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Concept of Fusion Power Plant and Breeding Blanket

q\ rr WW
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® Functions of Breeding Blanket

Horizontal Port

Vacuum Vessel

Lower Port

® in Fusion Core :
D+T->4He+n+17.6 MeV

: - © Tritium Breeding to ensure fuel self-sufficienc
® in Breeding Blanket : 9 y

6BLi+n- 4He + T + 4.8 MeV © Heat Conversion and Extraction for electricity generation

Li+n->“*He+T+n -2.5MeV © Neutron and Gamma-ray Shielding
‘Be + n > %Be + 2n — 2.5 MeV
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ITER TBM Concepts and Materials

Main Characteristics for the 4 InCo TBMs and associated Ancillary Systems

TBS-1 - WCLL-TBM (proposed by EU) TBS 2 —HCCP-TBM (joint KO/EU design)

. rEurofer Steel (structure), Pb16Li RAFM Steel (structure)l Be pebbles (multiplier);
(multiplier/breeder). Li,SiO, or Li,TiO; pebbles (breeder)l

= Coolant: H,O at 15.5 MPa, 280 /325°C. = Coolant: He at 8 MPa, .

= T-removal gas (from Pb16Li): He at 0.4 MPa. = Purge gas: Helium at 0.1/0.4 MPa.

= Maximum Tritium production: 20-30 mg/day = Maximum Tritium production: 20-30 mg/day

TBS-3 — WCCB-TBM (proposed by JA) TBS-4 — HCCB-TBM (proposed by CN)

= | F82H Steel (struct.)l Be pebbles (mult.){ Li,TiO;] | = [ RAFM Steel (structure)l Be-pebbles (multiplier),
pebbles (breeder). Li,SiO, pebbles (breeder)

= Coolant: H,O at 15.5 MPa, 280 /325°C; = Coolant. He at 8 MPa, 300/500°C.

= Purge gas: He at 0.1 MPa. = Purge gas: He at 0.1/0.4 MPa.

= Maximum Tritium production: 20-30 mg/day = Maximum Tritium production: 20-30 mg/day

» The TBS Initial Configuration is expected to be operated for three ITER phases, namely the
last non-nuclear phase (PFPO-2) and in the first two nuclear phases (FPO-1 and FPO-2).

» After FPO-2, different TBSs could be operated, for example, Dual-Coolant Lithium-Lead (DCLL)
TBS proposed by US and Helium-Cooled Solid Breeder (HCSB) TBS proposed by India.

» A decision on the TBS Second Confiquration is expected around 2030.

L. Giancarli, ITER TBM Program, DPWS-8, 30 August-1st September 2022 ‘
© 2022, ITER Organization 13
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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/m? 0.3 MW/m? 0.5 MW/m? 0.5 MW/m?
Neutron Wall Loading 0.78 MW/m?2 0.78 MW/m?2 1.5 MW/m? 1.5 MW/m?
Armor Material (Plasma Facing) n/a n/a Tungsten Tungsten
RAFM
Structural Material RAFM (ARAA) (Eurofer/ARAA) RAFM (ARAA) RAFM (ARAA)
Breeder Material Li,TiO, Li,SiO,/Li,TiO, Li,TiO, Li,SiO,/Li,TiO,
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 °C 300/500 °C 300/500 °C 300/500 °C
Coolant Pressure 8 MPa 8 MPa 8 MPa 8 MPa
Purge Gas He with 0.1% H, He with 0.1% H, He with 0.1% H, He with 0.1% H,
Enrichment (5Li) 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

VIM ingots (30 kg/ingot) Preheating (1150°C/2hrs)

B Microstructure
B Mechanical test
« Tensile
« Creep
« Impact

&

Advanced Reduced Activation Alloy
© KFE and KAERI started R&D program on structural material for FUSION application in 2012.

+ Fatigue Normalizing (1050°C/1h+AC)
/Tempering (760°C/1h+AC)

Hot rolled plates (15 mm T)

® 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
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Evaluation of ARAA Model Alloys
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Optimized ARAA Alloy

Japan F82H 0.1 0.1 0.2 8 2 015 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 0.1 0.05 0.4 9 1.1 0.2 0.07 0.05 0.01 -
usS 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 0.1 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

® 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 °C / 40 min. / AC, (Tempering) 750 °C / 70 min. / AC
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Large-scale Productions of ARAA

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 P.OSCO KPCM KPCM KPCM KPCM HVM

Specialty Steel
Melting & Refining VIM + ESR VIM + VAR VIM + VAR VIM + VAR VIM + VAR VIM + VAR

. Un-irrad. Done Done Done Done Done
Material
DB Irrad. In progress Scheduled
ARAA Plates -
- - Forged Bar
ot-rolled plates N
Tempered plates

® 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
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Uniformity of Hot-rolled Plate
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Material Properties of ARAA

