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lex % ¥ Service Environments and Challenges of FRMs

FEEIMG UNIVERNITY

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

Q

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.

D+T — *He(3.5MeV) + n(14.1 MeV)

Tritium half-life: T,,,=12.43 y
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iket+¥ Materials from ITER to DEMO to FPP
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ITER

DEMO

Fusion Power [MW]

200

2000 (@500 Pel)

Operation scenario

Pulsed (400s/1200s)

Pulsed (2h/10-20m)

Stationary or long

pulses (~8h)
Plant lifetime [cal. y] ~20 20-25 ~30y
Duty factor [%] Very low 30 75-80
NWL [MW/ m?] 0.78 (max at TBM) ~1.0 (av) 2.0-2.4 (av)
Operation time [fpy] <0.38 7 25
Neutr. Load [MW/m?-a/ dpa(Fe)] { <0.3/3 » 7/~70 50-60 / ~500-600

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




& e22¥  Different Components in Fusion Reactor
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Plasma Core Divertor First Wall T-Blanket Vacuum V SC Magnet

[} 1
D-T fusion, E Removal of E Shields other E Tritium breed and recovery, | shielding : Provide strong
production of fusion ! particles or : components from ! shielding other ! outside : magnetic fields;
neutrons and helium ! helium ash; ! thermal heat and ' components from neutron | components | structural support
particles and ! Resistant to high : plasma ' irradiation, and extracting | from neutron | and insulation at

hydrogen isotopes | thermal loads : bombardment ! heat energy ' andyirradiation | low temperatures

1 1 1 1 !

1 1 1 1 |

1 1 1 1 !

Plasma PFM Heat Cooling PFM  Struc. Cooling Struc. Breed Cool FCI Struc. Low-T Low-T SC
Core sink Channel M  Channel M M  Ch Steel Steel Resin M

Thermal N
Fast N

Y ray

Fusion N
Fast N

y rays

N Flux: :. N Flux:

N Flux: 3E22/cm? . N Flux: 5E22/cm?2 . N Flux: ~1E22/cm?

P Flux: 1E24/mZs E P Flux: 1-10E20/m2.si WC-BIk: 350-550 °C 1E20/cm? 5E15/cm?
Heat: ~20 MW/m? | Heat: ~1 MW/m? . HeC-Blk: 350-650 °C | Working T: Working T:

PFM T: 1-2E3 °C E PFM T: 0.5-1E3 °C E LL-Blk: 350-850 °C 100-400 °C -268.7--266 °C
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@:t2+¥  Service Environments of FRMs in Blanket
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Structural Material » PFMs could be
tested mostly by
ITER/BEST or other
plasma devices;

» Materials in FW and
blanket need to be
tested by reactors or

Coolant

H,O +n — HDO;
H,O +n— H +OH

n 1rradiation

Long-term
Accumulation

le permeation

T, He

neutron sources;

» As a whole, lifetime
of blanket and
replacement
frequency are
determined by the
weakest material
within.
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& exx¥ Materials in Main Components of FR
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W-based alloy (ODS-W, .
etc.), W-coated SiC/ SIC: W, W-based alloy, W-coated SiC,

MU . Be, W-coated ODS/RAFM steels, as in the first wall
flowing liquid metal: Li, Ga, flowing liquid Li
Sn, Sn-Li 919
Copper alloys (PH and DS
copper)
RAFM steel, ODS steel, V-based = RAFM steel, ODS steel, V-based alloy,
I SES Wl 2lley alloy, SiC/SiC SIC/SIC, SIC-FCI
Lig.Li, Eutectic Pb—Li, Li-based ceramic
T-breed M sebbles

Be, Be,,Ti, Be,V, Pb

T Barrier Oxides, Nitrides
Water, He, Super-critical CO, Water, He, Super-critical CO,
Coolant HEETS , Eutectic Pb-Li, Li . Eutectic Pb-Li, Li
Ni-based SC,
SC Mat. TS0

