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Tungsten Alloy Development NQe

High Vacuum Furnace Microwave Furnace Spark Plasma Sintering
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Tungsten Alloys/Composites Fabrication NQ€

W and other powders

W composite powders |a

Consolidation

W composites

Room Temperature
Mechanical Properties
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Aerospace Rocket Nozzle Materials NQe

Our concern
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NQe
Heat Loads of Space/Fission/Fusion
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Tungsten for Plasma Facing Materials

High Tm: 3410°C

Low sputtering erosion

High thermal
conductivity

Low tritium retention
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NQe

High DBTT (400~800°C)

Recrystallization
(1000~1200°C)

Irradiation Embrittlement

Volatile Oxidation, WO,

Full Tungsten of EFDA-JET
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R&D Issues of Tungsten Alloys Qe

D/T Retention iIn
Irradiated
Tungsten

Self-Passivation Thermal Fatigue
under Loss of & Thermal
Vacuum Accident Shock Resistance
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Variation of Tungsten for PFM >

outside

 Alloys
— W-Re, W-Ta, W-Cr-Ti, W-Cr-Zr-Y

 Dispersion
- W_Y203, W_Lazos, W_TIC inside
Max-Planck-Institut fur Plasmaphysik

« Composites
— W fiber, W-V laminates

Primarily for mechanical integrity
or oxidation resistance

Karlsruhe Institute of Technology

KAIST
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Mechanical Properties under Irradiation NQe

Structural Material Operating Temperature Windows: 10-50 dpa
Mo (14M) Radiation
Ta-8W-2Hf embrittlement
Nb-1Zr-1C i
V-4Cr-4Ti =
ODS ferritic st.
F/M steel
316 55
Inconel 718
CuNiBe
SiC/8iC

Thiermal creieep
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N
Our Approach — New Alloys/Composites e

« Alloy Design and Fabrication of Tungsten-based Alloys and

Composites

« Characterization of Mechanical Properties and Oxidation Resistance

- Radiation Damage and Hydrogen Retention

High Entropy Alloys Hybrid Composites
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Why “High Entropy Alloys” NQe

- High mixing entropy stabilize a simple phase

« Other names
— Compositionally Complex Alloys
— Multi-principal Alloys
— Equiatomic Alloys (Equimolar Alloys)

 Definition
— Multicomponent alloys with more than 5 components
with 5-35 at.% (AS.s > 1.6 R)

» Superalloy with 10+ components: AS ., s =1.3 R

a Nuclear Fuel KAIST

Materials Laboratory




Refractory High Entropy Alloys NQe

VNbMoTaW by vacuum arc melting (US AFRL)
“to overcome temperature limit of superalloys”
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Four Core Effects of HEAs

Thermodynamics: High Entropy Effect

— Enhance the formation of solid solution

Structure: Severe Lattice Distortion Effect
— Hardness and strength increase

Kinetics: Sluggish Diffusion Effect
— Slow diffusion and higher activation energy

Properties: Cocktail Effect
— Composite properties

Y. Zhang et al. Progress in Materials Science 61 (2014) 1-93
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Powder Metallurgy Refractory HEA NQe

Atomic size, density and
melting temp. of elements

Nb Mo Ta VvV W

Mechanical Alloying

Radius
(nm)

Tm(°C) 2750 2896 3290 2183 3695

0.146 0.139 0.146 0.134 0.139

Density

(glem®) 86 103 166 6.1 19.3

Kuk & Ryu (KAIST, Unpublished Data, 2015)
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Microstructures of VNbMoTaW (MA & SPS)NQe

XRD before and after SPS SEM image of after SPS

Before Milling
—— After MA
—— After SPS

SPS A l e

o
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Kuk & Ryu (KAIST, Unpublished Data, 2015)
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Hardness of VNbMoTaW (MA & SPS) ¢
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Reduced Activity Alloy Designs

High-Z Multicomponent Alloys
C

(A) BCC: five principal
elements

(B) FCC: five principal
elements
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Restricted for low activation

Ni, Cu, Al, Mo, Nb

NQe
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Phase Selection Rules for HEAs NQe
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S. Guo, Q. Hu, C. Ng, and C.T. Liu, Intermetallics 41, 96 (2013).
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Why Composites? NQe

« Toughening Mechanisms

— crack arrest e 1 '
— crack deflection ’

— crack bridging

wake
debonding

Cmmk,«-‘]"

« No catastrophic failure
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« High Temperature Endurance

/ W Properties \

v

Development Target

<

Compressive Strength
~330 MPa @ 1200°C

Rx Temperature
1000~1200°C

Fracture Toughness
5~ 7 MPa-m0>

Use Temperature
A300~A400°C

4

Nuclear

Fuel

Materials Laboratory

NQe

/ W-HEA Properties \

Compressive Strength
500 MPa @ 1200°C

* Rx Temperature >1200°C

» Fracture Toughness
20 MPa-m0>

* Use Temperature
A600°C




High Heat Flux Test NQe

Electron Beam Gun
(800 kW)

High Voltage P/S
(300 kW, 60 kV)

Water Cooling System
(3 MPa, 120°C, 0.5 kg/s)

He Cooling System
(9 MPa, 500°C, 0.5 kg/s)

Test Chamber -
(1.4 m®, 2.5 m Length)
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Irradiation Test NQe
(Radiation Damage Study)

Michigan Ion Beam Laboratory
RT Max 800°C
1E18 p/cm 1E23 p/m? (1 dpa/day)

KAERI 20 MeV Proton Accelerator
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N
Irradiation Resistance of HEAs ? Qe

« High atomic level stress = damage healing

« Free energies of the glass and crystal similar

— small G.B. energy = grain coarsening is slow =» nanocrystalline
state can be maintained =» effective sink for defects

« 2 MeV High voltage electron irradiation of CoCrCuFeNi
— stable up to 60 dpa at 298K and 40 dpa at 773K
— Takeshi Egami (Univ. Tennessee) & Takeshi Nagase (Osaka Univ.)
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N
D/T Retention — Collaboration Qe

« Hydrogen solubility in irradiated W-HEA

« Vacancy cluster/loop dislocation formation
behavior

e He bubble formation behavior

 D/T diffusion in W-HEA
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Research and Development Goal NQe

High Entropy Alloys

v

{ Plasma Facing Materials ] { Advanced Reactors ] { Aerospace Applications ]
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