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Keywords: Advancing the theory and simulation of materials for fusion applications remains a key component of global
Fusion materials roadmaps aimed at delivering much-needed fusion power. Especially as the drive for commercial application
Transmutations

increases, prototypes must be designed against radiation damage before the relevant experimental data can be
collected and cost reductions that are possible by testing materials in silico become even more important. Here,
we summarise the state of the art as it emerged during the 7" Fusion Materials Theory & Modelling Workshop
that took place in 2024, with the aim to highlight present gaps and future directions for the fusion materials
modelling community. Of particular interest were the effects of transmutations, chemical complexity with the
development of novel alloys and interatomic potentials, advancements in modelling high-dose microstructures,
comparison with experimental data and multiscale models for structural assessment relying on high-performance
computing and virtual reality.
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L. Reali et al.
1. Introduction

This article provides a review of the status of fusion materials the-
ory and modelling, largely drawn from the Fusion Materials Technol-
ogy Collaboration Program (FM TCP) workshop held in January 2024
in the Republic of Korea. The workshop was organised with topical ses-
sions covering the development of fusion materials theory and models,
computational optimisation of the models, as well as their experimen-
tal validation. In particular, the meeting focused on materials response
theory, application of machine learning (ML) with a focus on ML inter-
atomic potentials, and modelling of neutron-induced transmutation and
the effect of neutron impacts on materials properties and behaviour. The
FM TCP is part of a network of autonomous collaborative partnerships
focused on a wide range of energy technologies. The TCPs are organised
under the auspices of the International Energy Agency (IEA), where the
TCPs themselves remain functionally and legally autonomous. Views,
findings and publications of the Fusion Materials TCP do not necessar-
ily represent the views or policies of the IEA Secretariat or its individual
member countries.

The 2024 workshop was held at the Yonsei University Global Cam-
pus, Songdo in Incheon, Republic of Korea. It is the 7th meeting on
fusion materials theory and modelling organised under the auspices of
Fusion Materials TCP. The outcomes of the previous meeting were cap-
tured in a review paper published in 2021 [1]. The workshop involved
40 participants with 30 presentations that provided a review of the
key research activities within the fusion materials modelling commu-
nity and, in particular, highlighted the areas where research challenges
remain.

Fig. 1 presents a selection of key issues and outstanding questions
that were discussed in the workshop and that form the broad backbone
of this review. The final summary section outlines current trends and
new directions in the development of models for fusion materials, high-
lighting the continuing extensive effort on the development of new fu-
sion systems and applications of fusion technologies.

2. Transmutation effects
2.1. Gaps and opportunities identified since the last workshop

Exposure of plasma-facing materials (PFMs) and first wall/ blanket
structural materials to high neutron fluxes induces nuclear reactions that
change their nuclide composition over time. These reactions produce ra-
dionuclides, leading to material activation, and generate nuclides of new
elements through transmutation, which can modify material properties.
It is then critical to enhance our understanding of these phenomena and
their impact on selecting structural materials for fusion energy. For ex-
ample, H and He transmutation products can stimulate cavity swelling
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at intermediate temperatures (potentially leading to unacceptable di-
mensional changes) [2-4], and solute transmutations typically lead to
pronounced degradation in thermal conductivity and may induce em-
brittlement [5-8].

Another phenomenon which had previously been overlooked is the
generation of energetic y-photons by materials under fusion neutron ir-
radiation. Of particular interest is the sensitivity of the fraction of neu-
tron energy converted into photon energy on the material being irradi-
ated. For example, Reali et al. calculated this value for the two candidate
plasma-facing materials for ITER, namely Be and W (before the choice
ultimately fell on W). While Be converts a negligible fraction of neutron
power into gamma heating (0.1%), W does the same with an efficiency
approaching 99% [9]. This has implications both for obtaining an ac-
curate description of the neutron heating and for the behaviour of the
plasma. Materials in the tokamak chamber may in fact radiate high en-
ergy photons or electrons back into the plasma [9,10].

Experimentally, neutron irradiation campaigns at the fast test reac-
tor Joyo [11-16], the Japan Materials Testing Reactor (JMTR) [15-17],
and the High Flux Isotope Reactor (HFIR) [5,15,16,18-20] have inves-
tigated the microstructural evolution of tungsten and tungsten alloys.
Their findings suggest that the influence of transmutant Re and Os on
the properties of irradiated materials is at least as significant as the ef-
fects caused by displacement damage.

