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UKAEA Mission 

"To lead the delivery of sustainable fusion 
energy and maximise the scientific and 
economic benefit."

Duc Nguyen-Manh, ICTP Condensed Mater and Statistical Physics Webinar, May 11, 20222

UKAEA host the Joint European  Torus 

(JET) and MAST/STEP fusion devices 

UKAEA Goals

The four interconnected strategic goals to 
deliver on this mission  are: 
1. Be a world leader in fusion research and 
development.
2. Enable the delivery of sustainable fusion 
power plants.
3. Drive economic growth and high-tech jobs in 
the UK.
4. Create places that accelerate innovation and 
develop skilled people for industry to thrive.



|

Part I: Basics understanding of radiation damage in materials

➢Materials challenges in nuclear fusion power plants

➢MMM: bridging gaps from DFT 

➢Fundamental understanding of radiation damage from FP 

Part II: Microstructure evolution of materials under irradiation

➢Modelling of transmutation-induced precipitation 

➢Designing new outstanding radiation resistance materials

➢First-principles phase-field modelling for HI transport at interface

Outline
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Basic understanding of radiation damage 
in fusion materials from first principles

Duc Nguyen-Manh, Senior Research Scientist, Materials Division, UKAEA and Materials Department, University of Oxford, UK 

Joint ICTP-IAEA-MAMBA School on Materials Irradiation: from Basics to Applications, Trieste, February 10-21, 2025
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Fusion energy: from basics to applications   
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𝐸 = ∆𝑚𝑐2

Interplay of two opposing 

forces: the nuclear force, 

which combines together 

protons and neutrons, and 

the Coulomb force, which 

causes protons to repel each 

other.

https://en.wikipedia.org/wiki/Nuclear_force
https://en.wikipedia.org/wiki/Coulomb_force
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Fusion needs integrated solutions
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Materials challenges for plasma facing 

materials for fusion engineering applications

Duc Nguyen-Manh, ICTP Condensed Mater and Statistical Physics Webinar, May 11, 20227
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UKAEA’s Materials Research Facility
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Effect of 14 MeV neutrons: Nuclear 

burn up and transmutation reactions  

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 

9

Burn-up Production

Cross section 

for reactions 

producing 

from   (cm2)Decay 

constant for 

producing 

from    (s-1)
e.g.    decay

Neutron flux 

(n cm2 s-1)Total cross 

section for 

reactions 

on (cm2) 

Example reactions:

Decay 

constant 

of nuclide   

(s-1)

Amount of 

nuclide at 

time t



|

Transmutation in Tungsten 
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appm %

W 7.5 x 

105

75.1

Os 1.3 x 

105

12.6

Re 1.2 x 

105

11.8

Ta 3.9 x 

103

0.4

Ir 323 >0.1

Hf 101 >0.1

Pt 97 >0.1

H 79 >0.1

He 33 >0.1
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Transmutation in Fe
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appm %

Fe 9.9 x 

105

98.6

Mn 5.5 x 

103

0.6

Cr 1.5 x 

103

0.2

V 118 >0.1

Co 21 >0.1

H 5.0 x 

103

0.5

He 1.1 x 

103

0.1
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In-vessel material components of STEP devices 

and operating temperature windows 
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J. Cane et al., Phil. Trans. R. Soc. A, 382 (2024) 20230408

Historical rate of improvement in maximum 

operating temperature of structural steels 

S. Zinkle et al., Materials Today. 12  (2009) 12
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ARAFM alloy design strategy and TMT optimisation
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•  Phase predicted at equilibrium in steels using CALPHAD method

• Crack initiation at M23C6 primary cause of creep failure: reducing 

Cr and C reduces driving forces of M23C6 precipitates

• Changing the alloy composition can be made – no M23C6

• Strategy for ARAFM with TiC or VN induced-precipitated steels   
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NEURONE (NEUtron iRradiatiOn of 

advaNces stEels) programme (2024-2028)
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D. Bowden, Review and report of FY 2023/2024 progress, 22 October 2024  

• NEURONE studies largely driven by STEP

• Produce advanced steels for use in the LIBRTI

• Ideal target temperature of 650C for ARAFM steels with 

thermodynamic and irradiation stability 

• Understand and manipulate defect sinks through 

controlled precipitate evolution, second phase 

interface optimisation, novel microstructure design

• Governing factors of steel performance through 

interaction of thermal creep and irradiation damage
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International workshops on MoD-PMI from 2014
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CECAM Flagship Workshop on Challenges and 

Perspectives on Computational Modelling for 

Fusion Reactors, Lausanne, October 28-29 , 2024

Organized by  Nicola Marzari et al.
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Multi-scale modelling of microstructure 

evolution for materials in fusion environment
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DNM et al., Phil. Trans. Royal Soc. 