316L series Low-T Steel

Insul. resin

Replaceability Replaceable Difficult (as blanket) More difficult cannot cannot




egx¥  Structural Materials in PWR and FR
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PWR Pressure Vessel PWR Fuel Assembly 4= FR Breeding Blanket

Fuel Assembly (9 x 9 type)

5
e (<

> Thick-walled-
cylindrical/hemisph

erical structure,

rarely welded
» Non-replaceable woporessen Y 1 |
» Uniform irradiation > The fuel cladding is a thin tube

over the entire without welding
structure » 12-18 months replacement
» Low-dose low- Irradiation is uniform over the
energy neutron entire cladding
irradiation » High-dose fission neutron
» Thermal stress irradiation
caused by start- » Thermal stress is caused by
stop or transient start-stop or transient
overpressure overpressure

@01

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

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
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Neutron Flux (n/m?/s/Lethargy )

107

Fusion and Fission Neutron Irradiation

IFMIF
(MFTM)
W+C
Reflector
Spallation Source
(LASREF)

107 10! 10° 10’ 10°

Neutron Energy (MeV)

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

Yield stress change (MPa)
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pathway of radiation damage.
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10+

_- L.R. Greenwood,
J. Nucl. Mater.

216 (1994)

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.
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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.

Mechanical property

Fission data, “no” H/He

Fusion neutrons, IFMIF

Simulation & experiment.

. ('°B doping, ion beam, ...)
l \
l

vy ~20 dpa, 1** DEMO Blanket

»
»

Neutron fluence, log

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

different materials in different phases
has been proposed.
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@8 ierry R&D Roadmap of FRM - Europe

FEEIMG UNIVERNITY

@) EUROfusion wpMAT

The European Roadmap for materials — progress and key
challenges ahead

G. Pintsuk a8

G. Aiello, S.L. Dudarev, J. Henry, M. Rieth, D. Terent§ R, Vila, M. ertz
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Key waypoints in fusion
landscape

R&D Roadmap of FRM - UK

STEP concept ITER first plasma DEMO
design starts . STEP concept Conceptual
design review Design

Consolidation

STEP build starts ITER high power

operation .

STEP first plasma
DEMO build starts

Fusion Roadmap Materials Near Term Stretch Targets / Disruptors
driver Roadmap
MNew regulatory Enable low Weldable, cost-effective Reduced Activation Ferritic Martensitic (RAFM) ‘Dust’-free armour materials for safe recycling

framework for fusion
without high level
waste

activation waste
predominance in
fusion

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)

Breeding ratio =1; fuel
self sustainability

High fusion energy
through effective
confinement at high
magnetic fields (=8T)

Define the possible
in irradiation
resilient magnets,
insulation at
cryogenic
temperatures

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

Mitigate segregation of non-multiplying zones in BeTi;, amplifier

Tritium permeation barriers for balance of plant

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

Additive manufactured Li ceramic as continuous blanket
Feasible alternative multipliers (LaPb,, ZrsPby, ¥YPb,)
Cptimised tritium extraction microstructures

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

Plant efficiency (100
Mwe)

Plant availability
(50%) and cost
(E10bn)

Develop higher
temperature
structural materials
(=550°C)

Deliver engineering
assurance for
materials under
powerplant
conditions

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)

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

Weldable and lower cost ODS f 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

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

UK Fusion Roadmap 2021-2040 United
Kingdom Atomic Energy Authority

[EN
N



&) e2+¥  General Strategy of FRMs Roadmap in China
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0 The development of FRMs in China should match with the requirements of
Chinese Fusion Roadmap at different stages and in different service
environments.

