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Abstract 

One of the most challenging issues for all future innovative nuclear systems including Gen IV 
reactors are materials. The selection of the structural materials determines the design which has to 
consider the properties and the availability of the materials. Beside general requirements for 
material properties that are common for all fast reactor types specific issues arise from coolant 
compatibility. The high solubility of steel alloying elements in liquid Pb-alloys at reactor relevant 
temperatures is clearly detrimental. Therefore, all steels that are considered as structural materials 
have to be protected by dissolution barriers. The most common barriers for steels under 
consideration are oxide scales that form in situ during operation. However, increasing the 
temperature above 500°C will result either in dissolution attack or in enhanced oxidation. For 
higher temperatures additional barriers like alumina forming surface alloys are discussed and 
investigated. Mechanical loads like creep stress and fretting will act on the steels. These mechanical 
loads will interact with the coolant and can increase the negative effects.  

For a LFR (Lead Fast Reactor) Demonstrator and MYHRRA (ADS) austenitic steels (316L) are 
selected for most in core components. The 15-15Ti is the choice for the fuel cladding of MYHRRA 
and a Pb cooled demonstrator. For an industrial LFR (Lead Fast Reactor) the ferritic martensitic steel 
T91 was selected as fuel clad material due to its improved irradiation resistance. T91 is in both 
designs the material to be used for the heat exchanger. Surface alloying with alumina forming 
alloys is considered to assure material functionality at higher temperatures and is therefore selected 
for fuel cladding of the ELFR and the heat exchanger tubes. This presentation will give an overview 
on the selected materials for innovative Pb alloy cooled nuclear systems considering, beside pure 
compatibility, the influence of mechanical interaction like creep and fretting. 

Introduction 

Climate change, peak oil and the growing dependency on states outside EU cannot be 
answered only employing renewable energy sources like wind and solar. Especially the 
base load electricity production cannot be guaranteed only considering such kind of 
electricity production methods. Nuclear energy using Fast Gen IV reactors can fulfill the 
requirements concerning CO2 free, base load capability and sustainability. One of the most 
promising coolants, especially due to its high thermal inertia and thus its long grace times 
in case of accidents, is the heavy liquid metal (HLM) lead (Pb). For several years worldwide 
researches have been investigating this coolant and its impact on the reactor design and 
especially on the materials to be selected. In several EU funded projects, design, safety and 
some technological aspects of lead (Pb) cooled fast reactors were investigated; e.g. the 
LEADER [1] project aimed to design a prototypical demonstrator ALFRED and to continue 
with several design related aspects of the ELFR reactor. The demonstrator ALFRED should 
be available in the short and medium terms and therefore material selection is, beside 
safety aspects, also triggered by the actual availability and the status of licencing. As a 
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demonstrator, the criteria for material selection are somewhat different to a commercial 
type like the ELFR. Material selection for ELFR considers all aspects relevant to ALFRED 
including the targeted burn-up and the expected total dpa related damage in particular the 
fuel pins. In the past, compatibility of structural materials [steels like 316L, T91 and 15-15Ti 
(1.4970)] that can be employed for Pb cooled fast nuclear reactors were investigated in 
several EU projects such as EUROTRANS [2-4] and also in other projects worldwide[5-6]. The 
solubility of steel alloying elements like Ni, Fe, Cr is the reason for the reduced corrosion 
resistance in contact with Pb. In-situ oxidation is the acknowledged measure to protect 
steels in Pb up to certain temperatures that are material dependent. Based on experiments 
and the derived temperature limits, the average core outlet temperatures of ALFRED and 
the ELFR are set to 480°C. The most challenging conditions with respect to temperature are 
at the fuel assembly and the heat exchangers. For both, thin protective oxide scales with 
negligible reduction in heat transfer are the additionally requested material and 
compatibility properties. This presentation will give an overview on the selected materials 
for innovative Pb alloy cooled nuclear systems considering, beside pure compatibility, the 
influence of mechanical interaction like creep and fretting. 

