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Abstract 

The European Energy Research Alliance (EERA), set-up under the European SET-Plan, has launched 
an initiative for a Joint Programme on Nuclear Materials (JPNM). The JNMP aims to establish key 
priorities in the area of advanced nuclear materials, identify funding opportunities and harmonise 
this scientific & technical domain at the European level by maximising complementarities and 
synergies with the major actors of the field. The JPNM partners submitted the MatISSE proposal 
which was accepted by the European Commission. The MatISSE project has the ambition to prepare 
the building of a European integrated research programme on materials innovation for a safe and 
sustainable nuclear. Emphasis is on advanced nuclear systems in particular sodium-cooled fast 
reactor (SFR), lead-cooled fast reactor (LFR) and gas-cooled fast reactor (GFR). The aim of the 
selected scientific and technical work is to make progress in the fields of conventional materials, 
advanced materials and predictive capabilities for fuel elements and structural components. 

Concept and objective of the MatISSE EU project 

The MatISSE project aims to build a European integrated research programme on 
materials innovation for a safe and sustainable nuclear. 

With the European Strategic Energy Technology Plan (SET-Plan), the EU aims to foster 
clean, efficient and low-carbon energy technologies to face up to the energy and 
environmental challenges of today with binding targets for 2020, in particular on 
greenhouse gas emission, and with a longer term vision of a low carbon energy society by 
the 2050 horizon [1]. Several energy technologies have been proposed to achieve this goal, 
nuclear technology being among them. To achieve these goals, the SET-Plan objectives 
for nuclear development are addressed by the Sustainable Nuclear Energy Technology 
Platform (SNETP) which through the promotion of research, encourage the development 
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and demonstration of sustainable and economic nuclear fission technologies as part of 
the low carbon energy mix. The SNETP has identified three pillars in its Strategic 
Research and Innovative Agenda (SRIA) [2]: 

• light water reactors with a focus on safety and competitiveness through long-term 
operation; 

• innovative reactors based on fast neutron spectrum and closed fuel cycle, to make 
more efficient use of uranium resources, generate less long-lived radioactive 
wastes, and reduce proliferation risks, while developing highly favourable safety 
characteristics; 

• expansion of fission energy use beyond electricity production. 

As far as the sustainability target is concerned, the SNETP has defined its strategy and 
technological pathway for three technologies:  

• the sodium fast reactor (SFR) as a first track aligned with Europe’s prior experience;  

• two alternative fast neutron reactor technologies to be explored on a longer 
timescale: the lead cooled fast reactor (LFR) and the gas cooled fast reactor (GFR).  

The SNETP pilots the European Sustainable Nuclear Industrial Initiative (ESNII), 
dedicated to demonstrate the sustainability of nuclear energy through the deployment of 
advanced fission systems [3]. ESNII aims to design and construct prototype/demonstration 
reactors: 

• a prototype SFR ASTRID;  

• a LFR Pilot Plant MYRRHA, then a LFR Demonstrator ALFRED;  

• an Experimental GFR ALLEGRO.  

Advanced fission systems are challenging for materials as they seek for 
breakthroughs in sustainability and economics (while keeping high safety standards) that 
result in extreme operating conditions. Many components have to withstand severe 
conditions: high temperature and mechanical loading, prolonged operation under 
irradiation, corrosive environments. The viability and potential for innovation of those 
reactor concepts will crucially depend on the demonstration that the materials for fuel 
elements and structures can withstand the operating conditions in the longer term. Safe 
and long-term use of fuel and structural elements relies on the search for innovative 
materials and the development of robust and predictive evaluation methods in support to 
their qualification. A superior safety justification is expected which calls for deep 
understanding and reliable simulation of the behaviour of materials and components 
under nominal and transient operating conditions. These issues are essentially cross-
cutting in terms of relevant materials, of theoretical and experimental work, and of 
involved research teams, facilities and expertise. 

In terms of materials, the building of prototypes and the deployment of advanced 
systems call for priority issues to be investigated: 

• qualification of materials for codification and licensing of structural elements of 
prototype and demonstration reactors;  

• lifetime assessment of components for long-term operation; 

• development of materials of superior performance, especially fuel cladding for LFR, 
SFR and GFR; 

• qualification of fuel materials for codification and licensing. 

