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A. Background 

 

An ambitious programme on fusion materials is one of the main requirements to the successful 

development of future fusion energy. The fusion of deuterium and tritium produces helium and 14 

MeV neutrons, an energy level which is typically one order of magnitude higher than that of 

neutrons produced in fission reactors. This results in the production of extensive radiation damage in 

the bulk of materials, a significant amount of helium and hydrogen, including other transmutation 

products, which can result in swelling and alteration of the mechanical properties. Therefore, the 

specificity of the reactions produced by the 14 MeV neutrons together with the operating conditions 

required for the materials (intense fast neutron fluxes and high operating temperatures in the range 

from 400 to 600 oC) constitute a challenge which fusion materials R&D has to take up. 

Indeed, among a number of important technological issues related with the realization of a future 

nuclear fusion reactor, the availability of qualified structural materials, functional components and 

advanced joining technologies still has to be confirmed. Considering unprecedented features of the 

nuclear fusion radiation environment in terms of high-energy and high neutron-photon fluxes, 

including high temperature, thermal gradients and the presence of a magnetic field, completely new 

concepts of advanced material irradiation and testing facilities have been discussed and their 

development progressed since the 1960s, converging to such dedicated projects as the Fusion 

Materials Irradiation Test (FMIT) and the International Fusion Materials Irradiation Facility (IFMIF). 

While waiting for the construction and full-power operation of a dedicated material irradiation 

facility, high-flux material test reactors (MTR) remain as a very important source of information to 

advance in this specific domain of material research. It must be admitted that the irradiation 

environments, which research reactors (RRs) are presently able to supply, are equivalent to the 

required irradiation environments in nuclear fusion systems in terms of irradiation damage, but are 

far below the requirements on gas production (transmutation).  

However, both experimental studies and theoretical efforts in the last decades have produced more 

comprehensive bridges between them. The need for better understanding of the nature of high dose 

radiation damage cross-cuts material developments for both fusion and advanced fission nuclear 

systems, in particular in the domain of fast fission reactors. Indeed, the important role of RRs in 

fusion material and fusion nuclear technology development has been confirmed and continues to be 

supported. Many data have already been obtained to validate the design of ITER components, and in 

support of the conceptual designs of subsystems towards a demonstration fusion power plant 

(DEMO) and beyond. An essential link in the chain of processes leading to reliable design data for a 

DEMO in connection to the RRs are the test devices realization, and the use of well-equipped 

laboratories for post-irradiation examination and testing. The RR community may and should 

contribute not only through irradiations and technology development, but also through basic 

scientific research aspects of materials (e.g. use of advanced neutron beam techniques, modelling, 

instrumentation development, etc.). The available knowledge, ability and experience of qualified 

personnel in fission nuclear technology and sciences are another advantage one should use 

efficiently in the chain of processes for fusion technology success. 
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B. Objectives and Expected Outputs 

This technical meeting was expected to provide a forum to identify existing good practices within 

fission- and fusion-related material research communities, both employing RRs and related auxiliary 

facilities.  It intended to bring together the teams from material test RRs, spallation neutron sources, 

multiple beam irradiation facilities and the future IFMIF installation, all working on the theoretical, 

experimental, and engineering aspects of material research for fusion technology. The state of the 

art was expected to be discussed, areas of needed research and development be identified, and 

possibilities for enhanced collaboration be explored. The meeting aimed to re-examine and better 

define the role of RRs in the development of nuclear fusion systems in an appropriate time span and 

within internationally closer collaborations among fission- and fusion-related material research 

communities in different Member States. It also expected to quantify the need to envisage and 

develop sound mechanisms to share RRs facilities between countries regionally and internationally 

as long as support to the development in fusion technology is concerned.  

The major topics discussed at the meeting included: 

 Experimental conditions and parameters required at RRs for their enhanced contribution to 
the development of nuclear fusion systems 

 Correlations and synergies between RRs and nuclear fusion irradiation environments 

 Proposal of dedicated irradiation experiments needed for the future development of fusion 
reactor technology 

 Collaborative initiatives between fusion and RRs communities, including sharing of relevant 
irradiation experiences with the advanced fission reactor community 

 Demonstration of capabilities of “new comer” RR facilities, presently not involved but 
potentially able to contribute in specific investigations required by the fusion community 

One of the expected outputs of the meeting was a report summarizing current good practises of 

sharing RR capabilities among different research communities and different countries, including 

organizational, procedural, legal and financial aspects. It was also expected that the full proceedings 

comprising all the material presented at the meeting will be compiled and published by the IAEA. 

Finally, the meeting aimed to promote and contribute to the enhancement of RR utilization in 

Member States for practical applications like research and development of fusion related 

technologies. 

More detail information about the meeting can be found at 

 http://www-naweb.iaea.org/napc/physics/meetings/TM41246.html 

 

 

C. Work done 

The meeting was attended by 20 participants from 15 Member States (see Annex II, List of 

Participants). After the official IAEA welcome words by Ms M. Venkatesh, DIR-NAPC, Mr R. Kaiser, 

SH-Physics/NAPC and Mr P. Adelfang, SH-Research Reactors/NEFW, some introductory remarks 

were given by the three Scientific Secretaries of the event, namely Mr D. Ridikas, Mr R. Kamendje 

and Mr V. Inozemtsev.  

Later participants introduced themselves, approved the agenda and designated Mr J.L. Boutard (Cab 

HC, CEA Saclay, France) and Ms S.M. Gonzalez de Vicente (EFDA, Germany) as chairperson and 

http://www-naweb.iaea.org/napc/physics/meetings/TM41246.html
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rapporteur respectively for the meeting. The meeting continued according to the meeting agenda 

(see Annex I, Meeting Agenda). 

More than 2 days were exclusively dedicated to the individual presentations by the participants. 
Enough time was also allocated for questions-answers and discussions following each presented 
paper. Brief summaries of individual presentations are given in Annex IV (Book of Abstracts).  
 
During the last day of the meeting a number of round table discussions took place in order to  

 Examine experimental conditions and parameters required at RRs for their enhanced 
contribution to the development of nuclear fusion systems 

 Identify correlations and synergies between RRs and nuclear fusion irradiation environments 

 Discuss dedicated irradiation experiments needed for the future development of fusion 
reactor technology 

 Look for collaborative initiatives between fusion and RRs communities, including sharing of 
relevant irradiation experiences with the advanced fission reactor community 

 Draft the summary report and recommendations. 

 
Below text briefly resumes individual presentations and highlights important items discussed right 

after the individual presentations: 

 Currently nearly half of the operational RRs are under-utilized, whereas some countries are 
planning to build new ones. Therefore, the IAEA recommends establishing regional 
collaborations, revising utilization strategies, finding new users and stakeholders for the 
existing RRs in order to promote their utilization before formal decision is made to build new 
facilities. 

 The major role of materials development in the fusion road map was highlighted, 
mentioning the need of dedicated RRs for material irradiations and testing. In this regard, 
creation of international consortiums to run RRs in order to gain efficiency was encouraged.  

 A recommendation for a creation of a Spallation Neutron Source database linked to the 
existing RR Data Base (http://nucleus.iaea.org/RRDB) was made.  

 The radiation effects in the materials, in particular the radiation effect under D-T Fusion 
Spectrum was discussed. Indeed, fusion neutrons will produce nuclear transmutation 
reactions and atomic displacement cascades, i.e. generation of impurities such as helium 
(He) and hydrogen (H) gas atoms as well as metallic impurities. All these processes will 
produce mainly point structural defects (vacancies and interstitial atoms), clusters of point 
structural defects as well as segregation of alloying elements. 

 The present available facilities to study fusion materials were discussed in detail, namely ion 
implantation, spallation neutron sources and fission research reactors (RRs). Advantages and 
limitation for each of them were mentioned. It was jointly agreed on the real need of RRs for 
the fusion community to perform various irradiations and tests. 