Experimental reactor irradiation studies on W have also reported sig-
nificant Re and Os solute segregation and precipitation for solute con-
centrations that should be uniformly dissolved in solid solution accord-
ing to equilibrium phase diagrams [5,21]. Still, the absence of experi-
mental reactors and materials testing facilities that accurately replicate
the conditions required for making fusion a commercially viable energy
source has driven the need for further modeling studies to examine the
anticipated effects of irradiation and temperature in fusion power plants
[1,22-40].

Of particular relevance are those using inventory codes that solve a
set of coupled differential equations describing the rate of change of all
possible nuclides, thus evolving the nuclide composition of materials ex-
posed to a specific neutron irradiation field [41]. As well as quantifying
that evolution under a given neutron environment, inventory calcula-
tions performed with codes such as the FISPACT-II developed and main-
tained by the United Kingdom Atomic Energy Authority over the last 30
years [41,42], can also explore how the spatial variation in the neutron
environment can lead to similarly large variations in material response.
For example, variations in the thermal neutron environment, caused by
moderators such as water, can create localised, on mm length scales,
increases in transmutation in elements such as W [43]. Over greater
lengths the variations are no less extreme in a fusion environment be-
cause of the essential need to slow, stop, and absorb all energy from,
the 14 MeV neutrons produced by deuterium-tritium reactions. Fig. 2
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production per year that would be experienced in pure Fe as a function of depth into the plasma-facing wall of a typical fusion tokamak design. Also shown is the
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variation of neutron-exposure-related phenomena on the engineering component-scale highlights the heterogeneous modelling challenge that must be solved to

predict material performance at this scale.

demonstrates this, showing the predicted variation in displacements per
atom (dpa), helium and hydrogen production per year in Fe as a function
of depth into plasma-facing wall of a fusion system.

In addition to enhancing our understanding of how the thermo-
mechanical behavior of PFMs changes due to nuclear transmutation,
further investigation into the uncertainty and sensitivity of the various
techniques used to study these transmutation effects is needed. These
factors play a critical role in defining safety margins for the design of
fusion power plants.

2.2. Current modelling activities

2.2.1. Impact of transmutation on the mechanical behavior of W-based
plasma facing materials

It is known that Re, either as a transmutated or an alloying element,
reduces the mobility of self-interstitial atoms (SIAs) [46]. Furthermore,
Re, when combined with another element other than W, can form a
strong alloy-SIA complex, further reducing the mobility of SIAs [47].
This in turn can buy time for Frenkel pairs to recombine during recoil
events, and reduce the number of residual defects. Recently, Qian et
al. [48,49] have presented a novel computational approach that inte-
grates inventory codes, uncertainty quantification, and first-principles
DFT electronic structure calculations to investigate how the bulk me-
chanical properties of tungsten-based (W-based) materials evolve over
time under neutron irradiation-induced transmutation.

In particular, they investigated pure W, two W-based high-entropy
alloys (W-HEAs), and two W-based "SMART alloys" (W-SAs), where
SMART stands for Self-passivating Metal Alloys with Reduced Thermo-
oxidation.

Their approach starts by calculating the evolution of the chemical
composition of the candidate materials as they are exposed to the fusion-
like environments expected in DEMO, as shown in Fig. 3. Such calcula-
tions are carried out using the FISPACT-II inventory code and the anal-
ysis also included the evaluation of uncertainties for the production of
stable nuclides of the main transmutant elements.

Then, they performed first-principles Density Functional Theory
(DFT) calculations to investigate the mechanical response of the can-

didate materials at the beginning of their operational life and as their
chemical composition changes due to nuclear transmutation.

Their results, some of which are shown in Fig. 3, include the evolu-
tion of the lattice constant, elastic properties, density of states, gener-
alized stacking fault energies, unstable stacking fault energies, gamma
surface, and dislocation-based ductility parameter.

The approach presented in these first works uses the simplistic Vir-
tual Crystal Approximation (VCA) [50], but it sets the foundation for
investigating these transmutation effects using other DFT techniques
that could explore the heterogenous distribution of alloying elements
[51-53].

