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IFMIF-DONES

• Located in Granada (Spain) 

• Study of neutron damage in fusion 
materials

• DEMO Oriented Neutron Source Deuterium LINAC
• 40 MeV
• 125 mA

Liquid lithium loop

Irradiation module



The carbon problem
• One of the candidates for fusion structural materials is EUROFER97 

• It is a Reduced Activation Martensitic/Ferritic (RAMF) steel, ideal for fusion applications

• It contains carbon up to a 0.11 wt%, which 
implies that complex pearlite microstructures
are formed in the manufacturing

• To model the interfaces, defects and other 
formed structures we are limited by size (DFT) 
and accuracy (Classical MD)

• To compute properties at the atomic level we 
could employ Density Functional 
Theory (Quantum) or Molecular Dynamics
simulations (Classical)

In this work we aim to develop a Machine 
Learning Interatomic Potential (MLIP) that 
surpass the previous bottleneck in atomistic 
simulations, combining speed and accuracy



FeC Database
The database was curated with public databases as well as our own DFT calculations.

• To ensure the correct treatment of Fe we take as starting point the database developed by J. Byggamästar

• The DFT parameters from the work of Byggamästar are taken as reference for the following calculations 
with the FeC structures to obtain consistent forces/energies/stress. Some of the FeC structures are 
extracted and recomputed from the work of Fan-Shun Meng.

• We added some C structures, such as 
graphene and amorphous carbon, as 
well as short range to characterize 
the extreme radiation conditions.



FeC Database
The up-to-date database contains 1514 structures, from which 1079 are only Fe and 435 are FeC structures. 

• Some of the key FeC structures to ensure the description of radiation damage are:

• Fe3C (Cementite) as the 
most present carbide in 
steels

• Dislocations with 
interstitials carbons, key to 
understand dislocation 
mobility

• Interfaces/ grain 
boundaries with C 
defects

• Melted FeC to ensure correct 
melting/recombination



Neuroevolutional Potential Model (NEP)
Feed forward neural network with one hidden layer, training based on Separable Natural Evolution Strategy
(SNES)

PenghuaYing, Cheng Qian, et al. Advances in modelling complex materials: The rise of neuroevolution potentials. Chem. Phys. Rev, 2025

. Similar approach as ACE for the descriptor.

Could be used with ASE, LAMMPS and a native CUDA implementation in 
GPUMD

NEP is the fastest (at the moment).
More comparisons to be done with tabGAP

Extrapolability to many species potential (Whole periodic table potential NEP89)



Short Range Interaction

• The short-range interaction is governed by 
a screened coulomb potential ZBL
smoothly connected to the NEP model.

• Correctly treating the short-range 
interaction is crucial for modelling radiation 
damage

• In order to smoothly transition from NEP to 
ZBL, dimers and short-range bulk
calculations are included in a transition 
region defined by the atom type

• The interactions show no numerical 
instabilities for energies governed purely by 
the ZBL potential, needed to run stable 
collision cascades



Results
• We first tested the trained potential against a test set. It includes diverse random interstitials for 

both Fe and C as well as random liquid structures for different temperatures:

Energy (meV/atom) Forces (mev/A) Stress (meV/A³)

RMSE 6.60 149.72 29.07

• The elastic constants are also computed as well as the melting points for iron

Fe DFT NEP GAP EXP

C11 (GPa) 276 286 350 276

C12 (GPa) 155 155 186 136

C44 (GPa) 105 106 127 121

T melt (K) --- 1910 2020 1811



Results
• Basic defects formation and binding energies as well as migration paths are computed:

Translation rotation SIA migration Carbon migration to first neighbour

0.34 eV (DFT)
0.87 eV (DFT)

Basic migration properties crucial for defect diffusion are correctly described



Results

• The binding energy of CV clusters is important 
as carbon act as a defect trap, as seen in the 
high binding energy of a first neighbour 
vacancy

• We also observe how the trend of further 
neighbour clusters is followed closely by the 
potential



Results
• With the melted cementite we need to distinguish 3 phases : Melted Fe, melted Fe-C and the melted C 

in amorphous phase

1.4 A peak of 
amorphous carbon

Melted Cementite

Melted Cementite 
(just C atoms)



To be  done and future

• Perform an extensive analysis of the potential at cascades simulations
o Multiple complex structures arise when C is involved

• Expand the database to study nuclear reaction products dynamics in Fe (He, 
H) and add Chromium

• Compute threshold displacement energies TDE in function of the carbon 
content



Thank you!
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