 The difficulty of simulating the effect of enhanced gas production as a consequence of 
specificity of 14 MeV fusion neutrons (not available at RRs) was also highlighted. In this 
context, special emphasis was placed on understanding of the effect of the He (and H) 
production through irradiation and consequent degradation of material mechanical 
properties, including stability and swelling. A question about the possibility of studying 
irradiated samples in an ion implantation facility like JANNuS in France (Joint Accelerators 
for Nano-science and Nuclear Simulation) to simulate He and H fusion neutron production 
came up, and although the possibility was evaluated at the beginning of JANNuS design, the 
idea was rejected for scientific, financial and practical reasons, e.g. need for installation of 
hot cells, re-classification of the facility, etc. 

http://nucleus.iaea.org/RRDB
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 Use of various techniques for material characterization like TEM, X-ray and neutron 
diffraction, SANS, PAS, ATP, etc. must be explored to have as complete information as 
possible regarding the processes taking place in the materials during irradiation. It was also 
clear that none of the techniques existing now can provide the full information required for 
the final qualification and validation of candidate materials for future fusion devices (DEMO 
and beyond).  Therefore, a dedicated fusion neutron source, IFMIF, is needed where key 
measures like dpa, He/dpa and H/dpa ratios as well as He and H production rates at best  
can be mapped. 

 The advantages and limitations of high and medium flux RRs for material irradiation were 
discussed. The gamma heating problem, mainly for instrumentation was also mentioned. As 
an example of a good collaboration, joint projects between USA and Japan were highlighted. 

 Various programmes in terms of fabrication and characterization of materials at different 
institutions, together with available irradiation facilities like RRs and post irradiation 
experiments were presented: 

o A new high flux RR, Jules Horowitz Reactor (JHR), presently under construction at 
CEA Cadarache (France), was presented.  This RR will be mainly devoted to Gen IV 
testing materials, but the facility is also open to work with fusion community if 
requested.  In this facility, neutron irradiations and Post Irradiation Examination 
(PIE) will be carried out. JHR will function as an international consortium, therefore 
open for international-multi-user collaboration.  

o China has two concepts for the Breading Blanket:  solid and liquid breeder. They also 
have two groups developing RAMF steels, somehow competing with each other: the 
CLF-1 and CLAM. In both cases material fabrication is done at industrial level (1-2 
tons). CLF – 1 presents some issues due to the no control of the impurities. For these 
two materials irradiation campaign and PIE are being carried out. In the case of 
CLAM, the role of the addition of Si is being studied, whereas the criterion in Europe 
is to keep it as low as possible. Irradiations with electrons in Japan have been done 
to analyse the consequences of adding a higher amount of this element.  It was 
noted that the inclusion of Si can induce unwanted effects in the materials, while 
Chinese representatives argued that no delta phase was found in the samples 
analyzed so far. It was also pointed out the difficulty of carrying out irradiations in 
China; therefore they are looking for international cooperation using RRs available 
elsewhere.  

o Brazil is carrying out a programme to evaluate the microstructural stability of RAFM 
ODS – EUROFER steels in collaboration with KIT (Germany). A proposal to build a 
Brazilian multipurpose reactor, mainly to produce radioisotopes but also as a 
powerful neutron irradiator, has been launched. This reactor would also be open for 
international collaborations. 

o In India the main efforts are concentrating on fast breeder reactors. India also 
supports ITER. In this context, RAFM steels are being developed for the Indian Test 
Blanket, at industrial scale (2 tons), focusing on the chemical composition, mainly on 
the effects of tungsten and tantalum and their influence on mechanical properties. 
The main conclusion is that India has developed a RAFM steel suitable for TBM, 
comparable to EUROFER or F82H, with a grain size: 15 – 20 microns, but with 
variable content of Ta. 

o Kazakhstan is working closely with JAEA (Japan), studying the retention, diffusion 
and release of tritium in different compounds than can be used for TBM. It was 
pointed out during the discussion that the release of tritium at low temperature 
could not be an advantage during irradiation, because it can also imply release 
during operation. Breeder material is provided by Japan, where enriched Li is used 
to perform the experiments in RRs. It was also noted that there might exist 
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differences between production of tritium using fusion and fission neutrons (e.g. 
through different reactions channels). For example, perhaps for fusion it is not 
necessary to enrich Li due to the very fast neutrons.  For benchmarking purposes, 
studies done in Frascati Neutron Source (Italy) should be checked. In addition, a 
proposal to study breeder materials fabricated in different ways was also made for 
comparison.  

o Crucial parameters to characterize tritium breeding were discussed. These included 
measurements of tritium concentration and tritium breeding rates. Validation of 
cross section and computational methods to check if breeding ratio can be predicted 
accurately was also found to be very important. It was recommended to create a 
dedicated data base for this purpose.  

o In Australia research teams are also interested in fusion materials. An overview of 
what they are doing was presented, highlighting the capabilities at their relatively 
new OPAL RR. Other experimental techniques for materials characterization using 
neutron scattering (e.g. neutron diffraction, SANS, reflectometry, etc.) were 
discussed. The big advantages of these techniques are that no special metallurgical 
preparation is generally required and sample manipulation can be minimized when 
compared to other techniques. In this context, neutron scattering techniques would 
have some advantages in the experiments with irradiated samples.  

o Other non-destructive technique like Positron Annihilation Spectroscopy (PAS) and 
its application using positron beams in the study of helium implanted Fe-Cr alloys 
were presented. The differences between the damage created by ion irradiations (H, 
He) with respect to the neutron damage were highlighted. Limitations of such 
experiments were also discussed; in particular, non-equivalence between two 
irradiation processes was emphasized. On the other hand, based on STUBA 
(Slovakia) studies, in combination with suitable H and He ions implantations by 
cascade accelerator, PAS techniques based on moderated slow positron beam can 
provide valuable data about vacancy type defects caused by H and He ions 
bombardment. 

o An overview of NRG activities in the Netherlands was provided and included the 
capabilities of their HFR in Petten, various fields of R&D in which they are involved 
were presented. Particular example was given on the ceramic breeder development, 
being different from the steel-based breeder. During the discussion about these 
materials it was pointed out that right now it is difficult to say which of these 
materials offers the best microstructure. There was a question about the size of the 
pebbles, and it seems the best shape is spherical pebbles of less than 1 mm of 
diameter. It was also mentioned that Japan is exploring a new route of fabrication of 
pebbles which looked promising.  

o Fabrication and characterization of ODS steels is carried out at AEKI/KFKI in Hungary. 
Collaboration between China Univ. and this institute was established one year ago. 
Japan is planning to irradiate superconductors in their RR as well. 

o LVR-15 Reactor is part of the Research Centre Rez, in Czech Republic. Its 
characteristics and capabilities were presented, together with the involvement of 
this institution in the material programmes at F4E and EFDA.  

o The possibilities of the Polish RR MARIA (multipurpose high flux reactor 30 MW) for 
material testing irradiations were discussed. It was asked if there was a plan or 
schedule for coming back to materials R&D program for this facility; however, this 
possibility is not foreseen at the moment because lack of clients and not enough hot 
cells with the appropriated shielding. On the other hand, they are open for 
discussion if some partners want to perform specific irradiations.  
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o The capabilities of the LECI hot laboratory (CEA, France) were shown. This laboratory 
is devoted to the characterization of irradiated materials (mainly without fuels) for 
nuclear applications. Basically all kind of experiments related to characterization of 
irradiated materials can be done. In this laboratory samples can be also prepared.  

o Jožef Stefan Institute in Slovenia is planning to develop and install a 14 MeV 
converter in the existing TRIGA Mark II reactor to extend their capabilities in the 
area of reactor physics, mainly devoted to validation and/or improvement of nuclear 
data at energies above 10 MeV. It was asked the advantages of this facility respect 
to the one in Dresden. This facility is a passive device, much easier to maintain, with 
lower cost because housing and running the existing RR is less expensive.  

