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This work addresses an overview of the recent progress, associated risks and development plans of 

structural materials for in-vessel components (IVCs) in DEMO plants. Reduced Activation Ferritic 

Martensitic Steels form the primary structural materials for most DEMOs IVCs and will be the focus 

of the paper.  

 

An overview of EU- and J-DEMO programs RAFM steels developments is presented. We highlight 

the present status in their development for use in DEMO plants, with focus on the structural materials’ 

operational, and project orientated, requirements. The development of materials property handbooks 

from high quality data is illustrated. A process to validate these steels for operation in DEMO IVCs is 

summarised, revealing the pragmatic procedures ongoing, and limitations of this approach due to the 

synergistic operational effects on IVC materials; the use of in-situ or surveillance monitoring is 

outlined as a method to accommodate this limitation in synergistic effects and allow confidence in 

future DEMO operations.  

The development of advanced modifications to F82H and EUROFER are highlighted, with minor 

modifications leading to improved low and high temperature operational design space being open for 

DEMO reactors.  
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1. Introduction  

Within the fusion community we have a vast array of challenges to address toward the realisation of 

demonstration fusion reactors (DEMOs) that provide the scientific and technical basis for commercial 

fusion power plants of the future. This paper overviews the current status, cutting edge advancements 

and development steps for one of these key challenges, the development and qualification of the 

Structural Materials for the In-Vessel Components.  

Within this paper we will only cover the Breeding Blanket [1] and Divertor [2] as these represent the 

largest in-vessel components, and we will focus on the R&D programs for the Japanese and European 

Union DEMO reactors (J-DEMO and EU-DEMO) [3-5].   

 

1.1 Operational requirements 

A multitude of papers exist regarding the range of challenges of the structural materials for DEMO in-

vessel components [6-10], for simplicity we present here a non-exhaustive list of the key requirements 

of the structural materials for the DEMO breeder blankets:  

• Compatibility with heating and current drive components. 

• Compatibility with vacuum conditions. 

• Tolerance to significant thermal gradients. 

• Acceptable total mass. 

• Erosion tolerance if plasma surface exposed. 

• Operational temperature that matches required primary coolant temperatures. 

• Coolant compatibility: water, liquid metals, etc. 

• Breeder and multiplier material compatibility. 

• Joinability to dissimilar materials, weldability. 

• Compatibility with remote handling (rigidity, decay heat/irradiation on shutdown).  

• Meeting lifetime performance requirements – fatigue, creep, corrosion, etc. 

• Designable to required codes and standards. 

• Manufacturable to acceptable tolerances. 

• Compatibility with diagnostics components. 

• Resilience to fusion spectrum neutron damage. 

• Meeting lifetime activation requirements. 

• Compatibility with high magnetic fields. 

• Acceptable tritium retention, permeation and diffusion. 

• Tolerance to disruptions, runaway electrons, etc. 

• Tolerant to gas production (He and H transmutation products). 

  

While all of these requirements must be met, and must be met synergistically, the effects of fusion 
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neutron irradiation and related transmutations are unprecedented elsewhere and represent the most 

complicated challenge to address [11].   

 

1.2 “Project” requirements  

Beyond the operational requirements for the structural materials for DEMO IVCs, there are also a host 

of more project orientate challenges that need to be addressed, a similar non-exhaustive list of these 

project orientated challenges include:  

• Mass production.  

• Quality assurance.  

• Cost (R&D/qualification, raw material, final products). 

• Reactor licencing.  

• Waste limitations.  

• Lifetime monitoring and inspection.  

 

Finally, it is also critical for the fusion community to recognise that we must realise DEMO reactors 

and the subsequent commercial fusion reactors fleets, at a sufficiently fast timeline, in order to 

contribute to the current climate challenge recognised within the R&D funding around the globe [12-

14]. This timeliness is perhaps most important remits surrounding the fusion community, it imposes a 

significant challenge to the development and qualification of structural materials and is recognised by 

the set timeframes for a range of DEMO reactors around the world.  