T900-

® Density ® Young's Modulus ® Thermal Conductivity ® Yield Strength ® Tensile Strenéth
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Neutron Irradiation Test

i c
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Hole Inside Neutron Flux (n/cm? . sec) & ol E
Location Dia. Fast Thermal Remarks ® 2
Name | No. | (o) C—Hr—
(>0.82 Mev) | (<0.625 ev) 2 -~
CT 1 | 744 | 210x10™ | adoxaeM | . . . = O, a
Core R ) 744 | 1.95x 107 | 3.93x 100 DR T A :
isotope production
OR | 4 600 | 223x10% | 3.36x10Y :
IHOON
LH 1 150 @ 6.62x10% | 9.77x108 ¢ &
Reflector HTS 1 10.0 9.44 x 1010 47.97x10* | Fuelmaterial irradiation, TN Q
erector 1 pp | 17 | 60 | 145x10°~ | 2.40x10% ~ Isotope production Ok | x |
220x102 | 1.95x10Y . ‘* @ i
<HANARO Research Reactor and Irradiation Capsule for ARAA> K , <ARAA Specimens for 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 °C 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.
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Newly Developed Structural Material for ITER TBM

® PED, Annex |, 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

(N)PMA

(Material (Particular

@[ RCC-MRx } ARAA Assessment — P> EIGE
(RCC-MRXx) Report) Appraisal)
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DB List for ARAA

) Base Metal (Heat No.) Welded/Joined Metal o : Done
Material property
WA77 VB27 WB63 WB65 TIG EB Laser HIP
1. Chemical composition O O ) O - - - -
) 2. Density O O @) O - - - -
P':gg;'rct?és 3. Melting point o 0 0 0 - - - -
4. Poisson's ratio O O ) O - - - -
5. Young's modulus ) 0O @) 0 - - - -
6. Coefficient of thermal expansion ) 0O ) 0O - - - -
Thermal 7. Specific heat @) o] @) 0] - - - -
Properties 8. Thermal diffusivity 0 0 0 0 - - - -
9. Thermal conductivity ) 0O ) 0O - - - -
10. Yield strength ) O ) O ) Planned Planned In Progress
11. Tensile strength o) @) o) ) o) Planned Planned In Progress
12. Stress-strain curve @) O O o] ) Planned Planned In Progress
13. Ductility ) O ) O ) Planned Planned In Progress
14. Reduction of area ) O ) O @) Planned Planned In Progress
15. Impact toughness ) O ) O ) Planned Planned In Progress
Mechanical 16. Cyclic curve, Hysteresis curve 300 °C |O] 300°C |O| 300°C [O] 300°C |O
Properties . 550 °C |O] 550°C |O| 550°C |O] 550°C |O Planned Planned Planned Planned
17. Low cycle fatigue i 600 °C 1ol 600°C 1ol 600 °C |o
RT ) RT ) RT 0
18. J-R Curve - 400°C |O] 400°C |O] 400°C |O Planned Planned Planned Planned
550 °C |O| 550°C |O| 550°C | O
19. Creep Curve - In Progress Planned Planned Planned Planned
20. Creep-Fatigue interaction - Planned - - - -
Magnetic Prop. 21. B-H Curve O] O ©) O - - - -
Electrical Prop. 22. Specific Electric Resistivity ) 0 @) 0 - - - -
23. Irradiation Properties In Progress In Progress In Progress Planned Planned Planned
Environm_ental 24. Thermal Aging - In Progress - - - -
Properties
25. Compatibility with CP - In Progress - - - -

IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria
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DB established by Statistical Analysis

® Poisson’s Ratio ® Density ® Specific Electrical Resistivity ® Thermal Conductivity
. , . i Specific Electrical Resistivity (p,) of ARAA ivi
POlsson S Ratlo (V) Of ARAA DenSIty(p) of ARAA , pec'f ec-:ca Te—T_IS IVI;Z(::_) o T3 Thermal CondUCtIVIty (k) Of ARAA
pzﬁo-l_ﬁlT-I_ﬁZT Pe—ﬁo ﬁl 32 ﬁ?’ k — ﬁo +ﬁ1T+ﬁ2Tz +B3T3
— I . 3 Bo=3.996e-01
v 0.3 (within the elastic range) Bo=7.835e+03 51040003 By=3.000e-+01
f1=-2.798¢-01 B,=-2.408e-07 B1=-1.263e-02
B2=-3.603e-05 3=1.519-10 4054605
' |\/|e|t|ng Point 25°C < T < 700°C 25°C < T < 700°C Pa=4.054e-
B3=-3.780e-08
Sample WA77 | VB27 | WB63 | WB65 Average 25°C < T <700°C
Melting point(°C) 1,514 1,523 1,525 1,527 1,522
® Young’s Modulus ® Yield Strength ® Tensile Strength
Young’s Modulus (£) of ARAA Yield Strength (Y¥5,,,,) of ARAA Ultimate Tensile Strength (UTS,,;,) of ARAA
E =By +piT + ,T% + 5T YSmin = Bo + BiT + BT + B5T° UTSpin = Bo + BT + BoT? + B5T°
Bo=2.191e+02 Bo=5.056e+02 Bo=5.056e+02
B1=-5.756e-02 B,=-6.352¢-01 B, =-7.765e-01
P2=-1.132¢-05 B,=1.922¢-03 B,=1.787e-03
B3=-9.567¢-08 Bs=-2.553e-06 Bs=-2.325e-06
25°C < T <700°C 25°C < T <700°C 25°C < T <700°C
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Codification of ARAA in RCC-MRx

® The modification request with material file, background information, RPS and RPP for
codification of ARAA was submitted to RCC-MRx subcommittee in Feb. 2025.