2.2.2. Nuclear data uncertainty propagation

In the nuclear fusion community, the determination and communica-
tion of uncertainties associated with any calculated radiological param-
eter is of particular importance, due to an inherent lack of experimental
data for effects of long-term exposure to high-energy neutrons on mate-
rial evolution, from a materials properties as well as radiological safety
perspective.

The UK has set the goal for its fusion programmes to achieve low-
level waste (LLW) within 100 years of reactor end-of-life (EOL) for any
radioactive waste produced, where LLW is defined as below 1.2 x 107
Bq/kg for any g+ y activity. While studies have shown that this aim
will not be feasible for all reactor components [54-57], it is instrumen-
tal to be able to accurately predict factors such as material activity,
heat output, and dose rate to enable efficient decommissioning post-
EOL alongside appropriate waste handling and disposal. Therefore, cor-
responding uncertainties must be quantified with any parameter value
as a measure to assess accuracy, reliability and potential needs for fur-
ther investigation. Demonstrating an independent methodology for con-
ducting a sensitivity and uncertainty (S/U) analysis was the subject of
a recent study presented at the FM TCP workshop [58]. Radioactivity
levels and their associated uncertainties in decay time were calculated
for several nuclear steels after a 20-year DEMO irradiation schedule, in
order to estimate necessary safety margins for the mean decay time to
reach LLW levels. In this method, uncertainties in nuclear cross-sections
of ’dominant radionuclides’ responsible for high material activity levels
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were propagated through to upper and lower margins of (8 + y) activ-
ity (= [Bq/kg]) at certain points in time post-EOL, which were subse-
quently propagated to uncertainties in required decay time to reach a
specified activity level (= [years]). A schematic of the methodology is
shown in Fig. 4.

First, transport and inventory simulations were carried out to calcu-
late the parameter of interest - in this case material activity - for which
uncertainties due to nuclear cross-section data were to be determined.
Neutron transport calculations were conducted with OpenMC [59], in-
ventory simulations were carried out using FISPACT-II [41].

Outputs of the latter included total material (f + y) activity levels
as a function of time, alongside individual radionuclide contributions,

rendering a list of 'dominant’ nuclides which were produced during irra-
diation. The XSUN-2022 code package [60] was then used to conduct an
independent sensitivity and uncertainty analysis of the relevant cross-
sections relating to the production of each dominant nuclide. This code-
package comprises a suite of deterministic codes: TRANSX-2.15 [61] to
prepare cross-section data compatible with the discrete-ordinate trans-
port code PARTISN [62], and SUSD3D [63] which calculates sensitiv-
ities and uncertainties in parameters of interest stemming from input
nuclear data. The resulting uncertainties in nuclide production cross-
sections where then propagated into an error margin in dominant nu-
clide inventory present in the material composition of interest. Subse-
quently, FISPACT-II was used again to calculate the decay time-to-LLW
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for each upper and lower margin of dominant nuclide inventory in the
material, providing uncertainties for each nominally calculated time-to-
LLW.

A one-dimensional, cross-sectional reactor geometry was used, find-
ing that differences in the type of dominant nuclides produced and their
associated uncertainties varied between structures closer to the neu-
tron source and further outboard of the blanket for several reasons:
(1) Different nuclear cross-sections dominate in deeper regions in the
blanket due to flux softening occurring from neutron-material interac-
tions, resulting in different dominant nuclides in the first wall (FW)
compared to the blanket back-structure; (2) uncertainties are gener-
ally higher towards the rear of the blanket compared to the FW, be-
cause uncertainties in transmutation cross-sections dominate closer to
the source, whereas contributions from transport cross-section uncer-
tainties increase towards the rear. The calculated error margins in time-
to-LLW were comparatively small, and did not change predicted waste
classifications within 100 years for any of the assessed steels. It is how-
ever noted that the uncertainties studied in this case were derived from
nuclear data only, and therefore account only for a small part of a large
number of uncertainty contributors affecting reactor lifetime, activity,
dose level, operational and decommissioning time schedules and costs.

