®)

§

%

) EUROfusion

Irfm

|

Model TDS data using
predictions from OKMC

modeling

E. A. Hodille, J. Dufour, C. Grisolia
S. Markelj

T. Schwarz-Selinger

J. Denis, Y. Ferro

F. Granberg, J. Wu, T. Ahlgren

J. Song

IRFM, CEA Cadarache France

JSI, Ljubljana, Slovenia

IPP Garching, Garching, Germany

PIIM, Aix-Marseille University, France

Department of Physics, Univerty of Helsinki, Finland

Department of Mining and materials Engineering, McGill University,

This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via the

Euratom Research and Training Programme (Grant Agreement No 101052200 — EUROfusion). Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect those of the European Union or the European Commission.

Neither the European Union nor the European Commission can be held responsible for them.

Montreal, Canada




Context: D in self-damaged W

Self-damaged W mimics displacement damage created by neutron damage . schwarz-Selinger et al, Mater. Res. Express 10 (2023

<\1/Iev W ions

- ‘ Damaged zone (depends on the W ions energy, ~ pum)
\J e vacancy clusters
OO ? Dislocations loops
= O/\/ Dislocations lines
(@) /k o v

Then this self-damaged zone is filled with D
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Context: D in self-damaged W

In experiments, basics of D in self-damaged:
high D retention in the damaged zone (~1.3 um for 10.8 MeV, ~2.3 um for 20.3 MeV)
2 peaks in TDS including high Temperature

Irradiation Temperature impacts defect concentrations: reduction 300 K -> 800 K
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Context: D in self-damaged W ... on )

TDS simulations with fitting E4¢
M. Pecovnik et al, JNM 550 (2021)
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Context: D in

In Modelling: multi-scale
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Hou et al, Nature Mater (2019)

orst

.9 e TIS H-

self-damaQEd w Rate equation modelling A

j=10(12)|
= 12(12)
Cora H,

j=11(8)
j=22(6)

0 8 16 24 32 40 48
Total H number

T 0
= -03 | FNY

Vacuum H,

—

=10 1 12 21 22
Hon different WS squares

TDS simulations with fitting E4;
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The “engineer” way: a lot of work already published
1. Reproduce the experiments with fitting parameters
2. Understand trends and defects with atomistic

The “physicist” way
—— ) 1. DFT/MD/OKMC parametrize macroscopic models

2. Try to reproduce the experiments
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Context: D in self-damaged W )

TDS simulations with fitting E4;
. Pecovnik et al, JINM 550 (2021)
4 a 10 P S P
Object Kinetic Monte Carlo — Bp S
T - T luti 7 e
In Modelling: multi-scale D s T °-j;-;;;;:;w 21 lle; & —
' ; =] =057
RT S svo— 06 : ’r\x Il.ﬂ!ll.‘&
time A - 3 1.089 g \\/:\zi-zos.v E
- ... \
w % - 0729 g f N
o K W o= 067 -
:Z i = Lo "oV @0 0 o 700 w0 0 1000
0 AR YRR Temperature [K] y
Molecular dynamics (MD)
Dislocations in collision ca
4 Granberg et al, INM 5
Density Functional Theory (DFT)
HinV, The “engineer” way: a lot of work already published
Hou et al, Nature Mater (2019) . . .
: __ 1. Reproduce the experiments with fitting parameters
2. Understand trends and defects with atomistic
081824524048 / . i today
L / The “physicist” way
- 1. DFT/MD/OKMC parametrize macroscopic models
T —— o . 2. Try to reproduce the experiments
T ———————— > Distance

WPPWIE Review Meeting 2025, 17-21 nov. 2025 16/06/2023 6



outline

1. Macroscopic rate equation model
2. DFT based model and OKMC inputs

3. Toward cluster dynamics ?
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Governing equations Sin ) % ]
geq T

In the bulk :Two types of H:

- mobile (interstitial) c,,

- trapped (at defects) cy;

Plasma | Surface Bulk Iisj (T) = Iyexp(— T
B

aCt’i
dt

0Cm
Zn 7 (D(T)Vep) — 3

+ Sion (%)
The total trap concentration of defect i: n; = Y&, N;j

Defecti cantrap j H (upto k = 1): ¢.;; = jN;j with N;; the concentration of defect i with j H