London, 315, 529 (1995)

M.R. Gilbert et al., J. Nucl. Mater.

554, 153113 (2021)

J. Knaster et al. Nature Phys.

12, 424 (2016)
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First-principles modelling of atoms, molecules, solids 

and materials from Density Functional Theory (DFT)   
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Why is DFT popular 

for predicting materials properties 
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Reproducibility of different DFT codes
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❑ AE (All Electron) codes: WIEN2K, FLEUR…

❑ PAW (Projector Augmented Wave): VASP…

❑ USPP (Ultra-Soft Pseudo Potentials): CASTEP, QE..

❑ NCPP (Norm-Conserving Pseudo Potentials): OpenMX…    

K. Lejaeghere et al., Science vol. 351 (2016) 6280

EOS
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Microstructural evolution of irradiated materials  
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DFT calculations of irradiation induced defects 

in bcc-TM: A systematic trend
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Understanding of crowdion defects in group VIB 

(Cr, Mo, W)  from electronic structure calculations

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2015 22



|

Resistivity recovery in bcc transition metals 

at low-temperature stage
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Experimental validation in 2020: Quantum 

diffusion of SIA defects in tungsten 
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Analytic solution for crowdion diffusion 

using 1D potential predicted from DFT
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Predicted migration barrier for bcc-W is 2.6 meV 
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Development magnetic potentials for 

modelling of radiation damage in Fe
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Object Kinetic Monte Carlo method 

using first principles data 
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Self-interstitial atom (SIA) clusters in 

magnetic bcc-Fe: Formation of C15 structure

Duc Nguyen-Manh, ICTP Condensed Mater and Statistical Physics Webinar, May 11, 202228
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Molecular dynamic simulations of <111> 

crowdion in W and <110> dumbbell in Fe
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1D-motion of <111> crowdion 3D-motion of <110> dumbbell  
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Trapping of He&noble gases in W and 

comparison with thermal desorption 

spectroscopy 
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Volume relaxation and swelling under irradiation
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Elastic corrections to defect energies
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An elastic correction energy accounting the for the elastic interaction between images in periodic 

boundary conditions can be calculated using the dipole tensor of the defect and the anisotropic 

elastic Green functions: 

The self-strain correction part corrects the 

linear elastic part of the strain field

Macroscopic stress of 

the simulation box 

> For irradiated materials 

swell and creep, we can 

describe this using a 

tensorial eigenstrain that 

depends on the irradiation 

parameters (T, stress, 

PKA, dose and dose rate)
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Relaxation volumes and swelling prediction 

with new interatomic potentials development
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D. Mason, DNM et al., JAP, 126 (2019) 075112
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Algorithms for high irradiation exposure (W) 

self-interstitial

vacancy

ҧ𝑔 = 011
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Creation relaxation 

algorithm (CRA) 

Create Frenkel pairs 

by moving atoms at 

random

Relax with 

appropriate 

boundary conditions

Repeat 
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Modelling of electronic stopping power from 

TDDFT by H and He in W  
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Magnetic cluster expansion for Fe-Cr 

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 36



|

Magnetic machine learning potential: spin 

fluctuation effects at finite temperature
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First principles MD models of predicting 

threshold displacement energies in REBCO
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Modelling of dissolution of precipitates in 

advanced RAFM steels using Universal MLIPs
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Do you have any questions?
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UKAEA

Modelling of materials microstructure evolution 
in fusion environment from first principles

Duc Nguyen-Manh, Senior Research Scientist, Materials Division, UKAEA and Materials Department, University of Oxford, UK 