The XSUN-2022 code package can be used to carry out S/U analyses
in one, two and three-dimensional transport geometries for numerous
parameters of interest, such as reaction rates, gamma-dose output, de-
cay heat output, etc. One of the main limitations of S/U analyses is the
quality and availability of relevant covariance matrix data, which has
improved significantly with releases of recent evaluations, e.g. ENDF/B-
VIILO [64] and JEFF-3.3 [65]. However, further development in this
area is still required to ensure mathematical verification of the avail-
able covariance matrices and ultimately consistency between calculated
and experimental results. Such S/U analyses as outlined above should
be conducted periodically as covariance data continues to be improved
and reactor design parameters become more mature. Validated and ac-
curate nuclear data is critical for making reliable predictions needed for
the design, operation and ultimate decommissioning of future fusion
power plants, determined by transmutation and materials degradation.
Some successful validation of nuclear data libraries as well as inventory
codes used to make these predictions has recently been demonstrated,
and needs for expansion of fusion-relevant experiments on appropriate
timescales have been highlighted [66].

3. Advances in conventional and novel alloys
3.1. Modelling of void decoration by Re and Os in neutron irradiated W

Development of predictive schemes for understanding microstruc-
ture evolution and compositionally phase stability of plasma facing ma-
terials under fusion environment represents one of the most challenging
gaps to link materials theory and modelling from atomistic scale to engi-
neering application. On the other hand, the kinetic models are conven-
tionally deterministic assuming that the equilibrium phases are known
a priori and will finally appear after long-time simulations involving nu-
cleation and growth accelerated by defect diffusion in materials under
irradiation. On another hand, more general models are based on statisti-
cal physics to investigate free energies of different phases in the presence
of radiation induced defects and quasi steady-state configurations can
be obtained by minimisation of the total free energy of the considered
system [67]. To avoid big uncertainties due to empirical parametriza-
tion, a first-principles approach in determining the free energy of multi-
element materials including vacancy and self-interstitial defect compo-
nents on equal footing, has been developed combining DFT, Cluster Ex-
pansion Hamiltonian (CEH) with large-scale Monte-Carlo simulations
[68,69]. The CEH can be written in the following formula [68]:

AR B ) W m

w,n,s

CEH =y _
AI{mix (o) =
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where the summation is performed over all the clusters, distinct un-
der symmetry operations in the BCC lattice for the present study. ¢ de-
notes the ensemble of occupation variables in the lattice. @ and n are
the cluster size and its shell label, respectively. mf,ff,, denotes the site
multiplicity of the decorated clusters (in per-lattice-site units); and Ja(ff1
represents the many-body effective cluster interaction (ECI) energy cor-
responding to the same (s) decorated cluster. In Eq. (1), (FS, )n, (B s
denotes the cluster function, averaged over all the clusters of size, o',
and label, n’, decorated by the sequence of point functions,(s’). Within
the matrix formulation of CEH for a system with K elements, the cluster
function is related to the probability function of finding a given cluster
via the formula [70]:
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where the matrix elements of the inverse of the (7x) matrix are de-
fined by the expression [70]:

% ifj=0
) —%cos(Zﬂ[%]%) ifj>0and j—1< K and j odd,
=1y — - 3
Ty —% n (27:[%1 %) if j > 0 and j even, @
-1 05(275[%]%) if j— 1= K and j odd.
andi,j=0,1,2,...(K - 1), j and [é] stands for the ceiling function

- rounding up to the closest integer. From Eq. (2), the point probability
function is written as:

1= 2 EDAT), “)

and the pair probability function is determined by the following formula

vk = 2(r ® T ano(To)- 5

Eq. (5) allows the two-body cluster probability to be linked with
the Warren-Cowley short-range order (SRO) parameter, a; B via the
definition [71,72]:

yg —xAxB(l—azB) (6)

where x, and x5 denote the bulk concentration of the chemical
species A and B, respectively. In the case where a = 0, the pair proba-
bility is given by the product of their concentratlons XpXp corresponding
to random configuration of A and B species in an alloy system. In the
case of 0‘12\,]3 > 0, clustering or segregation between A-A and B-B pairs

is favoured and for azA‘fl < 0, the chemical ordering of A-B pairs occurs.
By combining Egs. (4),(5 and (6), the SRO parameters for K-component
system can be calculated by the general expression as follows [68]:

2(1:'_1 ® ?'I)A,B,@(FSL)
aAB = 5 . 5 ()]
(Z(T DaeT)( Z(FI)BMF )