 

Approximate timeline for net power producing fusion power plants 

EU – DEMO (EU) 2050s  

JA-DEMO (Japan) 2050s  

K-DEMO (Korea) 2050s 

CFETR -> DEMO (China) 2030s-2040s 

US-DEMO (US) 2050s 

Private endeavours (SPARK, ST-F1, DaVinci) 2020s-2040s 

Table 1. provides approximate time frames for the operation of various proposed fusion reactors that 

aim to address the scientific and technological challenges of fusion power as a pre-cursor to 

commercial fusion power plants (DEMOs and their equivalents)[15-18]. 

 

Notable for this paper, Table 1., shows the timelines for the EU- and J-DEMO concepts of operation 
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within 2050s. Although no certain timeframes have been set this 2050s operation will “likely” imply 

site selection and construction in 2040s, Engineering design phases and validation of components 

within 2030s, which means the conclusion of the conceptual design phases and selection and 

verification of the structural materials within 2020s.  

 

1.3 Paper overview 

This combination of unprecedented operational requirements of the structural materials, coupled with 

the project orientated challenges (most notably the timeline for realisation of DEMOs) provides our 

fusion community with a complex challenge in materials selection, development and qualification.  

Based on many years of research and sound principles, most notably the availability of high quality 

(and quality assurance) production, manufacturing and inspection [19], the selected Structural 

Materials for EU- and J-DEMO IVCs are Reduced Activation Ferritic / Martensitic (RAFM) Steels 

[20-21].  

This paper will overview RAFM steels, focusing on F82H and EUROFER (the Japanese and EU 

reference RAFM steels respectively). In section 2, we overview the current status of these materials. 

In section 3, we propose a procedure for the validation of these steels for use within a DEMO IVC 

environment, giving a spotlight on the use of Bayesian analysis and in-situ/surveillance monitoring 

techniques. In section 4, we overview cutting edge development of novel variants of these steels. In 

section 5, we draw conclusions for the role of these steels’ qualification and development within our 

fusion community.   

 

2. Status of DEMO IVC structural materials  

Reduced Activation Ferritic / Martensitic Steels have been proposed for use in fusion for well over 20 

years [22], have been the subject of a substantial number of scientific reviews [21] and form the 

proposed structural materials options for the ITER TBMs [23] and EU- and J-DEMO IVCs [20, 21].  

Due to the substantial volume of scientific literature on these steels we will not overview their 

development in this paper, readers are referred to references above. We provide here new summarises 

of the status of F82H and EUROFER materials in 2020, where significant efforts have been realised 

in the development of the associated databases and materials property handbooks for these materials 

and are reported here first.  

 

2.1 Data and handbooks for F82H and EUORFER97 
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Both F82H and EUROFER97 have defined processing and manufacturing route, including chemistry 

and impurity tolerances. Significant efforts have been placed in gathering data on these steels in recent 

years. The leading databases for F82H and EUROFER now consists of >3100 and >3500 pedigree data 

points respectively; each data point has undergone significant screening to ensure it of sufficient 

pedigree for use (examples of this screening can be seen in [20]). These databases of high pedigree 

data have been collated into materials property handbooks that can be used to confidently support 

engineering design.  

 

It is important, in regards the long term validation of these materials, to highlight the timeframe and 

“costs” associated with some of these tests; notable examples are the creep and ageing tests performed 

on F82H, see Figures 1 a) and b), where creep tests have lasted over 23 years and ageing data have 

been performed at over 100,000hrs.  

 

Figure 1 a) creep life for various RAFM and Grade 91 steels at various temperatures, b) yield strength 

vs aging time for F82H RAFM steel at various ageing temperatures [21, 24, 25].  

 

F82H and EUROFER are proposed for operational use within ITER TBMs [23] and are undergoing 

substantial testing and validation efforts now to allow use, including codification in RCC-MRx for 

EUROFER [26] and Nuclear Particular Material Appraisal for F82H [27, 28].  

 

These data to date are primarily (but not exclusively) related to non-irradiated and base metal 

(excluding corrosion, joining, multi-material interfaces) conditions. The performance limits of the 

materials after representative operational conditions, including irradiation, corrosion, creep-fatigue, 

etc., must be addressed to validate the engineering performance of these steels, yet obtaining this data 

a) b) 
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represents a significant challenge towards qualification [footnote1]. 