Joint ICTP-IAEA-MAMBA School on Materials Irradiation: from Basics to Applications, Trieste, February 10-21, 2025
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Composition stability of multi-

component materials under irradiation 
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Two conventional approaches to microstructure 

evolution modelling under irradiation

❑ Conventional (deterministic) kinetic models: 

The equilibrium phases are known a priori and will 

finally appear after long-time simulations involving 

nucleation, growth accelerated by irradiation 

diffusion 

❑ More general (statistical physics) models: 

Predicting free-energy of various phases in 

presence of radiation induced defects (saturated 

vacancies and interstitials). The “final” steady-state 

configurations (microstructures) would be 

determined by minimisation of total free energy 

To avoid uncertainties due complex 

microstructure in multi-component systems, the 

second approach using first-principles models 

Evolutionary approach for determining first-principles 

Hamiltonian model of an alloy system: A genetic 

algorithm for construction of effective cluster 

interactions (ECIs). Link to new development of 

MLPs descriptor: Atomic Cluster Expansion (ACE)

Prediction of 

melting 

temperature 
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Cluster expansion Hamiltonians for multi-

component systems from matrix formulation
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• Matrix formulation within orthro-

normal basic sets of point functions  

• Average over cluster configurations 

are obtained from symmetry 

independent correlation function

• General expression of configuration 

entropy
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Phase stability in compositionally complex and multi-

component system: Short-range order (SRO) concept
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Revisited 

configuration entropy 

from Cluster 

Expansion Method

Cluster probabilities and correlation functions  
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Issues with tungsten as the plasma facing 

and structural materials for fusion decices
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J. Coenen, AEM, 22 (2020) 1901326

UKAEA is particularly interested in

• First-principles modelling of SMART 

composition stability: W-Cr-Y-Zr-O 

• In-situ environmental STEM 

oxidation study of SMART 

• H/D/T permeation, retention)  in 

SMART materials

• Correlation APT/TEM/EELS

• Neutronics, safety of the plant

A. Litnovsky et al. , Metals, 5 (2020)  1255
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Exchange Monte Carlo method of co-

segregation in W-Cr-Y-Zr alloys
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Spinodal decomposition (SD) vs. Standard 

microstructures in SMART W-Cr-Y-Zr materials
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DNM, 2023 EUROfusion report, D. Sobieraj et al., JAMS, 2 (2023) 100011 

Cr

W

Cr-W phase separation observed during annealing
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Microstructures of SMART (Self-passivating Metallic 

Alloys with Reduced Thermo-oxidation) materials 
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Before 2023 New microstructural optimisation after 2023 (WPMAT/HHFM. EUROfusion) 

Microstructure of 

SMART W-Cr-Y 

under oxidation 

conditions, J. 

Chen et al., 

NME, 41 (2024) 

101762; Metals, 

14 (2024) 1092    
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Radiation damage in W: Loops, voids & transmutation 

induced precipitation under neutron irradiation
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DNM, M. Klimenkov et al. , in preparation (2024) M.J. Lloyd et al.., Materialia (2024)
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Modelling validation by APT and 

TEM experimental observations  
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DNM et al. Phys. Rev. Mater., 5 (2021) 065401; M. Klimenkov, Sci. Reports (2022), M. Lloyd Materialia  (2023, 2024) 
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Effective Cluster Interactions in 

W-Re-Os-Vacancy system 
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DFT data base of vacancy-solutes 

clusters
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Predicted of facetted voids 

oriented along the (110) 

directions in neutron irradiated 

W 
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Application: Transmutation-induced void 

decorated by Re-Os SRO in neutron irradiated W
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DNM et al. Phys. Rev. Mater., 5 (2021) 065401; M. Lloyd et al. , Materialia (2023, 2024) 
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Kinetic Monte-Carlo method using 

migration energies from first principles
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Radiation induced rich-Cr clustering in Fe-3Cr 

alloys due to SRO effect with C & N 

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 56

M. Fedorov et al., J. Nucl. Mater., 

vol. 587 (2023) 154715
Cr-C clustering in irradiated 

RAMF alloys, J. Haley (2024)   
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Emerging alloys for nuclear fusion applications
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Editors: B. Cantor et al.

