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Concept of Fusion Power Plant and Breeding Blanket

in Fusion Core :

D + T → 4 He + n + 17.6 MeV

in Breeding Blanket :
6Li + n → 4He + T + 4.8 MeV
7Li + n → 4He + T + n’ – 2.5 MeV
9Be + n → 8Be + 2n – 2.5 MeV

Functions of Breeding Blanket

Tritium Breeding to ensure fuel self-sufficiency

Heat Conversion and Extraction for electricity generation

Neutron and Gamma-ray Shielding
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ITER TBM Concepts and Materials
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Korean Breeding Blanket Concepts and Materials

Parameters HCCR ITER TBM HCCP ITER TBM HCCR DEMO HCCP DEMO

FW Heat Flux 0.3 MW/m2 0.3 MW/m2 0.5 MW/m2 0.5 MW/m2

Neutron Wall Loading 0.78 MW/m2 0.78 MW/m2 1.5 MW/m2 1.5 MW/m2

Armor Material (Plasma Facing) n/a n/a Tungsten Tungsten

Structural Material RAFM (ARAA)
RAFM

(Eurofer/ARAA)
RAFM (ARAA) RAFM (ARAA)

Breeder Material Li2TiO3 Li4SiO4/Li2TiO3 Li2TiO3 Li4SiO4/Li2TiO3

Neutron Multiplier Material Be Be Beryllide Beryllide

Reflector Material Graphite n/a Graphite n/a

Max. dpa (Lifetime of blanket) 3 3 20 / 50 20 / 50

Primary Coolant Helium Helium Helium Helium

Coolant Inlet/Outlet Temperature 300/500 oC 300/500 oC 300/500 oC 300/500 oC

Coolant Pressure 8 MPa 8 MPa 8 MPa 8 MPa

Purge Gas He with 0.1% H2 He with 0.1% H2 He with 0.1% H2 He with 0.1% H2

Enrichment (6Li) 70% 70% 90% 90%
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Development of Korean RAFM Steel (ARAA)

Advanced Korean RAFM Steel Development with:

Improved creep and impact resistances

Good irradiation resistance under neutron

KFE and KAERI started R&D program on structural material for FUSION application in 2012.

Alloy Design : Strategy

Basic guidelines

8~9 Cr – 1~2 W base (good resistance to irradiation embrittlement)

Minimized induced-activity: (Nb, Mo, Ni, Co, Cu, Al)-free

Full-martensitic structure (delta-ferrite free)

Approaches

Optimal combination amounts of alloying elements commonly used in the RAFM steels : Cr, W, Ta, V, Ti, …

Addition of new alloying elements : Zr or Sc, or both

Advanced Reduced Activation Alloy
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Evaluation of ARAA Model Alloys
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Optimized ARAA Alloy

Characteristics of ARAA

Cr (9 wt.%) : for Good Corrosion Resistance, Minimum DBTT before & after Irradiation

W (1.2 wt.%) : for Decrease in the Possibility of Laves Phase Precipitation, 

Balance between High-temp. Strength and Impact Properties

Zr (0.01 wt.%) : for Improvement of Creep and Impact Resistance

Optimized Heat Treatment Conditions of ARAA 

(Normalizing) 1000 oC / 40 min. / AC, (Tempering) 750 oC / 70 min. / AC

Country Name C Si Mn Cr W V Ta N Ti Zr

Japan F82H 0.1 0.1 0.2 8 2 0.15 0.02 0.04 - -

Japan JLF-1 0.1 0.05 0.5 9 2 0.2 0.07 0.05 0.001 -

EU Eurofer97 0.11 0.05 0.4 9 1.1 0.2 0.07 0.05 0.01 -

US 9Cr-2WVTa 0.1 0.25 0.4 9 2 0.25 0.07 0.003 0.01 -

Russia Rusfer EK181 0.15 0.4 0.7 11 1.2 0.6 0.2 0.1 - -

India Indian-RAFM 0.1 0.09 0.5 9 1 0.2 0.07 0.02 0.005 -

China CLAM 0.1 0.01 0.45 9 1.5 0.2 0.15 0.02 - -

China CLF-1 0.11 0.05 0.5 8.5 1.5 0.5 0.1 0.02 0.01 -

Korea ARAA 0.1 0.1 0.45 9 1.2 0.2 0.07 0.01 0.01 0.01
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Large-scale Productions of ARAA