Material for core components 

Material selection is focused on the actual European lead cooled fast reactor designs 
investigated at the time, ALFRED the demonstrator and the ELFR as the targeted 
industrial facility. The operating temperatures of the different reactor components are 
identical for both of the discussed nuclear reactors, ALFRED and the ELFR (Table 1). 
Therefore, most of the materials selected to manufacture components like reactor and 
inner vessel and refuelling equipment are identical for both concepts. One major 
difference between ALFRED and the ELFR is the expected maximum irradiation damage 
of the fuel assemblies. The ALFRED design foresees 100 dpa, which allows the use of the 
15-15Ti stabilised austenitic steel also employed in the French Phénix reactor [8]. This 
steel is already licensed for application in nuclear reactors, which is an additional 
important aspect for material selection for ALFRED. The fuel assembly of the ELFR needs 
to withstand a maximum radiation damage of 200 dpa that is too high for the best 
available 15-15Ti stabilised steel [9]. The class of steels that can tolerate such high 
radiation damage are ferritic/martensitic (f/m) steels, like T91 or specific ODS types. 

Table 1: Materials and conditions for the different reactor components of ALFRED and ELFR 

 

Besides improved irradiation stability, the heat conductivity of the f/m steels is 
almost a factor of two higher compared to austenitic steels like 316L and 15-15Ti 
stabilised [10]. Therefore, T91 is also discussed as structural material for heat exchangers 
and steam generator (SG) components. The thermally most loaded components like fuel 
claddings and steam generators or heat exchangers, where coolant temperatures of 550°C 
can be reached, with cladding wall temperatures even 20K higher, might require surface 
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aluminised steels to be operated. For most components, except the pump impeller, the 
maximum Pb velocity of 2m/s does not require specific attention [11]. Due to the high 
local velocities that will occur at the pump impeller and the lack of corresponding 
experimental investigations, material selection for this component cannot be done at the 
time. Several alternatives like SiSiC, Maxthal or coatings (Ta) are under consideration.  

Material compatibility with lead alloys 

Compatibility of materials with Pb is mainly determined by the temperature dependant 
solubility of the alloying elements in the liquid Pb. Ni, Mn, Al and Si have substantial 
solubility of up to some wt% at 550°C [4]. The main elements of steel, Fe and Cr, are less 
soluble but still some 10-5 wt% cannot be neglected. Alloys like W, Mo and Ta and most 
ceramics are practically insoluble. Therefore Ni containing metals like austenitic steels 
suffer more from dissolution attack than Ni free f/m steels like T91. To mitigate 
dissolution any direct contact between the steel and the liquid Pb should be avoided. The 
most appropriate method is in-situ oxidation by dissolved oxygen [12]. The oxygen 
concentration range is determined by the operating temperature range of the reactor. 
The lower operating temperature of 380°C, to consider some safety margin 325°C (melting 
tempearture of Pb), defines the upper limit of 10-4 wt% oxygen to avoid PbO formation and 
any related coolant channel blockage. The highest achievable temperature in normal 
operation conditions (550°C fuel clad) determines the lower limit of dissolved oxygen of 
10-7 wt% required to prevent or at least mitigate dissolution attack. Such formed oxide 
scales act as diffusion barrier and can prevent the dissolution. However, especially in 
case of f/m steels the growth rate of oxide scales can, particularly for longer exposure 
times, result in severe reduction of the heat conductivity.  

f/m Steel T91 

The operating temperature range for the f/m steel T91 is described in Table 1 between 380 
and 550°C. The upper limit is not designed but material driven and might be increased if 
adequate solutions are available. The f/m steel T91 does not contain Ni. Therefore, the 
susceptibility for dissolution attack is reduced compared to the austenitic steels. For the 
entire foreseen range of temperatures no dissolution attack of T91 steel is expected also for 
long exposure times if oxygen concentration is kept under control at nominal values [3]. 
The formation of oxide scales, which is the prevailing mechanism for Ni free f/m steels, is 
basically independent of whether the medium in contact is pure Pb or LBE. The oxidation 
potential as the driving force and the diffusion constants in the steel, both determining the 
oxidation behaviour, are anyway similar for both coolants. Above 480°C typically three 
layered oxide scales that grow significantly with time are formed (Figure 1a). On average, 
30 µm thick scales grow after 6 700 h. Assuming parabolic growth, oxide scales of about 
40 µm thickness are formed after 15 000 h. At 550°C oxidation is accelerated and the scatter 
of the measured data becomes significant (Figure 1b). The average thickness of the spinel 
scale increases up to almost 60 µm after 15 000 h assuming parabolic oxidation. The large 
scatter makes long-term prediction difficult.  