The CEH, defined by Eq. (1) can be used to explicitly determine
the configuration entropy of a K-component system via the thermody-
namic integration method [73,74]. Here the entropy is computed from
fluctuations of the enthalpy of mixing at a given temperature using the
following formula

r con (T)
con/ [T] / /
0

where ((AHCEH(T")1?) and ([AHSE(T')])? are the square of the mean
and mean square enthalpies of mixing, respectively. The statistical aver-
age over configurations at finite temperature in Eq. (8) can be performed
by combining the CEH with atomistic Monte Carlo (AMC) technique.
The above modelling scheme has been employed to simulate trans-

mutation induced segregation effects in neutron irradiated tungsten

7', (8)

/ ([AHSEH (T > <[ H,ﬁ}f"(r'n)zd
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Fig. 5. Top: A section of phase diagram containing Re, Os cluster concentra-
tion determined from experimental data for neutron irradiated W and for ion
irradiated W-Re-Os with similar alloy composition and dose [75-78]. Bottom:
First principles based Monte Carlo simulations in a bec 30x30x30 supercell con-
taining voids (blue) decorated by Re (red) and Os (green) in W with 2at% Re
and 0.2at% Os and 0.2 at% vacancy at 1173K [68,69]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

where the phenomenon is strongly pronounced at radiation dose [75-
78]. Finite-temperature analysis shows that voids are decorated by Re
and Os, but there is no decoration by tantalum (Ta). The difference
between the elements is correlated with the DFT prediction of solute-
vacancy binding energies as well the sign of the short range order (SRO)
parameter between Re and Os as function of solute and vacancy concen-
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trations, in agreement with Atom Probe Tomography (APT) observa-
tions. Statistical analyses of Re and Os impurities in vacancy-rich tung-
sten show that the SRO effects involving the two solutes are highly sen-
sitive to the background concentration of the different species. In qua-
ternary W-Re-Os-vacancy alloys containing 1.5% Re 0.1% Os and 0.1%
vacancy, the SRO Re-Os parameter is negative at 1200K, driving the
formation of concentrated Re and Os precipitates. Comparison with ex-
perimental Transmission Electron Microscopy (TEM) and APT data on
W samples irradiated at the High Flux Reactor (HFR) shows that the
model explains the origin of anomalous segregation of transmutation
products (Re,Os) to vacancy clusters and voids in the high temperature
limit pertinent to the operating conditions of a fusion power plant.

The top Fig. 5 shows the cross-section of ternary phase diagram W-
Re-Os in which the neutron-induced precipitations in W containing Re
and Os have been collected from previous experimental studies reported
for different fission reactors. It is found from our analysis that the cluster
size of these precipitations is larger for the reactor materials with higher
transmutation rate. The bottom Fig. 5 shows results from our Monte-
Carlo simulation with the higher Re, Os concentrations applied for the
high-flux isotope reactors (HFIR) [69].

3.2. Models for phase decomposition of SMART alloys

Tungsten alloys have been selected as a potential first wall mate-
rial for DEMO and other near-term fusion reactors. Tungsten is a good
candidate due to its high melting point, low sputtering by plasma par-
ticles, relatively short-term activation, low tritium retention, and high
thermal conductivity. However, pure tungsten behaves poorly in loss-of-
coolant accident scenarios, where contact with the surrounding atmo-
sphere causes rapid oxidation releasing radioactive tungsten dust into
the air or form hazardous gaseous tungsten volatile oxides. To tackle
this, Self-passivating Metallic Alloys with Reduced Thermo-oxidation
(SMART) have been suggested that incorporate additions of Cr, Y, and
Zr that, will preferentially form protective scales of their own oxides on
the surface, inhibiting the tungsten oxide formation.

Combining first-principles CE Hamiltonian with MC simulations, a
constrained thermodynamic approach is developed to predict the com-
position stability in defective multi-component alloys for which the
short-range order (SRO) are directly derived for investigating the strong
impact on microstructural phase decomposition as a function of ele-
mental concentrations and temperatures in SMART W-Cr-Y [82] and
W-Cr-Y-Zr materials [80]. In fig. 6, the SRO parameter values are cal-
culated for different pairs in the two quaternary W-Cr-Y-Zr alloys with
strongly negative SRO for Y-Zr pair while the SRO of the remaining pairs
had the positive values. These predictions lead to the co-segregation of
Y and Zr in the considered SMART systems and the enhancement of
spinonal phase decomposition between W and Cr in a comparison with
the SMART ternary system W-Cr-Y.

