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Structural, armour and heat sink materials for DEMO

J..H. You et al., Nucl. Mater. Energy 33 (2022)

ITER-like tungsten monoblock

DEMO Blanket module

F. Hernández  et al., FED 124 (2017)

First Wall
RAFM steel

W-armour 
layer

Coolant
outlet

Manifold
inlet

W-armour 
monoblock

Pload  20 MW/m2

Tungsten, owing to low sputtering yield, high 
melting point and high thermal conductivity –
a baseline armour material for DEMO PFCs

Harsh operational environment of DEMO 
First Wall (FW) and Divertor Plasma Facing 
Components (PFCs)

• High fluence of neutrons

• Energetic ions escaping plasma

• High thermal flux

Pload  2 MW/m2

CuCrZr, owing to favorable combination of 
high thermal conductivity and good 
mechanical properties – a baseline DEMO 
divertor heat sink material

EUROFER97, owing to good balance of 
mechanical and thermo-physical properties 
and good resistance to neutron irradiation –
a baseline structural material for DEMO First 
Wall/Blanket

First Wall/
Blanket

Divertor

Source: www.iter.org

CuCrZr pipe
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EUROfusion EDDI Material Database & Handbook (MD&H)
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Realization of in-vessel components for DEMO 
Development of sound material databases (MD) on structural, heat sink, armour and functional materials

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

 Raw data collection
 Data review & 

evaluation process
 Qualified data

Material Property 
Handbook (MPH)

Materia Database (MD)
Development of DEMO 
Design Criteria (DDC)

 Summarising the database 
content at a higher level

 Calculation of the average 
and minimum curves

 DEMO specific design 
criteria for Blankets and 
Diverters 

 Assess the structural 
integrity of all of the 
concept designs

EDDI-MD&H Group EDDI-DDC Group

EUROfusion / WPMAT

Objective: Development of MD & MPH on EUROFER97, CuCrZr, W  
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MPH - Properties to be covered

Materials: EUROFER97, CuCrZr, W Materials: W

Mechanical properties
• Tensile properties

• Yield strength
• Tensile strength
• Elongation
• Reduction of area

• Young’s modulus 
• Hardness
• Poisson’s ratio
• Charpy impact properties
• Fracture toughness
• Fatigue crack growth
• Low cycle fatigue
• Creep
• Irradiation creep
• Swelling
• Helium effects

Thermo-Physical properties
• Coefficient of thermal expansion 
• Density
• Thermal conductivity
• Thermal diffusivity
• Specific heat
• Electrical resistivity
• Melting temperature
• …

Magnetic properties (EUROFER97)

• Magnetic saturation
• Remnant magnetization 
• Coercive field
• …

Fusion-specific properties 
• High heat flux properties 
• Neutron irradiation & transmutation
• Plasma-material interaction
• Erosion & redeposition
• Hydrogen implantation & retention

Recrystallization behavior 
• DBTT 
• Hardness
• …

Oxidation and corrosion
• Low-T corrosion
• High-T oxidation & corrosion

• …
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Data qualification & storage

DATA QUALIFICATION
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MATERIAL IDENTIFICATION
• manufacturer 
• heat/product/sub-product 
• thermo-mechanical treatment …

SPECIMEN IDENTIFICATION
• geometry 
• extraction direction 
• surface finish …

IRRADIATION CONDITION
• irradiation facility 
• temperature 
• dose ... 

TESTING and RESULTS
• testing standard, parameter
• temperature 
• environment 
• results, validity …

EDDI MATERIALS DATA STORAGE

Custom database for storage materials test data
Importing the data from data collection Excel templates
Exporting function for further data handling
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EUROFER MPH

Chemical composition (RCC-MRx)

Production of large industrial batches: EUROFER 97-1, …, EUROFER97-4

Availability of different product forms: plates, rods

Development of joining technologies

Examination & characterization by several European Research Units (RUs)

Investigation of irradiation influence

Reduced Activation Ferritic/Martensitic (RAFM) steel EUROFER97 –
European reference structural material for ITER TBM and DEMO Blanket 