. -
ARAA ‘ 0 ARAA Matesial File <!
Registration 18.0 T
REQUEST FOR e
MODIFICATION ol T T —] CoMR
1, place Jean Millier e RIV-AAMNU - A-ext 240 — E(10° MPa) | N E ) 7 - x
92400 Courbevole, FRANCE Name of the Code Dete: 20 | A3."AS. Materials Properties Data Support
: 16.0
RCC-MRx (ARRA stee)
TEXT INVOLVED a0 o
200
Edition: 2022 Chapter / Paragraph: Tome § o 100 Table of Contents
180 A3*A MATERIALS .. 1
150 1o A3 11 NTRODUCTION
REQUESTING PARTY IDENTIFICATION | — A3712 MATERIALS SUMMARY
L 150 A3.%12 122 Melting process
Company: Korea Institute of Fusion Energy Date of the request: 120 — 150 ~ A3.% 12 123 Chemical ition kenam
First name: Mu-Young Name: Ahn LT A3*2 PHYSICAL PROPERTIES
Phone: +82-42-879-5726 E-mail: myahn74@kfe.re.kr o 700 T A3.*21 COEFFICIENT OF THERMAL EXPANSION (o)
o (MPa) e A3*22  YOUNG'S MODULUS (E)
. . . . 100 1] I s— A3.*23 POISSON'S RATIO (v)
Upon receipt of the request, AFCEN will first make sure the form is praperly filled in. For a prompt response by o 50 100 150 200 250 300 350 | 800 — o ] A3524 DENSITY (p)
. - - R [ . | e 8(C) o
AFCFN. plaase a(curat.ely follow the instructions for filling in and sending the request, as detailed in the guide /,..——--__—_-—_ P p— i A3%25 SPEGIFIC HEAT CAPAGITY (Cp), THERMAL CONDUGTIVITY (A), THERMAL DIFFUSNITY (a).
available on the website www.afcen.com with the form. . / e il T T o e e 26 Bl REtiE
send this template and all necessary attachments to the comesponding subcommittze: rec-m@afcen.com, rse-m@afoen.com, |1 __._—_-_l— A3 BORDER LINES 1
ecmrsm afcen.com, reoee @ sfeen.com, ree-c com reofmicen com, ec-cw@efcon om — g e .
o0 /———'_‘__'— | A3*31  NEGLIGIELE CREEF AND THERMAL AGEING CURVES 1
P2y 100 A3 * 311 Negligible Creep Gurve (Nof Provided) 1
PURPOSE / SOURCE OF THE REQUEST FOR MODIFICATION RN - e F o Canve (ios Frovt :
R e 600G A3*32  NEGUGIELE IRRADIATION CURVE (NOT PROVIDED) 1
I
800 RN 300 A3*33 MAXIMUM ALLOWABLE IRRADIATION (NOT PROVIDED) 1
This Request for Medification is for RCC-MRx Codi ion of the ARAA reduced activaticn alloy) which has (Ral .
- . . . - Ad*4 PROPERTIES FOR ANALYSIS - BASIC e 1
been developed as 2 Korean RAFM|Reduced activation ferritic/martensitic) steel intended to apply = structural 0 | T00°C
material of fusion resctor A3*41 CONVENTIONAL YIELD STRENGTH AT 0.2 % OFFSET Ry, 1
w 500 : A3*42 TENSILE STRENGTHR, 1
500 [C™ —1 —
L 02 (1MPa) A3.°43 VALUES OF S,AND 5 1
Tick this box if this RM contains information with Intellectuzl Property that cannot be published by AFCEN I L3 S 00 50 wnlc A3*44  DUCTIUTY 1
: [ A3.* 444 Uniform and Total 1
TEXT PROPOSED 00 400 — AZ.*.442Mimimum True Strain at Rupture: str (Not Provided) 1
A3.* 443 Aversge and Minimum Values of Tensile Ductility for Design. 1
T
Is this? a modification to an existing text: [0 2 new zdditional taxt: ‘-'. - 0 5 - o 1850 A3*45 TENSILE STRESS-STRAIN CURVES 1
/ A3.%451For Plastic Strain Limited to 2% 1
. . i . i . . . . 300 N\ 00 ,/ A3*48  CYCLIC CURVES, VALUES OF K., K, AND K, ... @3 M5 7] o= of 917 2k
Basic material properties, and other material properties associated with fatigue and fracture machanics were / A2.% 461 Cyclic Curves 4
determined from a series of materizl tests and relevant works associated with the design cosfficients. Texts wers 0 50 ss0C :‘ v ag20 K, 1
prepared along with Tables and Figures in the Background Information File {Ward) and Material File (Excel). _.—-""_'_- — A3 R4E3 G K. 1
5
S — f— s00°C A3n464 isati ient K 1
"] —— "
” 1 w = ] A3:47 FATIGUE CURVES 1
I ol // o
JUSTIFICATION OF THE REQUEST A ——— 150
s T —— N / / LT
100 iy 100 Wi
Background Information file contzins the technical background and justification of the intended codification \\ y
contents of the ARAA. Therefore, justification details on the Request for Modification can be found in the “ e 5 —
Background Information File. N | ) A2 (%)
0 50 100 150 200 250 300 30 400 450 00 S50 600 850 700 730 o | Page 1
Fagel o 01 02 03 04 05 08 o7 08 09 1 11 12
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Draft Document of ARAA for RCC-MRx_Tome 6 2025 Ed.

afcen RCC-MRx

Draft document — RPP on ARAA RAFM STEEL

afcen RCC-MRx

Draft document — RFF on ARAA RAFM STEEL

The following document has still to be validated by the RCC-
MRx Sub Committee.