At the very end of the meeting, all presentations and other meeting materials were distributed to 

the participants and are available on request from the Scientific Secretary. 

 

D. Conclusions and Recommendations 

In the closing session the meeting participants acknowledged that the meeting was a timely and 
useful event. The important role of RRs in fusion material and fusion nuclear technology 
development was confirmed and strongly supported. Many data have already been obtained to 
validate the design of ITER components, and in support of the conceptual designs of subsystems 
towards DEMO and beyond. It was noted that dedicated particle beam experiments are capable to 
provide qualitative data to validate theory and modelling in order to complement the lack of co-
generation of gas and displacement damage data before IFMIF is able to deliver the required 
irradiation conditions, in particular for structural materials. An essential link in the chain of processes 
leading to reliable design data for a DEMO in connection to the RRs are the test devices realization, 
and the use of well-equipped laboratories for post-irradiation examination (PIE) and testing. The 
available knowledge, ability and experience of qualified personnel in fission nuclear technology and 
sciences are another advantage one should use efficiently in the chain of processes for DEMO 
success.  
 
In addition to the above executive summary the meeting participants formulated the following final 
conclusions on: 

• Status of R&D related to fusion materials 

• only RAFM steels are ready for qualification for DEMO 

• ODS F/M or F steels are still under development and there is a lack of industrial 

manufacturers at least in Europe & USA 

• V-alloys for Li-cooled T-Breeding Blanket still under development (Russian 

federation & Japan) 

• SiC/SiC composites and their suitability are still under R&D stage 

• W-alloys for fusion are at the beginning of their developments 

• Various joining techniques still to be developed and selected 

• Radiation effects in functional materials (Be, T-breeding materials, etc.) still to be 

studied 

• Radiation effects in insulators of DEMO windows, diagnostics and heating devices 

remain  to be examined   
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• Other issues to be addressed are (but not limited to):  tritium behavior in irradiated 

materials, vacuum vessel of DEMO, activation of various materials and waste 

generation, shielding of the superconducting magnets, etc. 

• Role of fast RRs in the area of materials development for fusion 

• Fast neutron reactors provide representative dpa rate, therefore suitable for issues 

linked with material phase stability  

• Point defects produced by fission neutrons (RRs) and 14 MeV neutrons are identical 

in Fe and most probably in all transition metals 

• However, He/dpa and H/dpa ratios are too low compared with fusion neutrons at 

least by one order of magnitude 

• Critical issue remains the availability of sufficient number of fast RRs: (a) presently in 

operation or temporarily shut down are BOR60 and BN600 (Russia), FBTR (India), 

CEFR and HFETR (China), Monju and Joyo (Japan), (b) new planned reactors are 

MYRRHA (Belgium), MBIR (Russia), ASTRID (France), PFBR (India), …  

•  Role of other RRs in the area of materials development for fusion 

• For MTRs:  generally limitation in dose rate ~7 dpa/year, up to ~15 dpa/yr in future 

JHR (France) and up to ~12 dpa/yr in Pallas (the Netherlands). 

• For all: too low production rates of He and H, therefore combined methods should 

be used (e.g. Ni-coated specimens, components enriched with boron, implantation 

of He and H prior to irradiation, etc.) 

• Other RRs:  can contribute through neutron beam science, on-site PIE, development 

of corrosion or coolant compatibility loops, nuclear data measurements, 

characterization of activation and waste generation, experience and good practices 

in nuclear infrastructure development, nuclear engineering, human resource 

development, etc.   

Finally, meeting participants recommended to 
• Publish the outcome of this meeting in a technical document, e.g. IAEA proceedings  

• Organize a dedicated Consultancy Meeting on international efforts for tritium generation, 

transport, and breeding based on evaluated needs by the fusion community   

• Collect information and make it available on all RR capabilities with respect to the specific 

requirements by the fusion community (e.g. through the template developed during the 

IAEA CM held in December 2010) 

• Facilitate and support the possibility of characterization of highly irradiated materials using 

neutron beams 

• Promote and support the synergies between combined studies using ion irradiation, neutron 

irradiation and modeling  

• Facilitate and promote the synergies between materials development for fusion and fission 

when possible, e.g. through INPRO or SMORE, organization of follow up periodic technical 

meetings every two years, etc. 

• Facilitate and support the creation of dedicated RR coalitions and networks for materials 

studies 

Last but not the least, the meeting participants recommended that the international fusion 

community, as in the case of ITER, should develop reference documents on DEMO requirements and 

candidate materials to facilitate the fission community to enlarge cooperation and assist in fusion 

materials science and engineering related irradiations and research.  
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I. Draft Meeting Agenda 

 
Monday, 27 June 2011; VIC, Building M, Room M6 

08:30-09:30 Registration, Gate 1 

  

09:30-10:00 Welcome & Opening Session 

Ms M.Venkatesh, Director, Division of Physical and Chemical Sciences (NAPC) 

Mr P. Adelfang, Section Head,  Research Reactor Section, NEFW 

Mr R. Kaiser, Section Head,  Physics Section, NAPC 

D. Ridikas, R. Kamendje, V. Inozemtsev, Scientific Secretaries 

Self introduction of the participants, Election of Chairpersons (2) and Rapporteurs (2) 

Discussion and Approval of the Agenda, Administrative Arrangements 

10:00-10:30 Objectives of the Meeting (within the IAEA project Enhancement of Utilization and 

Applications of Research Reactors) 

Mr D. Ridikas, IAEA 

10:30-11:00 Coffee break 

Start Session A  

11:00-11:40 Developing fusion radiation resistant materials: The contribution of the presently 

available irradiation facilities 

Mr J. L. Boutard, CEA Saclay, France 

11:40-12:20 Role of Fission Reactors and IFMIF in the Fusion Materials Program 

Ms  S. M. Gonzalez de Vicente, EFDA, Germany 

12:20-14:00 Lunch break 

14:00-14:40 IFMIF and its role in the context of DEMO design 

Mr A. Ibarra, CIEMAT, Spain  

14:40-15:20 The Jules Horowitz Reactor: A new research reactor devoted to Fuel and Material 

testing for the nuclear industry 

Mr  P. Roux, CEA Cadarache, France 

15:20-15:50 Coffee break 

15:50-16:30 Radiation Effects in Functional Materials for Nuclear Fusion Application 

Mr T. Shikama, Tohoku University, Japan  

16:30-17:10 He effects on the irradiation behaviour of structural materials for advanced nuclear 

systems  

Mr J. Henry, CEA Saclay, France 

17:10-17:40 Round table discussion animated by Session Chair  
All 

End Session A  

  

18:30-20:00 Hospitality Event  
All 
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Tuesday, 28 June 2011; VIC, Building M, Room M6 

Start Session B  

09:00-09:40 The efforts towards the neutron irradiation behaviors study of RAFM steel at SWIP 

Mr P. Wang, Southwestern Institute of Physics, China 

09:40-10:20 Evaluation of microstructural stability of RAFM ODS-Eurofer steel 

Mr H.R.Z. Sandim, University of Sao Paulo, Brazil  

10:20-10:50 Coffee break 

10:50-11:30 Effects of tungsten and tantalum on mechanical properties of RAFM steel 

Mr K. Laha, IGCAR, India 

11:30-12:10 Irradiation damage in China Low Activation Martensitic (CLAM) steel  

Mr F. Wan, University of Science and Technology, China 

12:10-12:50 Tritium Generation and Migration in Li-based Materials  

of Fusion Solid Blanket  

Ms I. Tazhibayeva, Institute of Atomic Energy, Kazakhstan 

12:50-14:00 Lunch Break 

14:00-14:40 Role of Research Reactors in the Characterization of Irradiated Fusion Technology 