As+Sn+

Sb+Zr%

min 0.09 - - - 0.2 - 8.5 - 1 0

max 0.12 0.005 0.005 0.05 0.6 0.01 9.5 0.005 1.2 0.05

Ni% Cr% Mo% W%C% S% P% Si% Mn%

Ta% V% Nb% Cu% B% Al% Co% N2% Ti% Fe%-

min 0.1 0.15 - - - - - 0.015 - Balance

max 0.14 0.25 0.005 0.01 0.002 0.01 0.01 0.045 0.02 Balance
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EUROFER MPH – Property sheet structure
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EUROFER MPH – Average and minimum curves

Alternative Minimum CurveDetermination of the average values
by means of statistical analysis (best fit)
Determination of the minimum values 
followed internationally established 
methodologies  

Minimum Curve
Calculate an average Sy,av curve by a 
statistical analysis

Determine standard deviation  

Built the minimum curve by 
offsetting the average curve

𝑺𝒚,𝒎𝒊𝒏 𝑻 = 𝑺𝒚,𝒂𝒗 𝑻 − 𝟏. 𝟗𝟔𝝈

XavXmin

±𝟏. 𝟗𝟔𝝈 ↔
𝒃𝒐𝒖𝒏𝒅𝒔 𝒐𝒇 𝟗𝟓% confidence

𝑿𝒎𝒊𝒏 𝑻 =
𝑿𝒎𝒊𝒏 𝑹𝑻

𝑿𝒂𝒗 𝑹𝑻
𝑿𝒂𝒗(𝑻)

PDF
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EUROFER MPH – Yield Strength in the irradiated state

Grouping the results according to the 
irradiation (DPA, Tirr) and testing conditions
Determination of the average values by means 
of statistical analysis (best fit)

Testing conditions Function (T in °C, Stress in MPa) 

<3 dpa, <350°C 825.1-1.02703T+0.00254T2-4.3385E-6T3 
7-15 dpa, <350°C 1056-0.61046T 
30-42 dpa, <350°C 1157.9-0.644T 
70-78 dpa, <350°C 1240.3-0.72T 

 
Testing conditions Function (T in °C, Stress in MPa) 

16-18 dpa, 350°C 1651.1-2.884T 
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EUROFER MPH – n-irradiation induced embrittlement

Tirr=300°C

DBTT (KLST) as a function of damage dose
Grouping of the results according to 
irradiation temperature
Saturation behaviour of the low temperature 

embrittlement at the achieved damage doses  

Evolution of the ASTM E1921 reference temperature 
(T0Q) with the irradiation dose at Tirr=300 °C.
Lack of high dose irradiation data
Lack of J-R curve behavior 

Data: NRG, SCK CEN, KIT Data: NRG, SCK CEN



E. Gaganidze et al. Institute for Applied Materials04.12.202311

EUROFER MPH – Gap analysis & testing

Unirradiated (EUROFER97-3 & EUROFER97-4)

Tensile properties in a wide temperature (Tirr=200-550°C) and dose range (irradiation in progress)

Fatigue properties (irradiation in progress)

Fracture Mechanical (FM) properties (JIc, J-R …) (irradiation in progress)

Fatigue crack growth properties (tests to be prepared)

Swelling & Helium effects (tests in progress & to be prepared)

Irradiation creep (tests in progress)

Mechanical properties on weldments for proper PWHT (tensile, FM) (tests to be prepared)

Irradiated (EUROFER97-3 & EUROFER97-4)

Fatigue properties (tests in progress)

Fracture Mechanical (FM) properties (JIc, J-R …) (tests in progress)

Fatigue crack growth (tests in progress)

Creep properties (tests in progress)

Thermal aging effects (tensile, Charpy-V, FM) (tests in progress)

Mechanical properties on weldments for proper PWHT (tests to be prepared)
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CuCrZr MPH – Reference composition and heat treatment

Chemical composition
a) CuCrZr (ITER-Grade)

 0.6-0.9 wt%Cr, 0.07-0.15 wt% Zr, <0.002 wt% O, <0.03 wt% others

b) CuCr1Zr (European Copper Insititute, German Copper Institute, C18150):