RM 243-4.5 Mechanical properties

RM 243-4.51 Required values

Mechanlcal properties requirements to comply with, for both as-defivered tests and Simulated Stress-refieving Heat

afcen RCC-MRx

RPPXX-2025-ARAA ARAA RAFM |

BERxC Pupose of change
This rule introduces the using the

chromium, 1.2% tungsien and 0. 01% zirconium. This rule includes a
Append\x A3 which covers the mechanical properties associated
tests or methods which comply with the other rules in the Code. Mig
must be collected so as to review the rule’s probaticnary classificatid

In addition, the following aspects of the material file must also be cor
- Jush'ﬁcahnn of appllcatuln:uI dfthe Design Rules for the specified

. Man
= Fabri industrial =

Weldlng weldability (RS 1300), feedback on qualification of weg
repair processes involving welding

Ease of monitoring

In-senvice behaviour: thermal ageing, cormosion, ercsion-cormosiol

Furthermore, due to the lack of data, some characteristics have
introduction of the proposed rules into the code, specific charach)
characteristics are as follows:
. [

of thermal
Negligible creep and thermal ageing curves,
Negligible iradiation curve,

Maximum allowable irradiation,
Symmetrisation coefficient Ks,
Fatigue-creep interaction diagram,

Fatigue crack growth da/dN,

Regarding R» and Rm values, justification of the consistency beh

(a),

BPPxx - Modification Starus
The chapters for these rules are in addition to the rules currently avd

RFP Ama

tment tests, are given in table RM 243-4.51.