The large-scale products have been used for …

Development of Material Properties DB and Welding Technology

Fabrication of Mock-up for Parts of Breeding Blanket

Production Year 2014 2015 2017 2025

Heat No. RC4416 WA77 VB27 WB63 WB65

Heat Scale (ton) 5 6 6 6 6 3 x 6 heats

Manufacturer
POSCO 

Specialty Steel
KPCM KPCM KPCM KPCM HVM

Melting & Refining VIM + ESR VIM + VAR VIM + VAR VIM + VAR VIM + VAR VIM + VAR

Material

DB

Un-irrad. Done Done Done Done Done

Irrad. In progress Scheduled

ARAA Plates
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Uniformity of Hot-rolled Plate

20T ARAA (Heat #. VB27) – EBSD Analysis

Center - TS planeCenter - LS planeCenter - LT plane Top - LS plane Center - LS plane Bottom - LS plane

LS 
TS 

LT

Longitudinal (L)

Short transverse (S)
Transverse (T)

Top

Center

Bottom
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Material Properties of ARAA
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Neutron Irradiation Test

ARAA samples (impact, tensile, hardness, thermal conductivity, microstructure, et al.) for base metal and TIG 

welded metal are located in the core (CT Hole) of the HANARO research reactor.

The irradiation test up to 1.0 dpa at 320 oC has been done in Mar. 2025, and PIE will be started in Sep. 2025.

The 3.0 dpa test of ARAA base metal and TIG welded metal is planned to be carried out at the end of 2025.

<HANARO Research Reactor and Irradiation Capsule for ARAA>
<ARAA Specimens for Irradiation Test>
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Newly Developed Structural Material for ITER TBM

PED, Annex I, Essential Safety Requirements

4.2 b)

the manufacturer must provide in his technical documentation elements relating to compliance with the materials 

specifications of the Directive in one of the following forms: 

– by using materials which comply with harmonized standards, 

– by using materials covered by a European approval of pressure equipment materials in accordance with Article 11, 

– by a particular material appraisal;

Selection of Design and Construction Code for ITER TBM

RCC-MRx

ASME

ARAA

(RCC-MRx)

ARAA

(Code Case)

(N)PMA 
(Particular 

Material 

Appraisal)

by (A)NB

MAR
(Material 

Assessment 

Report)

with (A)NB

EN13445-2 ARAA

☞
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DB List for ARAA

Material property 
Base Metal (Heat No.) Welded/Joined Metal

WA77 VB27 WB63 WB65 TIG EB Laser HIP

Physical 
Properties

1. Chemical composition O O O O - - - -

2. Density O O O O - - - -

3. Melting point O O O O - - - -

4. Poisson's ratio O O O O - - - -

5. Young's modulus O O O O - - - -

Thermal
Properties

6. Coefficient of thermal expansion O O O O - - - -

7. Specific heat O O O O - - - -

8. Thermal diffusivity O O O O - - - -

9. Thermal conductivity O O O O - - - -

Mechanical 
Properties

10. Yield strength O O O O O Planned Planned In Progress

11. Tensile strength O O O O O Planned Planned In Progress

12. Stress-strain curve O O O O O Planned Planned In Progress

13. Ductility O O O O O Planned Planned In Progress

14. Reduction of area O O O O O Planned Planned In Progress

15. Impact toughness O O O O O Planned Planned In Progress

16. Cyclic curve, Hysteresis curve 300 oC O 300 oC O 300 oC O 300 oC O

Planned Planned Planned Planned550 oC O 550 oC O 550 oC O 550 oC O
17. Low cycle fatigue