Materials and Components by means of Neutron Scattering Techniques 

Mr R. Coppola, ENEA, Italy 

14:40-15:20  Non-destructive Examination of Perspective Steels for Fusion Technologies 

Mr V. Slugeň, Slovak University of Technology, Slovakia 

15:20-15:50 Coffee break 

15:50-16:30  Fusion Materials Irradiation and Development at HFR Petten 

Mr J.G. van der Laan, NRG Petten, The Netherlands 

16:30-17:10 Contribution of Budapest Neutron Centre to the Fusion Materials Program 

Mr A. Horváth, HAS KFKI Atomic Energy Research Institute (AEKI), Hungary 

17:10-17:50 LVR-15 Reactor and Fusion Related Activities in Material Research and Technology 

Mr M. Koleska, Research Centre Rez, Czech Republic 

 

Wednesday, 29 June 2011; VIC, Building M, Room M6 

09:00-09:40 LECI Hotlab Presentation 

Mr J. Henry, CEA Saclay, France 

09:40-10:20  Feasibility study and installation of thermal neutron driven 14 MeV  

neutron converter into the TRIGA research reactor 

Mr A. Trkov, JSI, Slovenia  

10:20-11:00 Some experience and characteristics of MARIA RR for material testing irradiation  

Mr G. Krzysztoszek, IAE POLATOM, Poland 

End Session B  

11:00-11:30 Coffee break 

11:30-13:00 Discussion animated by Meeting Chairs 

• Experimental conditions and parameters required at RRs for their enhanced contribution to 

the development of nuclear fusion systems 

• Correlations and synergies between RRs and nuclear fusion irradiation environments 

• Design of dedicated irradiation experiments needed for the future development of fusion 

reactor technology 

All 

13:00-14:00 Lunch break 

14:00-15:30 Discussion animated by Meeting Chairs 

• Collaborative initiatives between fusion and RRs communities, including sharing of 

relevant irradiation experiences with the advanced fission reactor community 

• Demonstration of capabilities of “new comer” RR facilities, presently not involved but 

potentially able to contribute in specific investigations required by the fusion community 

All 

15:30-16:00 Coffee break 

16:00-17:30 Finalization of conclusions and recommendations 

All 

17:30 End of the meeting 
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III. Requirements* of structural materials in fusion 

* As recommended at the IAEA CM on “Role of Research Reactors in Material Research for Nuclear Fusion 
Technology”, held on 13 - 15 December 2010, in Vienna, Austria. Full meeting report is available on request 
from the Scientific Secretary. 

End-of-life service conditions for fusion structural materials are defined by the neutron fluence of 
10-20MWa/m2 at temperatures ranging between 300 and 550oC for RAFM steels.  

The following two tables provide a summary of the present fusion structural materials developments 
(as a rule of thumb neutron loading on divertor target plate is 1/3 FW, i.e . in steel 10-30 dpa ) 

 

Service condition breeder blanket RA Ferritic/Martensitic Steel (DEMO target) 

Temperature 285-550 °C /Max. temperature for ODS < 650/750 °C) 

Neutron fluence First DEMO BB 3-5 MWa/m2dpa / Final goal 10 MWa/m2  

Damage levels 30 - 100 dpa (steel) 

Coolant  Water / Helium  

 

Service condition of the materials for advanced concept blankets and divertors  

Material Vanadium alloys SiC/SiC composites 

Maximum Temperature < 700 °C < 1,100 °C 

Coolant Liquid Metal He gas / liquid metal 

The application of Small Specimen Test Technique (SSTT), in particular the high flux test module of 
IFMIF, is favourable for several reasons:  

(i) to make best use of available irradiation volume 
(ii) to keep temperature gradients in the specimen as low as possible [examples presented, 

step gradients in change of material properties within 20-50oC, e.g. DBTT, tensile 
strength 500oC in RAFM]  

(iii) SSTT is already used for tensile, creep, fatigue specimens (widely) in irradiation 
campaigns with fission RRs in the EU, Japan, the USA and the Russian Federation. In 
these areas the fundamentals of [IFMIF-type] SSTT have been already widely 
established. 

However, SSTT for fracture toughness and fatigue crack growth tests are still under development. 
Moreover, it is worthwhile to be noted that the gap between SSTT and the design methodology for 
the high temperature structure irradiated to high damage levels by high energy neutrons still 
remains. Finally, SSTT might become even stronger requirement from the fusion community to 
harmonize data bases. 
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2. China, Wan 

Irradiation damage in China Low Activation Martensitic (CLAM) steel* 

Farong  WAN  and Yi  LONG 

1) School of Materials Science and Engineering, 

University of Science and Technology Beijing, 

Beijin100083, China 

E-mail: wanfr@mater.ustb.edu.cn  

In order to fabricate the test blanket module for ITER, China Low Activation Martensitic (CLAM) 

steel is being developed with the compositon of  9Cr1.5WVTa. This paper is to investigate the 

behavior of irradiation damage and the effect of transmutation gas atoms in the materials. The ion 

implantation to materials by hydrogen or deuterium was carried out by ion accelerator. The electron 

irradiation by high voltage electron microscope was used to simulate  the precedure of irradiation 

damage. In addition to CLAM steel, the irradiation enhanced precipitation was also studied using  

some binary model alloys, such as Fe-Cr, Fe-V, Fe-Ta, Fe-Si and so on. 

  

Electron irradiation at 450℃ forms many voids in the CLAM steel with basic composition, whereas 

no voids observed in the CLAM steel added by  silicon. Silicon is found to be a good alloying element 

for increasing the irradiation swelling resistance of the CLAM steel. Cr precipitates formed in the Cr-

containing samples which were pre-charged by hydrogen or deuterium and followed by electron 

irradiation at a temperature higer than 450℃.  

 

Both the growth and shrinkage of the dislocation loops  produced by hydorgen or deuterium ion 

implantation may be observed in CLAM steel under electron irradiation. The growing loops are of 

interstitial type and would formed at lower temperature. However, the shrinking ones are of  vacancy 

type and formed at higher temperature. Vacancy type loops absorb more interstitial atoms than 

vacancies, so they would shrink to disappear during electron irradiation. To compare the difference 

between hydrogen and deuterium, pure iron was used to check the shrinkage rate of vacancy loops. 

The shrink rate of loops with hydrogen is larger than that with deuterium. This result suggested that 

the loops with deuterium have weaker bias strength than the loops with hydrogen due to isotopic 

effect. 

 

*This work is supported by the National Natural Science Foundation of China with Grant Number 

50971030 and by the National Basic Research Program of China with Grant Number 2008CB717802 

and 2009GB109004. 
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3. China, Wang 

The efforts towards the neutron irradiation behaviors study of RAFM steel at SWIP 

Pinghuai Wang, Jiming. Chen, Zengyu Xu 

 Southwestern Institute of Physics, Chengdu, Sichuan, China 

E-mail: wangph@swip.ac.cn 

Reduced activation ferritic/martensitic steels (RAFMs) are recognized as the primary candidate 

structural materials for fusion blanket systems. In China, remarkable efforts are being spent by several 

institutes and universities for the characterization and optimization of RAFM steel, mainly focused on 

the steel development, mechanical properties characterization, joining techniques. The effects of 

displacement damage and helium production under neutron irradiation on mechanical properties and 

microstructures are critical subjects for the RAFMs, and extensive experiment data will be needed to 

get a fully understand of fusion neutron irradiation behaviors. Now, an irradiation campaign has been 

started by Southwestern Institute of Physics (SWIP) in the high flux engineering test reactor (HFETR) 

in China. 