Random alloy 

configurations

SA and HEA are low activation alloys
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Microstructure evolution under irradiation 

in advanced fusion materials 
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In-situ TEM/irradiation: Precipitation versus no-loop formation in W-Ta-Cr-V, 

O. El Atwani et al., Science Advances, 5 (2019) 2022
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APT analysis of microstructure Cr/V-rich 

segregation before and after irradiation   
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Lamellar-like  structures generated at GBs Radiation-induced precipitation of Cr/V clusters

O. El Atwani et al., Science Advances, 5 (2019) 2022
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Predicting composition and temperature 

dependence of single fcc HEAs Fe-Cr-Ni-Mn
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M. Fedorov et al., Phys. Rev. B, 101 (2020) 174416; Acta Mat. 255 (2023) 119047 
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Radiation-induced segregation of Cr-V rich 

precipitates (black spots formation) 
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• TEM & APT analysis correlated 

back spots with second-phases 

rich in Cr-V

•  No signs of irradiation-created 

loops even after 8 dpa

• Nano-mechanical testing shows 

nearly negligible hardening 

• Supported also by recent 

collision cascade simulations in 

W38Ta36Cr15V11 (Y. Chen et 

al. JNM 585 (2023) 154646
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Radiation-induced microstructure of Cr-V rich 

bcc-phase precipitates with no dislocation loops 
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Small irradiation hardening
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Predictive composition stability of outstanding radiation 

resistance in W38Ta36Cr15V11 multi-component materials
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O. El Atwani et al., Science Advances, 5 (2019) 2022; D. Sobieraj et al., PCCP, 22 (2020), 23929
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Segregation, ordering and precipitation in 

W-Ta-Cr-V alloys using MLPs
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J. Byggmaster, D. Sobieraj, J. Wrobel, O. Et-Atwani,, E. Martinez, DNM,  (2024)    
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Semi-coherent interfaces between WTa/CrV 

with presence of misfit dislocation grids
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J. Byggmaster, D. Sobieraj, J. Wrobel, O. Et-Atwani,, E. Martinez, DNM, Acta Mat.  (2025)    
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Radiation-induced grain refinement with 

Hf addition into W-Ta-Cr-V-Hf alloys

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 66

Evidence of grain refinement under irradiation  

A. Alvarado et al., Scripta Mat., 233 (2023) 115506; O. El Atwani et al., Nature Comm.,14 (2023) 2516
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Enhancement radiation resistance in binary W-Ta alloys 

through small V addition: Reduction of voids
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M.A. Tunes et al., (2025), Science Advances
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Chemical SRO between V-Ta and V-W in a ternary 

W-Ta-V systems are different to binaries
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❑ 1NN CSRO between V-Ta 

changes from W53Ta44V3 

to W53Ta42V5 at low 

temperature.  

❑ Free energy shows that 

W53Ta42V5 is 

thermodynamically more 

stable than those of 

W53Ta44V3 

W-Ta binary with voids

M. Tunes et al. (2024)
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Prediction of void reduction in W-Ta-V as a function 

of V composition from MD simulations using MLPs

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 69

M. Tunes et al. 

Science Advs. 

Accepted (2025)

Critical role of V 

in radiation 

damage of multi-

component W 

based alloys, G. 

Wei et al., Acta 

Mat., 274 (2024) 

119991 

V presence in 

W-Ta-Ti alloys 

significantly 

reduces the SIA 

formation 

energies

J. Wrobel et al. 

Npj Comp. 

Mater. 

submitted  

(2024)
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He damage resistance in W-Ta-Cr-V alloys
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• Experimentally it is overserved 

an enhanced He bubble 

resistance.

•  He bubbles grown at slow rate 

marked with no  preferential 

formation at the grain boundaries

• DFT calculations demonstrate 

low diffusivity and 

accumulation of He in HEAs 

compared with pure W. 

• Lower solution and formation of 

He in W-Ta-Cr-V

• Confirmation of enhanced 

vacancy-self interstitial defect 

recombination. 

