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 UK has committed to a LOW CARBON Energy future and to

Fusion – Spherical Tokamak for Energy Production (STEP;

prototype powerplant scoped for 2040)

 The fusion reactor environment is possibly the most extreme

environment any material will face. We face a sizeable task to

address the triple whammy in fusion materials: TRITIUM,

TRANSMUTATION AND DISPLACEMENT

 A PROGRAMMATIC APPROACH is favoured to ensure timely

delivery. Researchers and funders need to reference a common

path / plan..

A Roadmap for Fusion Materials
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 Henry Royce Institute sponsored 4 

workshops, facilitated by IfM. 

 UKAEA ran two further consultations and 

a survey. 

 A national editorial team worked to finish 

final document.

A seven month group effort..
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Director of Materials 
Dr Amanda Quadling

Head of MRF
Materials Testing

Due end 2021

Head of Programme –
Neutron Materials Interactions
Modelling, Nuclear Data and 

Experiment 
Dr Mark Gilbert

Head of Programme –
Materials Science and Engineer

Materials development and 
routes to qualification 

Dr Jim Pickles

Lead – Materials For Fusion 
(low TRL) 

Dr Dave Bowden

Lead – Materials for STEP 
(high TRL) 

Dr Chris Hardie

Roadmap team within Materials Division 
at UKAEA
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Metallurgy

Irradiation 
campaigns

Nuclear Data 
and Waste
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Editorial team 
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Dr Steven Jones (NAMRC)
CTO / Lead High-Value 

Manufacturing Catapult’s 
Joining Technology 

Dr Andrew Bowfield 
(Henry Royce Institute)
Business Development 

Manager: Nuclear 
Materials 

Dr Karl Whittle 
(University of 

Liverpool)

Dr Sandy Knowles 
(University of 
Birmingham)

Dr David Armstrong 
(Oxford University)

Dr Amy Gandy 
(University of 

Sheffield)

Jack Astbury 
(Tokamak Energy)
Reactor Technology 

Manager

Dr Jon Hyde 
(National Nuclear Labs)

Jon is Senior Fellow in Materials 
and Head of R&D
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Plasma exhaust / 
heat dissipation

(Super X Divertor)

Maintaining fusion 
energy gain for plasma at 

Q≥10

Sustainable fuel
(Breeding >1)

Plant efficiency 
(generate 100MWe net)

Cost 
(half current alternatives ~£10bn/plant)

Fusion net energy 
delivery

Complexity of key 
deliverables

Safety
(Low level waste classifications)

Materials as enabler across the Fusion Roadmap

Confinement
(at magnetic fields of >8T)

Plant availability 
(target 50%)

Materials:
Cryoresilience

Materials:
Structural >550°C

Materials:
Engineering assurance

Materials:
Low activity

Materials:
Tritium boost, block
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Resource 
1

Generic requirements – materials in fusion
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DIRECTION OF TRAVEL: Irradiation - Summary

Integral cross section data

Uncertainty quantification

Neutronics benchmarking

Differential cross section data

Mechanical property testing for failure mode analysis

Temporal evolution of damage

Combinatorial load analysis
Proof testing to 
failure

Testing of complex materials / joins

Ion / proton experiments for bulk material properties

Materials test reactor experiments on fabricated materials

(IFMIF DONES) / ITER for fusion neutron spectra Prototype plants

Development of compact neutron source experiments Full breeder mock ups

Optimisation of neutron transfer, amplifier materials Development of tritium extraction microstructures

Experiments for nuclear 
data

Experiments to enhance
breeder materials

Experiments to provide 
engineering assurance 
on components and 
joins

Experiments to underpin 
and validate damage 
modelling and to down  
select materials

Dual beam with /without gas implantation for bulk material properties

Resource 
2
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Use of irradiation sources
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Radiation Source Damage 
Phenomena

Damage 
Rate

Volume

H Charged Particles 
(Heavy Ions)

1 H S

DB Dual Beam 1, 2.1 H S

P Protons 1 H, D S, B.1

ADN Accelerator Driven 
Neutrons

1, 2.1*, 2.2* L S, B.1, B.2

ADNX Future Facilities 1, 2.1*, 2.2* L S, B.1, B.2

MTR Materials Test 
Reactors

1, 2.1** H, D*** S, B.1, B.2
*     Neutron energy spectra not DT fusion
**   Transmutation gas production by doping can cause artifacts
***  Extremely high cost