Tabie RM 243-4.51: mechanical properties

afcen RCC-MRx Drat document — RPF an ARAA RAFM STEEL

RPPxx - Texi- Pari2

A3.20ASI1 INTRODUCTION

BPPXX - Tex(- Part 1 Test tamperatu ofcen RECHRx DR he P Group A3 20AS shall be applied to products and parts made in low activation alioy steel with around
N . ‘est temperature - . val e F : roup A3 e ucts and parts made in low a n al arour
Test type (=] Characteristics Required 9% chromium and 1% tungsten, under normalised and tempered conditions
Rz = 5% - representative as-defivered test samples, which were not 1o heat tred Interpolations shall be carried out according to the provisions given in A3.GEM.12.
Room R =540 M - samples taken from the plate after it has undergone Heat Treatment for Mech:
RM 243-4 G-RPS: X10CRWVTAZRI-1 ARAA A Tensile test A (5d) >15% RM 243-4.52 and subjected to Simulated Stress-relieving Heat Treatment ace
P:IZ ) N3, 450 Feaz =408 MH] RM 016-1.
THICK, N2px AND N3rx 550 Reo =330 W] A3.20AS.2 PHYSICAL PROPERTIES
KV [Average value on 3 test 2500 Table RM 243-4.531: number and contant of tosts
RM 243-4.1 Purpose and scope 0 _spscimens) Top Bottor
Specification RM 243-4 covers weldable chromium-tungsten-vana WKYAT%J;:Q >200J Test Tra A3 20AS.21 COEFFICIENTS OF THERMAL EXPANSION
denominated ARAA, which are 20 to 60 mm thick Charpy V-notch . =200J Test type temperature § X
If the absence of significant creep (negligible creep) conditions defined impact 20 o [i":ﬁ;‘:&e 0] 7500 cy Skin Within ;’z"l‘*"ess Skin The properties of A3.18AS.21 can be used.
report defined in RM 015-0 shall be prepared by the Supplier. These o [Ave—lvalue on 3 teat
Specification. +20 smgeimensJ 2250 (HTMF) As-delivered tests .
e — = ; A3.20AS.22 YOUNG'S MODULUS
RM 243-4.1  Melting process 1) In each series of 3 tests, only one value less than the minimum required average value Tensile test ;g ':' ; Young's modulus E is given as a function of the temperature & by the formula A3.20A5.22, the table A3.20A5.22
The alloy shall be made using an electric fumace or any other techni acospted, 3) and the figure A3.20AS.22.
Bend test Reom 1 1 g
the manufacturing process must be provided.
RM 243-4.52 Sampli i ts Charpy V-notch e : 2 : + Formula A3.20AS.22:
RM 243-4.3 Chemical composition Test |;|es val b::;(p ing requiremen impact m 3 3 5 E =2.191 x10° - 57.56 8 -1.132 x102 6° - 9.567 x10° & (20°C =8 =700°C)
samples s en: - —
L ( _ N . .
RM 243-4.31 Required chemical composition * from the top end of each rolled sheet or sirip weighing 3000 kg or less, — Room ey mﬂl?‘" a0 I this formula, E is expressed in MPa and & in °C.
) B - q . P + from the top and bottom ends of each rolled sheet or strip weighing more than 3000 kg. Tensile test 450 (3) 5
Chemical composition, as determined by ladle and product analyses, s} the samples shall be cut after the strip has undergone Heat Treatment for Mechanical Properd 503) 3 Table A3.20A5.22: Young's modulus E
431 ) appropriately identified and the final rolling direction marked. o 3 3 3 [ eccr [ 20 ] 5o [ 100] 150 | 200 [ 250 | 300 | 350 | 400 [ 450 | 500 [ 550 [ e00 [ e50 [ 700 |
Table RM 243-4.31: chemical cofl The size of test samples shall be such that they can provide encugh test specimens for all tests a Charpy V-notch - 3 3 3 [EQwmPa) | 218 | 216 | 213 | 210 | 206 | 203 | 198 | 183 | 188 | a2 | 176 | 188 | 160 | 151 | 140 |
GradeX10CrWVTazZrd-1_| Test samples shall be taken at half the distance between the edge of the plate and its centreline impact 20 3 3 3
Elements Ladle and product (%) |from the quenched end of the plate equal to at least the thickness of the plate. p —= N . .
Tomeet this last condition, the Supplier shall be alowsd to protect the end of the plate Wih 8 Weld | aatr - Sl shor st met et Figure A3.20AS.22: Young's modulus £
Carbon 0.08-0.12 over the whole thickness of the plate. {1) Test at bottom i weight of rolling sheet or plate is more than 3000 kg. x50
Manganese—————— 0.25 to 0.65 . i (2) See RM 243-4 521 and RM 243-4 522 [T
Phosphorous———— < 0.005 RM 243-4.521 Tension tests specimens (3) Test e ture given by the E Specificati 40 - E(1MPa)
Sulphur < 0.005 The inal axis of the tension test specimens shall be perpendicular to the final rolling dirs 20
Silicon 0.05-0.15 irection), at mid- -
Mickel < 100 ppm RM 243-4.532 Test Procedure 20
Chromivm————— 87-0.3 RM 243-4.522 Impact test specimens . —
Molybdenum = 50 ppm . N . ~ RM 243-4.5321 Tensila test at room temperature 21
= ppm The longitudinal axis of the V-notch impact test specimens shall be perpendicular to the fin _
Vanadium 015-035 {transverse direction). * Test pieces 00
Tantalum 0.05-0.13 Test shall be taken from the =kin and at mid-thickness. Test pieces shall have a circular section. Mormally, their nominal diameter shall by
T 10_14 - - : " - as specified in RMC 1211. 100
T::::re;‘n T oo The notch axis of impact test specimens shall be perpendicular to the rolling skin. For plates Ies}a than Zﬂ mm thick, the cyiindrical test specimen may be replaced by| .
| Copper < 100 ppm RM 243-4.523  Bend test specimens E;:io;éfs::r’mam InRMC 1211 o
—= 7
:x;’;“m :%M The longitudinal axis of the test pieces for bending tests shall be perpendicular to the final rol The tensile test shall be performed as specified in RMC 1211.
N 0003 - 007 is taken from the skin. - The following values shall be recorded 0
regen =t - Reoz: proof strength, 0.2% plastic extension (MPa), .
Boron =0.002 RM 243-4.53 Testing of samples - Rm: tensile etrength (MPa),
Cobait <100 ppm - A percentage elongation after fracture, 140
z’“’"g':m 2“;0;2_ 002 RM 243-3.531  Mumber and content of the test series n Z 1ns percentage reduction of area after fracture. .
Oy | I * Resul
Magnesium < 50 ppm ‘Itriﬁz:urnher of tests to be performed, the sampling directions and test temperatures are shown The test results shall the required values given in table RM 243-4.51 (perc] =
Potassium =10 ppm T;Es’l - shall be taken from: lecurded for information purposes only). . .
Calcium = 50 ppm v g If this is not the case and the test specimen has a physical defect (which does ny 1o °rC)
Arsenic = 100 ppm product] or if unsatisfactory test results are due to incomect mounting of the sg 100 i
Zinc = 50 ppm the test shall be repeated using another specimen. If the results of th
Silver < 50 ppm i the lot shall be accepted; if not, the following paragraph shall apply. o ® 0 i 30 ZED 30 ®D 40 480 S0 S0 B0 80 70
Stannum < 50 ppm ‘Where unsatisfactory results cannot be attibuted to any of the at
Lead <50 ppm per_formed fareach unsatisfactory result obtained. The second set of test RFE Az Page 022
Antimony < 100 ppm which were defective . . . -
Hydrogen =10 ppm If the results of the retests are satisfactory, the lot shall be accepted; if not, it zhall be rejected (RM 243-4.54).

RPP Ama

Fage 2122

RFF Ama

Page 522
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Tritium Breeder Ceramics

® Candidates of Solid Type of Tritium Breeder

® Shape of Tritium Breeder Ceramics : Pebble

Li,O Li,AlO, Li,ZrO,  Li,SiO, Li,TiO; © Strength
Li Vaporization >600°C { >900°C | >800°C | >700°C | >800°C
(in additional Hy) © Packing Phenomenon
Long period use | Instability Stability Instability | Instability | Instability
(Li vaporization) (crack) (Li vaporization) { (Reduction of Ti)
(2 years) © Thermal Conductance
Tritiumrelease | >400°C | >400°C | >400°C | >350°C | >300°C
{casy release) © Modeling and Analysis
Optimum operat | 400 - 600 400 - 400 - 350 - 300 -
ing temp. C 900°C 800°C 700°C 800°C ©
Tritium breeding .. Lower Middle Middle Middle U
ratio (TBR) 9
Thermal conduc : Middle Middle Middle Middle
L High
tivity
by Dr. Hoshino,
CBBI-16, 2011
TBR

