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What are we interested in?

N %H | iH Plasma flux

E— WL e

Sub-surface

Hydrogen concentration

Bulk material
Multi-scale modeling
(Interactions of H with the materials)
* DFT (electronic and phonons)
Interface o .
+ Statistical thermodynamics
Cu Bulk material

* Kinetic models

* Molecular Dynamics

CuCrZr
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2.1. Methodology — Electronic structure by DFT

Macroscopic component
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2.1. Methodology — Electronic structure by DFT

Electronic properties

- Down to the atomic scale (Electronic structure calculations)

— (Interatomic interactions)

[001]
[100] ‘—é

[010]

W

* Accurate, but not exact.

Macroscopic component

* Computationally expensive.

* Systems with few atoms.
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2.2. Methodology — Electronic structure by DFT

H in W bulk by DFT calculations

Molecule H, Interstitial H;

[ Electronic energies by DFT }
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2.2. Methodology — Statistical thermodynamics based on DFT

H in W bulk by DFT calculations Statistical thermodynamics

Gibbs free energy of the system based on DFT

[ H, gas J
H—H o P
'gHZ = gHZ + kBTln (F)
gn, = (BT + eff? + ef? + ef{ ¥ + PAV) — T(sf? + si2t + sy ™)
Molecule H, Interstitial H;

[ Electronic energies by DFT }
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2.2. Methodology — Statistical thermodynamics based on DFT

H in W bulk by DFT calculations Statistical thermodynamics

Gibbs free energy of the system based on DFT

[ H, gas J
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2.2. Methodology — H solubility in perfect W bulk

W Bulk \—_‘ H, gas Solubility of H in W without defects
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Comparison against experiments

H reservoir was treated as real and i1deal gas [1]

[1]1E. A. Hodille, Physical Review Materials, 2 (2018) 093802..
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2.3. Methodology — From DFT to kinetic modeling

Diffusion of H atoms in perfect W bulk
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N. Fernandez, et al., Acta Materialia 94 (2015), 307-318.

[2] R. Frauenfelder, J. Vac. Sci Technol 6 (1969).
[3] A. P. Zakharov et.al., SSR 9 (1975), 149-153.
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2.3. Methodology — From DFT to kinetic modeling
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2.3. Methodology — From DFT to kinetic modeling

Energy (eV)

Diffusion and trapping in complex environments
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3. Surface, sub-surface and bulk phenomenon

N 21 | 34 Plasma flux

S— WL e

Hydrogen concentration

Surface models

* Hrecycling depends on the surface.

Cu

* E,.s depending on the coverages.

* Impact of H and O was modelled.
CuCrZr
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3. Surface, sub-surface and bulk phenomenon

N %H | iH Plasma flux

S— W

Sub-surface

Hydrogen concentration

Super-saturated layers (SSL)

* H flux to the surface, high H concentration.

Cu

* Induces VH; formation.

* Lead to the formation of SSL.
CuCrZr
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3. Surface, sub-surface and bulk phenomenon

N %H | iH Plasma flux

S— W

Hydrogen concentration

Bulk material

Vacancies and vacancy clusters

* Kinetic and thermo models.
Cu
* Htrapping and VH; formation.

* Vacancies form in large number under high H concentration.

CuCrZr
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Interface: W/Cu in the PFUs

%H | iH Plasma flux

W

Hydrogen concentration

Interface
Cu How much H is retained?

Model H diffusion at the interface.

CuCrZr
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4.1. Atomic scale model of the W/Cu interface

How to match the W and Cu bulks?

1. Different cell parameters and Bravais lattice.

2. Different crystallographic orientations can be considered.

W body centered cubic (bce) Cu face centered cubic (fce)
a=3.1874 a=3.620A
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2. Different crystallographic orientations can be considered.

W body centered cubic (bce) Cu face centered cubic (fce)
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4.1. Atomic scale model of the W/Cu interface

How to match the W and Cu bulks?

1. Different cell parameters and Bravais lattice.

2. Different crystallographic orientations can be considered.

W body centered cubic (bce) Cu face centered cubic (fce)
a=3.1874A a=3.6204
[ W(001)/Cu(001)R45° | [ W(110)/Cu(111) |
High energy of separation. Most compact layers.
W(001) is known to reconstruct. Lower energy of the interface.

