxygen in solution). 

 

V. SELECTION OF FLUIDS 

 

A. Fluid selection 
 

Three fluids seem to require attention considering their 

global notes: Pb-Bi, NaOH-KOH and sodium with 

nanoparticles. Pb-Bi is a fluid with no major drawbacks 

(good equilibration note) and it benefits from an 

international research. It was thus considered that a 

complementary research program should be conducted on 

the most salient points for its use in SFR. Sodium with 

nanoparticles is less equilibrated but its major drawbacks 

(experience, cost) are due to its too recent merging. Further 

attention should be paid to it if it could be confirmed that it 

notably reduces the sodium water reaction risk. 

On the contrary, the major drawbacks of NaOH-KOH, 

corrosion and costs of materials, seem large enough to not 

retain that fluid as a consistent solution (though it presents 

the best evaluation concerning thermal and safety aspects 

for example).  

 

B. R&D program. 
 

For Pb-Bi, it was found that the following points should be 

investigated for having this fluid used in a SFR, in a 

preference order: 1) reaction with sodium, safety impact ; 

2) long term corrosion and prediction at intermediate 

oxygen content (between dissolution of the material and 

precipitation of lead oxide); 3) Purification and oxygen 

management ; 4) sodium/ Pb-Bi reaction detection : LIBS 

and US sensors ; 5) steam water explosion ; 6) design of 

compact components, mechanical properties of the selected 

materials (creep, cyclic softening, liquid metal 
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embrittlement) 7) tritium management ; 8) bismuth 

availability ; 9) large scale cleaning ; 10) procedures of use 

(melting/freezing management…). 

If sodium with nanoparticles is found to require further 

studies, they should be by order of preference : 1) 

sodium/water reaction ; 2) production of fluids; 3) fires ; 4) 

stability of the fluid : growth, sedimentation of the 

particles ; 5) in-operation size measurements ; 6) fluid 

management ; 7) physical properties determination ; 8) 

effects on corrosion/erosion 9) methods of cleaning 10) 

efficiency of US sensors ; 11) possible effects in the 

primary circuits (neutronic impact, plugging ?). 

 

C. Impacts on operation and design 
 

The use of Pb-Bi as an intermediate fluid would have the 

following impacts on design. The circuits have to be short 

and integrated components are preferred. The zones with 

fast velocity should be avoided to limit the erosion 

problems. The activation of the fluid must be avoided (to 

prevent 210Po formation). The IHX must enable periodical 

controls. A purification circuit and an oxygen control circuit 

are necessary. No fast drain circuit should be needed. 

The use of Pb-Bi as an intermediate fluid would have the 

following impacts on operation. The oxygen content must 

be carefully controlled and possibly the operating 

temperature lowered. The non-occurrence of leak into 

sodium must be constantly checked. Frequent maintenance 

operations will be necessary on the purification circuits 

(filters, oxygen sensors, oxygen control systems). The 

tritium release and effluents with Pb will have to be 

carefully managed. Moreover, the operators will have to 

manage two fluids with very different behaviors; sodium 

and Pb-Bi, which means that a higher level of formation 

will be required. 

 

VI. CONCLUSION 

 

We present a method for estimating the best fluid that could 

replace the sodium in the intermediate circuit of an SFR. 

First, a selection was systematically applied to point out 

best promising coolants among a large number of fluids. 

Six fluids were selected, and also a recently proposed fluid, 

sodium with nanoparticles of nickel. A multi-criteria 

analysis was developed to evaluate the fluids, through 

grand criteria related to the qualities required for an 

intermediate coolant. The evaluation was performed by 

groups of experts for each criterion who decided of the sub-

criteria and of the relative technical questions for the 

evaluation and notation. 

From this evaluation, it was concluded that the eutectic 

alloy Pb-Bi was the most promising fluid. Also, the sodium 

with nickel nanoparticles could be of interest if a clear gain 

is put in evidence for the sodium water reaction. 

R&D programs for a thoroughly evaluation of these two 

fluids have been proposed. The impacts on the design and 

on the operation of the reactor have also been highlighted. 

 

VII. ACKNOLEDGEMENTS 

The authors would like to thank all the persons from CEA, 

Areva NP and EdF, who have participated in the working 

groups for alternative fluid evaluation. 

VIII. REFERENCES 

 

1. Fleitman, A. H., et al., "Mercury as a nuclear coolant". 

Nuclear Engineering and Design, 16, pp 266-278 (1971). 

