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a b s t r a c t 

A dedicated procedure was developed to categorize the technology readiness of materials for specific 

DEMO in-vessel fusion reactor applications. This methodology was employed to assess the technological 

maturity of materials under development within the EUROfusion materials work package (WPMAT). This 

covers materials intended for structural, high heat flux, optical and dielectric applications in the Euro- 

pean DEMO fusion reactor (breeder materials and barrier coatings are not covered here). The baseline 

materials have been assigned DEMO Material Technology Readiness Levels (MTRLs) of 4 (EUROFER97), 3 

(conventional tungsten) and 4 (Copper-Chromium-Zirconium). In addition, a further 28 candidate mate- 

rials (and groups of materials) were also assessed. These were generally assigned DEMO MTRLs in the 

range of 2-3. This process has highlighted the wide range of materials under development within WP- 

MAT. However, it has also brought into focus the many challenges facing DEMO materials development. 

While the lack of technologically ready materials is clearly a source of risk to DEMO, the introduction of 

a biennial review of technology readiness within WPMAT is intended to facilitate more effective planning 

and targeted materials development, in line with the strategic plans of EUROfusion. This paper highlights 

the methodologies for fusion specific material technology readiness levels, their application for EU-DEMO 

and the effectiveness of these in strategic materials development. 

Crown Copyright © 2021 Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Construction of a European demonstration fusion power plant 

DEMO) will require development and qualification of a range 

f high performance materials for critical applications, including 

tructural, armour, diagnostic and control functions (see Fig. 1 ). 

ithin the reactor vessel itself materials will be faced with ex- 

reme operational conditions: high heat flux, neutron irradiation, 

lasma erosion, mechanical stress, thermal cycling etc [1–3] . Fur- 

hermore, in order to demonstrate fusion as a viable commercial 

nergy source, DEMO will need to operate with reasonable relia- 

ility, and this will require acceptable component (and material) 

ifetimes, although less stringent than what will be required in a 
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ommercial fusion power plant. Development of these materials is 

 major undertaking that carries significant risk in terms of the 

ime and resources required to meet the technical challenges of 

EMO [4] . Therefore, in order to address these issues and miti- 

ate such risks, the Work Package MATerials (WPMAT) of EUROfu- 

ion has implemented a Materials Management Framework (MMF) 

o monitor progress, inform stakeholders and guide – in the fu- 

ure – strategic decision making. The central feature of the MMF is 

he use of DEMO Material Technology Readiness Levels (MTRLs) to 

ssess the technological maturity of materials under development 

ithin WPMAT. This covers most materials intended for structural, 

igh heat flux, optical and dielectric applications within the reactor 

essel. 

This paper details the methodology developed for assessing 

echnology readiness within WPMAT and summarises the output 

f this exercise in the form of MTRLs. While this approach provides 

https://doi.org/10.1016/j.jnucmat.2021.152906
http://www.ScienceDirect.com
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Fig. 1. Conceptual design of the EUROfusion DEMO reactor. WPMAT covers in-vessel materials for structural and high heat flux applications (utilised in the divertor and 

breeder blanket), in addition to functional materials for heating, diagnostic and control systems (residing in vessel ports/ducts). 
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 snapshot in time, it does not confer information on the rate of 

ast or future (expected) progress towards qualification of a mate- 

ial. It is for this reason that the MMF also incorporates summary 

eports for each material, providing the necessary context in which 

o view each MTRL. These provide a more holistic assessment of 

ach material by highlighting the associated risks and benefits of 

ach option. Key points covered by these reports are summarised 

s part of the discussion in Section 4 . The current readiness levels 

re based on the Horizon 2020 definitions [5] , having been more 

arrowly defined for the relevant area (fusion materials) [6] , and 

nformed by ISO 16290:2013 [7] . The process of evaluating tech- 

ology readiness within WPMAT is itself a work in progress and 

nder continuous review as system requirements become clearer. 

oing forward, there is the intention to proceed with periodic re- 

iews of the MTRLs on a biennial basis to monitor progress and 

ssist with strategic planning of materials development. 

. Material technology readiness levels (MTRLs) 

Within EUROfusion WPMAT, DEMO MTRLs were devised as a 

odification to the industrially accepted concept of Technology 

eadiness Levels (TRLs). The latter were originally conceived by 

ASA as a way to classify the maturity of developmental tech- 

ologies on a numerical scale from 1 (basic research) through to 

 (fully operational) [8] . This approach was intended to help ad- 

ress the inherent risks faced by large research and development 

rojects (which can manifest as delays, excessive costs or complete 

ailure) [9] . TRLs were used to help manage internal technology 

ransfer from fundamental research through to mission critical ap- 

lication. In addition, they were also utilised in strategic planning 

10] . The determination of TRLs is usually undertaken as part of a 

echnology Readiness Assessment (TRA). This process begins with 

he identification of Critical Technology Elements (CTEs), which are 

hen evaluated for their technological maturity [ 11–13 ]. This sys- 

em has since been widely adopted throughout industry [10] . In 

he context of DEMO, the materials from which in-vessel compo- 
2 
ents will be manufactured represent multiple CTEs, each of which 

an be assigned an individual TRL classification. To provide clarity 

ithin EUROfusion, the term Material Technology Readiness Level 

MTRL) was introduced to emphasise the exact nature of these par- 

icular CTEs with respect to DEMO. 

Table 1 illustrates the definitions of the nine-level Horizon 2020 

H2020) TRL scale [5] . However, in order for these definitions to be 

f use to the fusion community and external stakeholders, some 

urther clarification is required, as indicated alongside the Hori- 

on 2020 definitions, and covered in further detail below. It is im- 

ortant to note that TRLs are technology and application specific 

 7,10 ]. For example, tungsten is at TRL 9 when used in light bulb

laments and anti-armour munitions, but currently TRL 3 for use 

n the divertor of a demonstration fusion power plant (itself at a 

ery low TRL). However, it should be noted that tungsten effec- 

ively sits at TRL 9 for use in the divertor of the Joint European 

orus (JET), an experimental fusion reactor operating at low fusion 

ower, low duty cycle and short pulse, i.e. low radiation damage 

onditions [14] . The key point is that how a final system is defined

and what constitutes ‘proven operation’) will fundamentally affect 

he detailed definitions of a TRL scale, since this defines the end 

oint (TRL 9) from which the scale itself is derived. Thus, there 

ust be common agreement and understanding of each technol- 

gy readiness level for them to be of any use. 