For long-term prediction selected data are obtained from tests with exposure times of 
≥ 2 000 h to allow reasonable extrapolation to the life time in a reactor and to avoid data 
from the initial process of scale formation (incubation time). Furthermore the materials 
should have relevant compositions (e.g. Cr content ≥ 9wt%). An important point is the 
conduction of the experiment. The conditions should be kept constant during the test, to 
obtain reliable data for an extrapolation to longer time periods. The general behaviour of 
ferritic/martensitic steels during exposure to LBE for ≥ 2 000 h is summarised in Figure 2 
and has two clearly defined regions, in the upper region protective oxide scales are formed 
and in the lower LBE attack on steel takes place. The border between both regions is the 
line drawn from the first data point at 300°C/10-8 wt% oxygen to 450°C/10-8 wt% and then 
with increasing oxygen concentration up to 550°C/10-4 wt%. The diagram shows that the 
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conditions of compatibility between steel and LBE exist inside a large range of 
temperatures up to 550°C and oxygen concentrations down to 10-8 wt%. Above 550°C there 
is a large risk of scale failure and dissolution attack onto the steel. Comparison with the 
situation for tests with more than 4 000 h duration, shows that probability of long time 
failure in the region with protective scale formation is small. This gives a hint that 
extrapolation of results obtained after 3 000-4 000 h is a reliable procedure. When failure 
occurs, it happens mainly before 4 000 h are reached. It should be noted that exposure 
times of only two protected steels reached 10 000 h and one 15 000 h in the temperature 
range 450-550°C.  

Figure 1: Oxidation of f/m steel T91 in Pb alloy at different temperatures 

 

a) Oxide scale formed in PbBi at 480°C 

 

b) Oxidation as function of time at 550°C 

Figure 2: Fe-Cr steels after exposure to LBE/Pb for ≥ 2 000 h at temperatures ranging from 400-650°C 

 

The oxide scales formed on ferritic/martensitic provide good protection against 
dissolution attack of liquid LBE and Pb, but attention has to be given to the thickness of 
the scales because of their low thermal conductivity. This concerns mainly the surfaces 
of the tube walls of fuel pins and heat exchangers that are exposed to high heat fluxes. 
Therefore, several examinations deal with the growth of oxide scales on these steels and 
with parameters that control the oxide thickness in the liquid metal environment. Based 
on numerous experiments on T91 steel in LBE containing 10-6 wt% of oxygen in the 
temperature range of 420-550°C and knowing the wide spread of especially long-term 
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oxidation data, the following relation for oxide scale growth as function of time and 
temperature can be given: 

δS(t,T) = (-0.987 + 2.54∙10-3T)= [420°C < T < 550°C] 

δS(t,T) = oxide scale thickness [µm] 
t = time [h] 
T = temperature [°C] 

As an example after 15 000h one obtains an oxide scale thickness of 9.77 µm at 420°C 
and 50.2 µm at 550°C. After a possible life time of 3 years, the scale would be 66.5 µm at 
550°C. High heat fluxes will cause an increase of the temperature gradient across the 
oxide scale with time because of the growing scale thickness. The consequence is a 
higher temperature on the metal surface of the tubes, which leads to higher oxidation 
rates. This function and the resulting oxide thicknesses should not be considered as 
absolute and final, but gives a rough impression in which range of thickness oxide scales 
might grow. Besides the lack of precise and reliable data for the long term, the observed 
oxidation becomes an issue regarding heat removal through fuel claddings and SG and 
HX tubes. Temperature increase of cladding tubes due to the reduced heat conductivity of 
the oxide scale and the reduced efficiency of the SG and HX must be considered during 
design or answered by a different solution like aluminizing of the steel. Besides, the 
oxygen supply technology also has to consider this effect. 