O The roadmap of FRMs needs to have a time schedule

U 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.
13
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#8227 Neutron Irradiation at Different Fusion Power

Duty Factor: 0.5

Fusion Power Components Materials DPA/ FPY He (appm/ FPY) H (appm/ FPY)
PFC W 100% 0.79 1.05 2.57
200 MW 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
PFC W 100% 1.99 2.62 6.42
500 MW 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
PFC W 100% 3.97 5.24 12.84
First Wall RAFM/ODS 9.87 88.43 420.87
1000 MW First Breeder Mixed Pebble 6.25 5723.00 2549.15
Heat Sink CuCrZr 1.33 7.54 8.74
PFC W 100% 5.96 7.86 19.26
First Wall RAFM/ODS 14.80 132.65 631.30
1500 MW First Breeder Mixed Pebble 9.38 8584.50 3823.73
Heat Sink CuCrZr 2.00 11.31 13.11
PFC W 100% 11.92 15.72 38.52
First Wall RAFM/ODS 29.60 265.30 1262.60
3000 MW First Breeder Mixed Pebble 18.75 17169.00 7647.45
Heat Sink CuCrZr 4.00 22.62 26.22
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CRAFT Fission reactors, Spallation neutron source
(> 1x102* m2s-1, 3T) |

High-heat Loading
(860KW)

| Triple-beams
BEST/BEST-TBM v
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Dense Energy Experimental Facility (DEEF)

LEBT MEBT s F . desi
usion daesign
O ||| T ;
Granular 1014 ¥
A light ion superconducting linear accelerator target

10" 4

1GeV intense pulsed electron beam -|M|: |F= I STITRRTITE

104

—— IFMIF HF TM-CDA Design
4 ——IFMIF back plate

Neutron flux density {MeV1cm'zs")

>10'%n/cm?/s, >60dpa/y P R 1 B ek

En{MeV)

Construction content

Typical indicators

Light ion continuous wave
superconducting linear accelerator

Continuous wave beam, average beam power greater than 4MW

Fission fuel research platform

Generate fast/thermal neutron spectra
The maximum Neutron flux is greater than 10!°n/cm?/s

Fusion Fuel Research platform

Generate neutron spectra close to DEMO
The maximum Neutron flux is greater than 10'%n/cm?/s

Universal research platform

Withstand>50MeV/ A@5mA Light ion beam (60 DPA/y)
The design energy spectrum of IFMIF covered by high energy
neutron spectrum of samples

Strong pulse electronic quasi online
detection system

Energy approximately 1GeV
Bundle charge in tens of nanometers
Spatial resolution at submicron scale

Hot cells group and related
detection and analysis platform

Conduct post irradiation research on fuels and materials




A Phased Roadmap for the Development of Fusion Reactor Materials in China

PFM/PFC

2023-2030 (to BEST

/ITER-TBM)

1. Pure W performance and mass production stsbilicy s mproved;

2031-2040 (to DEM

2041-2050 (to PFPP)

Pure . b Complste > 10%m s plasma imadiation. 20 MW m* heat load test and >2dpa Sssion neutron imradiation: |1 ~5 dpa fssion newtron iradiation, > 1 dpa fusion neutron iradiation;
FW & Divertor [-obtm comprehensive key dats o mechanical, thermal, imadistion, and H-isotops compatibility. [ CRAFT, BEST, DEMO test; | Deterurine the FFC manufacturing process in PEFP:
Tungsten |+.. " faster the connecting process of W with heat zink, establizh the production standard of pure W BFC,  [5. Optimize the desizn and mazufactuing process and inprove the production standard o Develap PFC on-line detection and t-simu repsir techmalogy.
5. Use CRAFT and BEST to evaluate the pure W divertar.
Adv. W-based 1. Largescale fabrication process is determined, and cold state performance is completaly tes 1. The output meats the needs of the reactor, and the caparity of camp is - s .
g : : [ o pacs ot o : " L. Determine a W-based material for PFEP;
Materials FW & Divertor |- Hizhflus plasms imadiation; b 5 dpa fission neutron imadiation, > 1 dpa fusion neutron imadiation; R of scvanced TV-based materials fo DEMO spplications
aterials 3. Complete >2 dpa fission neutron irradiation. . Test of EEST and DEMO. B s -
. . 1. Detexmine the material, soucmure and proc fthe first wall of flowing Liquid metal; 1. Establizh manufacuring standards for advanced liquid metal pans; N - . .
Liqg. Metal PFM FW & Divertor |- compise the tes end analvis of the basic da of the first wall of flowmg liquid meral: b Srudv the svmergistic affect of smong elacTomagmetin hizh heat load and hizh paricle flow; |- Fabricarion of advanced liquid metal modules 10 mest PFEP 12q; i
b R&D of new fowing liquid metal wall sractures for commercial applications
. High-flux plasms imadiation, substrate material > 2 dpa fission neutron sradiation [5. The substrate material > 5 dpa fission neutron imadistion, BEST and DEMO tast B E : : i camions
1. Complete F.&D of Cu-bazed hear zinks_ determine the large-scale fabrication process, and complete the
Heat Sink o old performance test 1. Datermine fhe procsss of larzs-scale fbrication of plates and pipss; | Idensification of a Cu-based heat sinik for PFEP;