The example of tungsten light bulb filaments also serves to il- 

ustrate a second point. Technology Readiness, as originally defined 

y NASA, should not be confused with commercial/market readi- 

ess. Incandescent light bulbs were indeed commercially viable be- 

ore their subsequent decline, but it is possible for a given technol- 

gy to be rendered obsolete before it even reaches TRL 9 if devel- 

pment is too slow [10] . Under the H2020 definitions, a degree of 

arket competitiveness is incorporated (see Table 1 ) [ 5,10 ]. How- 

ver, this aspect is less applicable in the case of DEMO given its 

unction as a demonstration power plant. A fundamental difference 

etween DEMO and subsequent commercial fusion power plants 

FPPs) is cost. While the unit price of electricity produced by an 

PP will be influenced by the performance and reliability of mate- 
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Table 1 

Technology readiness level (TRL) [5] and Material Technology Readiness Level (MTRL) Definitions. 

TRL Description (Horizon 2020) MTRL Interpretation 

1 Basic Principles observed • Prior research exists 

2 Technology concept formulated • Application identified 
• Concept (solution) formulated 

3 Experimental proof of concept • Lab scale production demonstrated 
• Bulk material properties assessed 

4 Technology validated in laboratory • Consistent lab scale production achieved 
• Evaluation of fabrication processes (e.g. joining) 

5 Technology validated in relevant environment a • Consistent industrial scale production achieved 
• Bulk material properties assessed in fission/MTR irradiated state 

6 Technology demonstrated in relevant environment a • Evaluation of fabricated structures (e.g. joints) under fission/MTR 

irradiation 
• Modelling to extrapolate from fission/MTR irradiation data to fusion 

neutron conditions 
• Testing in non-neutron Component Test Facilities (CTF) 

7 System prototype demonstration in operational environment • Properties assessed via FNS testing (e.g. IFMIF) 
• MTRL 6 modelling validated through FNS data 
• Prototype components tested in integrated fusion environment 

8 System complete and qualified • Material accepted in relevant design codes 
• Material incorporated into final DEMO designs 
• Industrial supply chain in place 

9 Actual system proven in operational environment b • Material and component functionality proven through sustained 

operation in DEMO 

a Industrially relevant environment in the case of key enabling technologies 
b Competitive manufacturing in the case of key enabling technologies or in space 
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ials within it, this may not be sufficiently represented in a tech- 

ology readiness scale for DEMO . In other fields, this lack of com- 

ercial assessment has prompted the development of additional 

easures, as in the case of Australia’s Commercial Readiness In- 

ex (CRI) for Renewable Energy Sectors [15] , or a proposed TRL 

0 [16] . In the current DEMO MTRL scale, elements of commercial 

eadiness are addressed with respect to scalability of production 

nd the establishment of supply chains, since these will be critical 

o DEMO construction and operation. However, requirements for a 

PP will be different and the TRL level of a given material when 

onsidered for FPP application will likely be different (lower). Cost 

f DEMO will of course be a factor in the decision-making process, 

ut it is important to note that (M)TRLs are just one aspect of this, 

nd down-selection is likely to take a more holistic approach, en- 

ompassing many different factors. Price of electricity on the other 

and will be among the leading factors for successful development 

f fusion power and require additional material developments. This 

s already implicitly acknowledged in WPMAT, with the develop- 

ent of Risk Mitigation Materials (see Section 3 ) which indeed sit 

t different TRLs than the baseline DEMO materials. 

The widespread use of TRLs led to the introduction of ISO stan- 

ard 16290:2013, providing greater consistency in the classifica- 

ion and interpretation of each level [7] . However, in light of their 

pplication dependence, it is still necessary to customise the TRL 

cale for individual areas of interest, in this case (in-vessel) fu- 

ion materials. The underlying principle of a technology readiness 

cale is that of testing under conditions which are progressively 

ore representative of the final operational environment. Technol- 

gy readiness is therefore a qualitative measure of the risk that 
3 
 technology poses if implemented at a given point in time (the 

oint at which a TRL is determined). Less mature technologies rep- 

esent a greater risk if selected for use, since there is a greater like- 

ihood of encountering problems that would otherwise have been 

dentified through subsequent testing [10] . In the case of materi- 

ls for in-vessel fusion components, the objective is to ensure safe, 

eliable performance for the intended application. This will neces- 

arily involve a significant amount of testing, beginning at a fun- 

amental level and progressing to more integrated (component) 

esting under increasingly demanding conditions highlighting the 

trong interrelation between TRLs of systems and materials in par- 

icular at intermediate levels. 

Given the range of applications within the vacuum vessel, the 

xact properties of interest, and their relative importance will vary 

etween materials. Materials investigated under WPMAT are cate- 

orised as structural, high heat flux, optical and dielectric. Struc- 

ural applications are those that need to carry mechanical loads 

nd stresses or provide mechanical support to other (sub-) com- 

onents e.g. stiffening plates in the breeder blanket [17] . Many of 

hese applications in the breeding blanket, first wall and diver- 

or base structure are required to handle pressurised coolants, and 

hus pressure vessel requirements such as hermeticity, heat trans- 

er and behaviour under accident scenarios are also highly rele- 

ant. The high heat flux sub-project is dedicated to the material 

evelopment and characterization of improved and novel plasma 

acing and heat sink materials as well as joints and interlayers 

etween these, mainly for divertor applications but also to a mi- 

or extent for applications at the first wall blanket [18] . Optical 

nd dielectric materials find their application in heating, diagnostic 
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5

i

nd control equipment (breeder materials as well as barrier coat- 

ngs have been outside the scope of WPMAT within Horizon 2020 

nd are therefore not covered herein). What follows is therefore 

pecification of the (Horizon 2020) TRL definitions in the context 

f materials for in-vessel DEMO components (MTRLs) [ 5–8 ]. It is 

mportant to note that while this is a Material Technology Readi- 

ess scale, it extends well beyond the existing remit of WPMAT 

tself, since final qualification and use is dependent on more in- 

egrated development that will encompass other work packages 

ealing with systems design for in-vessel components and inter- 

sted parties (e.g. funding bodies, standards organisations, indus- 

rial partners). 

.1. MTRL 1: basic principles observed 

All TRL scales begin with fundamental research in which ba- 

ic principles are observed and reported. In many cases, no clear 

pplication is evident, but the discoveries and data are recorded 

or future use. In the context of fusion materials (MTRLs), exam- 

les of such research could include the discovery of tungsten in 

781, general advancements in ferrous metallurgy or the discov- 

ry/determination of dielectric properties in untested materials. 

