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Outline

• Requirements of nuclear fusion materials

• Eurofer 97 as a structural material

• In-Situ XRD Tensile Testing of E97/ODS E97

• Conclusions



Introduction

• Extreme harsh environments: 10-200 dpa neutron irradiation, 300-
800 °C

• ODS low activation F/M steel (e.g. ODS Eurofer 97) is a promising 
candidate structural support to the breeder blanket .

T. Muroga Mat. Transact. 46 3 (2005) pp405-411

Neutron 
bombardmen
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150 m °C 1200°C 600°C

S.J. Zinkle et al, Materials Today 12, 11 (2009) pp12-19



Alloying 
element

Eurofer ODS 
Eurofer

Cr 8.95 8.92

W 1.06 1.11

Mn 0.55 0.41

V 0.202 0.193

Ta 0.12 0.08

C 0.11 0.07

Si 0.03 0.11

Mo 0.005 0.037

Y2O3 - 0.3

ODS Eurofer97 Steel

• E97: FM steels alloyed with low activation elements
• ODS E97: ODS particles (Y2O3) improve thermal creep of 

Eurofer97 steel

Comparation of E97 and ODS E97



In-Situ XRD Tensile Testing at Diamond Light Source 

• High temperature tensile testing was performed on Eurofer and 
ODS Eurofer 97 steels 

• High energy X-ray diffraction was used to monitor the 
microstructure evolution 

ETMT rig

ETMT at I12 Diamond Light Source



High temperature mechanical properties

0 100 200 300 400 500 600 700

Temperature [°C]

0

200

400

600

800

1000

1200

Y
ie

ld
 S

tr
e

s
s
 [

M
P

a
]

0

200

400

600

800

1000

1200

U
lt
im

a
te

 T
e

n
s
ile

 S
tr

e
s
s
  

[M
P

a
]

ODS E97

E97

0 3 6 9 12 15 18 21

Engineering Strain [%]

0

200

400

600

800

1000

1200

1400

E
n

g
in

e
e
ri

n
g

 S
tr

e
s
s
 [
M

P
a

]

ODS E97 RT

ODS E97 400°C

ODS E97 550°C

ODS E97 650°C

E97 RT

E97 400°C

E97 550°C

• ODS particles strengthen Eurofer97 but degrade total elongation
• Strengthening effect lessens with increased temperature



Lattice Strain Evaluation

Lattice strain: 𝜀ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙−𝑑ℎ𝑘𝑙,0

𝑑ℎ𝑘𝑙,0
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Single crystal elastic constants (SCEC)

Sample C11
[GPa]

C12
[GPa]

C44
[GPa]

E97 RT 226±4 133±4 121.1±0.3

E97 400C 193±7 129±7 105.9±0.5

E97 550C 180±10 124±8 105.3±0.7

ODS E97 RT 239±2 136±2 113.2±0.2

ODS E97 400C 179±5 110±5 84.9±0.4

ODS E97 550C 130±10 100±10 114±1

ODS E97 650C 104±8 75±8 122±2

𝐶11 𝐶12 𝐶12
𝐶12 𝐶11 𝐶12
𝐶12 𝐶12 𝐶11

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝐶44 0 0
0 𝐶44 0
0 0 𝐶44

Elastic tensor 
of BCC:

• SCECs are critical for modelling material 
tensile response
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Polycrystalline moduli
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• Mechanical anisotropy is accentuated at elevated temperature



Dislocation density

• Instrumental broadening, crystallite size broadening, dislocation 
broadening 
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Dislocation density evolution (4 stages) 

I II III

I - Initial constant density 

IV

II - Onset of rapid density multiplication
III - Constant or slow growing dislocation population

IV - Final dislocation fall with unloading at fracture
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Dislocation density evolution 

• Increased temperature increases dislocation annihilation, decreases 
dislocation density 

• ODS particles act as nucleation points for dislocations, and pin 
dislocation movement

- Increased initial density
- Increased rapid multiplication

ODS E97 RT

ODS E97 400 °C
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Constitutive Flow Analysis 

𝜎𝑦 = 𝜎𝑆𝑆 + 𝜎𝐻𝑃 + 𝜎𝐵𝐻 + 𝜎𝐾 + 𝜎𝐴𝑅𝑊 + 𝜎𝐶𝐶
𝜎𝑆𝑆 = 0.00689𝑘𝐶𝑛

Solid Solution Strengthening 

𝜎𝐻𝑃 = 𝜎0 + 𝜎𝐷 = 𝜎0 +
𝐺 𝑇

𝐺 𝑅𝑇

0.5

∙
𝐾

𝐷
Effect of grain size and fundamental lattice 

friction

𝜎𝐵𝐻 = 𝑀𝜃𝐺 𝑇 𝑏𝜌0.5

Dislocation strengthening

𝜎𝐾 = 0.9𝑀
ln ൗ𝜋𝑑

𝑏

1.5
𝐺 𝑇 𝑏

ln ൗ𝐿 𝑏

0.5
∙ 𝐿 − ൗ𝜋𝑑

4 ∙ 4𝜋 1 − 𝜐

Dislocation-Particle Interaction – Orowan Bowing

𝜎𝐴𝑅𝑊 = 0.9𝑀
𝐺 𝑇 𝑏𝑅𝑇

1.5

𝐿 2 2 + 𝑅𝑇
1.5

Dislocation particle interaction –
Climb around

𝜎𝐶𝐶 =
𝑘𝑏𝑇𝐷

3 ሶ𝜀

47Ω𝛿𝐵𝐷𝐵
exp ൗ𝑄𝐵

𝑅𝑇

Creep driven by diffusion along 
grain boundaries

Temperature driven 

Particle 
strengthening

• Dislocation based flow modelling was used to predict yield strength at 
different temperatures 



Constitutive Flow Analysis
• Good agreement between experimental measurements and modelling
• Large fall in YS beyond 400°C correlated to change of obstacle depinning 
– bowing to climb
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Conclusions

• Single crystal elastic constants experimentally 
generated for Eurofer97 and ODS Eurofer97 

• Polycrystalline elastic properties evaluated

• ODS particles noted as effective dislocation pins 
and generators 

• Degradation of yield stress in ODS E97 correlated 
to: 
• a fall in the pinning efficiency of ODS particles above 

400°C

• the breakdown of Hall-Petch strengthening above 550°C
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