- 600 oC O 600 oC O 600 oC O

18. J-R Curve -

RT O RT O RT O

Planned Planned Planned Planned400 oC O 400 oC O 400 oC O

550 oC O 550 oC O 550 oC O

19. Creep Curve - In Progress Planned Planned Planned Planned

20. Creep-Fatigue interaction - Planned - - - -

Magnetic Prop. 21. B-H Curve O O O O - - - -

Electrical Prop. 22. Specific Electric Resistivity O O O O - - - -

Environmental
Properties

23. Irradiation Properties In Progress In Progress In Progress Planned Planned Planned

24. Thermal Aging - In Progress - - - -

25. Compatibility with CP - In Progress - - - -

o : Done
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DB established by Statistical Analysis

Poisson’s Ratio (ν) of ARAA

𝑣 = 0.3 (within the elastic range)

Melting Point

Poisson’s Ratio Density

Young’s Modulus

Thermal Conductivity

Yield Strength Tensile Strength

Specific Electrical Resistivity
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The modification request with material file, background information, RPS and RPP for 

codification of ARAA was submitted to RCC-MRx subcommittee in Feb. 2025.

Codification of ARAA in RCC-MRx
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Draft Document of ARAA for RCC-MRx_Tome 6_2025 Ed.
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Tritium Breeder Ceramics

Candidates of Solid Type of Tritium Breeder

by Dr. Hoshino,

CBBI-16, 2011

Shape of Tritium Breeder Ceramics : Pebble

Strength

Packing Phenomenon

Thermal Conductance

Modeling and Analysis

…

(Li2TiO3 Pebbles) by Y.-H.Park et al,

JNM 455 (2014), 106
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Manufacturing Process for Ceramic Pebble (by Sintering)

Mixing

• Raw Powder (Li2TiO3 or Li4SiO4)

• Binder Materials

• Solvent

Shaping

• Wetting Process (Dropping, Emulsion, …)

• Drying Process (CM, PIM, 3D Printing, …)

Sintering

• Temperature

• Time

• Atmosphere
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Development of Manufacturing Process for Li2TiO3 Pebbles

Slurry Droplet Wetting Method based on the Cross-linking Reaction between PVA and Boric-acid

Li2TiO3 Powder PVA Solution

Mixing

Dropping into Glycerin

including Boric Acid

Washing and Drying

Sintering

Fabrication Process

PVA Solution

Li2TiO3 Powder

Cross-linking Reaction :
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Automatic Slurry Dispensing System

Mass-production System for Slurry Droplet Wetting Method

Dispensing Unit

; for instillation of 

Li2TiO3 slurry

Glycerin Bath

; for hardening of droplets

Automatic maintaining Unit

; for constant distance between 

syringe needle and glycerin surface
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Effect of Sintering Time (1200 oC, Air atmosphere)

Parametric Study on Sintering for Li2TiO3 Pebbles
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Ununiformed Microstructure of Sintered Pebbles caused by Wetting Process

Difference of hardening speed in edge and center of the green pebbles during shaping process

→ Grain Size, Porosity, and so on.

Shortcoming of Slurry Droplet Wetting Method

[Microstructure of Sintered Li2TiO3 Pebble after Crush Test]

Fracture Surface

Edge of Pebble Center of Pebble
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Development of Manufacturing Process for Li2TiO3 Pebbles

Li2TiO3 green pebbles have been successfully fabricated by using Powder Injection Molding (PIM) process

Li2TiO3

Powder
Binder

Injection 

Molding

Detaching

Debinding

Sintering
• Mold Size : 3.7 mm, 1.0 mm (= Diameter of Green Pebbles)

• Amount of Binder : 48 %

• Debinding Conditions : 800 oC, 1 h 
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Improvement of Sintering Process for Breeder Pebbles

Rotating Sintering System was adopted to avoid the 

sintering between neighbored pebbles in the crucible.

Improvement

• Sintering Temperature : 1000 oC

• Sintering Time : 3 h

• Atmosphere : Airby Y.-H.Park et al, FED 109-111 (2016), 443

Formation of Defects caused by Batch Process

Sintering between the neighbored pebbles

→ Crack, Bump, Flatted Surface, and so on.
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Morphology of Li2TiO3 Pebbles manufactured by PIM Process

Value Item Value

3.70 mm Mold Size 1.00 mm

3.43 mm Average Diameter 0.96 mm

< 1.01 Average Sphericity < 1.01

16 % Volume Shrinkage Ratio 15 %

Sphericity = D1 / D2, (D1 > D2)

Combined pebbles were not observed due to the pebble moving in the rotating tube during sintering process.