.2. MTRL 2: technology concept formulated 

MTRL 2 represents the point at which an application is identi- 

ed and a potential solution (technology concept) is formulated. In 

he context of baseline materials, the proposal to use conventional 

ungsten as a divertor material could be considered the technology 

oncept. For more advanced options, concepts may be based on 

he established principles that underpin the superior performance 

f composites e.g. tungsten fibre reinforced tungsten. It is impor- 

ant to bear in mind that there is no gradation in complexity of 

he concept as it progresses up the TRL (or MTRL) scale [7] . Con-

entional (baseline) tungsten will still be conventional tungsten if 

t reaches MTRL 9, even as it is integrated into more complex sys- 

ems/components. However, two different concepts for the same 

pplication can vary in complexity at the same readiness level. As 

xplained in ISO 16290:2013, performance requirements of the in- 

ended application are likely to be general and only broadly de- 

ned at this stage [7] . In the case of fusion, this is particularly true,

s at the time of writing, DEMO itself is still in the pre-conceptual 

esign phase and there remain a lot of unknowns about the exact 

onditions in-service. Otherwise, this level is characterised by an- 

lytical assessments and theoretical work to establish concept via- 

ility. 

.3. MTRL 3: experimental proof of concept 

MTRL 3 establishes the practical feasibility of the concept. Al- 

hough the term ‘laboratory’ is not introduced in the Horizon 2020 

cale until TRL 4 (see Table 1 ), the use of the word ‘experimental’

t TRL 3 signifies that laboratory scale work has begun [5] . Thus, in

he MTRL interpretation of level 3, production of the material must 

ave been demonstrated on a laboratory scale. In addition, relevant 

ulk material properties should be assessed in the unirradiated 

tate. The term ‘bulk’ is used to distinguish between semi-finished 

roducts (e.g. plate) and more complex structures, where fabri- 

ation techniques might alter final properties (e.g. welded joints, 

achined parts). The specific properties of interest and their rel- 

tive importance will vary by application. In the case of struc- 

ural materials, mechanical properties are of primary importance 

19] , whereas for heat sink applications, thermo-physical proper- 

ies (e.g. thermal conductivity, heat capacity) are also key parame- 

ers [ 18,19 ]. 
4 
In the case of materials for heating, control and diagnostics, it 

ay be optical or dielectric properties that are of interest [20] . 

owever, it is usually a balance of properties rather than a sin- 

le property that dictates a material’s suitability for a given appli- 

ation. For example, although classified as a high heat flux mate- 

ial, the baseline heat sink material, CuCrZr also performs a struc- 

ural function within the divertor by supporting the plasma fac- 

ng target, handling pressurised coolant and tolerating thermally 

nduced stresses (under pulsed [i.e. cyclic] operation) [ 4,18 ]. Al- 

hough performance requirements are still only broadly defined at 

his stage [7] , the critical material properties of interest should 

e assessed under relevant temperatures and conditions where 

nown/estimated i.e. expected operating temperature(s)/cycles in 

EMO based on current designs. 

.4. MTRL 4: technology validated in laboratory 

At MTRL 4, the repeatability of the laboratory production pro- 

ess is confirmed through further testing, followed by a shift to- 

ards more integrated development. Whereas MTRL 3 focussed 

n bulk material properties, level 4 requires testing and evalua- 

ion of potential fabrication techniques e.g. welding processes. This 

s relevant not only for mechanical properties in structural ap- 

lications, but also thermo-physical properties in functional and 

igh heat flux materials. For example, various optical and RF win- 

ows will likely be subject to vacuum conditions on one or both 

ides. This is highly significant, since heat removal will then be 

etermined in large part by conduction through physical connec- 

ions with supporting structures (e.g. flanges) [20] . In addition, the 

nique environment within a fusion reactor also requires a more 

olistic assessment of material performance than assessment of 

asic properties will provide. This is particularly true of plasma 

acing materials subjected to extremely high heat flux and plasma 

rosion. In order to quantify material performance in this respect 

t is therefore necessary to conduct standardised high heat flux 

esting [21] . 

With a view towards future engineering design and licensing 

equirements, the applicability of existing design rules, norms and 

uality assurance measures shall be evaluated. Adaption, modi- 

cation or new development is quite likely e.g. for novel ma- 

erials such as composites or due to new regimes of applica- 

ion. Mock-up component tests and/or complex multi-damage ex- 

eriments are needed to support conceptual design and provide 

ata for development and validation of design criteria (or input 

o code frameworks). At this stage, these would typically be low 

delity prototypes intended to assess the suitability of fabrica- 

ion processes and confirm basic principles of operation [7] . In 

rder to be effective and meaningful this requires complemen- 

ary development of materials (constitutive) models, along with 

ccompanying analysis and proper evaluation and categorisation 

f data to help establish design related material properties. Data 

eed to be analysed, assessed and stored in various forms: (i) in 

 Material Property database, (ii) a Material Property Handbook 

MPH) and (iii) in dedicated Material Annexes to the respective se- 

ected (newly developed and/or existing) design code frameworks. 

ther key areas that require special attention include the absorp- 

ion/retention/permeation of tritium. The relative importance of 

his will vary by application but can be studied initially with non- 

ctive simulants (e.g. H, D) before verifying with tritium. 

.5. MTRL 5: technology validated in relevant environment 

In light of the volume and scope of testing required from MTRL 

 onwards, it is necessary by this point to demonstrate repeatable 

ndustrial scale production. This minimises the risk that scalabil- 
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ty poses to the significant investment now required to test under 

ncreasingly complex, integrated conditions. A major source of this 

ost/complexity is the introduction of testing under a ‘relevant en- 

ironment’. This is a subset of the ‘operational environment’, that 

onsists of the critical conditions that will limit system perfor- 

ance [7] . This will vary significantly between fields, and requires 

larification in the case of fusion in-vessel components. The most 

ignificant risk facing materials development for fusion is the un- 

ertainty surrounding the effects of high neutron-fluence irradia- 

ion. As an approximation, the ‘relevant environment’ for in-vessel 

usion applications has been taken to be fission neutron irradia- 

ion combined with other relevant modes of loading and potential 

ailure [22] . The effect on bulk material properties of exposure to 

hese conditions must be assessed and compared with anticipated 

esign conditions (performance requirements). 

Fission Material Test Reactors (MTRs) can provide much useful 

nformation and correctly mimic displacement damage. However, 

n inherent critical limitation (important for high neutron-fluence 

nd near plasma locations), are production rates of Helium and Hy- 

rogen in structural materials that are one or two orders of magni- 

ude lower than under a first wall fusion spectrum [23] . Attempts 

o address this shortcoming include the use of chemically and iso- 

opically doped materials to simulate the co-generation of He and 

, although these and other surrogate methods also have their 

wn limitations [ 24,25 ]. For plasma facing materials like tungsten, 

he H and He production rates are two orders of magnitude lower 

han in steels and studies on the interaction between H and He 

t the plasma facing surface with significantly higher concentra- 

ions do not indicate that there will be issues with regard to H 

nd He transmutation in tungsten. In contrast, tungsten faces the 

ssue of re-transmutation due to thermal neutrons, which is over- 

stimated in fission irradiation as is the associated material degra- 

ation. For both applications, these remain key risks to further de- 

elopment until a Fusion Neutron Spectrum (FNS) test facility be- 

omes available (see MTRL 7) [ 25,26 ]. If the evaluation of existing 

esign rules has highlighted gaps and inconsistencies (see MTRL 

), testing campaigns should now inform the development of new 

ules, and vice versa. These will be validated through the testing 

rogrammes that span MTRLs 5-7, and subject to revision where 

ppropriate. Ultimately, it is these rules that will dictate the rel- 

tive importance of specific material properties/characteristics for 

ndividual applications/designs e.g. whether erosion or structural 

ntegrity considerations will be the life limiting factor for the di- 

ertor [27] . 