2. Gorse-Pomonti, D., et al., "Liquid metals for nuclear 

applications". Journal of Non-Crystalline Solids, 353, 32-

40, pp 3600-3614 (2007). 

3. Marth, W. In Sodium - Still the best coolant for fast 

breeder reactor, Proc of LIMET, Avignon; SFEN.(1988) 

4. Spencer, B. W. In The rush to heavy liquid metal reactor 

coolants - gimmick or reasoned, Proc of ICONE 8, 

Baltimore; ASME.(2000) 

5. Subbotin, V. I., et al., "Liquid metal coolants for nuclear 

power". Atomic Energy, 92, 1, pp 29-40 (2002). 

6. Weeks, J. R., "Lead, Bismuth, Tin and their alloys as 

nuclear coolants". Nuclear Engineering and Design, 15, pp 

363 (1971). 

7. Miyahara, S., et al. In Reaction, Transport and Settling 

Behavior of Lead-Bismuth Eutectic in Flowing Liquid 

Sodium, Proc of ICONE 14, Miami (USA); ASME, 

Ed.(2006) 

8. Barbier, F., et al., "Corrosion of martensitic and austenitic 

steels in liquid gallium". Journal of Material Research, 14, 

3, pp 737-744 (1999). 

9. Balbaud-Célérier, F., et al., "Investigation of models to 

predict the corrosion of steels in flowing liquid lead alloys". 

Journal of Nuclear Materials, 289, 3, pp 227-242 (2001). 

10. Benamati, G., et al., "Mechanical and corrosion 

behaviour of EUROFER 97 steel exposed to Pb-17Li". 

Journal of Nuclear Materials, 307-311, Part 2, pp 1391-

1395 (2002). 

11. Gessi, A., et al. Parametric experiments on Eurofer steel 

corrosion by Pb-17Li; LB-A-R-022. Final report on EU 

Task TW2-TTBC003.D3; ENEA Brasimone.(2005) 

12. Mineral commodity summaries 2007. In Survey, U. G., 

Ed. US Geological Survey: Washington, 2007. 

13. Bogolovskaia, G. P., et al., Comparative assessment of 

thermophysical and thermohydraulic characteristics of lead, 

lead-bismuth and sodium coolants for fast reactors. IAEA-

TECDOC-1289 AIEA: Vienna (Austria).(2002) 

14. Fazio, C., Handbook on Lead-bismuth Eutectic Alloy 

and Lead Properties, Materials Compatibility, Thermal-

hydraulics and Technologies OECD: Paris; Vol. 1.(2007) 

15. Pacheco, J. E. Final Test and Evaluation Results for the 

Solar Two Project; SAND 2002-0120; Sandia National 

Laboratories: Albuquerque (NM).(2002) 

16. Gregory, J. N., et al. The static corrosion of nickel and 

other materials in molten caustic soda; AERE C/M 272; 

Harwell, Berks.(1956) 

17. Ohira, H., et al. Fluid in liquid state containing 



Proceedings of ICAPP ‘09 

Tokyo, Japan, May 10-14, 2009 

Paper 9105 

dispersed nano-particles of metal or the like. US Patent 

N°2006/0054869 A1 (2006). 

18. Saito, J.-I., et al. In Study on chemical reactivity control 

of liquid sodium - Research Program, Proc of ICONE15, 

Nagoya (Jp); JSME, Ed.(2007) 

19. Toda, M., et al. Nano particle-dispersed high 

performance liquid fluid, production method and device for 

that fluid, method of detecting leakage of that fluid. EU 

Patent EP 1 780 254 A1,05751523.1 (2005). 

20. Saez, M., et al. In Thermal Criteria to Compare Fast 

Reactors Coolants for the Intermediate Loop, Proc of 

GLOBAL 07 - Advanced Nuclear Fuel Cycles and Systems, 

Boise, Idaho; ANS.(2007) 

21. Benamati, G., et al., Thermophysical and electrical 

properties. In Handbook on Lead-bismuth Eutectic Alloy 

and Lead Properties, Materials Compatibility, Thermal-

hydraulics and Technologies Fazio, C., Ed. OECD: 2007; 

pp 25-99. 

22. Baque, F., "Review of in-service inspection and repair 

technique developments for French liquid metal fast 

reactors". Nuclear Technology, 150, 1, pp 67-78 (2005). 

23. Briceno, D. G., et al., "Behaviour of F82H mod. 

stainless steel in lead-bismuth under temperature gradient". 