L – Low (sub dpa)
H – High (10 dpa)
D - Dynamic

S – Small (µm - mm)
B.1 – Big (10s – 100s µm)
B.2 – Big (mm)

1 – Displacement Damage
2.1 – Transmutation Gases
2.2 – Transmutation Solids

Phenomena

Rate Volume

Volume
(m3)

Damage Rate (dpa/s)

H, DB

P

ADN

MTR

10-8 10-6 10-4

ADNX

10-6

10-2

10-4

Neutrons, £££ + ⌛⌛⌛

charged 
particles, 
£+⌛

Resource 
3
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2020 2022 2024 2026 2028
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Dalton Cumbrian Facility – Dual beam capability coming onstream H2, 2021 (ion and protons)
For irradiation + Stress: DCF are developing a Deben rig to support the irradiation of thin ~20 µm samples under 
load, with in-situ DIC to measure creep strains as a function of the irradiation. 

Compact neutron source facility (1012 n/cm2/s) being scoped for Sellafield 
for 2025 (Project STELLAR) – may use Phoenix* type source

Birmingham high flux accelerator driven neutron 
source – Coming onstream 2022 

Inertial electrostatic confinement neutron source (fusor style) being 
explored at University of Bristol, taking account of Japanese studies –
may use ASTRAL* or microNOVA* type source

ASP at AWE (neutron)

Birmingham cyclotron (proton beam) –
Additional in-situ corrosion+proton setup 
imminent: 650°C H2O, molten salt, 1000°C with 
loading vacuum or O2 atmosphere; stress rig 
installation Oct 2021

*Phoenix, ASTRAL, 
microNOVA are 

commercial systems

MIAMI - Surrey Ion Beam Facility (ion 
beam)

High flux 
(1012

n/cm2/s)

Useful UK 
beams and 

sources

Low flux (104

n/cm2/s)

INTERNATIONAL MATERIALS TEST REACTORS include: HFIR (USA), BOR60 (Russia), ANSTO (Australia), NRG (Netherlands), NCBJ (Poland), 
BR2 (Belgium), LVR-5 (Czech Republic), KURRI (Japan) etc. FUSION NEUTRON GENERATORS include: Frascati (Italy), NG TUD (Germany) and 
HINEG (China)

Local irradiation sources Resource 
4
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Resource 
5
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Modelling – ‘Roadmap within a roadmap’
Resource 

6
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Resource 
7
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Plasma exhaust / 
heat dissipation

(Super X Divertor)
Maintaining fusion 

energy gain 
(for plasma at Q≥10)

Sustainable fuel
(Breeding >1)

Plant efficiency 
(generate 100MWe net)

Cost 
(half current alternatives)

Fusion net energy 
delivery

Complexity of key 
deliverables

Safety
(Low level waste)

Confinement
(at magnetic fields of >8T)

Plant availability 
(target 50%)

Materials:
Cryoresilience

Materials:
Structural >550°C

Materials:
Engineering assurance

Materials:
Low activity

Materials:
Tritium boost, block

Materials as enabler across the Fusion Roadmap
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Specific requirements – materials in 
application specific contexts

Examples
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New regulatory 
framework for fusion 

without high level 
waste

Enable low 
activation waste 
predominance in 

fusion

 Weldable, cost-effective Reduced Activation Ferritic Martensitic (RAFM) 
structural materials

 High purity raws for armour, structure, divertor baseline materials
 Full tritium inventory model across plant material interfaces (first wall, 

cooling circuit, detritiation plant)

 ‘Dust’-free armour materials for safe recycling

Breeding ratio >1; fuel 
self sustainability

Boost breeding 
ratio, block tritium 

losses

 New breeder materials beyond orthosilicates and titanates, developed via 
UK compact neutron source facility

 Mitigate segregation of non-multiplying zones in BeTi12 amplifier
 Tritium permeation barriers for balance of plant

 Additive manufactured Li ceramic as continuous blanket
 Feasible alternative multipliers (LaPb3, Zr5Pb4, YPb2)
 Optimised tritium extraction microstructures