.6. MTRL 6: technology demonstrated in relevant environment 

As with the distinction between levels 3 and 4, MTRL 6 repre- 

ents an increase in the level of integration over MTRL 5. Whereas 

he preceding level assessed ‘bulk’ material properties under fis- 

ion/MTR irradiation (the ‘relevant environment’), MTRL 6 extends 

his assessment to cover fabricated parts e.g. joints. However, as 

xplained earlier, the neutron spectrum of a fission MTR is not 

rototypical of a fusion reactor. This ‘gap’ represents a fundamen- 

al challenge in materials development for DEMO. To address this 

isk, extensive use of multi-scale modelling will be needed to ex- 

rapolate from surrogate irradiation data to actual fusion neutron 

onditions [ 4,19 ]. This will need to combine nanoscale irradiation 

ffects models with engineering scale finite element modelling to 

ccurately predict material and component performance [28] . Such 

odels must be developed as a prerequisite for MTRL 6, before 

eing validated at MTRL 7 with the use of an FNS test facility e.g. 

nternational Fusion Materials Irradiation Facility-DEMO Oriented 

eutron Source (IFMIF-DONES). As mentioned earlier, performance 

equirements are only broadly defined at lower readiness levels. 

his is due to the design dependence of such requirements and 
5 
he uncertainty this engenders at lower levels. However, by MTRL 

, designs should be sufficiently advanced that key performance 

equirements are known with a high degree of confidence. This is 

 prerequisite for MTRL 6, since component testing in non-neutron 

acilities should be sufficiently advanced to verify system function- 

lity in an unirradiated environment. 

.7. MTRL 7: system prototype demonstration in operational 

nvironment 

In a conventional technology readiness scale, TRL 7 represents 

emonstration in an operational environment [ 5–7,11,13 ]. Here 

TRL 7 would rely on the use of a combined effects test facil- 

ty to simulate an operational environment. However, while some 

lanned facilities may be able to simulate certain specific condi- 

ions at a fusion relevant level (e.g. IFMIF-DONES [29] ) or all of 

hem at a lower duty cycle than DEMO (e.g. ITER), there are cur- 

ently no plans for a facility that fully reflects the conditions and 

uty cycle of EU DEMO [23] . It is therefore anticipated that quali- 

cation will be based upon the use of high fluence neutron facil- 

ties (DONES-IFMIF) to irradiate small scale specimens in conjunc- 

ion with component testing in non-neutron facilities and ITER. 

his will likely utilise FNS test facilities to identify where fission 

rradiation data is valid and provide fusion specific data where 

ssion/MTR studies are inadequate/unrepresentative [ 26,30 ]. FNS 

ata will also be key in validating models extrapolated from sur- 

ogate (fission) irradiation data [ 4,19,31 ]. 

Various studies have been carried out investigating the feasibil- 

ty of using intermediate facilities based on the spherical tokamak 

oncept as a risk mitigation step between ITER and DEMO [ 32–

5 ]. Such facilities would act as component (integrated material) 

est facilities and could fulfil the MTRL 7 role. However, given the 

ime and costs involved, it is expected that this step will be omit- 

ed in favour of the approach outlined above (and see Section 2.8 ). 

f operational environment testing is not employed, MTRL 7 can- 

ot, in principle, be achieved. This approach adds significant risk 

iven the lack of in-situ testing [6] and actually implies building 

EMO with (some) materials at MTRL 6. This represents a cost- 

enefit trade-off that TRLs are ideally suited to illustrate. As men- 

ioned earlier (see Section 2 ), TRLs are a qualitative measure of the 

isk that a technology represents if implemented at a given point 

n time/development. The decision to build DEMO with (some) 

aterials at MTRL 6 rather than MTRL 8 entails substantial risk, 

ut if successful, represents a faster route to demonstrating grid 

cale electricity generation from fusion. Qualification is a matter 

or stakeholders (regulators, funding bodies etc) and will be based 

n what all concerned parties agree is acceptable [25] . 

However, DEMO should be able to act as a Component Test Fa- 

ility (CTF) for subsequent (commercial) Fusion Power Plants (FPP), 

hereby accelerating further development and minimising risk to 

uture projects, but is not expected to benefit from a commensu- 

ate facility itself [23] . Since one of the key distinctions between 

 demonstration FPP and a commercial FPP is cost, a technol- 

gy readiness scale may be ill-equipped to fully capture the risks. 

hile there may be many significant technical differences between 

he two, these will ultimately be motivated by market concerns 

.g. increasing plant availability through extending component life- 

imes and reducing maintenance downtime. This will likely lead to 

 revision of material performance requirements, and a consequent 

egression in the readiness of materials on the MTRL scale. How- 

ver, in this instance DEMO may be able to provide the operational 

nvironment to test materials/components against these enhanced 

equirements, thus facilitating the realisation of MTRL 7 for mate- 

ials intended for a commercial FPP. 

It should be noted that optical and dielectric materials will not 

e subjected to the same conditions as plasma facing and struc- 
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ural materials inside the vacuum vessel [20] . Given their sen- 

itivity to irradiation, erosion and deposition, it is expected that 

areful design will be employed to shield components incorporat- 

ng such materials (through specially shaped ducts, fins etc.) [20] . 

his should permit characterisation with a fission spectrum alone 

 20,25,31 ]. 

.8. MTRL 8: system complete and qualified(8) 

Upon completion of MTRL 8, a material is fully qualified and 

pproved for its intended use in DEMO. This includes regulatory 

pproval along with verification of system functionality from a de- 

ign perspective. The details of regulatory approval are unknown 

oday. If (as in the case of ITER [36] ) the vacuum vessel is de-

ned as the primary safety barrier, the approval of in-vessel ma- 

erials/components is simplified since their function will not be 

afety critical, but strict criteria will still need to be met for rea- 

ons of ‘investment protection’ [25] . Qualification of in-vessel ma- 

erials will be highly dependent on the expected performance of 

EMO by key stakeholders (e.g. funding bodies) and their attitude 

o risk. To demonstrate fusion as a viable grid scale energy source, 

EMO will need to operate with reasonable reliability, and thus 

equire acceptable component (and material) lifetimes. Guided by 

recedent in other fields (e.g. fission and aerospace), the develop- 

ent of DEMO Design Criteria for in-vessel components (DDC-IC) 

ver MTRLs 5-7 (see Section 2.5 ) will therefore require significant 

ollaboration between standards organisations and funding bodies 

o decide what exactly constitutes ‘qualification’ [25] . By MTRL 8, 

 material must therefore be incorporated into a code framework 

greed upon by all interested parties at a senior level. Final compo- 

ent/system design verification shall be based on an integrated ap- 

lication of design criteria, methodologies and material appendices 

f the selected code(s). Full scale industrial production should also 

e established and a supply chain capable of meeting the needs of 

EMO must be in place. 