  

The irradiation experiments will be performed in the HFETR at the reactor operation research centre 

in China, which has a power of 125MW and a maximum flux of 1.7×10
15

n/cm
2
.s. The irradiated 

materials are a type of RAFM steel named CLF-1 with different size samples for mechanical 

properties test and microstructural observation. In 2012, the target dose level for the irradiation is 

1dpa and the target irradiation temperature is 300℃, which can be controlled within ±20℃ of the 

actual measured specimen irradiation temperature. After irradiation, the mechanical propertites 

including tensile, Charpy impact and fracture toughness will be tested to obtain an experimental 

assessment of the main effects of neutron irradiation on the irradiation hardening and embrittlement. 

To control irradiation conditions and reduces radioactive waste, small specimen test techniques 

(SSTT) for the mechanical properties of the CLF-1 steel were under developing. The aim of the SSTT 

development is to establish a test standard in China for the preparation of studying the irradiation 

effect. In addition, the irradiation hardening mechanism and helium effects on microstructural 

evolution were studied by means of heavy ion irradiation. 
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4. Czech Republic, Koleska 

LVR-15 Reactor and Fusion Related Activities in Material Research and 

Technology at RC Rez 

M. Koleška
1
, J. Kysela

1
, M. Marek

1
, R. Všolák

1
 

1) Research Centre Rez Ltd., Husinec-Řež 130, 25068 Czech Republic 

E-mail: kmi@cvrez.cz 

The LVR-15 is a light water, tank type reactor, operating with power 10 MWth. The reactor currently 

undergoes the conversion from the IRT-2M fuel of 36 wt.% 
235

U enrichment to IRT-4M fuel of 19.7% 

enrichment via mixed cores. 

 

Due to its power output and achievable neutron fluxes the LVR-15 reactor is suitable for the study of 

combined effects of radiation and ambient media on materials. The reactor is equipped with 

experimental facilities such as loops and rigs, which permit an exposure under simulated conditions 

corresponding to those in power reactors. Irradiation rigs permit the exposure starting from small 

samples (ring, tensile) up to very large samples (1CT, 2CT). Five loops simulating either PWR or 

BWR conditions in various irradiation channels and IV. Generation loops (HTHL, SCWL) are in the 

active and non-active operation at the reactor. 

 

Reactor LVR-15 has been engaged in the research of the fusion reactor materials and technology 

under EFDA and F4E/ITER. 

 

Under the EFDA projects static and dynamic fracture toughness testing, in-pile testing and 

development of key components for PbLi ancillary system was done. 

 

Other projects under TBM Consortium of Associates and related to TBM were done. These projects 

are oriented on developing PbLi Ancillary System for HCLL TBM and on testing small-scale mock –

ups of ITER First Wall (BESTH, TW3). 
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5. France, Boutard 

Developing fusion radiation resistant materials: 

The contribution of the presently available irradiation facilities. 
 

J.L. Boutard, 

Cabinet du Haut-Commissaire à l’Energie Atomique, CEA/Saclay, F-91191 Gif sur Yvette, France.  

jean-louis.boutard@cea.fr  

Only materials with tailored chemical composition and microstructure will be able to withstand the 

high temperature and neutron flux of the plasma-facing components and tritium-breeding blankets 

within a future fusion reactor. Taking a selection of examples from the open literature, this paper will 

show how a combination of various irradiation facilities associated with basic knowledge on radiation 

effects and appropriate modelling can be used for pre-selecting fusion resistant materials.  

 

Identical thermal recovery stages in a-Fe after cryogenic irradiation by fission and 14 MeV neutrons 

allow for concluding that point defects have similar dynamic characteristics (Matsui et al.). The 

breakdown in sub-cascades of ~10 keV (R. Stoller), when PKA energy is increased, might imply 

similar replacement length range and ballistic disorder under fission and fusion neutron spectra. Phase 

stability under fusion and fission neutron spectra should therefore be very similar. Example of phase 

stability within martensitic steels and W-Re alloys (Seidmann et al.) will be given and conclusion for 

fusion applications drawn.  

 

Helium production via transmutation is specific to fusion spectrum, which can induce brittleness and 

decrease in swelling resistance of ferritic-martensitic (F/M) steels. Various experimental simulations 

can be used. Dual and triple beam irradiations are generally very effective. Reliable and well 

parameterised experiments can be performed with rapid feedback in volumes similar to those 

accessible to physical modelling. Dual and triple beam experiments illustrating the limited resistance 

to swelling of F/M steels under fusion condition will be given (Wakai et al.). Ni-coated specimens 

irradiated in HIFR confirm these results and show also that oxide dispersion strengthened (ODS) 

steels may have higher resistance to swelling (Odette, Yamamoto et al.). Lower yield strength of ODS 

steels after irradiation in BOR60 (A. Alamo et al. ) indicates that the high density of nanoclusters 

should act as effective point defect sinks. All these irradiations allow for concluding to the higher 

radiation resistance of ODS F/M steels, making this class of material very promising for fusion. 

 

Modelling will be an important tool to interpolate results and guide optimization towards fusion. The 

example of the dynamics of He in desorption experiments and its kinetic modeling will be given. 

Similarly ab initio calculation of formation enthalpies of W-V and W-Ta alloys will contribute in 

mastering phase diagram at low temperature and providing guideline to select an optimized chemical 

composition. 

 

Finally all these data should result into the pre-selection of materials to be qualified within a dedicated 

intense neutron source simulating 14 MeV neutrons, which is IFMIF in the EU roadmap. This strategy 

has been shown very effective in developing F/M steels, and should be applied for other important 

materials, such as refractory alloys and functional ceramics. For this last class of materials where 

radiation effects depend on atomic displacements and electronic excitations, ion irradiation on a large 

range of energy should be particularly useful. 
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6. France, Henry 

LECI Hotlab Presentation 

J. Henry 
1
, X. Averty 

2
, Ph. Bossis 

2
, J.L. Bechade 

1
, A. Terlain 

2
 

1) CEA Saclay DMN/SRMA Building 453, 91191 Gif Sur Yvette, France 

2) CEA Saclay DMN/SEMI Building 453, 91191 Gif Sur Yvette, France 

E-mail: Jean.Henry@cea.fr 

The LECI hot laboratory is the CEA laboratory dedicated to the characterization of irradiated 

materials (mainly without fuel) for nuclear applications. Determination of the materials properties 

(mechanical, metallurgical, chemical) are used, in particular, via modelling for predicting the life 

extension of nuclear components. 

    

The LECI hot laboratory, one of the most important European hot laboratories, consists in forty 

concrete or lead hot cells.  It is authorized to receive different types of irradiated materials such as 

structural and in-core materials (steel, zirconium alloys, aluminium alloys...), absorbing materials, 

glass, ceramics and composites, graphite, polymers and fuels coming from power plants. It is 

equipped with lot of very instrumented mechanical machines offering the possibility to perform 

dimensional measurements, tensile, creep (by tensile effort or internal pressure), relaxation and burst, 

toughness, impact (Charpy) tests in a large temperature range. Some specific solicitations can be 

taken into account such as very rapid increase of temperature, up to 500°C/s, (encountering in 

accidental conditions) obtained by Joule effect or induction heating. Metallurgical characterisations 

are associated to all these mechanical tests. Therefore, LECI have optical, scanning electron and 

transmission microscopes, a microprobe, Raman spectroscopy, X Rays diffraction, a wide range of 

tools allowing to perform of characterizations at different scales. Complementary analyses such as 

XRD synchrotron, SANS, ERDA and NRA can be performed with irradiated materials due to the 

proximity of the SOLEIL synchrotron, Orphée reactor and a nuclear microprobe. Moreover, it is 

possible to extract and analyse gas trapped in materials.  

 

Finally, different tools allow to weld or machine irradiated material for preparing specimens. Some 

corrosion studies (generalized or under stress corrosion) are also performed in the presence of 

pressurized hot water with a controlled water chemistry. The presentation will describe the different 

equipments of the LECI hot laboratory and show how these tools could be useful to study the fusion 

materials and in particular the irradiation effects.  
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7. France, Henry 

He effects on the irradiation behaviour of structural materials for advanced nuclear 

systems  

J. Henry
1
, X. Averty

1
, Y. Dai

2
, E. Meslin

1
, B. Décamps

3
 

1) CEA/DEN/DMN, F-91191 Gif-sur-Yvette cedex, France. 