Austenitic steels – 316L, 15-15Ti (1.4970) 

The operating temperature range for the austenitic steel 316L is, as depicted in Table 1, 
between 380 and 480°C. The 15-15Ti to be employed as fuel assembly material can reach 
temperatures up to 550°C or even higher due to reduced heat transfer properties by the 
formation and growth of oxide scales. The current upper limits are due to limitations by 
the material compatibility and might be altered if suitable solutions are availabe. In 
previous national and international projects Ni containing austenitic steels were mainly 
tested in Pb-Bi eutectic (LBE) [3]. Due to the higher solubility of alloying elements in LBE 
than in Pb, a direct transfer of the attained knowledge is not straightforward. The general 
mechanism, the dissolution of Ni accompanied by penetration of Pb into the steel matrix, 
is identical for both coolants. However, the rate of dissolution and the resulting 
temperature and oxygen concentration limits might differ. Below 430°C, the maximum 
temperature of the reactor vessel, even in LBE no dissolution attack was observed as long 
as the oxygen content is high enough for the formation of oxide scales. In Pb a better 
behaviour of the steels can be expected. However, if the oxygen concentration drops to 
low values even at this temperature dissolution attack will become an issue. Tests with 
316L steel showed that at 450°C in LBE with low oxygen content dissolution attack 
already starts after 2 000 h (Figure 3b) [3]. In LBE, at a temperature of 500°C, dissolution 
attack is observed after about 10 000 h. In Pb at the same conditions regarding 
temperature and oxygen content oxide scales still protect the steel (Figure 3a). The 
usability of the steel 316L up to the selected upper temperature limit of 480°C at “normal” 
operating conditions seems feasible if the oxygen is controlled within the given limits. 

The 15-15 Ti stabilised steel (1.4970), foreseen as fuel cladding material, has to be 
stable up to 550°C or even 570°C. In LBE this temperature is clearly above the operating 
range for this steel [3,13]. Local deep dissolution attack starting with leaching of Ni and 
later Cr will not allow the use of the 15-15Ti in LBE at such elevated temperatures. 
However, in Pb this steel showed in experiments at same temperature and oxygen 
activity the formation of protective oxide scales at least in the first 3 000 h of exposure 
[14-15]. Based on the experience with extrapolation of corrosion data from short to long-
term experiments, it is unlikely or at least uncertain whether this steel can be operated in 
Pb at 550°C for longer times. One difficulty that arised during the experimental work is 
the so-called incubation time for the dissolution attack. At 500°C e.g at 10-8 wt% oxygen a 
typical oxide scale develops during exposure for 2 000 h (Figure 4a). However, after 



NEA/NSC/WPFC/DOC(2015)9 

 

STRUCTURAL MATERIALS FOR INNOVATIVE NUCLEAR SYSTEMS (SMINS-3), © OECDE 2015 49 

5 000 h dissolution attack was observed. A possible mechanism is the enrichment of the 
high soluble elements like Ni and Mn beneath the outer oxide sale (Figure 4b). These 
enriched phases are located in the spinel layer and can reach almost the interface with 
the outwards growing magnetite scale. The magnetite scale is rarely a dense and 
compact layer and quite frequently penetrated by the liquid metal. Therefore, the Ni and 
Mn enriched phases might act during prolonged exposure as a starting point for the 
dissolution attack if they reach the original metal surface and come in interaction with 
the liquid metal. Therefore all short term tests (< 5 000 h exposure) must be carefully 
analysed for any sign of local enrichment that can possibly predict the onset or starting 
of a dissolution attack in future exposure times. 