However, as explained in Section 2.7 (MTRL 7), it is not ex- 

ected at this point that operational environment testing will be 

mployed during qualification of materials for EU DEMO [23] . This 

recludes the realisation of MTRL 7, and although qualification may 

e achieved via other means, it would be misleading to state MTRL 

 has been reached if MTRL 7 is not completed beforehand. How- 

ver, if MTRL 9 is subsequently achieved (see below), this would 

upersede MTRL 7. 

.9. MTRL 9: actual system proven in operational environment 

MTRL 9 is achieved once the material performance has been 

roven through actual system use in DEMO itself. A material forms 

n element within a component/system, such as the breeding blan- 

et, divertor etc. The system must perform as expected with- 

ut material failure under predefined operating conditions. Since 

EMO is currently pre-conceptual, the operating conditions are not 

et clearly defined. However, it is anticipated that a phased ap- 

roach will be taken with DEMO operation [ 23,25 ]. Initially it will 

perate with conservative design margins and a ‘starter’ blanket 

aving a nominal damage limit of 20 dpa (in the first wall steel). 

his would then be replaced with a second set of blankets, incor- 

orating an optimised design and (if available) more advanced ma- 

erials, to meet a higher damage limit of 50 dpa [ 4,23,30 ]. Such

 strategy is also expected to aid in the optimisation of diver- 

or design [ 4,27 ]. Furthermore, drawing on experience in the fis- 

ion industry, it is likely (and from a qualification and risk mitiga- 

ion point of view recommended), that surveillance specimens will 

e deployed in DEMO to monitor material degradation. Combined 

ith complementary testing in FNS test facilities, this should facili- 

ate reformulation of the initial safety case and reduce undue con- 
6 
ervatism [25] . Such an approach should ultimately yield a com- 

rehensive material database to inform the design and operation 

f future power plants. 

. Technology readiness assessment (TRA) 

The accurate determination of MTRLs is not always straightfor- 

ard as technology readiness can be a difficult concept to quan- 

ify. Therefore, to minimise subjectivity in the assessment process, 

 generic questionnaire was used to evaluate each material against 

he definitions described in Section 2 . This was undertaken in con- 

ultation with material developers, group leaders for the respective 

ub-topics and project leaders. In addition, a review of the avail- 

ble literature (both internal and external) was carried out to sub- 

tantiate the classifications, utilising published sources wherever 

ossible. However, in some cases where work has not yet been 

ublished, only internal EUROfusion reports are available (for in- 

ormation on the content of these, please contact the author). 

As mentioned earlier, the materials under development within 

PMAT are subdivided into a number of categories: structural, 

igh heat flux, optical and dielectric. These general categories are 

eflected in the organisation of EUROfusion WPMAT, with the opti- 

al and dielectric applications combined under the heading ‘Func- 

ional Materials’ (FM). The Reduced Activation Ferritic Martensitic 

RAFM) steel EUROFER97 is considered the baseline structural ma- 

erial on account of its maturity [31] , serving as a general pur- 

ose material for all breeder blanket options [30] . Similarly, for 

lasma facing armour and divertor heat sink applications, the cur- 

ent baseline materials are conventional tungsten and CuCrZr, re- 

pectively [ 18,37 ]. However, there still exist significant risks asso- 

iated with the properties of baseline materials, and therefore the 

trategy of WPMAT has been to develop ‘Risk Mitigation Materi- 

ls’ (RMM) in parallel with the baseline materials, in order to tar- 

et the specific shortcomings of each baseline option [31] . Regular 

eview of these RMMs is intended to ensure the most promising 

andidates are taken forward and benchmarked against the rele- 

ant baseline. 

Within WPMAT, the Advanced Steels (AS) subproject oversees 

he development of structural RMMs. The intention of AS is to 

xtend the operating temperature window and provide enhanced 

eutron irradiation resistance beyond that of EUROFER97. In the 

ase of plasma facing and divertor heat sink applications, the High 

eat Flux Materials (HHFM) subproject seeks to address key con- 

erns with conventional tungsten and CuCrZr. As with the struc- 

ural materials, expanding the operating temperature window and 

mproving neutron irradiation resistance are key aims [28] . In ad- 

ition, plasma erosion and tritium retention are also expected to 

e critical [ 38,39 ], with the former being life limiting. The Func- 

ional Materials (FM) subproject covers a diverse range of mate- 

ials and applications in heating, diagnostic and control systems 

details below), and as such there is currently no baseline material 

or this group. In the following sections the TRA is grouped along 

he lines of their function and the existing WPMAT substructure: 

aseline, AS, HHFM and FM. The specific criteria that each group is 

valuated against will be application dependent, leading to signif- 

cant divergence as materials ascend the MTRL scale. For example, 

he exact details of what constitutes an operational environment 

n terms of temperature, heat flux, stress, particle fluxes etc. will 

ary significantly between applications. For this reason, it is nec- 

ssary to subdivide MTRL criteria to provide a meaningful assess- 

ent, particularly at higher readiness levels. In order to account 

or this in the MTRL questionnaire, an N/A option is incorporated 

or use where questions are not relevant to the given application. 

owever, the criteria become progressively more system and de- 

ign dependent at higher readiness levels, so cannot yet be pre- 
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isely defined at these higher levels, and may be revised in light of 

ystem requirements. 

. Results and discussion 

It is important to note that MTRLs, like TRLs, are a snapshot in 

ime, and provide no direct information on past progress or future 

evelopment. Thus, when comparing readiness levels, it should be 

emembered that although more mature technologies/materials do 

epresent a lower risk, it is not guaranteed that they will reach 

evel 9 first [40] . This is why it is critical to view MTRLs in the

ontext of other material specific information when considering 

heir prospects. There can be certain ‘show-stopper’ issues which 

ave the potential to render leading candidates unsuitable despite 

uch initial promise. For example tungsten represents the best 

vailable choice for plasma facing armour, thanks to its sputter- 

ng resistance, high melting point and low tritium retention [31] . 

owever, at the current stage of development, there is still uncer- 

ainty over the effect of neutron irradiation on plasma erosion and 

 lack of data on tritium retention in the irradiated state, both of 

hich could severely hinder its use [31] . There are also matters 

elated to industrialisation that impose additional risks. At MTRL 5 

see Section 2.5 ), the scalability of supply must be demonstrated to 

inimise further risk to development. This represents a major step, 

nd if unsurmountable will render further development pointless. 

lthough formal go/no-go points have not been defined in the 

TRL scale, the strategy within WPMAT, as explained in Section 3 , 

nvolves development of risk mitigation materials (RMMs) at a low 

eadiness level, accompanied by screening programmes to allow 

igorous down-selection. The EUROfusion roadmap includes spe- 

ific gate reviews at the end of the pre-conceptual (2020) and con- 

eptual (2027) design phase as well as an intermediate gate review 

n 2024, all aiming for the down-selection of designs, which should 

lso aid in down-selection of materials [23] . 