_Lissios |
l LizZI’Og I LizTiOg

(Li,TiO; Pebbles)

by Y.-H.Park et al,
JNM 455 (2014), 106

| LIAIO;

Stability (high temperature use)
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Manufacturing Process for Ceramic Pebble (by sintering)

e

\
« Raw Powder (Li,TiO; or Li,SiO,)
* Binder Materials
» Solvent
/
\
» Wetting Process (Dropping, Emulsion, ...)
* Drying Process (CM, PIM, 3D Printing, ...)
/
\
» Temperature
* Time
* Atmosphere
/
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Development of Manufacturing Process for Li,TiO; Pebbles

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

Fabrication Process

Li,TiO, Powder
e

| Li,TiO, Powder | | PVA Solution | P
- Mixing f+—

A 4

Dropping into Glycerin Syringe

Needle

including Boric Acid Sturry /
v Solution
Washing and Drying Gel-sphere

B N M/ ] ﬁ\ H H ﬁ

ﬁ SR80 Vv
CH, CH, | + nB(OHy, —>| CH, PaN CHy | + nH,0

Cross-linking Reaction : \C/°*H ”*O\C/ N o/

C
/ \H H/ \ \H H/ \
CH, CH,
™~ s
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Mass-production System for Slurry Droplet Wetting Method

® Automatic Slurry Dispensing System

. for instillation of

Dispensing Unit . .

o woo/

c
\H H/ \CHE
s

n

Automatic maintaining Unit
: for constant distance between

IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria

Li, TiOg4 slurry
Glycerin Bath
; for hardening of droplets
) \C/H \/
/\o—H H— o/\ -
CH: CHz2 | + #B(OH)s —>

\/H \/

VAR NV

CH:

syringe needle and glycerin surface

/\
\/ °\C/

/ W\
CH>
s

Trace of Drop Point through the Movmg Needle

CHz | + »nH20
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Parametric Study on Sintering for Li,TiO; Pebbles

® Effect of Sintering Time (1200 °C, Air atmosphere)

Sintering Time : 1 h Sintering Time : 2 h

Sintering Time : 3 h

Sintering Time : 4 h

5

b

Avg. Dia. : 1.03 mm

Grain Size : 8 ym Grain Size : 10 ym Grain Size : 20 ym

* Grain size was increased with increasing sintering time.
* The whole pore of the sintered pebble was open type.
* The open porosity was about 10 %. (Sintering Time: 3 h)
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Shortcoming of Slurry Droplet Wetting Method

® 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.

ce | o

nter of Pebble
NP2

[Microstructure of Sintered Li, TiO; Pebble after Crush Test]
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Development of Manufacturing Process for Li,TiO; Pebbles

® Li,TiO, green pebbles have been successfully fabricated by using Powder Injection Molding (PIM) process

Li, TiO,

B

Powder

@\

Injection
Molding

Detaching —

Debinding

Mold Size : 3.7 mm, 1.0 mm (= Diameter of Green Pebbles)
Amount of Binder : 48 %
* Debinding Conditions : 800 °C, 1 h

Sintering

\
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Improvement of Sintering Process for Breeder Pebbles

® Formation of Defects caused by Batch Process =~ ® Rotating Sintering System was adopted to avoid the

© Sintering between the neighbored pebbles sintering between neighbored pebbles in the crucible.
- Crack, Bump, Flatted Surface, and so on.

» Sintering Temperature : 1000 °C
* Sintering Time : 3 h
by Y.-H.Park et al, FED 109-111 (2016), 443 « Atmosphere : Air
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Morphology of Li,TiO; Pebbles manufactured by PIM Process

3.70 mm Mold Size

3.43 mm Average Diameter
<1.01 Average Sphericity
16 % Volume Shrinkage Ratio

® 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.

IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria 29



Microstructure of Li,TiO,; Pebbles manufactured by PIM Proces

Diameter : 3.43 mm

Diameter : 0.96 mm

Center
Surface 1

Y

1.00 pm

____

Grain size (um)

Center Surface
Grain Size 1.35 um ‘§\\
. L . §§§§§;
! \ 0 i 0 . - oy
.. 39.7 % Porosity 34.2 % | I @ -
Grain size (um) 0.0 0.5 1.0 Gmlj: Siz::lm) 25 30 35 0.0 0.5 1.0 15 2.0 25
® The uniform microstructure with open pores in surface and inside of the sintered pebbles was confirmed.
IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria
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Establishment of DB for Li,TiO,; Pebbles and Pebble Bed

® Physical and Mechanical Properties of Li, TiO; Pebbles and Pebble Bed

BET, Specific Surface Area (m?/g)