 0.5-1.2 wt%Cr, 0.03-0.3 wt% Zr, 0-0.08 wt% Fe, 0-0.1 wt% Si, 0.2 wt% others

Heat treatment
a) SAA: Solution annealing at 980~1000°C for 30~60 min, water quenched and aged at 460~500 

°C for 2~4 h.

b) SAcwA: Solution annealing at 980~1000°C for 30~60min, subsequent cooling in water, further 
cold working by 40~70%, and ageing at 450~470°C for 2~4 h.

c) SCA: received as SAA, HIPped at 1040°C for 2h at 140 MPa followed by solution annealing at 
980°C for 0.5 h with a slow cooling rate of 50~80°C/min between 980 and 500°C, and final 
aging at 560 °C for 2h.

d) SAoverA: Solution annealing and ageing at non-optimal condition (over-aged) due to specific 
manufacturing processes.

e)    PA (Prime aged): material supplied by Outokumpu Oyj: solution annealed at 960°C for 3h, 
water quenched and then PA at 460°C for 3 h. After PA specimens received further annealing
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CuCrZr MPH – Tensile properties for SAcwA condition

Average 0.2% yield strength of 
CuCrZr tube (SAcwA) 
• unaged 
• aged

Average and minimum 0.2% 
yield strength of CuCrZr for 
SAcwA

Average and minimum 0.2%
yield strength for CuCrZr for
SAA

Collection and assessment of literature data on CuCrZr for different thermo-mechanical treatments
Generation of new data in the frame of EUROfusion MAT project
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CuCrZr MPH – Dose dependent tensile properties

TE vs irradiation dose of CuCrZr 
alloy for SAA condition after 
irradiation at 150°C and 300°C 

UE vs irradiation dose of CuCrZr 
for SAA condition after 
irradiation at 150°C and 300°C 

UE vs irradiation dose of CuCrZr 
for SAcwA condition (irradiation 
temperature in between 158-
192 and 162-184 °C
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CuCrZr MPH – Tensile properties for SAcwA & HRP conditions

Reference 
state: HRP 
treated CuCrZr

Manufacturing process -
Hot Radial Pressing (HRP)
 Heating & holding 

component to 580°C for 2h
under 60 MPa

Strong reduction of strength after 
HRP treatment

J.H. You et al., FED 164 (2021) 

SAcwA

SAcwA
+ HRP

E. Visca, ENEA (2016)
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CuCrZr MPH – Testing needs
Reference state: CuCrZr (SAcwA + HRP)

note note

Tensile properties RT-600
True stress vs. true 

strain data
1, 3, 9 150, 250, 350, 450 RT, Tirr

Basic input 

parameter for 

simulation works

1, 3, 9 300, 350 Tirr
post irradiation 

creep

9 150, 250, 350 Tirr
interrupted 

irradiation creep

Charpy impact 0-400 1, 3, 9 150, 250, 350 0-400

Fatigue strain-controlled RT-450 1, 3, 9 150, 250, 350 Tirr

RT-400

RT-400

Fracture toughness RT-400
Elastic-plastic 

fracture toughness
1, 3, 9 150, 250, 350, 450 RT, Tirr

Linear-elastic and 

elastic-plastic 

fracture toughness

Fatigue crack growth RT-400 1, 3, 9 150, 250, 350 RT, Tirr

Creep Crack Growth 300, 350

Fatigue creep
Stress and strain 

controlled

CuCrZr

Unirradiated Irradiated

Testing 

temperature [°C]

Irradiation dose 

[dpa]

Irradiation 

temperature [°C]

Testing 

Temperature [°C]

Creep 100-600

e.g. Creep curve, 

negligible creep 

temperature curve
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W MPH – Baseline material

Elongated grain microstructure
Grain size number: 
3 or finer, ASTM E112 
Density: 
≥19.0 g/cm3, ASTM B311 
Purity: ≥ 99.94% 
Vickers hardness:  
≥410 HV30, ASTME92 

ITER grade tungsten

Hirai et al., Fus. Eng. Design 125 (2017)