Fig. 2 illustrates the current MTRL of materials under develop- 

ent within WPMAT. The solid bars indicate the current MTRL of 

ach material. However, given the scope of each readiness level, 

here can be a loss of granularity, as the assigned MTRLs omit 

ntra-level progress. Therefore, the dashed and shaded bars have 

een added to illustrate intra-level progress of over and under 50%, 

espectively. It can be seen that most of the RMMs, optical and 

ielectric materials sit at a relatively low level (MTRL 2-3), while 

he baseline materials are more mature, typically sitting at around 

TRL 3-4, and showing considerable progress towards MTRL 5 (see 

ection 4.1 ). Nevertheless, this would suggest there is still quite 

ome way to go before even the baseline materials will be ready 

o go into service. However, Fig. 2 also illustrates the wide range 

f materials currently under investigation, providing a degree of re- 

undancy, as well as potentially superior alternatives to the base- 

ine materials. When interpreting these values it is important to 

ote that the scale is not linear. In general, the time, funding and 

esources required to move up a level all increase, often signifi- 

antly, each time a technology element (material) progresses fur- 

her up the scale [ 8,10,13 ]. However, this phenomenon is difficult 

o quantify accurately, and is likely to vary between different ap- 

lications and materials [7] . As mentioned earlier, MTRLs cannot 

rovide a complete picture on their own. They are a snapshot in 

ime, and provide little information on previous progress or the 

ikelihood of future success [ 40 ]. The following subsections there- 

ore provide some context and background to the underlying justi- 

cation for the current MTRL values. 

.1. Baseline materials 

As Fig. 2 illustrates, the RAFM steel EUROFER97 is currently the 

ost well developed material for structural applications in DEMO 
7 
MTRL 4). This relies partly on the legacy of steels in nuclear envi- 

onments [41] , but also the extensive research that has gone into 

nderstanding the metallurgy of EUROFER97. It has been well char- 

cterised, is the material of choice for the European ITER Test Blan- 

et Module and incorporated into all current blanket and divertor 

assette concepts within EUROfusion [30] [ 38 ]. It is also the first 

aterial for which a DEMO Material Property Handbook (MPH) 

as compiled [42] , and benefits from specialized industrial part- 

ers involved in development and large scale production. Investi- 

ation of welding procedures and fabrication of mock-ups has also 

een carried out [ 43–48 ]. The extension of activity up to Level 5 

n Fig. 2 is based on the scale of production (multiple industrial 

eats) [ 42,46 ] and the inclusion of EUROFER97 in recent irradi- 

tion campaigns to acquire design relevant data [ 28,49 ], comple- 

enting a very significant irradiation programme carried out over 

0 01-20 06 [ 50,51 ]. 

For application as plasma facing material, conventionally pro- 

uced tungsten remains the current baseline material and sits at 

TRL 3, although has made significant progress towards MTRL 4. 

his material has been utilised in component mock-ups for high 

eat flux testing and is included in at least seven DEMO diver- 

or target concepts [52] . Compilation of an initial MPH has re- 

ently been completed [ 28,53 ]. However, despite being a commer- 

ially available material, these effort s have highlighted an issue 

ith batch-to-batch variability [ 28,54 ]. This is currently a barrier 

o progression to MTRL 4. There is however significant activity up 

o Level 5, encompassing development of joining techniques (Level 

) [ 52,55 ] and irradiation campaigns (Level 5) [ 28,49 ]. 

The baseline material for heat sink applications (CuCrZr) cur- 

ently sits at MTRL 3, and like tungsten, has also made signifi- 

ant progress towards MTRL 4. CuCrZr is an industrially available 

aterial, already set for use as the heat-sink material in the ITER 

lanket and divertor, and therefore presents less risk from a scal- 

bility/supply chain perspective. Experience with this, and simi- 

ar grades, spans more than two decades. This includes irradia- 

ion campaigns (particularly in the US and Russia) and provides 

 sound basis for anticipating potential ‘irradiation life’ [ 56,57 ]. It 

as also been incorporated in at least four of the current design 

oncepts for DEMO divertor targets [ 18,52 ]. Furthermore, as in the 

ase of baseline tungsten, compilation of a draft MPH has recently 

een completed [58] . However, there is still a lack of suitable fail- 

re criteria for inclusion in design codes, and further irradiation 

ampaigns will be needed in the development of these [18] . Fortu- 

ately, some are under way already [28] and investigation of fabri- 

ation techniques has made progress [52] . In summary, all baseline 

aterials have been well characterised in the unirradiated condi- 

ion, covering a wide temperature window and providing a densely 

opulated matrix of properties for the database and MPH. Natu- 

ally this statement does not hold for the RMMs of HHFM and AS. 

hey are still under development and thus databases are currently 

parsely populated. 

.2. High heat flux materials 

As can be seen in Fig. 2 , there is a wide range of mate-

ials under development within the HHFM category for use as 

lasma facing or heat sink material. Consequently, various op- 

ions have been grouped until down selection of specific compo- 

itions/process routes is made. The rationale behind each HHFM 

aries. In the case of self-passivating W-Cr-Y alloys, these were de- 

eloped to address safety concerns over the formation of volatile 

adioactive tungsten oxide in the event of air/water ingress. They 

re expected to be utilised as a plasma facing armour material 

n the first wall. While they have indeed shown a significant im- 

rovement in oxidation resistance, production is currently only 

n a laboratory scale and the material suffers from reduced duc- 
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Fig. 2. 2020 MTRL Classifications of WPMAT materials for in-vessel applications. Solid colour illustrates current MTRL, dashed lines indicate intra-level progress over 50% 

and shaded lines indicate intra-level progress below 50%. 
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ility relative to other plasma facing materials [ 28,59 ]. However, 

oining techniques are currently under investigation [60] and they 

ave also demonstrated comparable high heat flux behaviour [28] . 

n spite of this progress, self-passivating tungsten alloys, like the 

HFM RMMs in general, lack a comprehensive material property 

atabase, and are therefore categorised as MTRL 2, despite the sig- 

ificant promise shown so far. 