VV(OOl)/Cu(OOl)R45°

g

[ W(110)/Cu(111) |

93
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4.1. Atomic scale model of the W/Cu interface

[W(001)/Cu(001)R45° J

® Cuatoms
& W atoms

a)‘O‘O
® ®
—®

010]

(001]

[6] Y. Silva-Solis et. al., Nuclear Materials & Energy 37 (2023) 101516.
[7] H. Wormeester et. al., Surf. Sci. 377 (1997) 988-991.
[8] T.R.J. Bollmann et. al., Phys. Rev. B 85 (2012) 125417. AMPMI 2024 | 33



4.1. Atomic scale model of the W/Cu interface

[W(001)/Cu(001)R45° ]

® Cuatoms
& W atoms

b)

bt eHJ;
[100] [001]

Relaxed structure
[6] Y. Silva-Solis et. al., Nuclear Materials & Energy 37 (2023) 101516.
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4.1. Atomic scale model of the W/Cu interface

[W(001)/Cu(001)R45° ]

® Cuatoms
& W atoms

Our model [6]

b)

— &9

[100]

[001]

Relaxed structure Significant reconstruction

[6] Y. Silva-Solis et. al., Nuclear Materials & Energy 37 (2023) 101516.
[7] H. Wormeester et. al., Surf. Sci. 377 (1997) 988-991.
[8] T.R.J. Bollmann et. al., Phys. Rev. B 85 (2012) 125417.
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4.1. Atomic scale model of the W/Cu interface

[W(001)/Cu(001)R45° ]

® Cuatoms
& W atoms

Our model [6] Experiments [7, 8]

Cuh°P(1120)

b)

S 9‘_(%
(1001 1013 [001]

Relaxed structure Significant reconstruction

[6] Y. Silva-Solis et. al., Nuclear Materials & Energy 37 (2023) 101516.

[7] H. Wormeester et. al., Surf. Sci. 377 (1997) 988-991.
[8] T.R.J. Bollmann et. al., Phys. Rev. B 85 (2012) 125417. AMPMI 2024 | 36



4.1. Atomic scale model of the W/Cu interface

[ W(110)/Cu(111) | o
@ Cu atoms

@ W atoms

L
=
5a Other 1200 49.5%
L~ o
ggg FCC 0 0.0%
HCP 869 35.8%

)
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BCC 356 14.7%
ICO 0 0.0%
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4.1. Atomic scale model of the W/Cu interface

[ W(110)/Cu(111) | o
©® Cu atoms
@ W atoms

Other 1200 49.5%
B rcc 0 0.0%
B Hep 869 35.8%
[l scc 356 14.7%

ICO 0 0.0%

At both the W(001)/Cu(001) and W(110)/Cu(111) interfaces

Copper reconstructs in a hexagonal compact structure

Common feature to both interface despite they are different models
AMPMI 2024 | 38
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4.2. H solubility at the W/Cu interface

DFT calulations at the W(001)/Cu(001)R45° + H
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4.2. H solubility at the W/Cu interface

DFT calulations at the W(001)/Cu(001)R45° + H
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How to consider the effect of temperature?
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4.2. H solubility at the W/Cu interface

Solubility of H at the W/Cu interface and in the W and Cu bulks

T (K)
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T (K)
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The hydrogen solubility is lower in the vicinity of the interface.
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2107 Interface
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4.2. H solubility at the W/Cu interface

Solubility of H at the W/Cu interface and in the W and Cu bulks

T (K)
1000.0 689.7 526.3 425.5 357.1 307.7

10—4_
— Real gas

- ldeal gas

InterfaCe

10771 Tungsten

1010 The hydrogen solubility is lower in the vicinity of the interface.
2107 Interface
E 10-16 The hydrogen solubility is similar to that in perfect Cu.
& The hydrogen solubility is higher at the plane of the interface.
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Hydrogen might segregate at the interface
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4.2. H solubility at the W/Cu interface

Solubility of H at the W/Cu interface and in the W and Cu bulks

Solubility xint (at. fr.)

T (K)
1000.0 689.7 526.3 425.5 357.1 307.7
10—4_
— Real gas
- ldeal gas
I
10_7_ Hterface
10—10_
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=== |N region (Oh-4)
10-224 — Cuy region
e \ |y region
10-25 T T T T
1.00 1.45 1.90 2.35 2.80 3.25
1000/T (K1)

Tungsten

The hydrogen solubility is lower in the vicinity of the interface.
Interface

The hydrogen solubility is similar to that in perfect Cu.
The hydrogen solubility is higher at the plane of the interface.

Hydrogen might segregate at the interface

What about diffusion?
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4.3. H diffusivity within the W/Cu interface

Minimum energy path for H across the W/Cu interface

632 A

* 2 paths across the interface

* 1 path in the plane of the interface
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4.3. H diffusivity within the W/Cu interface

Minimum energy path for H across the W/Cu interface

632 A

* 2 paths across the interface

* 1 path in the plane of the interface

Energy barriers along all the paths at the interface
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4.3. H diffusivity within the W/Cu interface

Minimum energy path for H across the W/Cu interface

632 A

Energy barriers along all the paths at the interface
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4.3. H diffusivity within the W/Cu interface

Minimum energy path for H across the W/Cu interface

Diffusivity of H parallel to the interface

Reaction coordinate

Reaction coordinate
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4.1. Atomic scale model of the W/Cu interface.
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4.4. Porpagation of defects towards the W/Cu interface

Does the hep reconstruction propagate into the Cu bulk?

