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Introduction

 Motivation and Context
Methodology

 Challenges in Traditional Simulation

* Introduction to DeePMD and FaVAD
Development and Validation

* Development of the DeePMD Potential for Tungsten

« Validation against Empirical Potentials and DFT
Applications and Results

* Molecular Dynamics Simulations

* Analysis of Defect Behavior

Summary
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Nanostructured Tungsten (NW) as a Promising Alternative

PLASMA FACING MATERIALS: NEW APPROACHES

= Developing materials for extreme
conditions.

= CGW: Promising, but accumulates LIA —
Degraded performance

= NW: High GB density — Defect sinks &
improved self-healing.

W Studied at the IFN-GV
¥Fabricated at the IFN-GV
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PKA Cascade: Creates interstitials and vacancies. Interstitials Main Objective of our work:
migrate to GBs. )
= Low Temp: Vacancies are immobile, no recombination. = Assess He impact on self-healing at GBs.
* Intermediate Temp: Partial recombination, thermally
activated. = Precisely quantify defects absorbed by
= High Temp: Full recombination as vacancies migrate to the GB as a function of dose and
temperature.
GBs.
res vac If
= = —
nt diate Temperature ? High Temperature

I. Beyerlein et al. Mater. Today 16, 443-449 (2013)
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PKA Cascade: Creates interstitials and vacancies. Interstitials
migrate to GBs.

*» Low Temp: Vacancies are immobile, no recombination.

* Intermediate Temp: Partial recombination, thermally
activated.

= High Temp: Full recombination as vacancies migrate to
GBs.

Challenges in Traditional
Simulation Methods

= Molecular Dynamics (MD): Limited
accuracy for GBs due to empirical

Main Objective of our work:

= Assess He impact on self-healing at GBs.

= Precisely quantify defects absorbed by
the GB as a function of dose and
temperature.

=

Low Te P‘éra ire

potentials.

* Density Functional Theory (DFT):
Accurate but costly for large systems.

residual vac vac|diffusion $elf healing
—> A| —
i
ﬁ{n{@rm diate Temperature ) High Temperature
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(4§ DeePMD-kit

= Combines DFT Accuracy with MD Efficiency

= Creates Tailored Potentials for Complex Systems

Behler-Parrinello scheme

5t Fusion HPC Workshop

The neighborhood of each atom is encoded
into symmetry functions, which embed the

rototranslational invariance of the system.

How DeePMD Works:

= Atomic Descriptors: Encodes local

(Behler-Parrinello Scheme).

environments

= Neural Network: Predicts atomic contributions to total

energy.

»= Total Energy: Summed from all atomic energies (E = >

E).

NN
Atom-centered
Per-atom energy
symmetry S
. contribution
functions

The final energy is computed as:
E=)E
[

Think about this: does dividing the

energy make sense?

20

J. Behler and M. Parrinello. PRL 98, 146401 (2007)
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Better Scaling with System Size

= DFT: Scales with the cube of electrons —
impractical for large systems (>100s of
atoms).

= NN Potentials: Scale linearly — efficient
for large systems and easily parallelizable.

CPU core time per step [s]

TIP3P
1073 m DFT: PBEQO+TS —&— .
: : DF.T: PBE+TSI —

104 = P W |
10 10° 103 10* 10° 108
Number of molecules
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Improving Neural Network Datasets

AIMD

Normal mode

&

©

b
b]

: use AIMD trajectories as dataset
. easy to perform

: high cost, correlated samples

: displace atoms randomly along the eigenvectors of the Hessian

: easy to perform

sampling <
©): small distorsions only
: explore the PES with enhanced sampling methods (e.g., metadynamics)

Enhanced _

. @&: better exploration of the PES

sampling
@: harder to implement, often relying on ab initio
I improve the dataset over time by analyzing the uncertainties

Active d lity dataset be ch t d
. &) good quality datasets, may be cheaper to produce
learning

@: requires uncertainty metric, long process Let's focus on this one.

5t Fusion HPC Workshop
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Active Learning Process

Initial Dataset: Generate forces and energies from DFT
calculations.

Train Model: Build an initial neural network using the
dataset.

MD Simulations: Run simulations to explore relevant
configurations.

Identify Uncertainties: Compare predictions from
multiple models to find high-error cases.

Update Dataset: Recalculate forces and energies for
high-error configurations using DFT.

Refine Model: Add new data to the training set and
retrain the neural network.

Iterative Process: uncertainties are

minimized.

Repeat until

l

Achieve an accurate model tailored to the
phenomenon under study.