These modelling results reveal a significant impact on understand-
ing the role of phase decomposition on microstructural evolution in the
integration with engineering and technology manufacturing of SMART
materials [83]. Importantly, the impact of phase decomposition is re-
cently validated by experimental observations from EELS, TEM and in-
situ STEM as well as from systematic study of oxidation properties of
W-Cr-Y SMART materials under annealing conditions [84,85].

3.3. Modelling of highly radiation-resistant W-based high-entropy alloys

Recently, tungsten-based low-activation high-entropy and medium-
entropy alloys have been proposed as possible candidates for next-
generation fusion reactors due to their exceptional tolerance to irradia-
tion. These alloys have been developed and designed via a strong inte-
gration between predictive modelling and experimental studies carried
at the US national laboratories [79,86-89].

The top panel of Fig. 7 shows the result of atomistic modelling from
exchange Monte Carlo simulations obtained for the specific composition
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Fig. 6. Short-range order evolution in W-Cr-Y-Zr SMART materials as function of alloy compositions—a) being W,Cr,3Y,Zr, and b) being W, Cr,,Y,, sZr, s—showing
the phase decomposition between W and Cr whereas the SRO between Y and Zr (insert figures) is strongly negative [79-81].

Wy 33Tag 36Cro 15 Vp,; alloy at 1100 K in a 30x30x30 supercell using CEH
(Eq. 1) and thermodynamic integration technique (Eq. 8). It was found
that inside of the second-phase bcc precipitate there was a very high
concentration of Cr and V atoms with a very low (up to 5%) concentra-
tion of W and Ta atoms. The resulted concentration profile (not shown
here) along the arrow direction was in an excellent agreement with the
profile measured by Atom Probe Tomography (APT) experimental anal-
ysis from [86].

Chemical complexity and nano-crystallinity enhance the radiation
tolerance of the refractory HEAs, but their multi-element nature, in-
cluding low-melting Cr, complicates bulk fabrication and limits prac-
tical applications. In [88], it is demonstrated that reducing the number
of alloying elements while retaining high-radiation tolerance is possible
within the binary system W-Ta tailored by small additions of V. The ex-
perimental results were validated with theoretical analysis of chemical
short-range orders (CSRO), combining ab-initio atomistic Monte-Carlo
modeling with machine-learning-driven molecular dynamics (MD) sim-
ulations of radiation damage. It is found from computational analysis
that a small change in V concentration has a significant effect on the
Ta-V CRSO between Ws;Ta,,V; and Ws3Ta,, Vs leading to radiation-
resistant microstructures in these medium-entropy alloys. Furthermore,
MD simulations using machine-learned potentials (see the bottom Fig. 7)
directly support and explain the experimental observations, showing
drastic differences in the radiation response between W-Ta and W-Ta-V
with only small additions of V.

3.4. Modelling of radiation damage in Fe-Cr alloys and composition
dependence in Fe-Cr-Mn-Ni high-entropy alloys

Fe-Cr alloys form the basis of many industrially important steels.
Ferritic/martensitic steels with 7-12wt% Cr are candidates for the in-
ternal structures of future fusion power plants because of their remark-
able resistance to swelling. Because magnetism plays an important role
in understanding of structural phase stability between ferritic (bcc) and
austenitic (fcc) steels, an ab-initio database taking into consideration
of electron spin polarization is indispensable for modelling not only for
thermodynamic but also radiation damage properties in these materials
[22,90-98].

Using exchange Monte Carlo (MC) simulations based on an DFT pa-
rameterized CEH model, the phase stability of low-Cr Fe-Cr alloys under
irradiation as a function of vacancy (Vac), carbon, and nitrogen content
has been explored. In the presence of vacancies, C/N aggregate to the

core regions of vacancy clusters, making segregation of Cr-rich clusters
less pronounced (see top Fig. 8). The structure of Cr-rich clusters varies
significantly, depending on the concentration of interstitial atoms and
on the ratio of N to C. Predictions derived from MC simulations agree
with experimental observations of Fe-Cr alloys exposed to ion irradia-
tion. The concentration of Cr found in clusters containing C and N in-
terstitial atoms is in qualitative agreement, and the absolute Cr content
found in the clusters simulated at 650 K is in quantitative agreement
with experimental APT observations of Fe-3.28 at.%Cr alloys irradiated
at 623 K. The measured C and N content of 42+5 and 151+3 at. ppm
likely results from the contamination that occurred during ion beam ir-
radiation.