MD simulations only in Cu bulk
. W(100)/CuPP(1120)

ve-relax —> NPT — NVE
100 ps 100 ns
T=1[300, 430, 550, 700] K
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4.4. Porpagation of defects towards the W/Cu interface

Does the hep reconstruction propagate into the Cu bulk?

MD simulations only in Cu bulk
. W(100)/CuPP(1120)
ve-relax —» NPT @ @——F—
100 ps 100 ns
T =[300, 430, 550, 700] K

Structure

Other

fee

cul°P(1120)
(layers fixed)
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4.4. Porpagation of defects towards the W/Cu interface

i i ? . . .
Does the hep reconstruction propagate into the Cu bulk? MD simulations only in Cu bulk
W(100)/CuPP(1120)

> Cufc strucuture propagates into the Cu°P due to
the recrystallization of the bulk.

» Point and extended defects propagate towards the
W/Cu interface.

cul°P(1120)
(layers fixed)
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4.  Interface: W/Cu in the PFUs

Plasma flux Summary of the W/Cu interface

S l l l l l l l l l l * Hydrogen solubility is high at the plane of the interface.

» Diffusivity of hydrogen is lower at the plane of the interface.

* Point and extended defects are propagated towards the interface.

uoneInuadU0d ud30IpAH
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4.  Interface: W/Cu in the PFUs

Plasma flux Summary of the W/Cu interface

S l l l l l l l l l l * Hydrogen solubility is high at the plane of the interface.

* Diffusivity of hydrogen is lower at the plane of the interface.

* Point and extended defects are propagated towards the interface.

\{

Segregation of H within the W/Cu interface

uoneInuadU0d ud30IpAH

The W/Cu interface behaves as a sink for H atoms
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5. Conclusions

- Material modeling starting from the atomic scale - Multiscale approach
.
- Equilibrium properties (Thermo model)

Dynamic properties (Kinetic model)

From the W surface to the W/Cu interface and beyond.

H segregation at the W/Cu interface

Future perspectives

Building the interatomic potential
W-Cu and W-Cu-H

€ € € (

Machine Learning Potential
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4.3. H diffusivity within the W/Cu interface

Solubility Xint (at. fr.)

Thermodynamics vs Kinetic at steady-state

Thermo model

(H concentration at thermal equilibrium)
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Solubility Xint (at. fr.)

Thermodynamics vs Kinetic at steady-state
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4.3. H diffusivity within the W/Cu interface

Thermodynamics vs Kinetic at steady-state

Thermo model

(H concentration at thermal equilibrium)

Kinetic model
(H concentration out of thermal equilibrium)

T (K)
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4.3. H diffusivity within the W/Cu interface

Thermodynamics vs Kinetic at steady-state

Thermo model Kinetic model
(H concentration at thermal equilibrium) (H concentration out of thermal equilibrium)
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4.3. H diffusivity within the W/Cu interface

Simplifying the kinetic model

T (K)
1111.1 8333 666.7 555.6 4762 416.7 370.4 3333 : :
5303 0007 336 4762 4167 X T, 1s determined from T = 340K to 1000K

= Fitting curve
107_

105_

103_

1/7s (Hz)

101_

10—1_

09 12 15 18 21 24 27 30
1000/T (K-1)

1.01)

v, = 7.84 x 1012 exp (— KT
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4.3. H diffusivity within the W/Cu interface

Simplifying the kinetic model

T (K)

1111.1 8333 666.7 555.6 4762 416.7 370.4 3333 : :
8333 66607 5356 476.2 416 . T, 1s determined from T = 340K to 1000K
== Fitting curve
107 i
5 An Arrhenius fit is obtained.
105
= The complex energy profile behaves like a single step diffusion mechanism.
T 103 -
= Kinetic model simplifies to a fictitious model with:
101 i

* Single diffusion step.
10714 « E,=1.01eV
* v, = 7.84x10%% Hz

09 12 15 18 21 24 27 30
1000/T (K-1)

1.0 1)

v, = 7.84 x 1012 exp (— kT
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4.3. H diffusivity within the W/Cu interface

Simplifying the kinetic model

T (K)

I111.1 8333 666.7 555.6 4762 4167 3704 3333 r. is determined from T = 340K to 1000K.
== Fitting curve
107 i
5 An Arrhenius fit is obtained.
105
= The complex energy profile behaves like a single step diffusion mechanism.
T 103 -
= Kinetic model simplifies to a fictitious model with:
101 i

* Single diffusion step.
10714 « E,=1.01eV
* v, = 7.84x10%% Hz

09 12 15 18 21 24 27 30
1000/T (K-1)

[ Diffusivity of HJ
The interface behaves as a sink

Plane W/Cu<Cu<W

1.0 1)

v, = 7.84 x 1012 exp (— KT
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