Thus the 2020 status of these RAFM steels is: Substantial volumes of high pedigree data is collated, 

Materials Property Handbooks for F82H and EUROFER97 are available, preparations for inclusion of 

these materials in codes needed for ITER TBM operations are ongoing, yet there is still relatively 

limited data on irradiated or synergistic operational effects.   

 

3. Processes to gain validated operationally representative performance data of RAFM 

steels for DEMO IVC environments.  

 

Of the significant developments required to validate the use of RAFM steels for DEMO IVC 

environments noted in the introduction, understanding the effects of fusion spectrum irradiation on the 

materials is paramount and processes to address this are reviewed here.  

 

3.1 Effects of irradiation damage 

It is well established that neutron irradiation has substantial effects on the performance of materials, 

notably hardening and embrittlement [11] as illustrated in figure 1. below.  

 

 

1 Within the context of this paper “qualification” it a generic term representing the documentation and 

quality assurance steps needed for the DEMO projects to consider the materials acceptable for use. Those 

will depend (also) on regulation requirements for IVC. For example, at the time of writing, it is not known, 

if this requires acceptance within a nuclear code or not. Due to the complexity of this subject will not be 

discussed further within this paper. 
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Figure 2. show the change in Ductile to Brittle Transition Temperature (DBTT) of EUROFER97 as a 

function of the fission neutron irradiation fluence (dpa) obtained on KLST specimens irradiated at 

250-340°C. The blue point (rectangle) represents KLST specimens after fission neutron irradiation but 

irradiated at 400-450°C [20].  

  

It can be seen in Figure 2. with the variation in Ductile to Brittle Transition Temperature (DBTT) of 

the curve, irradiated at 250-340°C, and the rectangle, irradiated at 400-450°C, that temperature has a 

substantial synergistic effect on the performance alteration of the RAFM steels. 

 

To support this paper we inform readers that in addition to temperature, it is well understood that 

changes (due to changes in displacement cascades and transmutation rates) in the spectrum of 

irradiation will change the materials properties. It is also recognised that the synergistic effects of 

stresses, materials form (e.g. initial microstructural state), corrosion and erosion with irradiation will 

alter materials performance and must be accounted for in engineering design.  

 

3.2 Proposed process to evaluate and validate RAFM steels for DEMO IVCs 

We present here a simplified summary of the 2020 pragmatic process proposed within J- and EU-

DEMO programmes to address this challenge: 

 

1. Develop a comprehensive understanding of the materials in its unirradiated state. 

2. Develop fundamental understanding of irradiation effects via modelling and experimental 

validation for this material. 

3. Develop a database on materials properties after fission neutron irradiation. 

4. Combine: Bayesian statistics, fundamental modelling, unirradiated and fission spectrum 

irradiated data, to predict fusion environment property changes.  

5. Validate predictions using fusion spectrum neutrons (e.g. IFMIF-DONES or A-FNS [29, 30]). 

 

This process relies on modelling, including fundamental predictive modelling [31] and statistical 

modelling (most notably Bayesian [32]), to predict the performance of the materials beyond the 

available experimental data (which inherently can’t cover the full operational ranges and conditions). 

The application of statistical modelling should target confidence or likelihoods associated with these 

predictions to support probabilistic based designs [10].  
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It is recognised that due to the limitation of proposed fusion neutron spectrum materials irradiation 

facilities [29, 30] this process, only validates scientific prediction with respect to combined 

temperature and spectrum effects. Although the experimental assessment and predictions of some 

synergistic effects is within the fusion community planning (EU and Japan specifically), there is 

limited practical ability to cover all combinations of operational effects, including but not limited to 

the synergistic effects of irradiation & temperature & stresses & corrosion & erosion & unpredictable 

duty cycles, etc.   

 

3.3 Proposed adoption of in-situ and surveillance monitoring of DEMO IVC materials  

The wider question of importance to operation of DEMO reactors relates to “how to accommodate real 

life performance degradation”. At present, this is unknown in the community and must be addressed. 