Fe-Cr-Mn-Ni HEAs with higher radiation and corrosion resistances
can potentially replace the austenitic 304 and 316 steels, which are
used, for example, as advanced structural materials for fast breeder
and light water fission reactors. The relative phase stability of fcc and
bce Cr-Fe-Mn-Ni alloys has been investigated using a combination of
DFT, CEH, and Monte Carlo (MC) simulations in an integration with
the thermodynamic databases within the OpenCalphad approach. The
results obtained using this approach are in qualitative agreement with
the available experimental data from the literature and the experiments
performed within this work for the samples of Fe-Cr-Ni-Mn alloys syn-
thesized using arc-melting and annealed at 1273 K for 48 h. The Gibbs
free energy analysis has enabled the identification of the alloys that are
predicted to be single fcc phase for a wide range of temperatures. The
bottom Fig. 8 shows the temperature dependence of phase stability be-
tween fcc and bec within the quaternary HEAs as a function of alloy
compositions from these simulations.

4. Modelling high dose damage

4.1. Defect production, ballistic mixing and microchemical and
microstructural evolution: State of the art, gaps and opportunities

A comprehensive and quantitatively accurate understanding of pri-
mary damage events is essential for the development of robust predic-
tive models of high-dose damage in materials. It is now well established
that the traditional international benchmark for quantifying displace-
ment damage, the venerable Norgett-Robinson-Torrens displacements
per dpa (NRT dpa) model [100], significantly under-predicts, by a fac-
tor of 2-50 (depending on PKA energy), the amount of radiation mixing
(replacements per atom, RPA) and over-predicts the surviving defect
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Fig. 7. Top: Modelling of co-segregation of Cr (blue) and V (red) from W (yel-
low) and Ta (green) in high-entropy alloys Wj;Ta;,Cr 5V, [79]. The arrow
shows a direction where the predicted composition partitioning changes be-
tween the matrix and the Cr-V-rich precipitates. Bottom: Reduction of void den-
sity from binary W-Ta to W-Ta-V alloys with 3% and 5% at. of V obtained from
overlapping cascade molecular dynamics simulations in combination with an-
nealing using machine-learning potentials [88]. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

production at near-zero temperatures where thermally activated point
defect migration is negligible (athermal recombination corrected dpa,
ARC-DPA) for energetic displacement cascade conditions due to limi-
tations inherent in the binary collision approximation for defect pro-
duction [101,102]. This leads to about a factor of 3 difference in the
surviving defect fraction (relative to the NRT dpa) for near-threshold
PKA (e.g., electron or proton) irradiations vs. energetic PKA (e.g., fast
neutron or heavy ion) conditions. At temperatures where interstitials are
mobile, experimental and modeling studies have found that thermally-
activated correlated recombination corrections to the dpa (CRC-DPA)
cause a pronounced additional reduction in surviving defects (particu-
larly for low-PKA damage events), such that the surviving defect fraction
for irradiations above the onset temperature for long range interstitial
motion (recovery Stage ID [103]) is 20-25% of the NRT dpa value, inde-
pendent on PKA energy [104]. At higher temperatures where thermally
activated vacancy migration occurs, there is insufficient experimental
and modeling studies to accurately predict the additional correlated de-
fect recombination that occurs. Limited studies suggest the CRC-DPA
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Fig. 8. Top: Formation of Cr (grey atoms) clustering predicted and extracted
from modelling of Fe-alloys with nominal 3at.%Cr alloys containing Fe (pink)
containing C (red), N (green) impurities interacting with vacancies (blue) [98].
Bottom: Temperature and composition maps showing fcc (blue) and bec (red)
phases of Fe-Cr-Ni-Mn high entropy alloys from Monte-Carlo simulations using
cluster expansion Hamiltonian [96,97,99].. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