Identified tungsten materials
Forged bar, PLANSEE SE, Austria 
Rolled plate, A.L.M.T. Corp., Japan
…

Relevant states
Stress relieved
Recrystallized

J.-H. You et al., Fus. Eng. Design 164 (2021)

Anisotropic microstructure/properties

Yin, Materials Science & Engineering A 750 (2019) 20–30

Forged bar, 
PLANSEE
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W MPH – Tensile properties and best estimate trend curves

 M. Wirtz et al., Nucl. Fusion 57 (2017) 066018

 M. Wirtz et al., Phys. Scr. T167 (2016) 014015

 C. Yin et al, Int. J. Refract. Met. Hard Mater. 75 

(2018) 153-162

Generation of preliminary “best estimate” trend  curves
Large scatter in low-T data due to inherent brittleness 
Weibull analysis of fracture strength

ITER grade tungsten
Forged bar, PLANSEE SE, Austria 



E. Gaganidze et al. Institute for Applied Materials04.12.202319

W MPH – fracture toughness
E. Gaganidze et al., JNM 556 (2021) 153200 

close: valid
open: invalid

Future focus on uniaxially 
rolled A.L.M.T. plate

E. Gaganidze et al., J. Nucl. Mater. 547 (2021)

E. Gaganidze et al., Fus. Eng. Des. (2022)

Superior behavior of ITER & CHW A.L.M.T 
plates over forged bar IGP W in terms of 
DBTT and high T behavior
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W MPH – Thermal conductivity

No data

Minimal data

Limited data

Note:

• Trend with dose mostly attributed to Re content in literature

• Measurement Temp/conductivity relationship inverts at high dose/high irradiation temperature

• Even at high irradiation temp, data still extremely limited
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W MPH – Testing needs

Temperature range 

[°C]
note

Irradiation dose 

[dpa]

Irradiation 

temperature [°C]

Testing Temperature 

[°C]
note

sr: 300-1200

rc: 300-2000

sr: 600-1200

rc: 600-1800

sr: RT-300

rc: RT-300

sr: 300-1200 600, Tirr

rc: 300-2000 (Tirr)

sr: 300-1200 KIC and DBTT KIC and DBTT

rc: 300-2000 J-R curve J-R curve

sr: 300-1200

rc: 300-2000
No data

Fracture 

toughness
0.5, 1, 3 (4) RT, Tirr

Fatigue crack 

growth
Temperature effects 0.5, 1, 3 (4) RT, Tirr

sr: 600, 800, 1200

rc: 800, 1300

Fatigue strain 

controlled

No data for DEMO 

relevant tungsten grades
0.5, 1, 3 (4)

No data for DEMO 

relevant tungsten grades

Charpy impact
RT, iterative approach 

to identify DBTT
0.5, 1, 3 (4)

Iterative approach to 

identify DBTT

Tirr
interrupted irradiation 

creep

Bending
No data for DEMO 

relevant tungsten grades
1 Tirr No data

Tungsten (sr: stress relieved, rc: recrystallized)

Unirradiated Irradiated

M
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y

Tensile 

properties

Need for true stress vs. 

true strain data
0.5, 1, 3 (4) RT, Tirr

Basic input parameter for 

simulation works

Creep

0.5, 1, 3 (4) Tirr post irradiation creep

3 (4)

Reference material ITER grade plate from A.L.M.T
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Summary

CuCrZr: 
Scarce data for baseline CuCrZr in SAcwA+HRP condition 
The gaps are identified and the experimental campaign is in progress

W:
Available data in the unirradiated state is scattered due to different grades (and orientation) of W
Effects of orientation and heat treatment (stress relieved and recrystallized) are not systematically assessed
The gaps are identified and the experimental campaign is in progress for ITER specification W

EUROFER97: 
The database gaps are identified; Closing gaps in the unirradiated and fission n-irradiated states is in progress
Irradiation facility with fusion relevant neutron spectrum is mandatory for the assessment of He effects

Development of EUROfusion Material Databases (MD)  and Material Properties Handbook (MPH) 
chapters on EUROFER97, CuCrZr and W is well advanced
MPH includes most up-to-date qualified material data 
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