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ABSTRACT 
The main objectives of the European long-term Fusion Technology Program are i) 
investigation of DEMO breeding blankets options, ii) development of low activation 
materials resistant to high neutron fluence, iii) construction of IFMIF for validation of 
DEMO materials, and iv) promotion of modelling efforts for the understanding of radiation 
damage. 
A large effort is required for the development and performance verification of the materials 
subjected to the intense neutron irradiation encountered in fusion reactors. In the absence of 
a strong 14.1 MeV neutron source fission materials research reactors are used. Elaborate in-
pile and post-irradiation examinations are performed. In addition, the modelling effort is 
increased to predict the damage by a ‘true’ fusion spectrum in the future. 
Even assuming that a positive decision for IFMIF construction can be reached, the 
operation of a limited number of materials test reactors is needed to perform irradiation 
studies on large samples and for screening. 

 
 
1. Introduction 
 
One of the dreams of human mankind is to have an almost inexhaustible, cheap and environmentally 
friendly energy source available similar to the sun, but controlled by humans. 

The fusion community worldwide is presently making an attempt to build such a fusion reactor. The 
main difficulties are that i) such a power producing fusion reactor is still a few decades away, despite 
the promise of fusion experts in the past to harvest this energy source soon, and it will be a large (even 
if it is orders of magnitude smaller size than the sun) device combining high technologies, ii) its 
construction requires an international effort to share cost and resources, iii) fusion reactor relevant 
plasmas with a QT far higher than one must be achieved and controlled and iv) materials are needed 
capable of withstanding the harsh fusion environment to exclude frequent replacement. 

In Europe the long-term fusion programme is to a large extent directed by the outcome and the 
priorities given in the Power Plant Conceptual Studies (PPCS) [1] addressing the credibility of the 
fusion power plants, their design, safety, environmental and economic viability, sustainability, etc. 
Four different fusion reactor types, labelled A-D, have been studied in the past and are re-examined in 
the light of new developments. Recently also a further type was added, called model AB, with the 
intention to combine the advantages of the reactors A and B. For comparison these reactors have the 
same electrical power (1500 MW) output. They are based on different extrapolations in physics and 
technologies, e.g. different breeder blanket (BB) concepts, and, consequently, cover a wide range in 
thermal efficiency. Model AB and B employ as reference concepts the Helium Cooled Lithium-Lead 
(HCLL) and the Helium Cooled Pebble Bed (HCPB) BBs, respectively, whereas the “dual-coolant” 
and the “self-cooled” Lithium-Lead BB concepts are part of Model C and D, respectively. Model A is 
technologically the least advanced one and, therefore its construction involves the lowest risk. Model 
D, extrapolating to even more advanced technologies, requires a large R&D effort and implies a high 
development risk. 
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The European long-term fusion strategy is based on two pillars: i) the construction of ITER and its 
operation after the year 2015, a decision which is now fully overdue and awaiting an agreement of the 
six possibly contributing countries (CH, EU, JA, KO, RF, and US) and ii) the International Fusion 
Materials Irradiation Facility (IFMIF) presently organised as an international cooperation under the 
Implementing Agreement between the four contributing countries: EU, JA, RF and US. 

The purpose of ITER in this strategy is twofold: i) to test the physics aspects of fusion power like 
plasmas with respect to control, ash removal, reliability, safety, and ii) to demonstrate fusion 
technology issues of relevance for future power fusion reactors such as interaction of the plasma with 
the first wall, performance of BBs, achievement of a tritium breeding ratio larger than 1, processing of 
the kg quantities of tritium and its repeated recycling even during long pulses. 

The second pillar of the EU strategy covers the necessity for improvement, development, full 
characterisation and full code qualification of radiation resistant fusion materials with low residual 
activation. For verification and validation of these materials to be used first in DEMO the decision to 
build a fusion relevant neutron source (IFMIF) with large enough flux in a reasonably sized volume to 
allow accelerated irradiation of a large number of samples is fundamental. A further precondition 
presently not fulfilled is that a certain number of countries must be interested in IFMIF and willing to 
share the cost. After a positive decision, IFMIF will enter a five-year phase of engineering validation 
and engineering design activities (EVEDA) of the major components for IFMIF and then the 
construction and decommissioning phase (CODA). Recently also an accelerated realisation of IFMIF 
within 10 years by aggressively combining EVEDA and CODA is discussed offering possible overall 
cost reductions. Under these assumptions ITER and IFMIF would be built and operated almost in 
parallel. 

In the following the European Fusion Programme and the role of materials research reactors will be 
presented with emphasis on the components exposed to the neutron and gamma environment present 
in the vicinity of fusion plasmas. 