2) Paul Scherrer Institut, 5232 Villigen  PSI, Switzerland. 

3) CSNSM/IN2P3/CNRS/ Univ. Paris Sud, 91405 Orsay Campus, France. 

E-mail: jean.henry@cea.fr  

In addition to displacement damage, significant amounts of helium will be produced by transmutation 

reactions in the structural materials of future fusion devices. Once produced, helium is trapped in the 

material and its fate and possible effects on mechanical properties are issues of concern. For example, 

helium has been known for a long time to induce the so-called "high temperature helium 

embrittlement” phenomenon which occurs at temperature typically above 0.5 Tm (where Tm is the 

melting temperature) and leads for instance to a decrease of creep rupture times.  

In this presentation, we will show more recent results of various mechanical tests performed on 

specimens implanted with helium using a cyclotron, which demonstrate that helium can induce also at 

lower temperature complete embrittlement of martensitic steels (depending on the accumulated 

concentration and implantation temperature). The analysis of bending tests carried out on implanted 

charpy samples indicates that helium lowers the critical stress for intergranular fracture and drastically 

decreases the fracture toughness of 9Cr-1Mo steel.  

Likewise, tensile and impact tests carried out on martensitic steel specimens irradiated in SINQ solid 

targets show a degree of embrittlement significantly greater than that expected after irradiation in a 

fission spectrum, which is attributed in particular to the high helium contents of the tested specimens. 

By contrast, oxide dispersion strengthened steels of MA957 type display a better behaviour following 

irradiation in a spallation environment.  

In addition to the use of cyclotrons and spallation targets, experiments with multiple ion beam 

facilities should be carried out, since they allow easy variation of parameters (such as He/dpa  ratio 

and irradiation rates), with rapid feedback and absence of activation. Furthermore possible synergistic 

effects of the simultaneous production of helium and hydrogen can be investigated as well. As a 

conclusion, we will show results of experiments performed using the new triple beam Jannus facility.  
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8. France, Roux 

The Jules Horowitz Reactor: A new research reactor devoted to Fuel and Material 

testing for the nuclear industry 

Patrick ROUX
1
, Christian GONNIER

1
, X. BRAVO

2
, G. BIGNAN

1
 

French Atomic Energy Commission / Nuclear Energy Directorate  

1) CEA Cadarache 13 108 St Paul lez Durance France 

2) CEA Saclay 91 191 Gif Sur Yvette 

E-mail: patrick.roux@cea.fr  

The future Jules Horowitz material testing reactor (JHR), is a pool tank water reactor under 

construction in the CEA CADARACHE centre. It will be a major Research Infrastructure within the 

European Research Area for the scientific studies of new material and fuel under irradiation. At 

present, the civil engineering works are under progress, and CEA expects a beginning of operation of 

this research infrastructure in 2016. 

 

The reactor core (of 60 cm high, 70 cm in diameter) is designed to operate at 100MWth and provides 

experimental cavities hosting experimental devices. The experimental locations (10 locations) situated 

inside the reactor core have a diameter ranging between 30 to 80 mm and provide high fast neutron 

flux conditions. The locations situated in the reflector surrounding of the reactor core (10 other 

locations) have a maximum diameter of 100 mm and provide high thermal neutron flux conditions.  

The reactor will perform R&D programs mainly devoted to fission reactor technologies ranging from 

present Water Reactor technologies under operation (Gen II) or under construction (Gen III) to future 

Gen IV reactor technologies (Sodium, gas, supercritical water cooled reactors). For that purpose, the 

facility will be equipped with experimental loops able to provide in the surrounding of the fuel or 

material samples the required environment conditions (thermal-hydraulics, chemical). At the present 

time some experimental facilities under design will operate with pressurized water (up to 155 bars), 

some with helium (possibly pressurized), other with Sodium-Potassium. The design of some 

experimental devices will allow investigating irradiations under high temperature conditions 

(typically up to 1000°C). 

 

For research on material for fusion reactors technologies, JHR can propose its central location in the 

reactor core that provides the highest fast neutron flux (up to 5.10
14

 n/(cm
2
s) of E>1MeV), 

corresponding to damages on materials of 16 dpa/year. 

 

This presentation will describe more precisely the JHR and its experimental capacity in order to 

determine the domain of interest for the research on fusion reactor materials. 
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9. Germany, Gonzalez de Vicente  

Role of Fission Reactors and IFMIF in the Fusion Materials Program 

S. M. Gonzalez de Vicente
1
, E. Diegele

2
, R. Heidinger
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E-mail: Sehila.Gonzalez@efda.org  

In fusion power reactors, the plasma facing (first wall, divertor) and breeding blanket components will 

suffer irradiation by an intense flux of 14.1MeV neutrons coming from the plasma. These fusion 

neutrons will produce nuclear transmutation reactions and atomic displacement cascades causing the 

presence of impurities and defects. Therefore, the chemical composition and the microstructure of the 

material will change after irradiation, affecting its physical and mechanical properties.   

The study and evaluation of the changes in the material properties under irradiation is a top priority 

for the design of a Fusion Reactor.  Key irradiation parameters include the accumulated damage, 

expressed in „dpa‟ (number of displacements per atom), the damage rate (in „dpa/s‟), the rates of 

production of impurities (e.g. appm/Hedpa and appm/Hdpa ratios), and the temperature of the 

materials under irradiation. 

 

Unfortunately, at the moment, the existing sources of 14MeV neutrons have very small intensity and 

do not allow us to get significant damage accumulation in a reasonable time. Therefore, it is necessary 

to simulate irradiation by fusion neutrons by using fission neutrons, high-energy protons or heavy 

ions. Although, the irradiation conditions provided by such particles are very different from those 

expected to occur in a fusion power reactor, especially in terms of damage rate and rates of production 

of impurities, relevant information can be obtained from the present available facilities as Fission 

Reactors. In this paper a list with relevant experiments suitable for the fusion community will be 

given. 

 

Next step must be IFMIF (International Fusion Materials Irradiation Facility), where the neutron 

spectrum should meet the first wall neutron spectrum as near as possible. With this new facility, 

qualification of candidate materials for use in a fusion DEMO reactor,  calibration and validation of 

data generated from fission reactors and particle accelerators, and identification of possible new 

phenomena will be carried out. Modelling of radiation damage effects must contribute to the design of 

experiments and interpretation of data from IFMIF. 
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10. Hungary, Horváth 

Contribution of Budapest Neutron Centre to the Fusion Materials Program 

Ákos HORVÁTH
1, Ferenc GILLEMOT

1, Gyula Török2, Csaba Balázsi3 

1Hungarian Academy of Sciences KFKI Atomic Energy Research Institute (AEKI) 

2HAS Research Institute for Solid State Physics and Optics 

3HAS Research Institute for Technical Physics and Materials Science 

H-1121 Budapest, 29-33. Konkoly Thege M. ut, Hungary 

The Budapest Research Reactor is a middle power reactor operated by the Atomic Energy 

Research Institute in Hungary. In order to better utilize the beam instruments around the reactor the 

Budapest Neutron Centre was founded, and the scientific activities are organised by a consortium of 

four academic institutes. One of the sixteen instruments offered for the scientific research, the dry 

irradiation rig called BAGIRA (Budapest Advanced Gas-cooled Irradiation Rig Assembly) is operational 

in one of the vertical channels since 1998. It is used to irradiate nuclear reactor vessel and fusion 

equipment materials in order to study and evaluate irradiation ageing. Recently, the rig was 

redesigned for in-pile fatigue and creep, the structure is strengthened to perform irradiations up to 

600ºC. The Institute participated in several IAEA co-ordinated and other EU research programmes 

mostly with irradiated material testing. Studies of irradiation damage on ferritic steels, titanium and 

tungsten alloys has been performed.  

