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Behaviours of Hydrogen and Helium in tungsten:
New Insights from Modelling & Simulation
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Plasma facing materials: tungsten / molybdenum;
Structural materials: iron (RAFM) / vanadium
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Hydrogen/helium Plasma Irradiation
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* Fast interstitial migration (E!: 0.24, 0.35 eV) TEM
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The most promising metallic PFM: tungsten

e High melting point; high thermal conductivity; low sputtering

e High DBTT; recrystallization brittleness; high Z

Extreme 3-fold irradiations

e High heat flux: 10 MW/m? - several hundred MW/m?
e H/He plasma: low energy (0 - 100 eV), high flux (> 10** m?2s™)
e Neutron: 14.1 MeV -> radiation damage

Steady state loads

e 5-10 MW/m2, At=450s,n~ 3000

- recrystallization, embrittlement

Transients
o ELMs: <1GW/m?, At=0.5ms, n> 10°
thermal stress > yield stress

X R ~30 MWm'?
- cracking, melting .

e VDEs/disruption: up to 60 MJ/m?
temperature > melting point

- melting
splashing

JW. Coenen et al., J. Nucl. Mater. 415 (2011) 578
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Do we fully understand H & He behaviors in metals?
(For plasma irradiation)




New insights: H & He behaviors in W

Mechanism for hydrogen bubble formation
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Process of H bubble formation ‘:> Bubble

H-He synergistic effect

H occupation and accumulation in tungsten:
optimal charge density (DFT)

Vacancy-trapping mechanism of H in metals
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Hydrogen bubble growth: strain effect
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The H solution energy is a linear monotonic The solution energy of H “effectively” decreases with the
function of the triaxial strain. increasing of both signs of anisotropic strain, due to the
movement of H forced by strain.
Phys. Rev. Lett. 109, 135502 (2012); NIMB 269, 1731 (2011)

Phys. Rev. Lett. 109, 135502 (2012)



Strain-triggered cascading effect on H bubble growth New insights: H & He behaviors in W
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applicable to other bee metals.

H accumulation > Bubble formation—> Anisotropic strain in W
N H-He synergistic effect

...... < Bubble growth € Enhancing H solubility

Phys. Rev. Lett. 109, 135502 (2012)

Critical H concentration for formation and rapid growth of H bubble Critical H concentration for formation and rapid growth of H bubble

First principles + thermodynamics model : sequential multi-scale method |
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Critical H concentration for H bubble formation:
Comparison with experiments
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Effective volume of helium Several factors affecting the stability of helium in metals
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Lattice model: a qualitative description of the effective helium volume

Interstitial helium volume based on different models

Lattice model Vs (@%) Vors (@%) Viis! Vors
Point-lattice 1/12 1/3 0.25
Voronoi 25.68% 25.11% 1.02
Hard-sphere 0.84% 0.13% 6.46
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The accuracy of the effective helium volume calculation depends on the employed
lattice model. Hard-sphere model gives a precise description of the effective helium
volume compared with other lattice models.

Euro Phys Lett 96, 66001 (2011)

s: H & He behaviors in W

E ~oc2/B .
s it volume in metals, thus has an
£ influence on the solution of
o5 = helium.

Stress tensor: A quantitative indicator of effective helium volume in metals

the He-induced stress (in Gpa) in bee metals
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O,
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The He-induced stress
80 0.85 0.90
Wk T ! i e Stress tensor could be used

to indicate the effective helium
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o The stability of helium in
metals depends on the effective
volume.
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H bubble formation

H bubble growth

Critical H concentration for H bubble formation

Stability of helium

H-He synergistic effect

Optimal charge isosurface for a single H
embedded at He-vacancy complex.

Atomic configuration of H at He-
vacancy complex.

Inert gas elements cause a redistribution of charge density inside the
vacancy to make it “not optimal” for the formation of H, molecule, which
can be treated as a preliminary nucleation of the H bubbles.

H-B Zhou & G-H Lu, Nucl. Fusion 50, 115010 (2010)

Effect of Ne Irradiation on D Retention in

Experiment Set-up

* Sequential exposure of W to Ne and D plasma.

* T,,s (~250°C) and D Fluence (1x10% D) were fixed.
« Ratio of Ne to D is 0, 50% and 100%.

O Ripple structure on W surface evolved 1
with increasing neon fluence; I -

O Ripple co-existed with D-induced f
blistering;

O D desorption at 700K : visible after
neon irradiation;

O Total D retention reduced by a factor
of 1.6 in maximum.
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Solution energy of H: 0.76 ¢V, 0.23eV lower than that of TIS in W without He.
H-He binding energy in intrinsic W: 0.23 eV; attractive interaction
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Reduced retention of D by He in experiments
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Effect of He on D retention

Helium is the product of fusion reaction, and thus the H bubble may be able to
be suppressed by controlling the content of He in fusion process.

Nuclear Fusion
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Abstract

Tungsten (W) is considered to be one of the most promising plasma-facing materials (PFMs) for next-step fusion energy systems.
However. as a PEM, W will be subjected to extremely high fluxes of low-energy hydrogen (H) isetopes, leading to retention of
H isotopes and blistering in W, which will degrade the thermal and hanical properties of W. Modelling and si ion are
indispensable to understand the behaviour of H isotopes including dissolution, diffusion, accumulation and bubble formation,
which can contribute directly to the design, preparation and application of W as a PFM under a fusion environment. This paper
reviews the recent findings regarding the behaviour of H in W obtained via modelling and simulation at different scales.

Keywords: tungsten, hydrogen, modelling and simulation, fusion



Techniques to investigate material properties

under extreme fusion conditions

Computaﬁonal e First principles

(electronic scale)

Fusion-related material tests Simulation o Molecule dynamics
e Limited Tokamaks (atomic scale)
e Coupled parameters ® Phase Field
: ‘ (mesoscale)
e Material tests under extreme e Thermodynamics
conditions ‘ (continuous scale)
Research E . tal
. Xperimenta:
Tokamak ‘A technique p .
. X Simulation
Experiments Y, >
e Tokamak . . ® Linear device
(EAST-MAPES) e Jon beam
e Electron beam
o

Summary

Neutron source
33

H & He behavior in W: new insights

e More complicated than expected
o Needs more exploration.

o Key issue to solve material problem for fusion reactor

Lattice model | Vs @) | Vo ()
Point-lattice 2 3

Voronoi 2s.68% | 25.11% Loz
Hardsphere | 084% [ 0.13% 6.46
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H occupation and accumulation in metals: optimal charge density
(first principles & molecular dynamics)
(Phys Rev B 2009.2013; J Nucl Mater 2011,2013; AIP Advances 2014)

‘Solution energy difference (¢V)

Effective helium volume in metals: a stress tensor indicator
Cfirst principles ) (Euro Phys Lett 2011)
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H bubble growth: strain-triggered cascading effect
( frst principles & sequential multi-scale method )~ (Phys Rev Lett 2012)

H bubble formation: critical concentration for rapid growth
(Sequential multi-scale method : first principles & thermodynamics model )
(1 Phys Condens Matt 2014)

Suppressing H bubble via inert gas elements
1 Cfirst principles & Uniform electron gas model)
| (H-B Zhou & G-H Lu, Nucl. Fusion 50, 115010 (2010))

Linear plasma generator: STEP

Hydrogen

lon energy: 0-100 eV
lon flux: 1022 m2s-!
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