Defects (crack, bump, flatted surface, and so on) were not formed at the surface of sintered pebbles.

The shrinkage ratio can be used as a parameter to design the mold in order to control the pebble diameter.
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Microstructure of Li2TiO3 Pebbles manufactured by PIM Process

The uniform microstructure with open pores in surface and inside of the sintered pebbles was confirmed.

Surface

Center

Diameter : 3.43 mm Diameter : 0.96 mm

Value Item Value

1.00 µm Grain Size 1.35 µm

39.7 % Porosity 34.2 %
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Physical and Mechanical Properties of Li2TiO3 Pebbles and Pebble Bed

Establishment of DB for Li2TiO3 Pebbles and Pebble Bed
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Effective Thermal Conductivity of Li2TiO3 Pebble Bed

Effective thermal conductivity of the pebble bed was measured by transient hot wire method at UCLA and laser 

flash method at KFE.

Effects of axial compression load on the effective thermal conductivity of the pebble bed has been investigated.

Establishment of DB for Li2TiO3 Pebbles and Pebble Bed

by Y.-H.Park et al, Fusion Eng. Des. 146 (2019), 950 by Y.-H.Park et al, Fusion Eng. Des. 194 (2023) 113728
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Tritium Breeding Research on Li2TiO3 Pebbles using D-T Fusion Neutron Source Facility

Phase 1 : 2021.10 ~ 2023.10

Phase 2 : 2024.12 ~ 2026.12

Neutron Irradiation Test : KO-CN International Collaboration Program

MoU between KFE and INEST
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Date : 2023.06

Neutron Source : HINEG-CAS

Neutron Energy : 14 MeV

Neutron Yield : ~ 1012 n/s

Irradiation Test Conditions

Duration Time : 6 hrs.

Total Number of Neutron : 1.104 x 1015 n

Neutron Fluence at Pebble : 9.96 x 1011 n/cm2

Tritium Breeder Sample

Material : Li2TiO3 Pebbles

Diameter : 3.4 mm

Sphericity : < 1.01

Porosity : 40 %

1st Neutron Irradiation Test on Li2TiO3 Pebbles

Nb Foil

Cadmium Sheet
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Test Conditions

Purge Gas : He + 1 % H2

Flow Rate of Purge Gas : 100 ml/min

Humidity Level : < 15 ppm

Tritium Release Temperature : R.T. ~ 1073 K

Tritium Measurement : LSC + Bubbler Method

(Lower Detection Limit : 0.7 Bq/L)

Tritium Release Test  from Irradiated Pebbles

• The total radioactivity of release tritium from the irradiated Li2TiO3 pebbles 

with 274 g in weight was about 1866.4 Bq.

• The ratio between HTO and HT at 400 oC was about 79.3 % to 20.7 %.

• The tritium radioactivity was decreased to background level after 4 h at 800 oC.

by W. Wu et al,

Int. J. Hydrogen Energy 68 (2024), 1393
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Structural Material

Korean Reduced Activation Ferritic/Martensitic (RAFM) steel, ARAA, has been successfully developed.

Neutron irradiation test of ARAA is on-going in the core of HANARO research reactor, 

and PIE will be stared in Sep. 2025.

Draft document for ARAA codification in RCC-MRx_Tome 6 (2025 Ed.) is under review.

Tritium Breeder Material

Manufacturing processes for Li2TiO3 pebbles, slurry droplet wetting method and PIM method, with the 

rotating sintering system have been successfully developed.

Material Property Database of Li2TiO3 pebbles and pebble bed is being established by domestic 

program and international collaboration program.

Neutron irradiation test and tritium release test of Korean Li2TiO3 pebbles is on-going under the KO-

CN international collaboration program.

Summary



Thank you for your kind attention !!!

Yi-Hyun PARK
yhpark@kfe.re.kr
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