It is proposed here that a combination of in-situ and surveillance monitoring (potentially including 

removal and replacement of components) represents the leading methodology to gather this data and 

allow operation. There is precedence for this approach to operation of nuclear reactors in the fission 

industry, see Figure 3 for an example surveillance cell and in-situ pipe monitoring technique [33, 34]. 

However, there are critical differences in the application of these techniques into fusion reactors 

compared to fission, some notable challenges for fusion include: the complex geometries of the IVCs, 

likely limited accessibility within the IVCs, limited spatial availability within IVCs owing to other 

demands (such as maintaining a high tritium breeding ratio), impracticality of gaining accelerated 

damage on IVCs (as they are already as close to the neutron source (plasma) as practical for operations), 

significantly increased irradiation effects (notably gammas) effecting embedded instruments, need to 

utilise remote handling tools for in-situ analysis due to high shutdown dose after operations, etc. These 

and many other areas must be considered in designing in-situ and surveillance monitoring for fusion 

reactors.  



9 

 

 

Figure 3 a) example of surveillance cell use in fission reactors, b) left, example of hardness profile 

testing technique and right, example of the same testing technique use in-situ on a pipe [33, 34]. 

 

Of the challenges to be addressed in development of these techniques, the requirement to develop and 

test and validate these diagnostic sensors and or sample holders within relevant environments is 

paramount. There are no current facilities that can simulate the environmental conditions anticipated 

within IVCs, and the planned facilities such as IFMIF-DONES or F-ANS [29, 30] have limited 

availability to be used for validation of these techniques. Thus, a methodology for approval and 

validation of the techniques themselves must be developed.   

However, this monitoring process hold a key to accelerated understanding of operational performance 

of our IVCs. The use of these on DEMOs will not only support operational scenarios and lifetime 

extensions for DEMO but will accelerate scientific understanding we need for the design and operation 

of our future commercial fusion reactors.  

 

4. Development of advanced RAFM steels 

In parallel to the validation and planning steps for the utilisation of F82H and EUROFER97, there are 

ongoing developments to modify these steels and improve performance. The overarching strategic 

vision here is to retain the basic structure and advantages of the RAFM steels (existing data base, 

industrial production, manufacturing, inspection and quality assurance procedures) while improving 

the operational performance. To achieved this overarching vision, subtle modifications are made to 

a) 

b) 
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EUROFER97 and F82H, such that the performance can be improved in targeted areas while retaining 

the base performances.  

 

Within EUROfusion, two approaches have been adopted, the reduction in the Ductile to Brittle 

Transition Temperature (DBTT) targeting use of EUROER97 within water-cooled designs [35], and 

increased high temperature strength, notably creep, targeting He gas cooled designs [36].  

Similar efforts look to modify F82H to enhance performance within the water-cooled designs of the J-

DEMO IVCs.  

 

The details of these works are, or will, be reported elsewhere [37-45], we highlight here the 

methodology and preliminary results to illustrate the significant improvements that are now known to 

be open to RAFM steel through minor modifications.  

 

4.1 Advanced EUROFER 

To accommodate the unacceptably high DBTT (above room temperature) after irradiation at <~300°C 

[20], modifications to EUROFER97 were made aimed at reducing the initial DBTT. Efforts focused 

on the thermodynamical processing of the EUROFER97, an example of this is seen in Figure 4, where 

a modified thermodynamical processes have shifted the unirradiated DBTT to ~100°C lower then 

conventionally processed EUROFER97.   

 

    

a) 

b) 
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Figure 4 a) example of new thermodynamical processing procedure for EUROFER, b) absorbed 

energy vs test temperatures for new variations of EUROFER that underwent new thermo-dynamical 

processing conditions showing reduced transition temperatures compared to that of 

conventional/standard EUROFER97 [37-39].  

 

 

To accommodate the loss of strength at >~550°C modifications were made to EUROFER97 via 

changes in chemistry and alterations to thermodynamical processing. A range of alloys have been 

developed and the initial results are shown in Figure 5 to illustrate the substantial improvements in 

creep performance that can be realised via subtle modifications.  