The operating window for tungsten is currently constrained by 

eutron embrittlement at low temperatures and concerns over re- 

rystallisation at high temperature. Under certain scenarios, recrys- 

allisation may prove unavoidable, but may be tolerable depend- 

ng upon the final design [61] . Attempts to expand this window 

urrently focus on alloying or particle/fibre reinforcement. This in- 

ludes the use of Tungsten-Yttria (W-Y 2 O 3 ), produced via Powder 

njection Moulding (PIM), W-TiC also produced via PIM, WC parti- 

le reinforced W produced via Spark Plasma Sintering (SPS), long 

 fibre reinforced W (manufactured through Chemical Vapour De- 

osition [CVD]) and short W fibre reinforced W (manufactured via 

PS) [28] . These sit at various stages of development, but in many 

ases have shown improvements in mechanical performance over 

aseline tungsten. However, most are currently only produced on 

 laboratory scale, although PIM is proven as a mass fabrication, 

ear-net shape technology [62] capable of facilitating two compo- 

ent joining [63] . Of these materials, the PIM W-Y 2 O 3 , PIM W-TiC,

C particle reinforced W, and both long and short fibre W fibre re- 

nforced W have all been included in recent irradiation campaigns 

or screening purposes [ 28,49 ]. High heat flux testing of the tung- 

ten fibre and particle reinforced composites is also underway [28] . 

owever, as mentioned above, the scarcity of data currently pre- 

ludes an MTRL 3 classification. This will be addressed after careful 

own selection, in accordance with the broader WPMAT strategy. 

The main objective of the development of advanced CuCrZr ma- 

erials is an improvement in high-temperature strength of this pre- 

ipitation hardened material. Of the heat sink candidates, tung- 

ten particle and fibre reinforcement has successfully improved 

he mechanical properties of Cu based alloys [64] . The fibre rein- 

orced composite has been developed in collaboration with indus- 

ry and performed well under high heat flux testing [52] . Another 

pproach found to improve ductility is the use of laminates [65] . 

hese have been included in the recent irradiation campaigns for 

creening, along with the particle and fibre reinforced CuCrZr com- 

osites [ 28,49 ]. Furthermore, there have also been early studies 

nto the feasibility of Additively Manufactured (AM) CuCrZr compo- 

ents, in order to achieve complex geometries and minimise joints. 

hese have demonstrated the feasibility of the process, but are still 

t an early stage of development. 

With regard to divertor design, another area of concern for the 

HFM subproject (and Divertor Work Package), is the interface be- 

ween plasma facing target and heat sink, due to the mismatch in 

hermal expansion [66] . Functionally graded materials (FGMs) and 

pecially designed thermal breaks (to spread the heat load more 

venly) have been developed as potential solutions [ 18,66 ]. Al- 

hough these and the advanced heat sink materials have all shown 

romise, the data currently available does not yet approach that of 

he baseline materials. For this reason, they are presently limited 

o MTRL 2, pending down selection and further development, in 

ine with the existing WPMAT strategy. 

.3. Advanced steels 

Within WPMAT, the Advanced Steels (AS) subproject oversees 

he development of structural RMMs. There is currently a wide 

ange of alloy compositions and process routes under considera- 

ion. These can be grouped into sub-categories according to their 

espective scope or fabrication process: EUROFER-LT (low temper- 

ture), EUROFER-HT (high temperature) [ 28,67 ], Additively Manu- 
9 
actured (AM) EUROFER, mechanically alloyed ODS steel (MA ODS), 

irect gas atomised ODS steel [28] and AM ODS steel. EUROFER-LT 

nd HT aim to expand the EUROFER97 window in the low and high 

emperature direction, respectively, optimizing their properties for 

ater-cooled or helium-cooled blanket options. Thus far, there has 

een greater success in extending the upper limit as compared to 

he lower temperature boundary [28] . However, from a technology 

eadiness perspective, both options benefit from their similarity 

o conventional EUROFER97, the most mature structural material 

vailable. Although property handbooks do not yet exist for these 

ariants, it may be possible to fast-track their qualification in the 

ake of conventional EUROFER97 development. Upscaling produc- 

ion should not present as much of an issue as some of the more 

ovel materials below, as EUROFER-LT and HT will be produced via 

onventional industrial practises, rather than powder metallurgy 

outes. However, even for conventional EUROFER97, qualification is 

till some way off, so does not circumvent the need for extensive 

rradiation campaigns and qualification of joints, development of 

on-Destructive Testing (NDT), component testing etc. They both 

herefore sit at MTRL 2, but have made significant progress to- 

ards MTRL 3. Their inclusion in the most recent irradiation cam- 

aigns [ 28,49 ] should also aid in screening and down selection. 

ODS steels offer the potential to provide enhanced neutron re- 

istance in particular with regard to He-embrittlement and higher 

emperature operation relative to EUROFER97, potentially allow- 

ng them to complement conventional EUROFER97 in certain high 

eutron flux applications (i.e. first wall of a He-cooled blanket) 

68] . The conventional method of production is mechanical alloy- 

ng (MA) and has been demonstrated on a semi-industrial scale 

on the order of 30 kg) [28] . Fusion welding processes (e.g. laser, 

lectron beam, arc) are unsuitable for ODS steels, as these tech- 

iques disturb the distribution of nanoscale oxide particles that 

re responsible for the enhanced mechanical properties. Diffusion 

onding (e.g. HIP) is the preferred joining technique for ODS steel, 

nd is envisaged for its use in first wall applications. However, al- 

hough MA ODS steel remains a promising high temperature struc- 

ural material, it resides at MTRL 2 based on its current level of 

haracterisation. Cost and industrial scale fabrication are also typi- 

al issues for ODS steels. Attempts to address this include the use 

f gas atomisation to produce the powder feedstock. However, al- 

hough this is eminently scalable, the microstructural features and 

he correlated mechanical performance of ODS steel produced via 

his route are currently inferior to conventional MA ODS steel [28] . 

onsequently, gas atomised ODS steel has been classified as MTRL 

. In both cases of AM structural steel (EUROFER and ODS), the 

roperties have been found to be yet inferior to the conventional 

ariants [ 69,70 ], and characterised to a lesser extent; thus these 

aterials also sit at MTRL 2. 