The key question in the invention of the next generation of fission and fusion devices is the 

development of high strength structural materials which can withstand high temperature with 

proper irradiation resistance. The energy conversion in the fusion plant requires the use of structural 

materials operating in the 500-600°C temperature range. The fossil plants which operate at this 

temperature, are built from Cr-Mo and Cr-Mo-V steels. These materials are widely used by the 

industry, so the nuclear application do not need extensive technology development, even long term 

creep and thermal ageing properties are well known. In order to investigate the radiation resistance 

of this steel at higher temperature, samples made of this steel and its weldment have been 

irradiated recently.  

Development of oxide strengthened ferritic and austenitic steels has been launched in 2009, 

with the fundamental studies concerning the optimization of the mechanical milling process. Oxide 

dispersion strengthened (ODS) ferritic steels are one of the promising materials with a potential to 

be used at elevated temperatures due to the addition of extremely thermally stable oxide particle 

dispersion into the ferritic/ martensitic matrix. Mechanical testing of samples prepared with 

different chemical composition was performed; the quality of the powder was analysed with 

different methods. Among others, small-angle neutron scattering (SANS) was used to determine 

precipitate size distributions and volume fractions. The paper will give an overview of the recent 

activities. 
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Effects of tungsten and tantalum on mechanical properties of RAFM steel 
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Internationally developed Reduced Activation Ferritic-Martensitic (RAFM) steels are mostly of 9Cr-

W-Ta-V type. The steels derive their strength from the martensitic phase transformation induced high 

dislocation density, cells and sub-grain boundaries decorated with chromium rich M23C6 carbides, and 

fine intragranular MX type Ta/V carbides. Tungsten provides strength to the steel through solid 

solution strengthening and by enhancing the stabilization of martensitic lath structure. Partial 

replacement of tungsten in chromium rich M23C6 carbide retards its growth which in turn becomes 

more effective in stabilizing martensitic lath. Tantalum is added to refine the prior austenitic grain 

size of the steel for better toughness. Primary TaC restricts grain growth during normalization heat 

treatment. An optimization of tungsten and tantalum contents of RAFM steel for better combination 

strength and toughness is attempted in this investigation.  

  

Four heats of RAFM steel with tungsten (1-2 wt. %) and tantalum (0.06 – 0.14 wt. %) have been 

melted.  The steels were subjected to final normalizing (1250 K for 30 minutes) and tempering (1033 

K for 60 minutes) heat treatments. Prior austenitic grain size was found to decrease from 15 m to 9 

m on increasing tantalum from 0.06 wt. % to 0.14 wt. %.    

 

Impact properties of the steel including ductile to brittle transition temperature (DBTT) were found 

not to get influenced appreciably by the addition of tungsten. The DBTT of the steels was estimated to 

be less than – 80 
o
C based on the 68 Joule criterion. Tensile strength of the steel was also found not 

influenced significantly with the tungsten content. However, tensile strength of the steel decreased 

marginally with the increase in tantalum content with the consequent increase in ductility. Increase in 

tungsten decreased the minimum creep rate and delayed the onset of tertiary stage of creep 

deformation in the steel and reverse was found with the increase in tantalum. Creep rupture strength 

of the steel was found to increase significantly with tungsten whereas it decreased with the increase in 

tantalum. RAFM steel having 1.4 wt. % tungsten with 0.06 wt. % tantalum tends to have better 

combination of creep strength, ductility and toughness. 
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12. Italy, Coppola 

Role of Research Reactors in the Characterization of Irradiated Fusion Technology 

Materials and Components by means of Neutron Scattering Techniques 
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In this  contribution  the role of medium/high-flux research reactors in the characterization of 

irradiated fusion material and components by means of neutron scattering techniques is discussed. 

Cold neutron beams provide a powerful post-irradiation examination tool,   first because the 

manipulation of the samples is considerably reduced compared to other techniques, such as electron 

microscopy, allowing the non-destructive investigation of highly irradiated materials and components 

without hot-cells. Furthermore, neutron scattering provide unique microstructural information on 

irradiation defects under He/dpa fusion relevant conditions as well as an accurate determination of the 

stress field in first-wall and divertor welded structures. 

 

After briefly reviewing the main neutron sources available for such studies, the utilization of small-

angle neutron scattering and of neutron diffraction in the study of irradiated fusion materials will be 

shown by results obtained in the frame of the Fusion Programme at the High Flux Reactor of the 

Institut Max von Laue – Paul Langevin (ILL), Grenoble. 
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Radiation Effects in Functional Materials for Nuclear Fusion Application 
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Radiation effects are outcome of three major effects; effects of atomic displacement, electronic 

excitation, and of nuclear transmutation. In the meantime, radiation effects have two aspects; 

accumulation effects and dynamic effects. The diagnostic components developing group in the  ITER-

EDA clearly declared that the only in-situ type radiation effects studies, preferably with a fission 

reactor, will be relevant to the nuclear fusion development. As a background landscape, evolution of 

radiation effects as functions of time and environmental parameters, such as temperatures, chemical 

potentials, and electrical and magnetic fields, could be categorized into several domains; a linear 

radiation effects dominating, an environment-effects dominating,  an synergistic effects modifying, a 

multi-scale modelling effective, and finally a non-linear effects dominating domains.  Among major 

irradiation tools, such as spallation and fusion neutron sources, charged particle accelerators, gamma-

ray facilities, and fission reactors as well as computer based simulations, only the fission reactor 

irradiation could give the overall perspective of radiation effects in nuclear fusion materials, with 

abundant and uniform irradiation volumes.   

 

In the meantime, the fission reactor irradiation is handicapped with not-so-high neutron fluence 

except for some very high neutron flux reactors, which will be needed for evaluation of structural 

materials. For the study of functional materials, some handicaps of the fission reactor irradiation can 

be neglected, such as primary knock-on cascade profiles, and the demanded neutron fluence will be 

within the attainable range. The paper will describe some examples of irradiation tests of nuclear 

fusion functional materials in fission reactors; the electrical conductivity of ceramic insulators and 

hydrogen-isotope mobility in solid breeders. Also, a recent attempt to evaluate of nuclear fusion 

relevant irradiation effects in superconductive magnets will be briefly reported. There, a cryogenic 

irradiation and post irradiation examinations in a high magnetic field will be crucial.   
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Tritium Generation and Migration in Li-based Materials  

of Fusion Solid Blanket  
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1
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E-mail: tazhibayeva@ntsc.kz   

Accumulation and migration of tritium is one of the important parameters while selecting the 

materials for fusion reactors. Modern concepts of the solid blankets propose to use lithium ceramics 

as a tritium generating material. The paper contains review of the experimental studies of tritium 

release from Li-based breeder materials, which are prospective for fusion reactors. 

 

The objective of this work was the in-pile studies of lithium ceramics Li2TiO3 with lithium burnup up 

to ~20%, "in situ" registration of tritium release for various temperatures (up to 900
o
C), and 

assessment of the prospects to use 
6
Li-enriched lithium metatitanate as a breeder material for the 

controlled fusion facilities in respect to possible long-term effective generation of tritium. The paper 

describes the conditions and main results of the experiments on tritium and helium release from 

irradiated lithium ceramics Li2TiO3 enriched with 
6
Li (96%). The irradiation was carried out at the 

research thermal reactor WWR-K (INP NNC RK) during 5350 hours under power rate of 6 MW. 

Mass-spectrometer technique was used for in-situ registration of residual gas spectra from lithium 

ceramics, and in post-radiation studies of residual tritium and helium. Tritium release kinetics was 

studied depending on irradiation conditions under constant temperature and thermocycling. Post-

radiation studies of residual tritium release from lithium ceramics were carried out by thermo-

desorption technique. The obtained results were compared with tritium activity measurements of 

liquid scintillation beta-spectrometer “TRICARB-3100TR”. 