In this context, and in line with the SET-Plan goals, a number of research associations 
belonging to the European Energy Research Alliance (EERA) have launched a Joint 
Programme on Nuclear Materials to determine key priority topics and funding 
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opportunities [4]. The purpose is to support the development of a sustainable nuclear 
energy in an efficient way. Safety, which draws particular attention since March 2011, has 
been prominent in the strategy as well. The Joint Programme aims at: 

i) developing a common view on strategic needs and a path forward for nuclear 
materials innovation; 

ii) promoting joint prioritisation of research activities; 

iii) sharing knowledge, best practices and infrastructures; iv) supporting synergies of 
European and national efforts; v) identifying a viable business model. 

The EERA JPNM addresses cross-cutting scientific and technological high quality 
research which will benefit all reactors of the three SNETP pillars, with a main focus on 
the fast neutron systems. 

The analysis performed since 2009 by the JPNM has led to the definition of cross-
cutting research themes of interest regarding innovative material development and 
screening; experimental characterisation; fabrication issues including welding, joining, 
and coating technologies; and pre-normative research. 

Common research targets have been agreed in four sub-programmes (SP):  

• SP1 – Support to ESNII. 
• SP2 – Oxide dispersed strengthened (ODS) steels. 
• SP3 – Ceramic composites and refractory alloys. 
• SP4 – Modelling: correlation, simulation and experimental validation. 

The MatISSE proposal was built to bring forward the EERA JPNM on the way to 
integration. Innovative materials research for nuclear energy has been going on in several 
European laboratories and organisations, supported by national programmes, EC funding 
and other frameworks, such as private-public collaborations. It is intended to reach a 
common strategic approach and to better align these activities. The MatISSE proposal has 
been shaped to mirror the JPNM structure and addresses five main objectives. Figure 1 
shows the project organisation used for the breakdown into Work Packages. The 
objectives are related both to the JPNM overall coordination and to targeted technical 
tasks supporting the above mentioned SPs. As far as the scientific activities are 
concerned, MatISSE will be consistent with the JPNM requirements by seeking excellence 
and delivering high quality results in a timely manner both in the experimental and 
modelling areas. The following sections describe the objectives of the technical tasks 
(work packages 2 to 5).  

Figure 1: MatISSE main objectives and work package breakdown structure 
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WP2 – Modelling of irradiation-induced hardening and creep in F/M alloys 

In FP7/PERFORM60 (Prediction of the Effects of Radiation FOr Pressure Vessel and in-core 
Materials using multi-scale Modelling – 60 years foreseen plant lifetime) specific attention 
has been devoted to studying and modelling the effect of C atoms on the nanostructural 
evolution under irradiation of ferritic alloys, leading to the development of physically 
reliable computer models that actually simulate an irradiation process up to ~1 dpa in 
terms of point-defect clusters accumulation. Eventually, a model for the FeC system has 
been released and progress has been also made in understanding partially the effects of 
Cu, Ni and Mn on the nanostructure evolution under irradiation of Fe alloys, finding that 
both these elements, especially Mn, segregate on dislocation loops. In FP7 GETMAT 
(Gen IV and Transmutation Materials) [5] the focus of modelling has been on Fe-Cr alloys. 
Advanced modelling techniques have clearly shown that in these alloys, Cr atoms 
segregate on dislocation loops, thereby making these significantly stronger obstacles for 
dislocations. Moreover, it has been found that the interaction of screw dislocations with 
solute-decorated loops having collinear Burgers vector leads to the formation of helical 
turns that have strength up to 10 times higher than Orowan obstacles. These 
mechanisms fairly accurately explain the trends for radiation strengthening observed in 
Fe-Cr alloys with different Cr content. The main result of an extensive experimental 
programme on commercially pure Fe-Cr model alloys, irradiated with neutrons and ions 
and subsequently characterised using different microstructural probing techniques, led 
to the conclusion that in these alloys, and most likely in steels as well, the main cause of 
radiation strengthening are barely visible dislocation loops decorated with Cr, as well as 
Ni, Si and P. These features bear a clear resemblance with the so-called late blooming 
phases that represent currently a concern for the lifetime of pressure vessels in LWRs. 
There seems to be, therefore, a common mechanism at the origin of the hardening and 
embrittlement of ferritic-bainitic and ferritic-martensitic steels.  