2. The comnection procass

3 neutron iradistion.

of naw haat sink: with W was establizhed;

*3 dpa fiszion neutron imradistion, BEST and DEMO tast

=

R&D of new he:

ks for commercial applications

C, other PFM

FW & Divertor

Continue to pay attention to R&D progress and explore breakthrough technology applications

Structural M

RAFM Steel

FW & Blanket

. Establizh database of cold state {mcludimg welding),
Cemp]ehe the certification of materials in muclear industry

- Complete 20 dpa fiszion nd ~5 dpa fusion neviron iradia

. BESTITER-TEM application evaluation;
[. Componznt manufactaring and standard

emification.

[l. Complete 30 dpa fizsion neutron and 10 dpa fusion neutron imadiation;
0 DEMO t2st to evaluate itz spplication prospects.

ke conplete the application verification ou DEMO

Adv. RAFM

FW & Blanket

. Fabrication of 100 kg and cold state databass;
Complete 5 dpa fission neutron iradiation

. R.&D ton-scale fabrication technology
[. BESTITER-TEM application evaluation;
. Cartification of materials for the nuclesr

Juduste,

[1. Complete 20 dpa fizzion neuron and 10 dpa fusion neutron iradiation;
b Establish industris] production procasses, matsrisl marmals and component mamifscniring standards;
b DEMO test to evaluate its application prospacts

fcomplese the application verification on DEMO

ODS Steel

FW & Blanket

. Ten-scale fabrication, complete cold state databas
dpa fission Reutron inadiation and praliminary datsbs
Establish an additive mamufcruring blankst process.

. Ton-scale industrisl production,
tandardization system and quality
fertificatio

I, Ectablich standard connection technology

[ Complate the certificstion of materials in the nuclear industry and the sstablishment of material handbook, and
Fomponant manufactuing standards;

b. 20 dpa Sssicn neutron end 10 dpa fusion neutron imradiation;

B, DEMO is tested to evaluate its application prospects.

[Establizh 5 comprehensive dstabass of FR irradiation and|
Jevaluate its commercis] applicstion

L. Irradiation of small specimen of =50 dpa with fusicn neutron,
2. Complete the application varification on DEMO.

V Alloy

Liq. Li Blanket

[l. According to the reg of T-bread
D Development of 100-kilogram fabri t

g Elanket, R&D in & timely manzer;
Enology and establishment of cold state databass.

SiC

LLDC Blanket

Fatricetion process R&D of FC and performancs tests of
SCEIC with low thermal and electrical conductivity, strang
I” resistance, appropriats toughness and radistion
baut 10 kg were completed.

. Industrial production proces: and
kpecificatia
. BEST-TEM application evalustion;
f.~3 dpa fission neutron iadiation

FFabrication proces: of SiC//SiC comy
k= of nuclear-grade pure silicon carbide, near-stoichiometic
fatio, hizh thermal conductiv
fadiation resistance and zas

[l Completz 10 dpa fizsion and § dpa fusion neutron
brradistion;

b. Companbility of liguid multiplier materials

B. DEMO is tested to evaluate its application prospects.

imess.

igh swenzth and toughness)

[Etablizh @ comprebensive database of FRM imediation and
[evatuate its commercial applhauou

L. Irradiation of small specimen of =50 dpa with fisicn neutron,
2. Complete the application verification oa DEMO.

Functional M

Be

Solid Blanket

Be Alloy

Solid Blanket

. BESTITER-TEM application evaluation,
. Complete 5 dpa fission neviran imediation.