O. El-Atwani 

et al., 

Materials 

Today Energy, 

19 (2021) 

100559

Surface modification after He irradiation: A thinner fuzz layer, See more from C. Yin, NF, 64 (2024) 086035 
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Summary  
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➢ First-principles constrained thermodynamic formalism has been developed to predict 

composition dependence multi-component alloy system irradiation in which point defects are 

being considered as the additional elements in the system

➢ It has been employed to understand void decorated by transmutation elements in neutron 

irradiated W as well as anomalous Cr-rich precipitation in Fe-Cr model alloys and RAFM 

steels due to interaction with impurities (C, N)  under irradiation and the important role of 

spinodal decomposition dependence on Y and Zr alloying into W-Cr system in stabilising 

microstructure in SMART alloys for oxidation resistance as well as under neutron irradiation. 

➢ The outstanding radiation resistance in W-based (W-Ta-Cr-V) is predicted from SRO 

dependence as function of HEAs composition and temperature demonstrating the important 

role of rich Cr-V precipitation in microstructural evolution of materials with irradiation dose. 

➢ It can be understood from MD simulations with newly developed machine-learning potentials 

(MLPs) based on DFT training database that the recombination mechanism in these 

materials are fundamentally different comparing with those in pure materials 

➢ It is found that radiation-induced refinement and stability of microstructural grains under 

heavy irradiation can be designed and integrated with experimental studies to develop new 

compositionally complex structural materials for nuclear  fusion/fission applications  
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Detritiation of plasma facing materials within JET 

decommissioning activities  
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As one of the most promising materials for 

plasma-facing components, there are 

extensive experimental studies of 

detritiation in Tungsten (W) for designing 

future fusion devices such as ITER, STEP 

and DEMO as well as for JET 

decommission and repurposing (JDR) 

See more from  A. Widdowson talk   
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Tritium retention in plasma-facing materials: 

Oxidation and detritiation of tungsten
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JET Decommissioning Repurposing (JDR) 

Materials Detritiation Facility (MDF) 

Tritium Analysis Laboratory (TAL) 

E. Prestat, STEP Report, 2024  K. Kremer et al. (2021, 2022, 2023) 

The oxidation behaviour of fusion materials 

under maintenance, waste handling 

environment or in accident scenarios and 

impact on tritium recovery and storage   

Influence of thin surface oxide 

films on HI release from self-ion 

irradiated tungsten
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Tritium Inventory Modelling activities at UKAEA
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Length scales (m)

101

10-11

10-2

10-8

10-5

WP0: Process Architecture Modelling   Modular approach, optioneering and analysis of full tritium cycle Fuel Cycle BC
Plasma modelling, regulation

WP1: Process Technologies Modelling
Dynamic subsystem response

Pilot Plants AGHS, H3AT

WP2: Multi-physics Modelling
Component level, gradients in operating conditions

Lab-scale Experiments 

(other projects)
Permeability, desorption

WP4: Ab-Initio Models
Fundamentals of retention, 

isotopic effects

WP3: Diffusion and Trapping Mechanisms
Irradiation damage, microstructure, temperature and stress

WP5: Model Interfacing, UQ and Analysis WP6: Computational Frameworks and tools
Linking different models, improving model understanding, efficiency Code maintainability, scalability, computational resourcing

See also from D. Mason talk
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Multi-scale and multi-physics modelling of 

hydrogen retention and diffusion
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PALIOXIS code: D. Mason et al., UKAEA Materials Science Seminar, 2nd July (2024)
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Multi-physics model suitable to scale-up to 

engineering component scale 
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➢PALIOXIS code developed within TIM program at UKAEA for 

finite-element hydrogen-isring otope modelling of diffusion and 

retention in metallic materials from first-principles ab-initio 

calculations for use with MOOSE

❑multi-trap from extensible as DFT/MLEP database extends

❑multi-gas allows for He-HI interaction with chemical potentials

❑multi-occupancy correct thermodynamics for trapping energies

❑multi-dynamics  long-lived transients &  steady state together

➢PALIOXIS is a new multi-scale materials modelling code and 

not TMAP/FESTIM clone 

➢The code used will be made public after the acceptance of 2024 

paper written in collaboration with Advanced Computing

➢Movie: 3D mono-block multi-isotopes and multi-occupancy test 

simulations with 0.1 at. % of mono-vacancy for W/Cu-Cr-Zr/Cu layers 

with equal flux of D and T at surface (1019 ions/m2/s), head load of 

8MW/m2, inside pipe convective cooling to water at 320Ke
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Stability of tungsten oxide phases 
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Predicted vs. experimental data 

for enthalpy of formation as a 

function of O concentration
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Free energy of solution for T(H, D) in W-O phases
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Exothermic reaction of T(H) in monoclinic WO3 at T=0K. 