  

Figure 5 variation in stress rupture times for various “modified” EUROFER steels, with 

conventional/standard EUROFER97 included for reference [40-41].  

 

 

4.2 Advanced F82H 

To support enhanced operational performance, modifications are being made to F82H with subtle 

changes in chemistry and thermodynamical processing, including:  

• Limiting [Ti] (<0.01 wt%) could prevent toughness loss [44].  

• Increasing target [Ta] from 0.04 to 0.10 wt% makes the impact of deviation of heat-treatment 

condition insignificant, and it was demonstrated as an effective way to reduce irradiation-induced 

embrittlement [42, 43, 44].  

• Increasing [N] to 0.01wt% with an appropriate heat treatment condition could improve creep 
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strength [44].  

• Inducing re-melting process (ESR) was proved to be effective in removing harmful Ta-rich 

inclusions and improve mechanical properties [45].  

These changes significantly improve the operational performances in creep and DBTT as illustrated in 

Figure 6 a) and b), where we see increase creep lifetimes and reduced DBTT.  

 

 

Figure 6 a) transition temperature shifts vs irradiation dose (dpa) for H82H-IEA and example of shift 

due to modifications MOD3, with increased Ta content. B) creep strength of various F82H alloys 

following modifications to conventional/standard F82H IEA grade [42-45].  

 

These modifications in F82H and EUROFER need to be further tested and verified following 

irradiation damage. The overarching strategic vision of making only minor modification, however, 

allows these developments to be made in parallel to the design process and validation of the 

“conventional” EUROFER and F82H. These modified variants of F82H and EUROFER can be readily 

adopted later in the design phases of DEMO once the enhanced operational performances of the 

advanced RAFM steels are verified.  

 

5. Conclusions 

 

DEMO IVCs require structural materials that can retain their structural integrity and rigidity during 

operations, to enable the functional performance of the components, often facilitated by accompanying 

materials (breeders, multipliers, armour, coolants, etc.). Understanding the performance of these 

a) b) 
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structural materials is paramount to the successful design and operation of the DEMO IVCs.  

The DEMO IVC structural materials must operate under unprecedented environmental conditions and 

must be developed to meet the needs of the DEMO projects, including the timelines of the EU- and J-

DEMO programmes targeting operation in 2050s.  

To accommodate all of these challenges, reduced activation ferritic / martensitic steels have been 

selected as the candidate materials for the EU- and J-DEMO IVCs (blankets and diverors), owing to 

there potentially acceptable operational performance and the high quality industrial production, 

manufacture and inspection available to RAFM steels.  

There has been great progress in recent years to develop materials property handbooks, build upon 

high pedigree data, on F82H and EUROFER97. This progress should be celebrated for the success it 

represents, however it is recognised there is substantially more work required to validate the materials 

operational performance, most notably the need to understand fusion spectrum irradiation damage and 

the synergistic effects this has with other operational conditions (notably temperature and stresses).  

A process is proposed for the validation of RAFM steels for DEMO IVCs that includes: 1. Develop a 

comprehensive understanding of the materials in its unirradiated state. 2. Develop fundamental 

understanding of irradiation effects via modelling and experimental validation for this material. 3. 

Develop a database on materials properties after fission neutron irradiation. 4. Combine: Bayesian 

statistics, fundamental modelling, unirradiated and fission spectrum irradiated data, to predict fusion 

environment property changes. 5. Validate predictions using fusion spectrum neutrons. 

It is noted that the end goal of this plan is to have predictive models, supported by statistical models 

to provide confidence integrals, on the operational performance of these structural materials (including 

fusion spectrum irradiation), however, there will be highly limited data on the synergistic effects of 

fusion spectrum irradiation and temperature with other stresses, corrosion, multi-materials interfaces 

etc. To accommodate this in-situ / surveillance monitoring approach to DEMO reactor operation were 

proposed as a potential avenue.  

Finally, we highlighted developments of advanced/modified F82H and EUROFER97 RAFM steels. 