 
2. Materials used in future fusion power reactors 
  
2.1 Structural materials 
The main requirements for structural fusion materials include good tensile and fracture mechanical 
properties, good creep strength, high fatigue resistance, low ductile to brittle transition temperature 
(DBTT), e.g. below 250°C for near term blanket concept, good compatibility with LiPb, low 
embrittlement due to hydrogen isotopes and high resistance against tritium permeation, thermal and 
dimensional stability (no recristallisation and minimal swelling), and, mandatory, low activation and 
low level waste properties. 

The purpose of the European Fusion Materials Development (MD) is to develop in the long-term the 
materials required by the models AB, B, C and D of the PPCS and in the shorter-term to produce and 
characterise the materials for the Test Blanket Modules (TBMs) of the HCLL and HCPB reference 
BBs. These TBMs will be tested in ITER from the first day of operation and exposed to the most 
realistic fusion environment for decades. They shall be DEMO relevant as far as possible and will be 
the first nuclear components fully built using the so-called EUROFER, the European reference 
material with the composition 9 CrWVTa belonging to the class of Reduced Activation Ferritic 
Martensitic (RAFM) steels. EUROFER will be also the material for the first generation of BBs in the 
models A, AB and B of PPCS, and the basis for structural material of model C. 

Oxide dispersion strengthened (ODS) EUROFER based materials and nano-composited ferritic (NCF)  
steels are being developed for advanced BBs to increase the upper temperature limit from 550°C to 
650°C and even to 750°C, respectively, for the purpose of achieving a higher thermal efficiency. The 
goal is to improve the (creep) strength at the higher temperature and at the same time to keep the good 
low temperatures properties at about 300°C. 

SiCf/SiC composites, fabricated from silicon carbide fibres (SiCf) embedded in a silicon carbide (SiC) 
matrix, are planned to be used for the advanced BB concepts, either as functional materials to act as 
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thermal barrier and electrical insulator in the form of flow channel inserts (model C of PPCS) or as BB 
structural material in the case of model D. The attractiveness and interest in the SiCf/SiC materials 
stem from the low activation properties and the high operational temperature window of 600°C up to 
1100°C. The EU programme is focused on the industrial production of multi-directional SiCf/SiC 
samples (3D with 2D as an intermediate step) of larger dimensions (20x20 cm2) with good mechanical 
and thermal properties as requested by designers. In addition the further improvement of the SiCf/SiC 
properties and of the manufacturing technologies at laboratory scale is promoted. 

Tungsten alloys are developed in the EU long-term programme for the use in advanced gas-cooled 
divertor concepts. Key issues are the low ductility and the high DBTT. Various routes are being 
pursued, e.g. use of nano-structured materials with low interstitial content, fabricated either under 
severe plastic deformation or by mechanical alloying. The materials being studied are WL-10 (W with 
1% La2O3) and WVM (W doped with K). Drawbacks of nano-structured materials are the 
recristallisation of the lattice, the connected loss of ductility at the high temperatures and long 
exposure times required for operation. 

 
2.2 Functional materials 
All functional materials to be used inside a fusion machine must be developed and characterised in 
accordance with their specific requirements, e.g. the materials used for first wall armour (CfC, Be, W), 
tritium breeding (Li-based ceramics, liquid LiPb), neutron multiplication (Be), windows (CVD 
diamonds) of diagnostics and heating devices and in superconducting magnets (NbTi or Nb3Sn as 
superconductors; Cu as stabiliser; fibre reinforced plastics (e.g. epoxy reinforced with a two 
dimensionally woven glass-fabric) as insulation materials). 
 
3. Radiation damage  
 
In a fusion environment due to the presence of the 14.1 MeV neutrons created by the fusion of 
deuterium and tritium the evolving radiation damage is different from conventional fission reactors 
although the basic atomic defect production follows the same physical processes initiated by the 
neutrons, the knock-on atoms and the displacement cascades. The difference is caused by the high-
energy fusion neutrons capable of producing multiple displacement cascades and the much higher 
probability for the generation of transmutation products, especially of gaseous atoms such as hydrogen 
and helium isotopes. Their presence has a large influence on the production, stability, coalescence of 
vacancy clusters, voids and bubbles, the evolving microstructure and finally on the mechanical 
properties of the chosen material. Due to the dissimilar neutron spectra the comparison of the radiation 
damage produced e.g. in fission reactors, spallation sources, fusion devices and accelerators cannot be 
based only on the displacement per atom (dpa) values alone, but needs to include the production rate 
of gaseous transmutations through characteristic parameters such as the ratios of helium production 
rate to dpa and hydrogen production rate to dpa. 
 