Figure 3: Austenitic steel 316L after exposure to Pb alloy at different temperatures 

 
a) exposure in Pb (10-6 wt% oxygen) 

at 550°C for 10 000h  
b) exposure in LBE (10-8 wt% oxygen) 

at 450°C for 2 000h 

Figure 4: Short time oxidation of austenitic steel in PbBi – Incubation time? 

 
a) SEM cross section of 15-15 Ti stabilised 

steel after 2 000h exposure at 480°C 

 
b) EDX line scan at line depicted in Figure a 

Like for the f/m steels results of most reliable tests having a minimum duration of 
2 000 h were compiled in Figure 5. As seen in the Fe-Cr steels, the diagram divides in two 
parts, separated by the line from 400°C/10-8wt% to 500°C/10-5 wt% up to 540°C/10-3 wt%. It 
should, however, be noted that above 500°C the risk of dissolution attack by leaching out 
of Ni is high. At 550°C all the specimens fail even in LBE saturated in oxygen. 

Bulk Material

Ni depletion
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Figure 5: Austenitic steels after exposure to LBE/Pb for ≥ 2 000h at temperatures 
ranging from 400-650°C. 

 

Alternative materials 

For the impeller of the pump the temperature range is between 380 and 480°C. Regarding 
solely corrosion, both classes of steels, 316 type and T91 type, can be used. However, the 
expected local velocities of up to 10m/s or even higher might be problematic for the use 
of the materials described above. Localised high velocity flow pattern can severely 
damage steels as observed in corrosion experiments at IPPE and CIEMAT [3]. 316L steel 
was heavily eroded in such flow field at temperature and oxygen conditions that are 
suitable to form protective oxide scales at nominal flow velocities. 

The materials discussed at the time are Maxthal, SiSiC or coatings (Ta). 

Maxthal: Tests with Maxthal in Pb up to 750°C revealed its excellent compatibility with 
the liquid metal. The protective oxide scale, depicted in Figure 6a, is quite thin and 
composed of TiO2, SiO2 and mixed oxides. This material is discussed as pump impeller 
material and has to withstand high local velocities. So far no experiments were 
conducted to show either the suitability or non-suitability of this material for the selected 
application. Experiments are planned and will give answers soon.  

SiSiC: SiSiC was also tested in Pb up to 600°C and did not show any incompatibility 
with the liquid metal. Like for the Maxthal no specific test at high flow velocities was 
performed so far, but due to the known wear resistance of this material beneficial 
behaviour is expected.  

Ta Coating: Ta as refractory metal has no or only very limited solubility in Pb. 
Therefore coating of an impeller was discussed as another alternative solution. Basic 
exposure tests in Pb showed the expected incompatibility of Ta with oxygen containing 
Pb at higher temperatures. At temperatures above 400°C the oxygen diffuses into the Ta 
and embrittles the material, the hardness increases of a 2mm Ta foil exposed at 500 and 
550°C as shown in Figure 6b. For longer times and higher oxygen contents entire 
oxidation of Ta sheets (200 µm thick) were observed. The simultaneous use of Ta and 
oxygen in Pb do not seem to be a suitable option for material protection in a Pb cooled 
nuclear reactor. Tests with a Ta coated steel impeller pump in oxygen reduced Pb are at 
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the time under preparation. If successful the same impeller will be tested also in oxygen 
containing Pb at 480°C to monitor whether the oxygen uptake and thus the 
embrittlement is significantly slowed down at this lower temperature. 

Figure 6: Oxidation of Maxthal and Ta in Pb alloys 

 
a) Maxthal after exposure to Pb at 750°C – formation 

of thin protective oxide scales 

 