. Master the Sibrication process, mass production capacity, and reducs costs;

[l Complate the certification of materials in the nucear industry and the sstablishment of material bandbook,;
b. 10 dpa Sssicn and 5 dpa fusion neviron imadistion;
B DEMO is tested to evaluate itz application prospects.

. DEMO engineering test under actual working conditions;
. > 20 dpa fizsion neawon imedistion performanca

Li Ceramics

Solid Blanket

. Ton-scale mass production capacity, and reduce costs;
. BESTITER-TEM application evaluation,
- Complete 5 dpa fission neviron imediation.

. Camplets the certification of materials in the muclear industry and the establishment of material handbock;
D 10 dpa Sssicn and 5 dpa fusion neviron imadistion:
B. DEMO is tested to evaluate itz application prospects.

. DEMO enginssring fest under actual working conditions, TBR=1;
> 30 dpa fission neuiren iradistion perfonmance assessment.

Pb-Li Liq

Liquid Blanket

. Comoston of strucnural materials and retardation technok

FLiBe Molten

Liquid Blanket

frructurs] materials;
Liguid metal flow and MHD effects

Eifect of 5 dpa fission newren imedistion on material compatibility and kydrogen isotops behavior of

[l Certification of materials in the nuclear industry, material handbook, and establish industria] production process
b 10 dpa Sssicn and 5 dpa fusion neviron imadistion.
DEMO is tested to evaluate itz application prospects.

. DEMO enginesering fest under actual working conditions, TER>1;
. > 20 dpa fizsion neawon imedistion performanca

T Barrier

FW & Blanket

. Master the fabrication process, PRF at 500°C > 1000;

. =3 dpa fizzion neutron iradiation and evaation of performance.

[1. Cemification of materials in the nuclear industry, material handbook, and establish induswisl production process
. DEMO is tested to evahuate its application prospects.

. DEMO enginesring test under acmal working conditions;
. > 20 dpa fuzion newron iradiation performance assessment.

Shielding M

Vv

- Master the engineering fubrication process
. R&D of new high-performance radiation shislding materials.

= of radiation shizlding materials and componants for BEST; [l. BEST/DEMO test under actual working conditions;

b. R&D on industrial fabrication process and performance of new shielding materials.

DENO enginesring test under actual working conditions

Diagnosis M

First Mirror, etc

. Newton/samma imadiation, plasma sputtering o high heat load assessment;
. Detenmins the dizznostic materials for the fsion experimental reactor

BEST/DEMO engineering test and in-situ cleaning or repair technology research under actual working conditions

Irradiation
Platform

Fusion N Source

1. Build 3 small fuzsion neutron source and 5-

10 dpa fusion neutron irradistion for sall speciman:
2. Complated the engineering design of fusion neutron source and started ConstUCtion.

1. Complsta 5-10 dpa fusion neutron radiation of small specimen_ and verify them with compurational simulation,
ing the DEMO and fusion neatron source, 5-10 dpa iTsdistion for important componants:
‘parade the fision neutron source, and start the construction of a medium-sized fusion neutron source.

| Irradistion and evaluation of small specimen of 20-50 dpa;
|2 10-20 dpa Iradiation and evalustion of small companents such as blanket with low-power DEMO reactor;
3. Imadiation of mmall specimen of 60-80 dpa.

Fission N

N & Triple-Tons

. 10-20 dp= fast neutron iradiation;

Eztsblizh 3 nations] standard for small spacimen tasting.

. Estzblizh equivalent expariments] methods for fusion, fizsion neutron and ion iradistion;

[1. 20-30 dpa fiszion neuron imadiatons;
L. Extablish evaluation criteria for FRM:

5ed on fizzion neutron and wiple fon imradistion.

High Heat Load

. Build the highest power electron sun and hizh heat load test

platforma;

. Complete the high themmal load test of the full-size test piece of divertor and blanket componants.