4. Materials Research Reactors 
 
In the absence of any strong fusion neutron source the best-suited irradiation devices for fusion studies 
are fission neutron reactors despite the above explicated different characteristics of radiation damage 
created by fission and fusion neutrons. Especially dedicated “materials research reactors” or “material 
test reactors (MTRs)” provide high fluxes of neutrons in relatively large-sized irradiation positions and 
have the advantage to offer good (irradiation temperature) control, instrumentation and additional 
measurement devices. Other irradiation facilities are spallation sources, cyclotrons, accelerators, dual 
and multiple ion beam irradiation devices. All of them have their own advantages and usefulness, but 
suffer from providing inappropriate energy spectra and, more important, are limited in irradiating large 
samples. Small scale dedicated 14.1 MeV neutron sources exist (in Frascati, Italy, or Rossendorf, 
Germany, where the fusion reaction is initiated by the injection of an accelerated deuteron beam on a 
tritium doped target) but are used for other applications because of their low flux. 
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The neutron sources most frequently used in the present EU long term fusion programmes are the 
High Flux Reactor (HFR) in Petten (Netherland), BR2 in Mol (Belgium) and OSIRIS in Saclay 
(France). Recently Russian reactors (BOR60) are being used for achieving high irradiation dose up to 
80 dpa (in steels) within less than 4 calendar years. 

Among the various research reactors in use in Europe only a few details shall be mentioned for the 
HFR in Petten, owned by JRC and operated by NRG. The HFR is a 45 MW pool type reactor, the core 
lattice is a 9 x 9 array containing 33 fuel assemblies, 6 control rods, 19 experimental positions and 23 
Be reflector elements. The active height is 60 cm. The reactor runs ~11 cycles, each of 25 full power 
days (FPDs), totalling to 250 FPDs per year. 

 
5. Irradiation and characterisation of irradiated fusion materials 
 
The characterisation of the physical and mechanical properties of the structural and functional 
materials under radiation up to the foreseen lifetime of the components in ITER (~3 dpa) and in 
DEMO (80 to 150 dpa) is a fundamental prerequisite before their use.  

With respect to EUROFER, various irradiation campaigns were performed in the past (30 dpa have 
been achieved in 2004) and are being carried out (up to 80 dpa) to determine the degradation in 
mechanical properties. Characteristic properties studied as a function of irradiation dose and 
temperature include the increase of yield strength due to irradiation hardening, the reduction of total 
elongation, DBTT shifts, stress relaxation and creep. The near-term irradiation programme addressing 
TBM issues have highest priority; TBM fabrication processes using EUROFER must be qualified. The 
joints produced by different techniques (TIG, electron beam, laser welding or HIP (hot isostatic 
pressure/diffusion bonding) need to be characterised for possible deterioration of the mechanical 
properties in the bonded and heat affected zones under irradiated and unirradiated conditions. 

With respect to Li based ceramic pebbles, their tensile, creep and fracture behaviour needs to be 
studied as a function of the Li-burn-up. Further issues are the tritium release (also for Be), possible 
changes of the packing factors in the pebble beds, change of flow resistance for the purge gas. 
Materials databases are created where the results of the experimental campaigns are stored. In 
November 2004 the irradiation campaign called HIDOBE [2] at HFR was finished after 12 cycles 
producing 2 dpa in EUROFER, 8 1022 tritium atoms, 2-3% Li-burn-ups and a huge amount of 
interesting data. A cross-section of the experimental set-up simulating a simplified breeder unit with 
the breeder material lithium orthosilicate in the middle and the multiplier material Be on top and 
bottom and equipped with thermocouples and diagnostic tools is shown in Fig. 1. In addition to the 
large number of data collected during the almost two years of irradiation Post Irradiation Examination 
(PIE) of the whole set-up will give further information on structural aspects and compatibility issues 
between the installed materials under radiation. 
 

 
 

Fig. 1: Cross section of Pebble Bed Assembly [2] used in HIDOBE irradiation campaign in HFR. 
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For advanced structural materials such as ODS, SiCf/SiC and W-alloys up to now only a limited 
number of irradiation studies has been performed. After the very recent successful production of EU 
reference materials of EUROFER ODS and 3D SiCf/SiC, extensive irradiation campaigns will be 
started to obtain information on their irradiation stability. Especially the irradiation stability of the 
grain size as controlled by the added oxides, the interphase between the SiC fibres and the SiC matrix 
and the nano-sized microstructure of W-alloys are of concern. 

With respect to ITER the joints of the plasma facing components need to be studied for possible 
deterioration of the thermal conductivity and for unexpectedly large stress relaxation in bolts and nuts. 