The mechanisms of formation of these hardening features and their kinetics will be 
further investigated, with a view to develop relevant nanostructure evolution models and 
to provide, as ultimate objective, support to the elaboration of physically-informed 
correlations for hardening and embrittlement in this class of steels, as functions of dose, 
but also dose-rate and temperature. 

For what concerns irradiation creep, a wide range of possible mechanisms for its onset 
have been proposed in the past, such as stress-induced preferential absorption (SIPA) or 
nucleation (SIPN), anisotropic diffusion, dislocation climb&glide (deriving relevant 
dislocation mobility laws), slip bands, or others. Relatively simple and semi-empirical 
models have been historically developed to try to quantify their relative importance, as 
compared to experiments. Experimentally, however, it is difficult to discriminate between 
the role of one or another mechanism leading to dimensional changes. So, in the past only 
very tentative and debated conclusions could be drawn as regards the mechanism to be 
considered dominant for the different materials examined. Modern atomistic and 
dislocation simulation techniques (not available 20 years ago, when the creep models were 
reviewed or proposed) will valuably contribute to screen the plausibility of one or another 
mechanism, thereby allowing a quantification of their importance and of the parameters 
that govern them. The results of the investigations will also be used to guide the design of 
ad hoc in-situ ion irradiation experiments, to be performed in the future. 

It should be noted that modelling activities have a cross-cutting nature to fuel and 
structure elements and are also of high interest for the networking with the fusion 
community, as similar materials and problems are studied in that context, with similar, 
though not coincident, tools. 

WP 3 – Characterisation of ceramic composites for GFRs and LFRs 

Advanced refractory materials are necessary for the fuel cladding of a GFR, which is 
designed to operate at temperatures exceeding current heat-resistant alloy capabilities. To 
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meet this ambitious goal, the first choice for refractory fuel cladding are silicon carbide 
fibre-reinforced silicon carbide matrix composites (SiCf/SiC), which are thermally stable 
and retain their strength and toughness up to very high temperatures (approx. 1 600°C). 
Assembled with nuclear grade constituents (i.e. 3rd generation SiC fibres, a PyC interphase 
and a β-SiC matrix infiltrated by chemical vapour infiltration), these materials have the 
essential pre-requisite of neutronic compatibility with a fast neutron spectrum and should 
meet the requirements in terms of irradiation and oxidation resistance in the reactor 
environment.  

Nuclear grade SiCf/SiC composites have been developed within the fusion materials 
programmes in Europe and worldwide for the DEMO “blanket” concept. So far, these 
composites have been fabricated and investigated as simple flat panels or plates, 
optimising microstructure to achieve state-of-the-art thermo-mechanical properties. 
However, the reference geometry for GFR fuel cladding is more complex, the primary 
option being a fine wall tube. Breakthrough in design and manufacturing route has enabled 
to achieve leak-tightness by incorporating a refractory metallic liner between two 
structural SiCf/SiC layers, the so-called sandwich concept. Since manufacturing 
technologies and parameters primarily affect the material microstructure, prototyping and 
proof-testing in representative geometry are required. The sandwich concept will be the 
reference composite for the characterisation activity. The objective is to characterise the 
fundamental properties of the as-fabricated clad system, considering the mandatory safety 
requirements of high strength, full leak-tightness, high heat exchange capability and 
corrosion/erosion resistance to helium coolant. The expected pathways arising from this 
work are to establish a sound experimental framework (testing methods and evaluation 
tools) in order to characterise composite cladding materials in the shape of tubes and to 
produce reliable data to validate component feasibility and performances. This is necessary 
for the subsequent qualification phase addressing time-dependent component performances. 

This will provide the necessary background for further improving the material 
processing. 

To accomplish these objectives in a 4-year timeframe, the work will integrate the 
technical expertise and scientific knowledge of partners, qualified in the relevant fields. 
The experimental activities will benefit from the availability of the necessary small-scale 
facilities and large-scale integrated infrastructures at the participating associations, and 
their willingness to share them.  