High fusion energy 
through effective 

confinement at high 
magnetic fields (>8T)

Define the possible 
in irradiation 

resilient magnets, 
insulation at 

cryogenic 
temperatures

 Irradiation tests on REBCO to E>0.1MeV / ~0.001 dpa  (current limit) at 
operating T, spectrum, B

 Improved insulation e.g. novel amorphous ceramics or imides
 Understanding of annealing path in irradiated cryogenically-cooled 

resistive aluminium

 Cryogenic irradiation tests on REBCO beyond ~0.001 dpa (aiming for 
overtest to 0.1dpa)

Plant efficiency (100 
MWe)

Develop higher 
temperature 

structural materials 
(>550°C)

 Fabrication-scale microstructural tuning of castable complex 
nanostructured alloys (carbide / nitride / more inert precipitates) to reach 
>600°C

 Optimised SiC-SiC composites (nanostructured SiC fibre for enhanced 
irradiation resilience; pyrolysis free interphases; transmutation gas routine 
architecture)

 Weldable and lower cost ODS / HiP’d powermetallurgy variants to reach 
700°C

 Additive manufactured divertor materials with integrated cooling 
structures

 Thermo electric first wall /divertor material for direct plant output 
contribution

Plant availability 
(50%) and cost 

(£10bn)

Deliver engineering 
assurance for 

materials under 
powerplant 
conditions

 Synergistic dual ion beam irradiation campaigns (proton + load; proton + 
corrosion; proton + cryo) on baseline materials for low dpa mechanical 
property degradation

 First Finite Element based failure prediction models across
microstructures

 Simulated in situ (dose-temperature conditions) material response via 
‘whole problem approach’ utilising physics-derived atomistic response 
laws

 Synergistic irradiation campaigns (neutron + load; neutron + corrosion; 
neutron + cryo) on baseline and novel materials with emphasis on high 
dpa impact quantification on mechanical properties (especially creep-
fatigue)

 Stitched length- and time-scale failure prediction models 
 Modelled transmutation gas impact on mechanical degradation

SUMMARY

Key waypoints in fusion 
landscape

2020 2024 2028 2032 2036 2040

• STEP concept 
design starts

• ITER first plasma
• STEP concept 

design review

• DEMO 
Conceptual 
Design 
Consolidation

• STEP build starts • ITER high power 
operation

• STEP first plasma
• DEMO build starts

Fusion Roadmap 
driver

Materials 
Roadmap

Near Term Stretch Targets / Disruptors
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 This Roadmap aims to place before the UK materials community a STARTING POINT – there should be iterations
of the narrative as familiarity grows

 It has been LOCALLY SHAPED but there are many opportunities to COLLABORATE INTERNATIONALLY

 Early hooks are offered for the UK materials SUPPLY CHAIN and REGULATORS so vital to delivering commercial
fusion

 The aim is to gather stakeholders around common themes and GENERATE MOMENTUM - there is an implied
invitation to get involved – from experiment to investment and planning…. Via a National Steering Group (~
Editorial Group)

Next steps…

17

ITER (2025)                STEP BUILD (2032)                  STEP (2040)               DEMO (2050)
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Next steps - I

Materials:
Cryoresilience

Materials:
Tritium boost, 
block

Materials:
Structural 
>550°C

Materials:
Low activity

Materials:
Engineering assurance

Official 



|

Materials:
Magnets > 8T

Materials:
Li based breeders

Materials:
Structural 
>550°C

Materials:
Low activity

Materials:
Engineering assurance

Next steps - II SiC SiC working group

Select 
compositional 

elements

Select and 
measure 

proportions

Melt Mix Cast Cool & solidify Austenise
(> fcc austentite)

Quench TemperAusform

NEURONE bid
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Durham
Manchester

Oxford 

Manchester 
Dalton Cumbria 

Facility

Bristol 

Birmingham

Lancaster 

Cambridge 

Sheffield 

Liverpool

Exeter

Coventry

Imperial College

UKAEA Materials: Roadmap interface with UK 
universities in past 12 months

Irradiation facility

Post irradiation examination

Novel materials development

Materials modelling

Process innovation

Neutron diagnostics

RADHARD devices

New magnet materials
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