Also the components of superconducting magnets are affected in a radiation environment by the type 
of radiation, flux density, total dose, lifetime fluence, operating temperature and operating conditions. 
In NbTi and A15 compounds radiation damage reduces the transition temperature through an increase 
in disorder (especially in metals and ordered compounds, not so much in alloys), changes the upper 
critical field Hc2 and increases i) the normal state resistivity ρn through the creation of additional 
scattering centres (again significantly in metals and ordered alloys and very little in alloys) and ii) the 
critical current density Jc through the generation of pinning centres. A Residual Resistivity Ratio 
(RRR) of approximately 100-150 is required for a good stabilizer function of Cu. Irradiation enhances 
ρn and decreases the RRR. The most radiation sensitive part of the superconducting magnets in ITER 
is the insulator. Not only the electrical properties, but also the intrinsic mechanical material parameters 
are affected and also X-rays can introduce damage and the mechanical properties of standard 
insulation materials are close to the ITER fluence requirement at 1 1022 n/m2 (E>0.1 MeV). First 
mechanical screening tests on newly developed fusion magnet insulation materials based on cyanate-
ester clearly demonstrate improved mechanical properties under ITER relevant conditions. 

MTRs are best suited to determine these properties under neutron irradiation. A matter of concern 
remains; the irradiation damage created in these reactors is most probably less severe than in fusion 
reactors and thus not fully representative. With a fluence that typically produces 2-5 dpa damage per 
annum in steels, MTR are well suited to accumulate dose levels as anticipated for ITER, but are too 
slow to accumulate 100 dpa typical for DEMO and beyond. 

 
6. The International Fusion Materials Irradiation Facility 
 
The conclusion of various workshops and strategy discussions in the past is that IFMIF [3] is the 
neutron source best suited to simulate the D-T neutrons offering a high neutron flux with the 
possibility of accelerated testing. Between 20 and 50 dpa/fpy are generated in the High Flux Test 
Module (HFTM) in a reasonable sized irradiation volume of about 500 cm3. Although the IFMIF 
neutron spectrum is harder than in fusion, reaching up to 60 MeV, the hydrogen and helium to dpa 
ratios as well as the fraction of damage energy produced by the Primary Knock on Atoms (PKA) as a 
function of PKA energy are very similar to the values of a fusion reactor. IFMIF is considered to be 
the key experimental device for the second pillar of the Fast Fusion track.  

Present  investigations in Small Sample Test Technology (SSTT) will finally result in better use of the 
available irradiation volumes in IFMIF as well as in other irradiation facilities. Due to the already 
achieved progress, the aim to irradiate up to 800 samples at the same time in the HFTM of IFMIF is 
very reasonable. 
 
7. Modelling effort of irradiation effects 
 
Since 2003 increasing activities are performed in irradiation modelling with the main emphasis to 
develop an understanding of the radiation damage in RAFM steels produced in various irradiation 
facilities, to employ the developed tools for a combined description of the experimental observations 
and finally to use the verified tools and validated theories for development of new materials and 
extrapolation into parameter spaces where no experiments were performed. Clearly also here special 
irradiation experiments (multiples ion beam irradiations and other dedicated experiments) are required 
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to verify and validate the physical models, codes and simulations. A further benefit of this activity 
could be to give directions for the production of new irradiation resistant materials and for the 
optimisation of the number and type of samples to be irradiated in limited irradiation volumes. So, in 
the long term, these modelling activities could help to reduce the number and cost of expensive 
experimental irradiation campaigns. The required progress in modelling of such complex alloys as 
required for fusion will very likely be not achieved within this decade. 
 
 
8. Conclusions 
 
The development, characterisation and code validation of the materials to be applied in future power 
producing reactors seems today to be the key issue for their safe and economic operation. Neutron 
irradiation facilities are the most useful units for the determination of the radiation damage in these 
materials. Irradiation modelling is underway with good progress, but the consideration of all 
irradiation effects including transmutations, phase changes, impurities and major alloy elements 
present in the materials will need time. Also the gap between observations on microstructure and 
predictive conclusions to mechanical properties will need further large efforts and perseverance to 
give credible results in the case of multi-component alloys such as EUROFER and ODS steels. 
Therefore, the irradiation in the presently used fission facilities must be continued. It is the main pillar 
of the experimental characterisation programme at least for another decade. As some MTRs may reach 
their end of life within a decade, the planning and construction of new MTRs is now becoming an 
urgent issue. These reactors offer high irradiation volumes and are needed for many different 
purposes. The construction of at least one new dedicated European materials research reactor should 
be addressed now and pushed forward independently from a possibly positive decision for 
construction and operation of IFMIF. 
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