 Free energy of insertion of H and T in m-WO3 becomes 

positive as function of temperature in an excellent 

agreement with experimental data at T=0K

Active Raman modes of H, D, T in W-O phases
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Tritium diffusion in W & W-O systems
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The temperature-dependent diffusion coefficients of 

interstitial T(H) in bcc-W and W-O phases are computed 

using Kinetic Monte Carlo and transition state theory. The 

jump rate is given by 

• The Arrhenius 

plot gives a pre-

factor of D0 = 

2.06×10-7 m2/s 

and effective 

barriers EA of 

0.20 eV and 0.33 

eV (frozen 

lattice), 

respectively

• The ab-initio 

computed  plots 

are in excellent 

agreement with 

experimental data 

recently compiled 

by Holzner et al.  

(2000) for H in W 
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HI diffusion paths in WO2 and WO3
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Diffusion of H(T) in tungsten oxides
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The diffusion coefficients for H and T within the diffusion 

models (frozen vs.relaxed) in tungsten trioxide (m)
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T trapping by defects (vacancy, SIA) in W

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 82

Trapping of H at an SIA in W. The H atoms are 

successively inserted into the largest voids at the SIA 

(the void volumes are given for each configuration).

Binding energies of H atoms at an SIA in W, [A. De 

Backer et al., Nucl. Fusion 58, 016006 (2018)]

Trapping 

free 

energy of 

tritium in 

bcc-W at 

different 

temperatur

e
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Trapping of multiple H atoms in a W/O vacancy in m-WO2
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Trapping of multiple H atoms (1-6) in an 

W vacancy in m-WO2. 
. The O vacancy can accommodate 3 H atoms, and 

additionally 2 H atoms that are weakly bound.

Trapping of H at an O interstitial in m-WO2. The 

interstitial binds one H atom strongly
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O vacancy/interstitial as the HI trapping defects in m-WO3
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Trapping of H at O interstitial in m-WO3. 

Water (H2O) molecule is formed  with 2H atoms

Free energies of trapping of T(H) by O 

vacancy in m-WO3 phase 
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Ab-initio results vs. empirical model 
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M. Christensen et al., Nucl. Mater. Energy, 38 (2024) 101611
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HI adsorption and surface segregation (free) 

energies  in W and WO2
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HI adsorption and segregation free energies in WO3
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Colour of W oxides from optical spectra calculations
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Development MLPs for microstructure modelling of detrititation in W 

and its oxides based on ~17,000 DFT data of configurations
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MLPs based on GAPs (VASP 6.4) 

The construction of polycrystalline models is based on a 

Seed & Growth algorithm and  Voronoi decomposition. 

W/WO2 interface
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MD simulations using MLPs of tritium diffusion in W & oxides
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300 ps MD simulation at 700 K 

of 40 SIAs in a 16000 atom 

model. Many of the SIAs have 

formed clusters. A few SIAs 

are still isolated crowdions. 

The SIA interaction energy 

ESIA_SIA = -3.4 eV.
Diffusion simulation at T = 1100 K 

of tritium at coherent grain boundary

T diffusion at W(100)/W(110) 

grain boundary model in W 
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T diffusion at interfaces W/WO2
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W-terminated interface

MD simulations at T=700K
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Tritium diffusion and trapping at W/WO3 interface
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Diffusion simulation of T at a W/WO3 interface. 