These advanced steels are premised around minor modifications to the conventional steels that target 

specific performance improvements. We highlighted the improvements in DBTT and creep strength 

that has been achieved through minor changes in thermodynamical processing and chemistry. While 

additional works are required to verify these enhancements are retained after irradiation and have no 

detrimental effects, they illustrate the improvements that can be made to these RAFM steels.  

RAFM steels represent the primary candidate for EU and J-DEMO IVC structural materials and the 
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leading options for the timely realisation of the designs. There remain significant uncertainties on their 

operational performance, notably on waste legacy and synergistic effects of fusion spectrum irradiation, 

temperature and stresses. However, there is a development plan for these RAFM steels to allow their 

operation and ongoing advancements to improve their operational design window. With the 

overarching positions highlighted in this paper, for the rapid realisation of EU- and J-DEMO concepts, 

continued support and substantial developments in RAMF steels are needed.  

 

 

Acknowledgements  

This work has been carried out within the framework of the EUROfusion Consortium and has received 

funding from the Euratom research and training programme 2014-2018 and 2019-2020 under grant 

agreement No 633053. The views and opinions expressed herein do not necessarily reflect those of the 

European Commission. Mike Gorley would also like to thank support from EPSRC Grant 

EP/T012250/1. 

The authors acknowledge the coordinated collaboration in the implementation of the Broader 

Approach Project. 

 

References 

[1] Federici, G., Boccaccini, L., Cismondi, F., Gasparotto, M., Poitevin, Y. and Ricapito, I., 2019. An overview of the EU 

breeding blanket design strategy as an integral part of the DEMO design effort. Fusion Engineering and Design, 141, 

pp.30-42. 

[2] You, J.H., Visca, E., Bachmann, C., Barrett, T., Crescenzi, F., Fursdon, M., Greuner, H., Guilhem, D., Languille, P., 

Li, M. and McIntosh, S., 2016. European DEMO divertor target: Operational requirements and material-design interface. 

Nuclear materials and Energy, 9, pp.171-176. 

[3] Federici, G., Bachmann, C., Biel, W., Boccaccini, L., Cismondi, F., Ciattaglia, S., Coleman, M., Day, C., Diegele, E., 

Franke, T. and Grattarola, M., 2016. Overview of the design approach and prioritization of R&D activities towards an EU 

DEMO. Fusion Engineering and Design, 109, pp.1464-1474. 

[4] Yamada, H., Kasada, R., Ozaki, A., Sakamoto, R., Sakamoto, Y., Takenaga, H., Tanaka, T., Tanigawa, H., Okano, K., 

Tobita, K. and Kaneko, O., 2016. Japanese endeavors to establish technological bases for DEMO. Fusion Engineering 

and Design, 109, pp.1318-1325. 

[5] European Research Roadmap to the Realisation of Fusion Energy - https://www.euro-

fusion.org/fileadmin/user_upload/EUROfusion/Documents/2018_Research_roadmap_long_version_01.pdf (Accessed 

online August 2020).  

[6] Zinkle, S.J. and Busby, J.T., 2009. Structural materials for fission & fusion energy. Materials today, 12(11), pp.12-19. 

[7] Zinkle, S.J. and Ghoniem, N.M., 2000. Operating temperature windows for fusion reactor structural materials. Fusion 



15 

 

Engineering and design, 51, pp.55-71. 

[8] Bloom, E.E., 1998. The challenge of developing structural materials for fusion power systems. Journal of nuclear 

materials, 258, pp.7-17. 

[9] Knaster, J., Moeslang, A. and Muroga, T., 2016. Materials research for fusion. Nature Physics, 12(5), pp.424-434. 

[10] Gorley, M., Diegele, E., Dudarev, S. and Pintsuk, G., 2018. Materials engineering and design for fusion—Towards 

DEMO design criteria. Fusion Engineering and Design, 136, pp.298-303. 

[11] Barabash, V., Federici, G., Rödig, M., Snead, L.L. and Wu, C.H., 2000. Neutron irradiation effects on plasma facing 

materials. Journal of Nuclear Materials, 283, pp.138-146. 

