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Service Environments and Challenges of FRMs 

 Materials determine the economy and advancement of nuclear energy applications, and are 
also the design basis and safety guarantee of nuclear power plant.

 After D-T fusion, a large number of hydrogen 
isotopes and helium bombard the first wall, 
resulting in high heat and surface damage, and 
14 MeV neutrons carry most of the energy, 
causing radiation damage to the materials, and 
producing tritium and heat transfer in the 
blanket.

 Materials with radiation and high-temperature 
resistance are one of the major bottlenecks in 
the application of fusion energy.

 However, there are different requirements for 
fusion reactor materials at different stages of 
fusion energy development.

Tritium half-life: T1/2=12.43 y

Steven J. Zinkle，MRS BULLETIN • VOLUME 47 • OCTOBER 2022
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Materials from ITER to DEMO to FPP

Boccaccini, 6th IAEA DEMO 
Workshop, 2019

ITER uses mature materials, such as pure Tungsten, 316L SS; 
Radiation damage is related to the service environment and operation mode
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Different Components in Fusion Reactor

Plasma Core Divertor SC MagnetVacuum VT-BlanketFirst Wall

N Flux：3E22/cm2

P Flux：1E24/m2.s
Heat：~20 MW/m2

PFM T：1-2E3 ℃

N Flux：5E22/cm2

P Flux：1-10E20/m2.s
Heat：~1 MW/m2

PFM T：0.5-1E3 ℃

N Flux：~1E22/cm2

WC-Blk：350-550 ℃
HeC-Blk：350-650  ℃
LL-Blk：350-850  ℃

N Flux：
1E20/cm2

Working T：
100-400 ℃

N Flux：
5E15/cm2

Working T：
-268.7--266 ℃

Removal of 
particles or 
helium ash; 

Resistant to high 
thermal loads

Shields other 
components from 
thermal heat and 

plasma 
bombardment

Tritium breed and recovery, 
shielding other 

components from neutron 
irradiation, and extracting 

heat energy

shielding 
outside 

components 
from neutron 

and 𝛄 irradiation

Provide strong 
magnetic fields; 

structural support 
and insulation at 
low temperatures

D-T fusion, 
production of fusion 
neutrons and helium 

particles and 
hydrogen isotopes
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Service Environments of FRMs in Blanket

5

n irradiation

D/T/He permeation

T/He permeation

Heat, 
particle
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9Be + n             2 n + 2 4He
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 PFMs could be 
tested mostly by 
ITER/BEST or other 
plasma devices; 

 Materials in FW and 
blanket need to be 
tested by reactors or 
neutron sources;

 As a whole, lifetime 
of blanket and 
replacement 
frequency are 
determined by the 
weakest material 
within.

Coolant

T, He

First 
Wall

Breeding Zone

Tritium
Cycle
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Materials in Main Components of FR

Divertor First Wall Breeding Blanket VV SC Mag.

PFM
W-based alloy (ODS-W, 

etc.), W-coated SiCf/ SiC; 
flowing liquid metal: Li, Ga, 

Sn, Sn–Li

W, W-based alloy, W-coated SiC, 
Be, W-coated ODS/RAFM steels, 

flowing liquid Li
as in the first wall

Heat Sink Copper alloys (PH and DS 
copper) 

Structural M ODS steel, W-based alloy RAFM steel, ODS steel, V-based 
alloy, SiCf/SiC

RAFM steel, ODS steel, V-based alloy, 
SiCf/SiC, SiC-FCI

T-breed M Liq.Li, Eutectic Pb–Li, Li-based ceramic 
pebbles

N-multi. M Be，Be12Ti，Be12V，Pb

T Barrier Oxides, Nitrides

Coolant Water, He Water, He, Super-critical CO2
, Eutectic Pb-Li, Li

Water, He, Super-critical CO2
, Eutectic Pb-Li, Li

SC Mat. Ni-based SC、
HT-SC

Struc. Steel 316L series Low-T Steel

Insulation M Insul. resin

Replaceability Replaceable Difficult（as blanket） More difficult cannot cannot
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Structural Materials in PWR and FR

PWR Pressure Vessel FR Breeding Blanket PWR Fuel Assembly

 Thin-walled-box-shaped structure, 
many welds 

 Somewhat replaceable (depending on 
material) 

 High-dose fusion neutron irradiation 
 There is a large irradiation dose 

gradient (about an order of magnitude 
decrease per 10 cm neutron flux) at a 
distance of several tens of centimeters, 
and the neutron energy gradually 
decreases from 14 MeV to fast 
neutron energy