  

There were studied the effects of lithium burn-up (up to 23%) on tritium release from lithium titanate 

during long-term reactor irradiation. It was discovered that tritium release was mainly controlled by 

bulk diffusion; however, specific role was played by lithium trapping by point defects and reaction of 

tritium molization at a material surface. Temperature dependence of tritium diffusion coefficients in 

lithium ceramics was obtained for various levels of 
6
Li burn-up. Mechanisms were proposed for 

description of tritium and helium release form irradiated ceramics Li2TiO3. Main parameters of tritium 

and helium interaction were calculated, and total quantity of accumulated tritium was defined as well.  
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Fusion Materials Irradiation and Development at HFR Petten 
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With the ITER project currently under construction at Cadarache, France, the global development of 

fusion power as an energy source has developed as a nuclear technology. The High Flux Reactor at 

Petten is already a major tool in this development already for more than three decades. NRG 

contributes to this fusion nuclear technology development by providing experimental results utilising 

the HFR as the neutron source and its own as well as partners‟ hot cell laboratories to perform post-

irradiation testing. HFR's high versatility provides it with extremely relevant testing capabilities for 

ITER and power plant technologies. The activities concern the ITER vessel and in-vessel components, 

breeding blanket development and advanced fusion tailored structural materials: chromium steels, 

tungsten and ceramic composites. Numerous data are contributed to the ITER Material Handbook, 

and support the codification of materials required for licensing fusion installations. 

  

A major step concerns the transition to testing of components. The HFR provides valuable in-pile 

process data and instrumentation performance for test blanket operations in ITER. Extensive work has 

been performed on the qualification of bolting materials, and Eurofer steel products and joints for 

blanket structural applications. In-pile performance of subassemblies for the HCPB and HCLL 

blanket concepts is being tested. Controlled gas purge with on-line tritium monitoring and triple 

containment are key features for irradiation of tritium generating materials. Effects of in-pile 

oxidation of Eurofer have been demonstrated recently. 

 

Most of the work is performed under the contract of Association Euratom-FOM, EFDA and F4E, 

ITER-NL and ExtreMat Projects with financial support of The Netherlands Ministry of Economic 

Affairs. Active collaborations concern a wide range of European and international parties.  

The paper will describe the activities globally, and highlight the implications on qualifications for 

ITER components and test blankets, as well as touch upon the outlook for PALLAS, the new multi-

purpose test reactor being planned as HFR successor.  
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16. Poland, Krzysztoszek 

Some experience and characteristics of MARIA RR for material testing irradiation  
 

G. Krzysztoszek 
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Email: gkrzysz@cyf.gov.pl 

 

The research reactor MARIA is operated at the Institute of Atomic Energy POLATOM (IAE). The 

multipurpose high flux research reactor MARIA is a water and beryllium moderated reactor of a pool 

type with graphite reflector and pressurised channels containing concentric six-tube assemblies of fuel 

elements. It has been designed to provide high degree of flexibility mainly for material testing in 

loops and rigs. Movable core and reflector elements, fuel channels and beryllium and graphite blocks 

ensure to configurate optionally the reactor core in which the research channels and rigs will be 

surrounded by nuclear fuel. The equipment cooperating with the channels to be examined can be 

installed in the experimental hall or in technological hall of the reactor. 

 

Nuclear parameters in the spots aimed to materials‟ examinations are as follows: 

Fast neutrons‟ flux: Φf = 1.0 ÷ 1.5 · 10
14 

 n cm 
–2

 s
-1

 

Thermal neutrons‟ flux: Φt = 1.0 ÷ 20 · 10
14 

 n cm 
–2

 s
-1

 

Gamma thermal heating
: 
q = 20÷50 Wcm

-3
Fe 

 

In MARIA reactor were conducted material investigations in thermostatic gaseous rigs of the type 

KAMA, SR-1, KRS-M. 
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High chromium steels belong to the most prospective materials for thermonuclear fusion facilities as 

well as for more components used in GEN IV facilities. Radiation resistance of these materials is a 

significant attribute. Therefore it is needed to be consistently studied in the view of microstructure 

deterioration followed by degradation of mechanical properties. 

This paper is focused on microstructure study of 9 % chromium steels (T91, P91) and observation of 

microstructure changes as open volume defect accumulation or residual stress growth after radiation 

damage, which is simulated by a helium ion implantation. Investigated materials were observed by 

non-destructive experimental techniques based on the positron annihilation in the matter (Positron 

Annihilation Spectroscopy, Doppler Broadening Spectroscopy) and magnetic properties of iron alloys 

(Magnetic Barkhausen Noise Measurement). Results indicate higher radiation resistance of T91 than 

P91, although T91 shows higher residual stress in microstructure before irradiation. 

  

mailto:Vladimir.Slugen@stuba.sk


Working Document, Ref.: IAEA-F1-TM-41246 & RER4032/9018/01 

Materials under high-energy and high-intensity neutron fluxes for nuclear fusion technology 

27-29 June 2011, IAEA, Vienna, Austria  
 

 33  

18. Slovenia, Trkov 

Feasibility study and installation of thermal neutron driven 14 MeV  

neutron converter into the TRIGA research reactor 
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Experimental devices for irradiation with 14 MeV neutron, which are very important for fusion 

applications are lacking. Conventional neutron generators require laboratory space and maintenance. 

In the literature one can find documents, which pursue the idea of using the 
6
Li(n,T)

4
He reaction in a 

reactor irradiation facility as a source of tritium in a deuterated environment, which adds a 14 MeV 

component from the (D-T) reaction to the reactor spectrum Design and installation of such a device 

would provide the following enhanced capabilities: 

- validation and/or improvement of nuclear data at energies above 10 MeV,  

- irradiation and testing of low-activation fusion reactor candidate materials to study activation 

and radiation damage 

- fast neutron activation analysis. 

The proposed irradiation facility enhancement is a low-cost facility, complementary to IFMIF 

(International Fusion Material Irradiation Facility), which is intended for testing mechanical 

properties of materials under extreme irradiation damage conditions. IFMIF is a large and expensive 

facility, which will take a long time to complete. Neutron generators with a D-T source are another 

possibility, but require auxiliary structures like shielding, collimators, power supply and control 

instrumentation. In comparison, a 14 MeV neutron converter in an existing fission research reactor is 

an attractive alternative. Although the neutron flux levels could not compare to IFMIF, the facility 

would provide support to a number of experiments that require 14 MeV neutron spectra, but do not 

need high neutron fluence. 

At the Jožef Stefan Institute we have long-term experience with production of isotopes, irradiation of 

various samples, handling of radioactive material (from radioactive samples to spent fuel elements) 

and neutron transport calculations. We are planning to develop and install a 14 MeV converter in our 

existing TRIGA Mark II reactor, which would extend our capabilities in the area of reactor physics, 

neutron activation and data validation by exploiting the potentials in manpower and existing expertise 

at the Institute. 
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The IFMIF (International Fusion Materials Irradiation Facility) Project aims to produce the materials 

database required for the design and licensing of a future DEMO reactor. IFMIF is a high intensity 

neutron source with a fusion-like spectrum based on the stripping reaction of two deuteron beams 

hitting on a liquid Li target. It is considered as an indispensable element in the roadmap to fusion 

power and it could be operational before the D-T phase of ITER. 

Presently, engineering and validation activities are being developed by the IFMIF-EVEDA project 

carried out in the framework of the EU-Japan Bilateral Agreement for the Broader Approach.  

In this work the present status of these activities will be reviewed and the recently updated IFMIF 

user´s specifications, top level requirements, preliminary irradiation programme and possible 

schedule will be discussed. Specific attention will be paid to the roadmap of IFMIF and its 

relationship with different fusion programme scenarios and the materials development activities.  
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