5t Fusion HPC Workshop

Data
Generator

DFT, AIMD, QMC, ...

DeePMD-kit
MD support

MD Interface

classical MD: LAMMPS

path integral MD: i-P|

TensorFlow lib

standard Tensor OP
& Compt. Graph

DeePMD-kit

Data Train/Test

raw data

Y

_ descriptors

Y

" DeePMD |
. hetworks

Model

|
Y

iPredictionS:

DeePMD-kit lib

921e)131Ul MO|4J0SUd]

descript OP, force OP,

& virial OP
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Fingerprinting and Visualization Analyzer of Defects (FaVAD)

Dataset from
MD simulations

Compute DVs
with QUIP

Compute
distances, d™ (T),
and pr(_)babi]ities

P(q*|9(T))

Set a threshold

Analyze results
by a histogram

——

Are all
the atoms
iden-
tified?

yes

Output:  atom po-
sitions  (z,y,z) and
d(T)

5t Fusion HPC Workshop

atom DV /

Characterize

Reference DV
of point defect

defect and
add its DV to
ref. DV list

Do cluster
analysis to
identify the new
ref. DV, with
corresponding

atom positions.
O

R R
Apply PCA to

DVs of uniden-
tified atoms

Visualize the
damage in

the material
with Vislt

U. von Toussaint et al., Comput.

10

20 30
Component index — i

40

10

20 30
Component index — i

Phys. Commun. 262, 107816 (2021)

40

50

ANtV

20 30 40
Component index — i
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. Fig. RMS errors showing model convergence during training, with energy
Development of DeePMD Potential for W (eV) and force (eV/A) errors.
10°3 10°
105
Initial Training Data: § °§
> o ©
= Bulk W & W(110)/W(112) GB configurations 210 )
= DFT Calculations (PBE, 400 eV cutoff) TR s
=) 53]
% 1014 Z
Active Learning Process:
= Introduced defects using CRA A
10 10 10 10

Training steps

= MD simulations (300K, 750K, 1000K)

Fig: Force errors during MD simulations highlight discrepancies, with

= Force error reduced to < 0.25 eV/A high deviations indicating configurations needing further training.
2.00
® Random Seed 1
1.75+ ® Random Seed 2
o ® Random Seed 3
Results: = e
R . 2 os 1.50 ® Random Seed 5
= Total Configurations: 105,123 (RMS _ <(EML(R) - EDFT(R)) > B 135 & RanomSesd’s
N = =
—
» Energy RMSE: 0.841 meV/atom e
1
RMS 2 ()
= — [|[fmL(R) — £ R
- Force RMSE: 151 meV/A g \/ (g 100u8) ~tora () g 075
—
Q o.
0.25

0 20000 40000 60000 80000 100000
MD steps
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Validation Against Established
Benchmarks

GSFE Calculations for the (111) Surface:

(a): Representation of the (111) surface and the directions of displacement ([110] and [112]).
(b) and (c): GSFE for displacements along the [110] and [112] directions, respectively.

(d): A GSFE map for the (111) surface, illustrating the relative stability of different

configurations.
a) b 0.14- 7 A 7 -:— I::;PMH
- - - — B2+ AN AT DFT
Property DFT DeePMD EAM (Marinica) Tersoff (Juslin) Exp. . s
ao (bec) (A) 317 3.16 3.14 3.16 3.17 R
Efasiio (€V)  10.82  11.89 10.86 10.16 < oos-
Efapin (eV) 1053 12.20 10.40 9.50 i‘; -
Efocte (€V) 1311  12.80 12.73 10.39 $
Ef(Vac) (eV) 3.34  3.30 3.49 3.71 3.15 0.04+
Ey(V-V) 1nn (eV) 041  0.29 0.49 0.47 0.7 0024
Ey(V-V) 2nn (eV) —0.19 —0.21 0.38 0.41 . )
Efsups He (eV) 470 4.98 4.70 t 0007 , , , , !
T 0.0 0.2 0.4 0.6 0.8 1.0
Table. Comparison between experiments, DFT and potentials with PH10) displacement s
respect to the lattice parameter, formation energy of different self- C) - DeePMD d) - 4

0.25+ - EAM

DFT
-- SNAP

interstitial configurations, vacancy formation and binding energy of di-
vacancies.