[l Desizn and build a hizh heat load test platform in the hot cell;
b. Evaluate the perfommance and life of the divertor and blankst components.

Plasma Bombard

. Build a linear plasima device with the highest parameter leve
. Complete the plasma Eradiation + steady-state heat flu: sy

el in the workd;
EY tes :t of materials and modules;

- Establizh a screening standard for the plasma iradiation resistance of the FIWW material

[ Desizn and build higk-flux plasma Eradiation conditions that can accept neumon imadisfion activated samples;
D Euild 2 high-fux plasma imadiation facility that can use ram-scale ritinm.

. Plasma irradiation of high-dose fusion neutron i material
[ Build advanced PFC full-scale moduls large-beam area plazma iradiation conditions;

. Verify PFC in-zitu repair technology

Eztsblizh the relationship batween fizsion and fusion neutron iradiation;

[l Establish 3 material evaluation system that inchides orzanizations] strucnure and mechanical and thermal properties

Comprehensive Database of FRM

Fusion vis Fission
PMI

. Simulation and prediction of micro-macro affact: of 10-20 dpa fasion nevwon oradistion. [. Fusion nevtron irradiation simulations of FRMsz in 20-30 dps.

Simulation
Platform

of materizl: with fusion neuron iradiztion at 30-100 dpa,
- E:(Ib].l h a service performance evaluation and failure analysis system for blanket structural materials and PFMs.

. Samulation of surface marpholg
. To investigate the sputtering etching of the wall surfice under H-He synergis

evolution undsr H-isotope helinm plasma synergistic inadistion, [l Coupling the PSI simulation with the neutron imadistion
imradiation. b. Prediction synersistic effects of FRASs under hydrogen-helium and neutron imadiation.




e g X Outline

FEEIMG UNIVERNITY

<+ 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
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@ iciry High Flux Linear Plasma Device

FEEIMG UNIVERNITY

A compact Ilnear device for plasma source testing

Flux (10%* m2s™)

-
(@)
T

-
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o
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'>24h plasma dlscharge

15 20 25

Discharge time (h)

Machine parameter

Particle flux

1023 - 1024 m-23-1

Magnetic field

-09T
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&9 exx¥  Precursor Assisted Casting ODS Steel

FEEIMG UNIVERNITY

Precursor+rapid solidification in small bath B LI ARC I LU S0iC
Fe-9Cr-0.09C-1.5W-0.2V-0.3Ti-0.2Y-0.3Si
, SmaII i o, -

° o T
% # ® 750C_30h_3R(#3)
o \+\4\‘\~ |— Fitting ~ |

\.. Small-angle Neutron

Scattering
d\\

i Density (m-3): 3.2*102%4; N
"] Diameter (hnm):3.6 '™ A

—— T T T

I3 : T4 5 6769 : T4 5 674609

0.001 0.01 0.1
-1

a(A)

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



Stress (MPa)

1400

1200

1000

[y
=
=3

1]
(=1
=4

.
=
=

[
(=]
=

0

e g K g

FEEIMG UNIVERNITY

—— RT-1
—— RT-2

—— 650°C-1
—— 650°C-2

1 1 i 1 1

CALO-500kg

0

2 4 6 8
Strain (%)

10

Tensile property at RT and 650°C

Tensile strength up to 1280 MPa at RT

similar to MA ODS steel
Creep: >6000 hr at 650 °C/120MPa; N irradiation in underway

Mechanical properties of CALO are similar to MA ODS with lower DBTT.