. ON; i
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ts

DFT based model
and OKMC

2.
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Inputs of the model

—

Object Kinetic Monte Carlo
Temperature evolution of radiation damage
J. Wu et al, NME 44 (2025)
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Inputs of the
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Inputs of the model
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Comparison with experimental results

Experiment from J. Zavasnik et al, Mater. Charac. 224 (2025)

Des rate (D/m?2/s)

Des rate (D/m?2/s)

lel?

self-damaged W (300 K and 800 K) exposed to 5 eV/D, 6x101° Dm-?s for 48 h at 370 K
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Comparison with experimental results

Experiment from J. Zavasnik et al, Mater. Charac. 224 (2025)

self-damaged W (300 K and 800 K) exposed to 5 eV/D, 6x101° Dm-?s for 48 h at 370 K

“‘physicist” way

lel7

Des rate (D/m?/s)
8] w

| =

w

ury
1

—— V. 51-100

—— W 101 - 200

0_
T T T T T T

300 400 500 600 70O 800 900 1000

Temperature (K)

lelé

Small V,

Des rate (D/m?/s)

(=T~ o] W s w =]
L 1 1 1 1 1 1

300 400 500 600 700 BDD 900 1000
Temperature (K)

@ WPPWIE Review Meeting 2025, 17-21 nov. 2025

)

D desorption flux [10"® D/m’s]

-l
o

‘engineer” way 20

Vv, Small V,

=4
@

4-
n!
E=
a
\

=0.22at% N
1.08-1.46 oV
=0.67

l/\.

Exp.
Single -
Double -
Triple

o
3

Edt,vi, (eV)

Hou et al, Naturé Mater (2019)

0.8 ] n,=0.05at%
\\/:\’E-ZAOSQV IF
04
N
0.2 =0.29at% I/
( E 1.68-1.86 eV

=067 'u

0.0 T i
300 400 800 900 1000 (')
Temperature K]
M. Pecovnik et al, JINM 550 (2021)

200 400 600 800
number of D, j in Vj,

Different interpretation:

First peak not only V, BUT ALSO V,,;

16/06/2023

Vn

200
175
150
125
100
75

50

25

15



- -
Q
®
5
Tl
hayt
-
L
2§
=T
B

3

@ WPPWIE Review Meeting 2025, 17-21 nov. 2025

16

16/06/2023



Comparison with experimental results

Damaged at 300 K: Why only contribution of V, ,

lel?7
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Comparison with experimental results

Damaged at 300 K: Why only contribution of V, ,

lel?7

OKMC simulations allowing V,, clustering
Ma et al. Acta Mater. 294 (2025) 121130
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Adding simple cluster dynamics aspects

ADDING to MHIMS:
Clustering: Vo +V; = Vi
Annealing with Insterstitial loop: Vi + lioop = loop (but less Interstital)

Reaction rate based on Diffusion coef (But Diff of I}, not explicitely taken into account)

Simulating experiment from Pecovnik et al, INM 550 (2021)
self-damaged W 300 K, exposed to 5 eV/D, 5.9x10%° Dm-s! for 74 h at 370 K

Inputs: No free parameters
Trap concentration: MD [Granberg et al, JINM 556 (2021)]
Detrapping energies: DFT-based model [Hou et al, Nature Mater (2019)]

@ WPPWIE Review Meeting 2025, 17-21 nov. 2025

16/06/2023

19



Adding simple cluster dynamics aspects

Granberg et al, JINM 556 (2021) ! 1.8
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Conclusions

O OKMC + DFT based model with "physicist” way:
O Allow to reproduce the main feature of experimental TDS
Q All Vn sizes contributed to the First peak, not only V1: extend the interpretation of the "engineer" way
O BUT TDS after damaging at 300 K: no 2nd peak in the TDS
Q V,-V, seen in PAS but mainly V; in OKMC

O Adding clustering of Vn allow to have a 2nd peak in the TDS:
O Around 500K-600K V1 transform into Vn>1 creating deeper trapping site for the D still in the sample
O TDS affects self-damaged W (similar to damaged EUROFer)
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Adding simple cluster dynamics aspects
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Around 600 K,
2+ V! - V)] (and after V,,,)

= creates deeper trapping site and D stay a bit

longer in the sample

600 K and not earlier because only empty V, can

"move" to cluster
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