[12] Example of EU commission Horizon 2020 funding to support action on climate change 

https://ec.europa.eu/programmes/horizon2020/en/h2020-section/fighting-and-adapting-climate-change-1  

[13] UN Climate Change Conference of the Parties, https://www.ukcop26.org/, accessed online August 2020 

[14] ACE 2.0, example of Japaneses finding to help climate change, https://www.us.emb-

japan.go.jp/english/html/actions-for-cool-earth2.pdf, accessed online August 2020 

[15] El-Guebal, L. "Worldwide Timelines for Fusion Energy." development 11 (2017): 19. 

[16] http://news.mit.edu/2018/mit-newly-formed-company-launch-novel-approach-fusion-power-0309 (Accessed August 

2020) 

[17] https://www.tokamakenergy.co.uk/ (Accessed, August 2020) 

[18] https://tae.com/ (Accessed August 2020) 

[19] -Tavassoli, F., 2013. Eurofer steel, development to full code qualification. Procedia Engineering, 55, pp.300-308 

[20] - Gaganidze, E., Gillemot, F., Szenthe, I., Gorley, M., Rieth, M. and Diegele, E., 2018. Development of 

EUROFER97 database and material property handbook. Fusion Engineering and Design, 135, pp.9-14. 

[21] - Tanigawa, H., Shiba, K., Möslang, A., Stoller, R.E., Lindau, R., Sokolov, M.A., Odette, G.R., Kurtz, R.J. and 

Jitsukawa, S., 2011. Status and key issues of reduced activation ferritic/martensitic steels as the structural material for a 

DEMO blanket. Journal of Nuclear Materials, 417(1-3), pp.9-15. 

[22] Klueh, R.L., 1998. Proceedings of the IEA Workshop/Working Group Meeting on Ferritic/Martensitic Steels (No. 

ORNL/M-6627). Oak Ridge National Lab., TN (US). 

[23] Giancarli, L.M., Abdou, M., Campbell, D.J., Chuyanov, V.A., Ahn, M.Y., Enoeda, M., Pan, C., Poitevin, Y., Kumar, 

E.R., Ricapito, I. and Strebkov, Y., 2012. Overview of the ITER TBM Program. Fusion Engineering and Design, 87(5-6), 

pp.395-402. 

[24] Shiba, K., Tanigawa, H., Hirose, T., Sakasegawa, H. and Jitsukawa, S., 2011. Long-term properties of reduced 

activation ferritic/martensitic steels for fusion reactor blanket system. Fusion engineering and design, 86(12), pp.2895-

2899. 

[25] Tanigawa, H., Gaganidze, E., Hirose, T., Ando, M., Zinkle, S.J., Lindau, R. and Diegele, E., 2017. Development of 

benchmark reduced activation ferritic/martensitic steels for fusion energy applications. Nuclear Fusion, 57(9), p.092004. 

[26] Lebarbé, T., Pétesch, C. and Muñoz-Garcia, J., 2020. Standardization of eurofer material, a first step toward 

industrialization. Fusion Engineering and Design, 159, p.111793. 

[27] Guiding principles for the content of Particular material appraisal - Pressure equipment (PE 03-28), accessed Oct 

2020 from http://ec.europa.eu/DocsRoom/documents/10642/attachments/1/translations  



16 

 

[28] Sakasegawa, H., Tanigawa, H., Hirose, T., Kato, T. and Nozawa, T., 2020. Material strength standard of F82H for 

RCC-MRx. Fusion Engineering and Design, 161, p.111952. 

[29] Ibarra, A., Arbeiter, F., Bernardi, D., Cappelli, M., Garcia, A., Heidinger, R., Krolas, W., Fischer, U., Martin-Fuertes, 

F., Micciché, G. and Muñoz, A., 2018. The IFMIF-DONES project: preliminary engineering design. Nuclear Fusion, 

58(10), p.105002. 

[30] - Kasugai, A., Kasuya, K. and Kobayashi, H., 2018. Project of advanced fusion neutron source (A-FNS) in QST. 