0.270

0.20- o TabGAP bisos
o
g
& £ =
<L 0.15- g 0.180°<
> ® >
K = d
] w
4 ° 01358
~ 0.104 = a
=
=
0.090
0.05-
0.045
0.00~
T T T T T T + v G v
0.0 0.2 0.4 0.6 0.8 1.0 “0.0 0.5 1.0 15 2.0 25 9:000
[112] displacement [110] displacement
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Studying Defect Behavior in W(110)/W(112) GBs

= Analyze defect behavior at varying doses and temperatures.

= Compare results using three potentials: DeePMD, Marinica, and Juslin, under identical conditions.

MD Simulations at 300 K for 100 ps

0 Step: 0 Step: 0
Z z
y X
Pristine DeePMD Tersoff (Juslin et al., 2005) EAM (Marinica et al., 2013)

5t Fusion HPC Workshop 13
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Studying Defect Behavior in W(110)/W(112) GBs

= Analyze defect behavior at varying doses and temperatures.

= Compare results using three potentials: DeePMD, Marinica, and Juslin, under identical conditions.

MD Simulations at 300 K for 100 ps

Pristine DeePMD Tersoff (Juslin et al., 2005) EAM (Marinica et al., 2013)
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Studying Defect Behavior in W(110)/W(112) GBs

= Analyze defect behavior at varying doses and temperatures.

= Compare results using three potentials: DeePMD, Marinica, and Juslin, under identical conditions.
MD Simulations at 1000 K for 100 ps

Step: 0

Pristine DeePMD Tersoff (Juslin et al., 2005) EAM (Marinica et al., 2013)

5t Fusion HPC Workshop 15
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Studying Defect Behavior in W(110)/W(112) GBs

= Analyze defect behavior at varying doses and temperatures.

= Compare results using three potentials: DeePMD, Marinica, and Juslin, under identical conditions.

MD Simulations at 1000 K for 100 ps

Pristine DeePMD Tersoff (Juslin et al., 2005) EAM (Marinica et al., 2013)

5t Fusion HPC Workshop 16
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Defect Patterns at GB

EAM (Marinica et al., 2013)

Tersoff (Juslin et al., 2005)
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= Top: Atoms near interstitial DV reference (purple-yellow = DV

Quantifying Defects with FaVAD: magnitude).

A Case StUdy = Bottom: DV distances (x: bulk ref, y: interstitial ref).
Simulation Parameters: Highlights:
= 1000K MD simulation for 100 ps. = Improved characterization of defect behavior at GBs under

= 1000 interstitials & 1000 vacancies (CRA FUEE CETENens:

method). » Precise tracking and classification of defects, surpassing traditional
methods.
a) b B b) ) ‘. d) e €) e
b ¥ i~ i a- TR “
R o < ¥ -
\:L":‘. ] (s -~ L0 ) .
DVs int - v DVs int DVs int L DVs int . DVs int o
ONNEEN 0.13 | e O 0.13 T O 0.13 el O 0.13 Tttt O 0.13 G
!/ i 1‘} # F ey H
Fn 3 -
: . .
L. ;
y X

10 DVjq; Reference

Distance 1o DV, Reference

Distance 1o DVl Reference

| 02 a3
Distance to DV Reference
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Summary

Motivation:

= Tungsten GBs play a critical role in radiation resistance by enabling defect absorption and annihilation.
= NWs are promising materials due to their high GB density and self-healing capabilities.

Approach:

» Developed a DeePMD potential tailored for bulk tungsten and the W{110}/W{112} GB interface.

= Validated its performance against empirical potentials (Marinica, Juslin) and DFT benchmarks.
Simulations:

= Conducted MD simulations at temperatures ranging from 300K to 1000K with defect doses of 2% to 5%.
»= Quantified defect dynamics using FaVAD for precise defect identification and classification.

Results:

= DeePMD outperforms empirical potentials in capturing complex defect interactions.

= Demonstrated the significant influence of temperature and dose on defect behavior and GB self-healing.
Future Work:

= Further analysis of defect distributions and self-healing mechanisms using FaVAD.

» Investigate the impact of He incorporation on interstitial migration and GB dynamics.

5t Fusion HPC Workshop
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Research Group Members
Phone number: (+34) 674419516
Email: j.srecio@upm.es

Dr. Raquel Gonzalez Arrabal Dr. Roberto Iglesias Pastrana Jorge Suarez Recio
Universidad Politécnica de Universidad de Oviedo (UO) Universidad Politécnica de
Madrid (UPM) Madrid (UPM)

+ P. Piaggi, J. Dominguez-Gutiérrez, J. Manuel Perlado, ...

THANK YOU FOR YOUR
ATTENTION!!!
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