The potential of ceramic composites as corrosive/erosive resistant structural materials 
is also considered for application in heavy liquid metals (HLM: Pb, LBE) such as pump 
impellers of MYRRHA and LFRs. Materials that are envisaged for this particular application 
belong to an emerging family of refractory materials known as MAX phases. MAX phases 
are ternary carbides and nitride compounds with quite unusual, for ceramics, damage 
tolerance, and an ability to deform plastically even at room temperature when processed so 
as to achieve an optimal microstructure. Generally speaking, MAX phases exhibit 
machinability similar to that of graphite, and they are fair thermal conductors with 
satisfactory thermal shock resistance. Preliminary studies on specific phases from the MAX 
family have shown oxidation and liquid metal corrosion (dissolution) resistance to HLM as 
well as appreciable radiation tolerance. However, MAX phases are still characterised by 
mediocre fracture toughness (< 16 MPa.m1/2) that must be improved before these materials 
can be used as reliable structural materials in a nuclear system environment. In this 
respect, MAX phase-based cermets, i.e. composites made of MAX phases embedded in a 
matrix of the appropriate metal binder, are proposed as a novel material concept. Some 
research has been included in MatISSE, where a systematic study will focus on the 
identification of promising MAX phase/metallic matrix combinations. The best candidates 
will be down-selected against the material property requirements of the MYRRHA pump 
impeller component, especially in terms of erosion resistance in contact with the fast-
flowing liquid LBE. 
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WP4 – Characterisation of ODS alloys for LFR and SFR cladding  

The first core of ESNII systems such as ASTRID and MYRRHA will use austenitic steel 
cladding for which engineers can rely on former experience. High-Cr F/M steels exhibit 
superior swelling resistance which should allow for higher burn-up and increase safety 
margins. However, their strength is limited for higher temperatures (typically above 
650ºC). ODS alloy versions of ferritic steels, reinforced by a distribution of nano-oxides (or 
nano-clusters, NC), show higher creep strength and maintain the swelling resistance, 
making them good candidates for the cladding of advanced fast reactors. Therefore, ODS 
ferritic and F/M steels are envisioned as reference cladding for high burn-up fuel in fast 
reactors. The final choice between the 9Cr (Ferritic/Martensitic) and 14Cr (Ferritic) ODS 
alloys for cladding is still open. Ferritic ODS alloys are preferred due to theirs better 
environmental compatibility and mechanical properties, while F/M alloys show a more 
isotropic microstructure and better thermal stability. 

The experience gained within the FP7 GETMAT [5] and MATTER [6] projects on the 
characterisation of plates and/or bars contributes to the knowledge and pre-design of ODS 
alloys to be used as cladding for fast neutron reactors. FP7 MATTER investigates the 
formation of NC during the fabrication procedure. Within GETMAT, comprehensive 
mechanical characterisations at high temperature in terms of tensile, creep and low cycle 
fatigue (LCF) tests of different ODS alloys have been carried out, but only a basic 
microstructure characterisation is performed. Besides, these two projects do not comprise 
any ODS tube while this geometry is the one relevant for the application. 

Open points that have been identified as a result of the past and on-going activities 
on ODS for cladding are: 

• formation of NC and their stability under high temperature and neutron/ion 
irradiation to maintain the properties of ODS alloys during operation;  

• fracture and deformation mechanisms: the role of NC on hardening;  
• anisotropy: the fabrication of thin-walled cladding tubes is usually made by a 

succession of cold deformation steps with intermediate heat treatments to avoid 
cracking. Due to this fabrication process, a deformation-induced anisotropic 
microstructure may build on with weaker strength and creep properties in the 
hoop direction than in the axial one.  

Within MatISSE a deeper microstructural examination of ferritic and F/M ODS steels 
(e.g. GETMAT ODS steels) using complementary techniques is included, to study the role 
of the ODS microstructure on the deformation behaviour and to assess the stability of the 
microstructure at high temperature and under ion irradiation. Additionally, this 
microstructure scenario could be used to feed the on-going and future modelling 
activities and gives valuable information for the target microstructure of tubes. 

