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1.Motivation. Microstructure evolution of irradiated materials
2.Molecular Dynamics. The importance of the initial damage
3.Models to study microstructure evolution. Kinetic Monte Carlo & Cluster

Dynamics
4.0ur standardised methodology of radiation damage distribution

5.Conclusions
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We need to understand microscopic processes to predict macroscopic properties
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Need to understand neutron damage of ~MeV range:
Production of 10s keV recoils

Recoil cascades
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Neutron experiments are complex,
expensive and limited

Use of ion irradiation to understand
defect production and its evolution
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Model validation with ion irradiation
Extrapolation to neutrons
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Similar number of defects, but more vacancy clustering in Cu than in Fe
This has important consequences in damage evolution

A~ Universitat d’Alacant
/==X Universidad de Alicante




100 keV Fe in Fe

~25 nm

Surface
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Aliaga, M. J. et al., Acta
Materialia 101 (2015) 22-30

Irradiation of thin foils at low energies (50-150 keV) shows the formation of large (~1 nm radius) <100> vacancy loops.
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Binary Collision Approximation (BCA) models are a fast alternative to MD, but:
* No close range interactions

* No clustering
* No recombination
* Qverestimation of the number of defects

5 e Was, G. S.,
by, ind. Fundamentals of
ﬁnﬁi% ’ 3 Radiation Materials
e Y z Science (2017)
_ B S
‘.‘i-a( %
@ Vacancies %
@ Seclf-interstitials mke\v\remnawm %
Depth (um)
(MARLOWE) 3 MeV proton in Ni (SRIM)

Useful for high energies, to get ion track, PKA distribution, ...
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Binary collision models
SRIM
MARLOWE
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Time in between cascades according to experimental conditions
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Fu, CC. et al., Nature
Mater 4 (2005) 68-74
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1 MeV Fe in Fe9Cr at 100°C [C] = 6 ppm

Juan Pablo Balbuena (Universidad de Alcala de Henares, Spain), OKMC simulation
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BCA is a fast alternative to MD, but lacks of recombination and close range interactions
Combine both methods in a simple way

Debris from MD cascades

Many details need to be considered
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A freely accessible database of MD simulations.

Samples of W, Fe, Cu, Ni, Pd, Pt
Bulk and surface simulations.
Electronic stopping powers included.

https://cascadesdb.iaea.org/
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About CascadesDB

CascadesDB is a database of molecular dynamics simulations of collision cascades, developed by the International Atomic Energy Agency. The project was
initiated by the 5th meeting of the IAEA's Code Centres Network in November 2017 to enhance the usage and long-term curation of collisional cascade
simulations for the analysis and prediction of radiation damage in materials for fusion and fission applications.

Advisory Board

Th

and is overseen by an i fi ittee with the following

« Andrea Sand, Aalto University, Finland (Chair)

« Maria Caturla, University of Alicante, Spain

« Sergei Dudarev, UK Atomic Energy Authority, UK

« Christian Hill, International Atomic Energy Agency

 Wahyu Setyawan, Pacific Northwest National Laboratory, USA

Contributing Data

to CascadesDB, pl Christian Hill. Simulation data should consist of archives of plain-text xyz files along with optional
supplementary files such as simulation code input fles. Such archives may contain several simulations differing only in the PKA recoil direction or initial
lattice thermalization. Metadata, as described in the documentation may be provided in XML or plain-text format.

Anillustration of the simulated collisional cascade in tungsten initiated by a 200 keV recoil from an impact with an energatic neutron.
Image courtesy of Andrea Sand, University of Helsinki

©1996-2024 TAEA, Al rights reserved. Terms of Use.



https://cascadesdb.iaea.org/

Usually, only the final configuration is given. Iron samples

We created an algorithm to identify defects Energy (keV) Number of samples

based on Bhardwaj, U. Computational 3 0
Materials Science 172 (2020) 109264.

<) 9
The only input parameter is the number of unit 10 19
cells in each direction.
reet 20 20 (25)
You might need to rescale positions if using 50 12 (13)
samples with different lattice parameters. 100 15
Not too many energies and samples, but it is 200 4 (5)

an starting point.
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A free program for the transport of ions in matter

The Stopping and Range of lons in Matter (SRIM). | g - -

m x

N g '.l;r" .
http://www.srim.org/ - AT/ 1 NL A

A file called COLLISON.txt contains the ion’s

trajectory and recoil energies. Use in full-calculation
mode.

e

- P._ Biersack
Hahn-Meitner Inst.
~ Berlin, Germany
Tutorials Textbook . Quit]
Significant contributions by Helmut Paul (Lin (Surrey), Xiao Yu (B -
| () 1984.1989.1998. 2008. 2012 by J. F. Ziegler. M.D om)
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http://www.srim.org/

It is very unlikely that a given Epxa will be exactly in our database

N
For each Epxa the following cascade decomposition is proposed: Epga = Z n, EMP + AE

=1
to project the energy into the “base” of available energies. The residual energy, AE, is converted into damage
energy using the Lindhard formula and then it is introduced in the fer-arc-dpa equation.

0; Tdam £ E:{ntn
ETdam min avr
Nd,fer—arc—dpa — 2E4vT Ed < Tigam < 2Ed /ﬁl

Tdam
;Edg.vr garc—dpa (Tdam) b Tdﬂ-m > QESUT/’{

It includes recombination and low energy corrections. ¢ ~ 30% at high energies.

fer-arc-dpa: Yang, Q. and Olsson, P., Phys. Rev. Materials 5 (2021) 073602
arc-dpa: Nordlund, K. et al., Nature Communications 9 (2018) 1084

NRT-dpa: Norgett, M. J. et al., Nuclear Engineering and Design 33 (1975) 50-54
Lindhard: Lindhard, J. et al., Mat. Fys. Medd. Dan. Vid. Selsk. 33 (1963)

34 keV = 1x20 + 1x10 + 1x3 + 1x1 keV
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The energy decomposition is fairly valid until ~50 keV (we need a more complete database)
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At 35 keV, it is expected that cascades split into subcascades

i ] *’* in Fe.

w
[0)]
]
% We run SRIM iteratively until all PKA energies are less or
8 h equal to 35 keV. Use pysrim for that.
w o
5 T ]
2 w | https://pypi.org/project/pysrim
:
c o |

| I I I I T T [ I I I I

1 5 20 50 200 1000 De Backer, A. et al., J. Phys.: Condens. Matter 30 (2018) 405701

E, energy (keV)

We need less energetic MD simulations
Less artificial clusters

Running SRIM iteratively up to low energies reduces recombination, increasing damage
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https://pypi.org/project/pysrim/
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¢ CascadesDB
+  This work (Iter 35 keV)
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An improvement over NRT-dpa
We obtain cluster distributions, not only Ny
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Interstitials

5000 ions at 1000 A
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5000 ions at 1000 A
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5000 ions at 1000 A
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5000 ions at 1000 A
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Our program:

* Reconstructs the damage produced by highly energetic ions
 Damage between NRT- and fer-arc-dpa

* Provides cluster size distributions similar to the MD database
* Will be available for the community

In progress:
* Andrea Sand (Aalto University) is helping us: database improvements, close
PKA merge, remove Lindhard dependency, use full database, tungsten, ...

This could be expanded to (not our focus):
* Neutron irradiation
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This work has been carried out within the framework of the EUROfusion (N "
Consortium, funded by the European Union via the Euratom Research and (L__—._o’) EUROfusion
Training Programme (Grant Agreement No 101052200 — EUROfusion). e o T
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.
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