 Stresses are due to electromagnetic 
forces , coolants, thermal stresses, and 
magnetic forces 

 Thick-walled-
cylindrical/hemisph
erical structure, 
rarely welded 

 Non-replaceable
 Uniform irradiation 

over the entire 
structure 

 Low-dose low-
energy neutron 
irradiation 

 Thermal stress 
caused by start-
stop or transient 
overpressure

FR blanket is similar to PWR fuel assembly in terms of replaceability and safety, 
and the structural material in blanket is similar to that of fuel cladding in PWR

 The fuel cladding is a thin tube 
without welding 

 12-18 months replacement 
Irradiation is uniform over the 
entire cladding 

 High-dose fission neutron 
irradiation 

 Thermal stress is caused by 
start-stop or transient 
overpressure
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Fusion and Fission Neutron Irradiation

Transport in the blanket, part of fusion neutrons moderates to fast neutrons. 
Using fast neutrons from fission reactors for low-dose irradiation evaluation 

of fusion reactor materials has good similarity.

Neutron spectrum determines cross-section 
of the nuclear reaction in the reactor and the 

pathway of radiation damage.



Fission data, “no” H/He

Fusion neutrons, IFMIF

Simulation & experiment.
(10B doping, ion beam, …)
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Neutron fluence, log

~20 dpa; 1st DEMO Blanket
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Strategy of FRM Application

 Within 20 dpa, the irradiation effect of 14 
MeV fusion neutrons is similar to that of 
fission neutrons.

Since high-flux fusion neutron source is 
not available in 10 years, choosing of 
different materials in different phases 

has been proposed. A. Bhattacharya, J. Phys. Energy 4 (2022) 034003
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R&D Roadmap of FRM - Europe
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R&D Roadmap of FRM - UK
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 The development of FRMs in China should match with the requirements of
Chinese Fusion Roadmap at different stages and in different service
environments.

 The roadmap of FRMs needs to have a time schedule
 There are three major missions:
1. Developing of new fabrication techniques for ODS-steel, Copper Alloy and

etc.; improving of material properties of Chinese RAFM-steel, pure tungsten
and etc.

2. Using CRAFT/BEST to test PFMs and some functional materials; using
fission reactors, spallation source to obtain irradiation data of FRMs and
triple-beam ion-irradiation to benchmark multiscale simulation; standardizing
of small specimen test technology.

3. Constructing of facilities to test irradiation effects of fusion neutrons.

General Strategy of FRMs Roadmap in China



Fusion Power Components Materials DPA/ FPY He (appm/ FPY) H (appm/ FPY)

200 MW
PFC W 100% 0.79 1.05 2.57 

First Wall RAFM/ODS 1.97 17.69 84.17 
First Breeder Mixed Pebble 1.25 1144.60 509.83 

Cu CuCrZr 0.27 1.51 1.75 

500 MW
PFC W 100% 1.99 2.62 6.42 

First Wall RAFM/ODS 4.93 44.22 210.43 
First Breeder Mixed Pebble 3.13 2861.50 1274.58 

Heat Sink CuCrZr 0.67 3.77 4.37 

1000 MW

PFC W 100% 3.97 5.24 12.84 
First Wall RAFM/ODS 9.87 88.43 420.87 

First Breeder Mixed Pebble 6.25 5723.00 2549.15 
Heat Sink CuCrZr 1.33 7.54 8.74 

1500 MW

PFC W 100% 5.96 7.86 19.26 
First Wall RAFM/ODS 14.80 132.65 631.30 

First Breeder Mixed Pebble 9.38 8584.50 3823.73 
Heat Sink CuCrZr 2.00 11.31 13.11 

3000 MW

PFC W 100% 11.92 15.72 38.52 
First Wall RAFM/ODS 29.60 265.30 1262.60 

First Breeder Mixed Pebble 18.75 17169.00 7647.45 
Heat Sink CuCrZr 4.00 22.62 26.22 

Neutron Irradiation at Different Fusion Power
Duty Factor: 0.5
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Platforms for Materials/components Testing

CRAFT
（> 1x1024 m-2s-1、3T）

High-heat Loading
（860kW）

Triple-beams
BEST/BEST-TBM

Fission reactors, Spallation neutron source
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Dense Energy Experimental Facility (DEEF)

Fusion design
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Service environments and requirements of 

fusion reactor materials

A phased roadmap for fusion reactor 

materials 

 Recent R & D progress of fusion reactor 

materials in China 

Outline



A compact linear device for plasma source testing

Particle flux 1023 - 1024 m-2s-1

Magnetic field - 0.9 T

Machine parameter

>24h plasma discharge

工艺方案：富氧前驱粉+原位固相析出High Flux Linear Plasma Device

19
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Precursor+rapid solidification in small bath