A huge asset to the European materials community will be the procurement, testing 
and characterisation of ODS tubes. Past experiences (mainly in France and other non-EU 
countries) on the fabrication of ODS cladding tubes have shown that it is possible to 
reduce the anisotropy of the tubes by taking advantage of the austenite to ferrite phase 
transformation. This is achieved through intermediate heat treatments of 9Cr ODS alloys, 
and recrystallisation of Fe-12Cr and Fe-14Cr ODS tubes. A clear step forward in the 
development of ODS tubes for cladding within MatISSE is that ODS cladding tubes of two 
compositions, Fe-9Cr and Fe-14Cr, will be distributed and characterised, which will give 
new input to select the best ODS cladding candidate. The anisotropy and its effect on the 
mechanical behaviour will be assessed by microstructural examinations and high 
temperature testing under uniaxial and biaxial loading conditions. 

To identify design margins of ODS cladding tubes, taking into account transient 
conditions, a basic characterisation of ODS tubes creep under off-normal conditions at 
high temperature will be carried out. Burst tests and compatibility of surface modified 
ODS alloys are also included. 
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WP5 – Support to design, selection, and qualification of materials and components 
for the ESNII reactors 

The demonstrators and prototype reactors to be designed and constructed in the coming 
decades will rely on materials that exist commercially today. Analysis of the expected 
operating conditions as well as the experience gained from past operation of sodium-
cooled systems and lead-alloy facilities have identified two material groups of high 
interest: F/M steels and austenitic steels; nickel based alloys are also considered. Those 
steels are largely used in the conventional energy generation and the nuclear industry. 
But ESNII systems require qualification of these materials under more severe conditions –
mechanical loading, temperature, irradiation and environment – and for longer design 
lifetime. Down-selection will be based on performances under normal operation and 
safety relevant conditions. Pre-normative research for codification and standardisation 
will then be essential to support the design and licensing of ESNII systems. Moreover, the 
environmental resistance in corrosive coolants must be investigated and mitigation 
strategies are already foreseen. Another environment-related process is the interaction 
between the fuel, oxide fuel and the cladding alloy. 

Work Package 5 of MatISSE is composed of four activities that constitute only a small 
part of the work required to support the design as well as construction of the ESNII 
prototypes.  

Creep-fatigue is one of the most important degradation mechanisms for structural 
alloys which requires special attention in the design, in particular for F/M steels that are 
subjected to cyclic softening. The work will complement the study on design rules 
performed in MATTER [6] and two aspects will be addressed: modelling of the physical 
mechanisms that lead to cyclic softening and propagation of creep-fatigue cracks. The 
physics based models will help in improving design rules and is a tool for extrapolation 
from accelerated test to operational conditions. Crack propagation is not considered in 
basic Design Rules but components in fast reactors are primarily subjected to thermal 
loads with large stress gradients and it is therefore crack propagation rather than crack 
initiation that will control the life of a component. 

Functional coatings and surface modifications, primarily for fuel cladding materials 
but also for structural components such as steam generators, can increase the operating 
temperature and increase safety margins for corrosion and wear resistance of future 
nuclear systems, cooled with Pb alloys. It has been shown that reservoir layers containing 
Al may improve significantly the corrosion resistance in liquid lead alloys. So far 
optimisation of coating composition has been limited to Al content and Al/Cr ratio 
(GETMAT project [5]). Adding minor amounts of reactive elements (e.g. Y, Ce, Hf, Zr), can 
further improve high-temperature performance and stability under irradiation. The Task 
on “Functional coatings and modified surface layers” is to evaluate of the compatibility of 
some specific and specially designed coatings for liquid lead and to assess corrosion and 
mechanical properties of the coated or surface alloyed materials in contact with Pb alloys 
and the stability under irradiation of FeCrAl-RE alloy coatings. 

The fuel cladding will be exposed to high irradiation doses in advanced nuclear reactors. 
For all reactor concepts, the higher burn-up in combination with minor actinide fuels 
means that fuel-cladding interaction needs to be addressed to ensure integrity of the fuels 
pins also in accident scenarios, the fuel itself and the cladding being the first barriers 
against the release of the radionuclides. The cladding interacts with the fuel through both 
mechanical and chemical interaction and therefore the integrity and safety assessment of 
the fuel pin (fuel and cladding) must be seen as one component. The fuel pin integrity has 
been given much more attention after the Fukushima accident and stricter requirements to 
demonstrate safety performance is expected also for advanced fission systems. 
Assessment of the fuel pin requires collaboration between experts of fuel and of structural 
materials. This integration between the structural materials and fuel communities will be 
initiated by some preparatory studies that will be performed to assess methods for pin 