The strain amplitude, A (%)

Precursor Assisted Casting ODS Steel

=
T

¥ CALO A  ODS Eurofer <« 12Cr-ODS
B 9YWT-MATISSE ¥ 12YWT-GETMAT
¢ 14Cr-ODS(CEA) I 9Cr-3W-3Co

et
~a

Non-0DS steel

. lOIOO
Number of eycles to failure, N,(-)
Fatigue property at 650°C
Good fatigue performance,
similar to MA ODS steel

Absorbed energy (chmzl

200

Lh

100

i
(=]

Hall:-size KLST
amm

3

a1
—
=]
= 3

4mm

I:' C AL()\( NA\[ ur()fer\‘) 20Cr ODS
'1‘
mu

Q
=

Temperature (°C)

Impact property

DBTT down to -103°C,

similar to RAFM

Mass production and low-cost of ODS-RAFM steel is possible!



iei+¥ New RAFM steel with H Permeation Resistance

107!

o SIMP
* Fe9Crl1.0SiY
L O  FellCrl1.0SiY

o
|
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A = ) - CiRx
= A sivp
-15 L oy
10 1 1 1 1 5300 , < * A
1.0 1.1 1.2 1.3 2 " Our work @5
1000/K(K™ 201
9Cr1Si is a good choice considering hydrogen ..

resistance and irraidiation resistance N ? . ” ¥

Total elongation (%) 22



ex+x¥  Additive Manufacturing of Components

FEEIMG UNIVERNITY

Additive manufactured oxide Additive manufactured downsized
strengthened low activation steels water-cooled blanket components

(a) A%
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’ @ 40 |
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20nm
(b)
- - -RT-SLM-RAFM-LO - - -RT-SLM-RAFM-HO
—— 600C-SLM-RAFM-LO —— 600C-SLM-RAFM-HO|
1000 | —-~-650C-SLM-RAFM-LO —-—-650C-SLMRAFMHO[ 1000
700°C-SLM-RAFM-LO 700C-SLM-RAFM-HO|
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+E ml 97[35]
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Engineering Stress (MPa)
Ultimate Tensile Stress (MPa

IAS[36
r + DED ANA2[37]
AAAAAAAAA 38)
+WAAW ODS-RAFM[39]

—B— SLM-RAFM-LO (This Work)
~e— SLM-RAFM-HO (This Work)

T Size: 220 mm x230 mm x240 mm, Density299%

Strain (%) Temperature (°C)

N
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I3

23



@424 Ton-scale Fabrication of CuCrZr-Si Alloy

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

—_—
=
—
w
=

eering Stress (MPa)

Engin

2x104 5!

—450°C

Engineering Stress (MPa)

450°C

Engineering Strain (%)

2 q & 8 10 12 14 16 18 0

different conditions

4

&

8

Engineering Strain (%)

High temperature tensile data of Cu-Cr-Zr-Si alloy under

Alloy | ¢/s! T/°C | UTS/MPa | YS/MPa | EL/%
2x104 450 385 336 11.4
2x10-* 450 401 369 8.7

0.05Si | 2x107 450 426 394 8.8
2x10+ 500 312 269 14.7
2x104 550 264 228 16.3

Excellent high temperature tensile properties

(a)" (b) "

450°C ==

oy
Creep Rate (')
s

Minimum Creep Rate (s"}

; . A : A . i
50 100 150 200 250 300 350 400
Applied Stress (MPa)

The high temperature creep rate of the alloy at
550°C is about one order of magnitude lower
than that of the existing CuCrZr alloy.

| Industrial fabrication of ton-scale




Phased Roadmap for Development of FRMs in China

s Developing of new + Main materia!s < Increase FRMs TRL % All materials “+Match the design 0
0 fabrication meet the basic to 8-9 meet the design and construction e
o technology requwements. e o Red fabricati and construction requirements of <
@ < improving of the construction % Reduce fabrication . < of o o
| ' of low-power cost requirements o usion energy %
l’ material .propertles ) fu_sion rea_ctors & Second version of fusion energy commercial power put
(O < Completing of cold **First version of E> |f‘> commercial E> stations o
q:, data of base-line China Fusion China Fusion demonstration < Complete the the 5
- materials Reactor Reactor Material : : =
© Materials power stations material database =
p— <+ National standards Database NN % Complete FRM of China's fusion 2
for FRMs *FRM Handbook Handbook power stations 8
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Hope we could have deeper collaboration with EU colleagues in the field of FRMs

Thank You for Your

Attention!