[31] Dudarev, S.L., Barthe, M.F., Becquart, C., Domain, C., Nordlund, K., Olsson, P., Soisson, F., Swinburne, T.D., 

Marinica, M.C., Mason, D. and Ortiz, C., 2020. Recent progress in research in modelling fusion reactor materials in 

Europe: the IREMEV collaboration. 

[32] TANIGAWA, H., Diegele, E., Katoh, Y., Nozawa, T., Hirose, T., Gorley, M., Sakasegawa, H., Gaganidze, E., Aktaa, 

J. and Pintsuk, G., 2018, October. The Strategy of Fusion DEMO In-Vessel Structural Material Development. In 

Proceedings of 27th Fusion Energy Conference, Gandhinagar (Ahmedabad) Gujarat, INDIA, 22-27 October. 

[33] Wootton, M.R., Moskovic, et al, In Small specimen test techniques applied to nuclear reactor vessel thermal 

annealing and plant life extension. ASTM International. 

[34] Hatchressian, J.C., Bruno, et. al., 2008, March.. In J. Phys: Conf. Ser (Vol. 100, p. 062031). 

[35] Del Nevo, A., Arena, P., Caruso, G., Chiovaro, P., Di Maio, P.A., Eboli, M., Edemetti, F., Forgione, N., Forte, R., 

Froio, A. and Giannetti, F., 2019. Recent progress in developing a feasible and integrated conceptual design of the WCLL 

BB in EUROfusion project. Fusion Engineering and Design, 146, pp.1805-1809. 

[36] Hernández, F.A., Arbeiter, F., Boccaccini, L.V., Bubelis, E., Chakin, V.P., Cristescu, I., Ghidersa, B.E., González, 

M., Hering, W., Hernández, T. and Jin, X.Z., 2018. Overview of the HCPB research activities in EUROfusion. IEEE 

Transactions on Plasma Science, 46(6), pp.2247-2261. 

[37] EUROfusion report - Mechanical and microstructural characterization of RAFM steels after recrystallization 

treatments, MAT-2.1.1-T005-D001, 2MP28K 

[38] Pilloni, L., Cristalli, C., Tassa, O., Bozzetto, L., Zanin, E. and Bettocchi, N., 2019. Development of innovative 

materials and thermal treatments for DEMO water cooled blanket. Nuclear Materials and Energy, 19, pp.79-86. 

[39] Cristalli, C., Pilloni, L., Tassa, O., Bozzetto, L., Sorci, R. and Masotti, L., 2018. Development of innovative steels 

and thermo-mechanical treatments for DEMO high operating temperature blanket options. Nuclear Materials and Energy, 

16, pp.175-180. 

[40] Tan, L., Snead, L.L. and Katoh, Y., 2016. Development of new generation reduced activation ferritic-martensitic 

steels for advanced fusion reactors. Journal of Nuclear Materials, 478, pp.42-49.  

[41] Pilloni, L., Cristalli, C., Tassa, O., Salvatori, I. and Storai, S., 2018. Grain size reduction strategies on Eurofer. 

Nuclear Materials and Energy, 17, pp.129-136. 

[42] Shiba, K., Enoeda, M. and Jitsukawa, S., 2004. Reduced activation martensitic steels as a structural material for 

ITER test blanket. Journal of nuclear materials, 329, pp.243-247. 

[43] Okubo, N., Sokolov, M.A., Tanigawa, H., Hirose, T., Jitsukawa, S., Sawai, T., Odette, G.R. and Stoller, R.E., 2011. 

Heat treatment effect on fracture toughness of F82H irradiated in HFIR. Journal of nuclear materials, 417(1-3), pp.112-

114. 

[44] Shiba, K., Tanigawa, H., Hirose, T. and Nakata, T., 2012. Development of the toughness-improved reduced-



17 

 

activation F82H steel for DEMO reactor. Fusion Science and Technology, 62(1), pp.145-149. 

[45] Tanigawa, H., Shiba, K., Sakasegawa, H., Hirose, T. and Jitsukawa, S., 2011. Technical issues related to the 

development of reduced-activation ferritic/martensitic steels as structural materials for a fusion blanket system. Fusion 

engineering and design, 86(9-11), pp.2549-2552.  