b) Hardness increase by oxygen diffusion 
of a 2mm Ta foil 

Surface protection 

Fuel claddings are operated up to 550°C. The use of 15-15Ti stabilised steel for the ALFRED 
cladding is doubtful or at least critical at this elevated temperature due to expected 
dissolution. The cladding material of the commercial ELFR, the f/m steel T91, will not 
suffer from dissolution, but oxidation becomes a severe problem. Therefore, surface 
protection barriers are required to ensure safe operation of Pb cooled fast reactors at the 
envisaged temperatures. Dense, stable and slowly growing oxide scales that are formed 
in-situ are the preferential protection barrier. Alumina, which is employed for protection 
of stationary gas turbines [16], but at higher temperatures, is one option. Surface 
aluminizing can be used to enrich a base steel (either 316 or T91 type steel) with 
aluminum resulting in the potential to form alumina scales during use [17]. One 
applicable method is the surface alloying of deposited coatings using pulsed electron 
beams [18]. By that a surface graded material having the target Al concentration in the 
outer surface region can be manufactured (Figure 7a). Such scales showed their potential 
to protect steels up to 600°C even in LBE for more than 10 000 h. To ensure the formation 
of such protective scales over the temperature range of 380 to 550°C an optimised FeCrAl 
composition was explored experimentally [19]. 12 bulk FeCrAl alloys with different Cr and 
Al content were manufactured and exposed to Pb at temperatures between 400 and 600°C. 
After exposure detailed investigation on the nature of the formed oxide scale applying 
several different techniques like SEM-EDX, XRD, grazing incident XRD and XPS. At 400°C 
e.g. at the specimen containing 12wt% Cr and 7wt% Al a thin kappa alumina scale was 
determined (Figure 7b) from the top. The thickness of this scale was evaluated applying 
SPS to about 35nm. For the entire experimental range the Al content required to from Al-
rich oxide scales was determined as a function of Cr content and plotted in so-called 
oxide map (Figure 8). The Al content is: CAl =1.52 – 0.81 (CCr) + 0.015 (CCr)2 [wt%]. 
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Figure 7: Surface alloyed FeCrAl layer and bulk 

 

a) Cross Section 
of Surface Alloyed Specimen 

 

b) XRD (grazing incident) of exposed FeCrAl 
at 400°C - kappa Al2O3 

Figure 8: Oxide map showing the stability region of Al2O3 of the FeCrAl alloys 

 

Mechanical property degradation 

Besides pure corrosion, mechanical properties like creep strength and wear resistance 
might be affected by the contact with the liquid metal coolant. It was shown [20-22] that 
liquid Pb has a deteriorating effect on mechnical properties when in direct contact with 
the steel. Oxide scales that prevent the direct interaction will, as long as they stay intact, 
mitigate any effect of the Pb. The creep rupture strength e.g. of f/m steel T91 is reduced 
remarkably due to the contact with the liquid metal [20]. The influence of the coolant was 
negligible in case of surface aluminised T91 (“GESA”). There, the thin alumina scale was 
able to catch the deformations of the steel without cracking. Detailed evaluation allowed 
to define a threshold stress of about 120 MPa, below which, mainly due to the reduced 
strain that does not result in oxide scale cracking, the influence of Pb becomes negligible 
(Figure 6a). 316L type steels in contrast do not show such pronounced effects at all.  

Another interesting phenomenon is fretting in Pb, which is a specific type of wear 
occurring at fuel claddings and heat exchanger tubes. Small amplitudes (< 200 µm) can 
lead to severe damage. Tests were done at harsh, accelerated conditions to evaluate the 
possible influence on the life time of the related components [23]. Steel T91 and the 



NEA/NSC/WPFC/DOC(2015)9 

 

STRUCTURAL MATERIALS FOR INNOVATIVE NUCLEAR SYSTEMS (SMINS-3), © OECDE 2015 53 

15-15Ti stabilised steel and surface aluminised T91 were explored. Fretting wear can lead 
to fuel clad penetration at the T91 and 15-15Ti steel of more than 10% of wall thickness 
depending on the relevant parameters like amplitude load and temperature already after 
150 h at a frequency of 10 Hz (Figure 6b). Both steels show in addition a strongly 
increased wear with increasing temperature. The austenitic steel exhibits at 450°C 
dissolution attack already after 600 h, which was never observed even for more than 
10 000 h at 500°C in Pb. The surface aluminised T91 (GESA-T91) steel has the highest 
resistance against fretting wear. Post examination based on the construction of fretting 
maps allowed to predict the parameters that allow safe operation of fuel cladding 
regarding fretting damage. Loads above 75N and amplitudes below 15 µm combined with 
surface aluminizing are safe parameters. 

Figure 9: Mechanical properties like creep and fretting in Pb alloys 

 
a) Secondary creep rate in LBE and Air 

 
b) Fretting damage as function of temperature 
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