0.1000 25.0 20 0.08 90 14
0.0900 Ll 900 oC =950 oC 18 ||™==9000C (Dia) = 950 oC (Dia.) = 900 0C (Crush Load) == 950 oC (Crush Load)
900 oC (STDEV.) =#=950 oC (STDEV.)|| 007 80 12
0.0800 20.0 16 006 70 900 oC (STDEV.) —=8-950 0C (STDEV.)
. | = c
0.0700 = =14 . g — 0.2
g £ S 005 8 60 T
0.0600 2 15.0 E12 cYos - 3
; : g Feo s 8
0.0500 s 210 004 5 9 =
0.0400 s 10.0 & 08 003 B g 0 i
=3 0O o6 S O 3
0.0300 o) 002 @ 20 Lo
0.0200 5.0 0.4 5
0.01
0.0100 02 10
0.0 0.0 0.00 0 0
0.0000 ) R 3 1 5 3 1 > 3
Sintering Tlme (h) Sintering Time (h) Sintering Time (h) Sintering Time (h)
Stress-strain Creep Strain CTE Stress Relaxation
7 6 . T T T 1‘4 Ll T T L) L\l A T 7 T T T T T T T L}
- F 12F | KOLLTIO, pebble bed; - 6 —— 750°C; run-1) :
—RT.633%PF. |1 L [NFRI; Li,TiO . S 273 » L 260%C run-2)
el . —650°C; 4 0MPa c 63.2% P.F.; d=1.0mm: _ il
= —650°C: 630% pE | — 750°C; 1.0MPa % 10+ Average CTE=15.5pm/m-K ] & 5 ' ]
o |——650°C: 63.1% P.F. T 4r ——750°C; 2.5MPa E S (86.1% of bulk material) s
= —750°C; 63.3% P.F = | — 786°C: 4.0MPa g o0s8f i S 34 [Ko Li,TiO, pebble bed; 6MPa peak stress .
2 o ] 3 4] —— 650°C; 2.0MPa o 3
o KO LL,TiO, pebble bed 8 |—— 650°C; 4.0MPa (repeat) | 2 o6k - % 3 &
= (@=1.0mm) B Q g ‘ L)
E $ 2 ] £ =
% | 1 5 L 04l E < 2 .
2
q ) - 1 T O 02F R 1 i
l& . / N 5 0 N o.o 1 - 1 1 1 ' 1 L 1 1 L 1 L 1 1 1
5 p 5 3 0 5 10 15 20 25 0 100 200 300 400 500 600 700 800 00 05 10 15 20 25 30 35 40
Axial strain (%) Time (h) Temperature (°C) Time (h)
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Establishment of DB for Li,TiO,; Pebbles and Pebble Bed

® Effective Thermal Conductivity of Li,TiO; 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.

UCLA %lgn : Measurement
Load Ring
« V=578mlL : l—. Ry Tem‘?eratur_:l.’.ignal
i : Side R‘illg 'ersus ime
*m=p-V-(63)=1153g : ! | RESE
1 esssvasseniens] Container TIN DL I DL
1 Bottom Disc fayef 2R
1
I |
. LI petey
I aser Pulse
| V<2mL T
| [Special Designed Pebble Holder] [3-layer Method]
1
14 1 1.40 -
z - o
E 13 . L B I X130 v - " 20
z k3 L) I = e B " A =
= 12 - . | 120 P Ro & =
- S - . Z & e < 15 i
s Iz [ e >
é A = - iy k-4 =
& I B0 . ] i o ° = i
3 11 - - ;B J o 1 £
S 4 1 ® Inthis study -S 1.0
"; o ‘ : S 1.00 | ® v © M. Enceda etal.[3] < Compression Load
= 1.0 L | E & iiﬁ«gf:ﬂ:::g‘ﬂs g_) @ 776N (3 MPa)
E © | Slmum, PF=60% [26] , E 090 | & :cfxm«.a. 2 &) 5 s O 502N (2 MPa)
é 09 @025+ 1 Sl P8P [26] : 080 L& A M. Panchal et al. [7) E A 254N (1 MPa)
081 2omun 49
Ty | 0 100 200 300 400 500 600 700  so0 —— Free (0 MPa)
08 @ \FRI,PF=63% 1 SR —— 00
300 400 500 600 700 S0 %00 | 0 100 200 300 400 500 600 700 800
) 1 Fig. 6. Thermal conductivity of Li,TiO; pebble bed. Temperature (°C)
Temperature (C) ! 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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Neutron Irradiation Test : KO-CN International Collaboration Program

® Tritium Breeding Research on Li, TiO; Pebbles using D-T Fusion Neutron Source Facility
© Phase 1:2021.10 ~ 2023.10
© Phase 2 :2024.12 ~ 2026.12

Memorandum of Understanding

between
Korea Institute of Fusion Energy (KFE), Republic of Korea

Irradiation

and
Institute of Nuclear Energy Safety Technology, Hefei Institutes of EX p . Da ta
Physical Sci , Chinese A ¥ of Sci (INEST, HFIPS, CAS),
People’s Republic of China
ARTICLE 1 COLLABORATIVE ACTTVITIES (KFE) Li,TiO5 Breeder Pebbles (HFIPS) D-T Neutron Source
Form of cooperative activities under this MoU may include such areas of mutual interest as:
This b of T ( 3.1. Exchange of personnel
purposc of collaboration in fusion enersy researc 3.2. Utilization of equipment, devices, materials, and instrumentations
of Fusion Energy (KFE), Republic of Korea and In 3.3. Exchange of technical information, data and experience