Journal of Nuclear Materials, 296, pp 265-272 (2001). 

24. Crespo, L. S., et al., Compatibility of structural 

materials with LBE and Pb : standardisation of data, 

corrosion mechanism and rate. In Handbook on Lead-

bismuth Eutectic Alloy and Lead Properties, Materials 

Compatibility, Thermal-hydraulics and Technologies Fazio, 

C., Ed. OECD: 2007; pp 231-274. 

25. Fazio, C., et al., "Compatibility tests on steels in molten 

lead and lead-bismuth". Journal of Nuclear Materials, 296, 

1-3, pp 243-248 (2001). 

26. Gessi, A., et al., "Corrosion experiments of steels in 

flowing Pb at 500 °C and in flowing LBE at 450 °C". 

Journal of Nuclear Materials, 376, 3, pp 269-273 (2008). 

27. Glasbrenner, H., et al., "Bending tests on T91 steel in 

Pb–Bi eutectic, Bi and Pb–Li eutectic". Journal of Nuclear 

Materials, 335, pp 239-243 (2004). 

28. Kondo, M., et al., "Corrosion resistance of Si- and Al-

rich steels in flowing lead-bismuth". Journal of Nuclear 

Materials, 356, 1-3, pp 203-212 (2006). 

29. Kondo, M., et al., "Metallurgical study on erosion and 

corrosion behaviors of steels exposed to liquid lead-bismuth 

flow". Journal of Nuclear Materials, 343, 1-3, pp 349-359 

(2005). 

30. Martinelli, L., et al., "Oxidation mechanism of a Fe-

9Cr-1Mo steel by liquid Pb-Bi eutectic alloy (Part III)". 

Corrosion Science, 50, 9, pp 2549-2559 (2008). 

31. Martinelli, L., et al., "Oxidation mechanism of an Fe-

9Cr-1Mo steel by liquid Pb-Bi eutectic alloy at 470 °C (Part 

II)". Corrosion Science, 50, 9, pp 2537-2548 (2008). 

32. Martinelli, L., et al., "Oxidation mechanism of a Fe-

9Cr-1Mo steel by liquid Pb-Bi eutectic alloy (Part I)". 

Corrosion Science, 50, 9, pp 2523-2536 (2008). 

33. Muller, G., et al., "Behavior of steels in flowing liquid 

PbBi eutectic alloy at 420-600 degrees C after 4000-7200 

h". Journal of Nuclear Materials, 335, 2, pp 163-168 

(2004). 

34. Zhang, J., et al., "Corrosion/precipitation in non-

isothermal and multi-modular LBE loop systems". Journal 

of Nuclear Materials, 326, 2-3, pp 201-210 (2004). 

35. Zhang, J., et al., "Review of the studies on fundamental 

issues in LBE corrosion". Journal of Nuclear Materials, 

373, 1-3, pp 351-377 (2008). 

36. Bradshaw, R. W. Oxidation and Chromium Depletion of 

Alloy 800 and 316SS by Molten NaNO3-KNO3 at 

Temperatures Above 600°C; Report SAND 86-9009; Sandia 

National Laboratories: Albuquerque.(1987) 

37. Bradshaw, R. W., et al. Corrosion of Alloys and Metals 

by Molten Nitrates; Report SAND 2000-8727; Sandia 

National Laboratories: Albuquerque.(2000) 

38. Bradshaw, R. W., et al. Corrosion Resistance of 

Stainless Steels During Thermal Cycling in Alkali Nitrate 

Molten Salts; Report SAND 2001-8518; Sandia National 

Laboratories: Albuquerque.(2001) 

39. Goods, S. H., et al. Corrosion of Stainless and Carbon 

Steels in Molten Mixtures of Industrial Nitrates; Report 

SAND 94-8211 UC 404; Sandia National Laboratories: 

Albuquerque.(1994) 

40. Courouau, J. L., Chemistry control and monitoring 

systems. In Handbook on Lead-bismuth Eutectic Alloy and 

Lead Properties, Materials Compatibility, Thermal-

hydraulics and Technologies Fazio, C., Ed. OECD: 2007; 

pp 129-177. 

41. Benamati, G., et al., "Temperature effect on the 

corrosion mechanism of austenitic and martensitic steels in 

lead-bismuth". Journal of Nuclear Materials, 301, 1, pp 23-

27 (2002). 