The T atom diffuses from the bulk of the W 

phase to the W/WO3 interface where it gets 

trapped. Ther trapping sites are similar for the 

T = 500 K and T = 1000 K simulations. 
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Multi-scale approach to model T retention and permeation and 

extraction in fusion reactor materials

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 93

 F = ∫ dV [fchemical + finterface + felastic +
fnucleation]

𝜕c

𝜕t
= ∇ M c, η, 𝛔, d ∇

δF

δc
 

𝜕η

𝜕t
= −L∇

δF

δη
∇ ⋅ 𝛔 = 𝟎

Driving forces

Update

B (GPa) G (GPa) E (GPa)

W

Expt. (0 K) (Fetherston) 314 163 418

Expt. (300 K) (Fetherston) 311 160 410

this work 308 152 393

Qian et al. 303 148 383

Wu et al. 318 154 397

WO2

this work 301 133 347

W18O49

this work 203 103 263

WO3

Expt. (Besozzi) - 50 127

Expt. (Polcar) - - 110

this work 59 49 114
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Phase field from first-principles modelling
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Multi-physics and multi-scale modelling
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From phase field equations 

to adaptive mesh using finite 

element method (FEM) 
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MLPs from first-principles data base

Duc Nguyen-Manh, Multi-scale modelling of irradiation in materials from first principles, Joint ICTP-IAEA-MAMBA School, Trieste,  February 10-21, 2025 96
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10.1016
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2024.10
1611
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WO3 & W:  1D oxidation modeling at 600K: 

simulation and initial kinetics curve
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x-direction:  D0 = 1.51×10-3 m2/s          
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y-direction:  D0 = 1.04×10-5 m2/s          
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z-direction: D0 = 1.60×10-3 m2/s          

                   EA = 0.38 eV
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Simulation of 3 phase system (W, WO3 & W18O49) with 

interface nucleation & chemical driving forces 
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1) Pressure 

2) Grain/Void distribution

3) Phase distribution
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Crack modelling at W/W oxide interfaces with 

different Pilling-Bedworth ratios
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From the STEP samples, it seems

like one of the most probable 

nucleation sights for voids is at the 

WO3 / WOx interface 

Regions near cracks show high concentrations of oxygen PBR =
𝑽𝒐𝒙𝒊𝒅𝒆

𝑽𝒎𝒆𝒕𝒂𝒍



|

Role of crack on oxidation grows from 

parabolic to linear transition regime
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To decrease computation time, we artificially introduced cracks 

spaced 0.2 microns apart. The cracks only act as sources once 

the oxide grows over them.
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H segregation to WO3 (010)/(001) grain boundary
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Tritium transport modelling at W/WO3 interface
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▪ The oxide grains act 

as a significant trap 

for tritium.

▪ The amount of tritium 

that is stored scales 

with the surface area 

density of the trioxide 

grains

▪ Trapping at tungsten 

vacancies may also 

be a source of 

significant trapping in 

the tungsten & oxide 

grains, but this effect 

has not yet been 

included in the 

model. 



|

➢ Assuming there are no trapping, the presence of a dense, adherent WO2 oxide layer on W 
substrate surfaces could act to retain T within the substrate and could impede T extraction. On the 
other hand, a purely WO3 surface oxide with no underlying WO2 stratum likely would present 
fewer difficulties. These facts suggest that a strategy to create an oxidising environment 
favouring WO3 formation over WO2 may facilitate efficient T extraction. 

➢ Conversely, if a dense (without transverse cracks or large voids) and adherent WO2 surface 
oxide were in place prior to T exposure, it could serve to limit T uptake by W components. 
Subsequently, components could be heated in an oxidising atmosphere to convert the pre-
existing WO2 layer into WO3, in order to facilitate T extraction.    

➢ If W surface oxides formed during preceding service cycles are not removed from W system 
components between service cycles, high-energy neutron fluxes likely will produce high W 
and O vacancy and interstitial concentrations within them. Such point defects in WOx are 
capacious T traps with predicted strong free binding energies

➢ Current development of MLPs allow not only to investigate deeper microstructure evolution 
of HI diffusion at grain boundaries and interface between W and different oxides layers but 
also influence of oxidation cracking and formation of voids on HI retention via chemo-
mechanical 3D simulations at macroscopic scale 

Summary 

Duc Nguyen-Manh, Detritiation in tungsten and its oxides, 17th International Workshop on Hydrogen Isotopes in Fusion Reactor Materials, 19-22 May 2024, 

Chamonix
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