Hefei Institutes of Physical Science, Chinese Acq
People’s Republic of China. (hereinafter referred

individually). This Mol is an extension of th . Signature 1 | i~-Ti 11
idully) T Mol s exensn of e M akTICLE v souRCE or FvDIvG A ' oo « Fabrication of Li,TiO; Breeder Pebbles * Measurement of Bred Tritium
" Cooperative activities under this MoU will | Date Date
Energy Safoty Technology that was concluded on | L oonnet available to the Parties. Decisions 7/ q / 50357 7/[ | / M ’ " " . y s " " . "
ARTICLE L OBECTIVE il et bt the Paiss. bh PR + Evaluation of un-irradiated Li,TiO; Pebbles * Evaluation of irradiated Li,TiO3; Pebbles
The principal objective of this collaboration i ARTICLE V. INTELLECTUAL PROPER| OH Yeongkook Yu Jie
cooperation among the Parties in fusion neutronid 4.1. Either Party has a non-exclusive, irrev Director General
research and related fields in order to enhance| technical information created or fumished int|  president Institute of Nuclear Energy Safety Technol
contribution in these ficlds for their mutual benefif for its own intemnal research and development ogy, Hefei Institutes of Physical Science, C
information shall be the subject of a separatd  Korea Institute of Fusion Energy * hinese Academy of Sciences
ARTICLE IL SPECIFIC AREAS OF COOPEN ¢@s¢-by-case basis. The information may rotl People’s Republic of China
For the long-term nature of the present MolJ, the P) written consent of the Party that supplies the | Republic of Korea

be exercised in, but not be limited to, the followin,

2.1 Fusion Concept Studies (CFETR, C-DEM
22 Fusion Neutron Source Facility Experitl 1/cotTR SETTLEMENT

Generator (HINEG-CAS)) All disputes arising under this Mo shall be o
23 Fusion Neutron Source Facility Design ({ cquality throuh negotiations and conciliator
24 Applications of Super Multi-functional C|
2.5 Fusion Structural and Functional Materia| ARTICLE VIL ENTRY INTO FORCE AN
2.6 Tritium Analysis for Fusion System This MolJ shall enter into force after having|
2.7 Fusion Nuclear Safety Technology (MEL] for five (3) years, unless terminated carlier b
2.8  Breeding Blanket Technology 10 the other party. This MoU may be modified
2.9  Nuclear Applications ‘The termination of this MoU shall not affect

2.10 Other topics as mutually agreed by both

MoU between KFE and INEST

3.4. Participation in seminars, workshops al
3.5. Other collaboration as the Parties may

4.2. The publications, patents and other appl|
cooperative activities under the MoU shall by
Parties.

that are initiated priot to such termination,

IN WITNESS THEREOF, cach of the Part
duplicate in English by their duly authorized

Signature ﬁ

« Synthesis of Li,TiO; Raw Powder

» Neutron Irradiation on Li,TiO; Pebbles

IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria
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1st Neutron Irradiation Test on Li,TiO; Pebbles

® Date: 2023.06

® Neutron Source : HINEG-CAS
© Neutron Energy : 14 MeV
© Neutron Yield : ~ 10'2 n/s

@® Irradiation Test Conditions
© Duration Time : 6 hrs.
© Total Number of Neutron : 1.104 x 10" n
© Neutron Fluence at Pebble : 9.96 x 10" n/cm?

® Tritium Breeder Sample
© Material : Li, TiO5 Pebbles
© Diameter : 3.4 mm
© Sphericity : < 1.01
© Porosity : 40 %

34

IAEA TM on Tritium Breeding Blankets and Associated Neutronics, Sep. 02-05, 2025, Vienna, Austria



Tritium Release Test from Irradiated Pebbles

® Test Conditions

Purge Gas : He + 1 % H2 600" ,  Time®) > Int. J. Hydrogen Energy Gbg(%ZVJI/)L,I ?gg\l’i
Flow Rate of Purge Gas : 100 ml/min Tempreture O K b
500 ' uT - -
Humidity Level : < 15 ppm 7w S =Ly
Tritium Release Temperature : R.T. ~ 1073 K §4uo~ ‘§ 80 \\\
Tritium Measurement : LSC + Bubbler Method E‘m [ E 23 - ‘§
(Lower Detection Limit : 0.7 Bqg/L) E g i » ‘#* . e é- 5 é 1
i , A1/ : : §\ e q'\ S
NG I 4B 5B IR OB TE . IR 1B 60 120 180 240
Distributio:':);;;';sm ;f tritium Tritiur;hrr;gisnt)lrement
release at different temperature results at 1073 K for 4 h

« The total radioactivity of release tritium from the irradiated Li, TiO; pebbles
with 274 g in weight was about 1866.4 Bq.
« The ratio between HTO and HT at 400 °C was about 79.3 % to 20.7 %.
« The tritium radioactivity was decreased to background level after 4 h at 800 °C.
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Summary

® 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 Li, TiO, pebbles, slurry droplet wetting method and PIM method, with the
rotating sintering system have been successfully developed.

Material Property Database of Li,TiO; pebbles and pebble bed is being established by domestic
program and international collaboration program.

Neutron irradiation test and tritium release test of Korean Li,TiO; pebbles is on-going under the KO-
CN international collaboration program.
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Thank you for your kind attention !!!

Yi-Hyun PARK
yhpark@kfe.re.kr
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