Precursor

Steel

centrifugal 
casting 

Small 
Bath

Nano-oxide

Precursor Assisted Casting ODS Steel

CALO：Cast Advanced Low-activation ODS steel

Y-oxide density: 1.8*1024 m-3; Diameter: ~2.4 nm

10- 2

10- 1

100

101

102

103

104

105

I(q
)

8 9
0.001

2 3 4 5 6 7 8 9
0.01

2 3 4 5 6 7 8 9
0.1

q (A- 1)

 750C_30h_3R(# 3)
 F itting

Density (m-3): 3.2*1024; 
Diameter (nm): 3.6 

Small-angle Neutron 
Scattering

No void-swelling after 200 dpa

20 nm20 nm

Fe-9Cr-0.09C-1.5W-0.2V-0.3Ti-0.2Y-0.3Si

CALO

0.5 ton CALO ingot
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Tensile strength up to 1280 MPa at RT 
similar to MA ODS steel 

Good fatigue performance, 
similar to MA ODS steel 

DBTT down to -103oC, 
similar to RAFM

Tensile property at RT and 650oC Fatigue property at 650oC Impact property

Creep: >6000 hr at 650 oC/120MPa; N irradiation in underway

工艺方案：富氧前驱粉+原位固相析出Precursor Assisted Casting ODS Steel

Mechanical properties of CALO are similar to MA ODS with lower DBTT. 
Mass production and low-cost of ODS-RAFM steel is possible!



9Cr1Si is a good choice considering hydrogen 
resistance and irraidiation resistance

工艺方案：富氧前驱粉+原位固相析出New RAFM steel with H Permeation Resistance

22
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 CLAM[34]
 Eurofer 97[35]
 CNAs[36]
 DED-ANA2[37]
 WAAW-RAFM[38]
 WAAW-ODS-RAFM[39]
 SLM-RAFM-LO (This Work)
 SLM-RAFM-HO (This Work)

Additive manufactured downsized 
water-cooled blanket components 

Additive manufactured oxide 
strengthened low activation steels

Size: 220 mm ×230 mm ×240 mm, Density≥99%

Additive Manufacturing of Components
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工艺方案：富氧前驱粉+原位固相析出Ton-scale Fabrication of CuCrZr-Si Alloy 

 Submicron Cr3Si phase and nano-sized Cr phase strengthening were realized
 Thermal Conductivity is larger than 310 W/m·K (RT), similar to CuCrZr
 Good mechanical properties at high temperature and ton-scale fabrication



Phased Roadmap for Development of FRMs in China

M
at

er
ia

ls
 R

&
D

Te
st

 P
la

tfo
rm

2023-2027 2028-2030 2031-2035 2036-2040 2041-2045 2050

Developing of new 
fabrication 
technology

Improving of 
material properties

Completing of cold 
data of base-line 
materials 

National standards 
for FRMs

CRAFT and triple-
beam test of key 
materials 

14 dpa fission 
neutron irradiation 
and PIE 

Small DT neutron 
source

Main materials 
meet the basic 
requirements for 
the construction 
of low-power 
fusion reactors

First version of 
China Fusion 
Reactor 
Materials 
Database

 Increase FRMs TRL 
to 8-9 

Reduce fabrication 
cost

Second version of 
China Fusion 
Reactor Material 
Database

FRM Handbook

All materials 
meet the design 
and construction 
requirements of 
fusion energy 
commercial 
demonstration 
power stations 

Complete FRM 
Handbook

Match the design 
and construction 
requirements of 
fusion energy 
commercial power 
stations 

Complete the the
material database 
of China's fusion 
power stations

Assessment of 
some materials in 
BEST service 
environment

~20 dpa fission and 
~5 dpa fusion 
neutron irradiation

BEST
BEST-TBM

Low-Power
CFETR

High-Power
CFETR FPP

~20 dpa fission 
neutron 
irradiation and 
PIE 

~10 dpa fusion 
neutron 
irradiation and 
PIE

Assessment of 
FRMs in low-power 
FR

~30 dpa fission 
Irradiation of major 
materials

Construct fusion 
neutron source

Assessment of 
FRMs in High-
power FR

~50 dpa fission 
and ~30 dpa
fusion Irradiation 
of major materials 
and PIE
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Thank You for Your 

Attention！

Hope we could have deeper collaboration with EU colleagues in the field of FRMs