42. Weisenburger, A., et al., "T91 cladding tubes with and 

without modified FeCrAlY coatings exposed in LBE at 

different flow, stress and temperature conditions". Journal 

of Nuclear Materials, 376, 3, pp 274-281 (2008). 

43. Auger, T., et al., "Liquid metal embrittlement of T91 

and 316L steels by heavy liquid metals: A fracture 

mechanics assessment". Journal of Nuclear Materials, 377, 

1, pp 253-260 (2008). 

44. Old, C. F., "Liquid metal embrittlement of nuclear 

materials". Journal of Nuclear Materials, 92, pp 2-25 

(1980). 

45. May, C. E. The mechanism of thermal gradient mass 

transfer in the sodium hydroxide-nickel system; Report 

NACA Technical Note 4089; National Advisory committee 

for Aeronautics Lewis Flight Propulsion Laboratory: 

Cleveland (Ohio).(1957) 

46. Mosher, D. R., et al. Kinetic study of mass transfer by 

sodium hydroxide in nickel under free-convection 

conditions; Report NACA RM E53K24; National Advisory 

committee for Aeronautics Lewis Flight Propulsion 

Laboratory: Cleveland (Ohio).(1954) 

47. Massalski, T. B., Binary alloy phase diagrams. Scott, 

W.W. Jr.(1990) 

48. Walker, R. A., et al., "The solubilities of bismuth and 

tellurium in liquid sodium". Journal of Nuclear Materials, 

34, pp 165-173 (1970). 

49. Brehm, W. F., et al. In Corrosion and fission products in 



Proceedings of ICAPP ‘09 

Tokyo, Japan, May 10-14, 2009 

Paper 9105 

primary systems of liquid metal cooled reactors in the USA, 

Proc of Fission and corrosion product behaviour in Primary 

Circuit of LMFBRs, IWGFR/64, Karlsruhe; Feuerstein, H.; 

Thorley, A. W., Eds. KfK 4279: pp 75-92. (1987) 

50. Ciampichetti, A., et al., "LBE-water interaction in sub-

critical reactors: First experimental and modelling results". 

Journal of Nuclear Materials, 376, 3, pp 418-423 (2008). 

51. Courouau, J. L., "Electrochemical oxygen sensors for 

on-line monitoring in lead-bismuth alloys: status of 

development". Journal of Nuclear Materials, 335, 2, pp 

254-259 (2004). 

52. Foletti, C., et al., "ENEA experience in oxygen 

measurements". Journal of Nuclear Materials, 376, 3, pp 

386-391 (2008). 

53. Konys, J., et al., "Oxygen measurements in stagnant 

lead-bismuth eutectic using electrochemical sensors". 

Journal of Nuclear Materials, 335, 2, pp 249-253 (2004). 

54. Müller, G., et al., "Control of oxygen concentration in 

liquid lead and lead-bismuth". Journal of Nuclear Materials, 

321, 2-3, pp 256-262 (2003). 

55. Nam, H. O., et al., "Dissolved oxygen control and 

monitoring implementation in the liquid lead-bismuth 

eutectic loop: HELIOS". Journal of Nuclear Materials, 376, 

3, pp 381-385 (2008). 

56.  Kondo, M., et al., "Study on control of oxygen 

concentration in lead-bismuth flow using lead oxide 

particles". Journal of Nuclear Materials, 357, 1-3, pp 97-

104 (2006). 

57. Arnol'dov, M. N., et al., "The permeability and 

solubility of hydrogen in a lead-bismuth melt of eutectic 

composition". High Temperature, 42, 5, pp 715-719 (2004). 

58.  Gregory, J. N., et al. A survey of data and information 

on molten sodium hydroxide relevant to its application as a 

reactor medium; Report AERE C/R 2439 RCTC/P-93; 

UKAEA Research Group, AERE, Harwell, Berks.(1957) 

59. Janz, G. J., et al. IV Molten Salts : data on additionnal 

single and multi-component salt systems; Report NSRDS-

NBS 61, IV; National Bureau of Standards.(1981) 

60. Kikuchi, K., et al., "Lead-bismuth eutectic compatibility 

with materials in the concept of spallation target for ADS". 

JSME International Journal Series B Fluids and Thermal 

Engineering, 47, 2, pp 332-339 (2004). 

61. Martinelli, L. Mécanisme de corrosion de l'acier T91 

par l'eutectique Pb-Bi utilisé comme matériau de cible de 

spallation. Importance pour les réacteurs hybrides. . 'Thesis 

of' Université de Paris VI,'Université de Paris VI' 2005. 

 

 