.4. Functional materials (optical and dielectric applications) 

The functional materials cover a wide range of applications in 

eating, diagnostic and control equipment e.g. windows, mirrors, 

lectrical feeds, antennas, optics etc. (breeder and coating mate- 

ials are not covered within WPMAT). Depending on the applica- 

ion, the requirements can vary significantly. Often the primary 

oncern is not a mechanical property, but an optical or dielectric 

ne (however, structural integrity is still important in applications 

uch as windows, particularly under accident scenarios [71] ). Un- 

erstanding the effect of irradiation on such functional properties 

s critical to their successful use. Consequently, irradiation cam- 

aigns for many of these materials have already been carried out. 

lthough IFMIF will not be available for some time, the difference 

etween a fusion neutron spectrum and a fission neutron spectrum 

s expected to be less significant for many functional materials due 

o careful shielding at their operational location [25] . In addition, 
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ost functional materials are already commercially available, min- 

mising supply chain issues. However, a particular issue with irra- 

iation testing of many functional materials is the need for in-situ 

esting due to changes in behaviour between exposure and post- 

rradiation examination (PIE) [20] . 

Amorphous SiO 2 is expected to be utilised in optical applica- 

ions (e.g. windows, lenses) for its good Vacuum Ultraviolet (VUV), 

V, Visible and Near Infrared (NIR) transmission properties [20] . 

s a widely available material, supply is unlikely to be a problem, 

nd since it has been well characterised in the unirradiated state, 

t sits at MTRL 3. As mentioned above, post irradiation character- 

sation has been carried out, but more integrated testing will be 

eeded to advance further. Currently, there are two primary grades 

nder investigation, produced by TYDEX and Crystaltechno. Among 

ll the studied materials, these silica grades have been found the 

ost resistant to neutron irradiation [72] . Recent EUROfusion irra- 

iation campaigns have also confirmed the superior neutron irra- 

iation resistance of these grades up to 0.4 dpa for transmission in 

he visible range [73] . 

Single crystal Al 2 O 3 (MTRL 3) is also employed in optical trans- 

ission windows, in addition to finding use in dielectric applica- 

ions [20] . For these uses, it possesses good UV transmission and a 

ery low loss tangent although it does exhibit anisotropy. In addi- 

ion, suppliers can provide very high purity material, unlike poly- 

rystalline Al 2 O 3 , where contamination can be a problem (the lat- 

er is used as an insulator, rather than in optical applications [20] ). 

oth reside at MTRL 3, pending clear definition of diagnostic tools 

o be used in DEMO and consequently further integrated testing. 

lthough Al 2 O 3 is the primary candidate for dielectric applications 

n areas such as Heating and Current Drive (H&CD), single crystal 

nd polycrystalline MgAl 2 O 4 (Spinel) are also under investigation 

or certain applications (MTRL 3). 

Polycrystalline chemical vapour deposition (CVD) diamond is 

tilised in gyrotron windows, although single crystal diamond 

s a very recent development (MTRL 2) and could have a di- 

ect application in the future. Both variants are the only remain- 

ng candidates for this application. However, diamond has been 

hown to exhibit a dramatic drop in thermal conductivity un- 

er irradiation due to phonon scattering. This has implications 

or DEMO given the power transmission requirements, and will 

equire careful design to minimise exposure. While some initial 

ests of windows incorporating these materials exist (i.e. includ- 

ng brazing), including some under neutron irradiation (for ITER), 

his field will need to be developed at higher fluences in fu- 

ure. Although amorphous SiO 2 is currently the favoured candi- 

ate for Vis-NIR windows, for the IR-FIR-millimetre range a selec- 

ion of other materials are under investigation [20] . These include 

aF 2 , BaF 2 , ZnS, ZnSe and Yttrium Aluminium Garnet (YAG). While 

hey all currently sit at MTRL 3, irradiation campaigns and PIE 

re ongoing. This process has been hampered to an extent due to 

afety concerns with the fluorides, and activation issues with other 

aterials [74] . 

In order to reduce the exposure of functional materials to irra- 

iation and particle fluxes, mirrors will be employed in doglegged 

ucts to prevent direct line of sight between the plasma and sensi- 

ive components. The neutron, gamma and Charge Exchange Atom 

CXA) particle fluxes at the First Mirror (FM) positions are ex- 

ected to be an order of magnitude less than those at the FW 

20] . Nevertheless, exposure at the FM locations will still be sig- 

ificant, and therefore single or polycrystalline Mo mirrors are cur- 

ently favoured for their ability to withstand the expected neutron 

nd particle fluxes [20] . For activation reasons, studies have largely 

ocussed on ion irradiation as a surrogate for neutron irradiation. 

lthough this does provide greater testing flexibility, the displace- 

ent damage is not prototypical of a fusion neutron spectrum, and 

enetration of the ions is very low [25] . The material itself sits at
10 
TRL 3, with further progression dependent on the outcome of 

ore integrated testing. 

. Conclusion 

A technology readiness assessment has been carried out on ma- 

erials under development within the EUROfusion Materials Work 

ackage (WPMAT) for the EU-DEMOnstration reactor. The baseline 

aterials have been assigned Material Technology Readiness Levels 

MTRLs) of 4 (EUROFER97), 3 (conventional tungsten) and 3 (Cu- 

rZr). In addition, a further 28 candidate materials (and groups of 

aterials) were also assessed. This includes Risk Mitigation Ma- 

erials that are intended to address specific shortcomings of the 

aseline materials. These were generally assigned MTRLs in the 

ange of 2-3. This process has highlighted the wide range of ma- 

erials currently under development within WPMAT in anticipation 

f stringent down selection. However, it has also brought into focus 

he many challenges facing DEMO materials development. Much of 

his concerns critical areas such as in-depth irradiation campaigns, 

ransferability from testing to DEMO operational conditions, scal- 

bility of production, development of joining techniques etc. This 

eaves some way to go before any materials will be ready for use in 

EMO. However, the MTRL system has been employed to highlight 

he key requirements towards utilisation of materials in DEMO, is 

elping to set the required research and development for each can- 

idate and should be in future an integral part of the TRL assess- 

ent of the respective DEMO in-vessel systems. 

Key steps that have been taken to address critical areas in- 

lude the initiation of multiple irradiation campaigns, advanced 

igh heat flux testing of mock-up components as well as the ongo- 

ng development of physics based material multi-scale models as a 

tringent requirement for proceeding towards MTRL 7. Neverthe- 

ess, as has been made clear throughout the assessment process, 

rogression up just one MTRL is a significant undertaking, yet still 

mbiguous in terms of the time and resources required. This rep- 

esents a significant source of risk, and while the lack of techno- 

ogically ready materials is clearly a concern for DEMO, the intro- 

uction of a biennial review of technology readiness within WP- 

AT is intended to facilitate more effective planning and targeted 

aterials development, in line with the strategic plans of EUROfu- 

ion. The technology readiness assessment procedure itself is still 

 work in progress, and the requirements at the higher levels will 

e subject to change as DEMO moves toward the next stage of de- 

elopment, i.e. the development and final selection of the concep- 

ual design. However, it is clear that significant investment will be 

eeded to address the challenges that lie ahead. 
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This work was not directly reliant on raw/processed numerical 

ata. In some instances, reference is made to internal EUROfusion 

eports. For information on their content, please contact the au- 
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