could be reduced to as low as 10% of the NRT dpa value, indepen-
dent of PKA energy [104]. Fig. 9 summarizes experimental estimates
for the surviving defect fraction in Cu after corrections for athermal and
thermal-activated correlated recombination within individual PKA col-
lisions for electron and fast reactor neutron irradiations [104]. Quantifi-
cation of the long-term correlated defect recombination associated with
isolated PKA events as a function of PKA energy for multiple materials
(using kinetic Monte Carlo or other modeling tools) would be valuable
for developing improved predictive models of radiation damage.
Radiation mixing is a key contributor to the stability of nanoscale
precipitates in irradiated alloys. A moderate number of experimental
studies have investigated radiation mixing in ordered alloys [102,105].
Additional fundamental experimental and modeling studies of radiation
mixing within isolated PKA events would be valuable to more accu-
rately quantify the radiation mixing as a function of PKA energy, tar-
get mass, and exposure temperature. It has been empirically observed
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that nanoscale precipitate stability is suppressed for high damage rates
(increased frequency of ballistic collision events) and low irradiation
temperatures (decreased diffusional renucleation and/or self-healing of
radiation mixed nanoprecipitates). Several phase stability models have
been developed to semi-quantitatively describe precipitate evolution un-
der a variety of irradiation conditions [67,106-111]. However, addi-
tional work is needed to include appropriate radiation mixing values and
solute intermixing of precipitate and matrix elements, along with pre-
cipitate nucleation and growth/coarsening phenomena. An additional
important phase stability activity is improved predictive modeling of
radiation induced solute segregation (RIS), which can lead to localized
chemical segregation that exceeds solid solution phase stability limits
and thereby causes radiation induced precipitation (RIP). Depending on
the RIP microstructural location (grain boundaries, matrix), intergran-
ular or intragranular embrittlement might be induced. Fig. 10 shows
an example of matrix Re-rich precipitation that is induced in neutron
irradiated W [5] at solute concentrations far below the predicted solu-
bility limit obtained from the equilibrium phase diagram [112]. Due to
the presence of multiple RIS mechanisms (inverse Kirkendall diffusion,
solute-defect coupled diffusion, etc.) it has been elusive to achieve quan-
titatively reliable RIS predictions of the solute enrichment or depletion
evolution as a function of spatial location and dose in the vicinity of
radiation defect sinks.

Further research is needed on the evolution of dislocation loops and
creation of network dislocation structures during irradiation. In many el-
emental metals and simple alloys, saturation in the loop number density
is typically achieved within ~0.1-5 dpa [113]. The potential impact of
1-D glissile point defect clusters vs. random walk diffusion monodefects
on the dislocation loop evolution needs further modeling. The poten-
tial impact of elastic strain fields from other microstructural features on
the migration and trapping of 1D glissile clusters needs further model-
ing analysis. Numerous studies have shown that intermediate levels of
He/dpa lead to maximized cavity swelling during irradiation [2], and
this has been attributed to achievement of a balance between biased
(loops, small cavities) and unbiased (void) microstructure features in
terms of preferential absorption of interstitials [2,3,114-116]. A recent
experimental dual ion beam (heavy ion + He) study reported that the
He/dpa level corresponding to peak swelling tended to decrease with
increasing dose in ferritic-martensitic steels irradiated at 445 or 460 °C
[117]. Further research and modeling is needed to determine whether
the evolution of cavities or other microstructural features might lead
to a shift in the He/dpa ratio that produces peak swelling in irradi-
ated materials with increasing dose. The change in hardening accom-
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panying irradiation-induced microstructural changes has traditionally
been analyzed using dispersed barrier hardening models [118,119]. For
accurate predictions of hardening, it is essential to use size-dependent
barrier strengths for the various dislocation obstacles [120,121] rather
than assuming an empirical size-independent barrier strength. Another
important aspect is that hardening superposition relations need to be
calculated by grouping "weak" dislocation barriers and "strong" dislo-
cation barriers using root sum square (RSS) relationships for similar-
strength obstacles and linear superposition to subsequently combine
the grouped weak and strong composite obstacles strengthening contri-
butions [122-127]. Therefore, in contrast to current widespread prac-
tice in the radiation effects research community, it is generally inap-
propriate to calculate the change in hardness after irradiation by only
considering the irradiation-induced microstructural features since that
methodology implicitly (and often incorrectly) assumes the preirradia-
tion and irradiation dislocation obstacle strengths have similar values
[128,129]. Assuming linear superposition for the irradiation-modified
component of the microstructure can lead to hardening overpredictions
errors up to 50% for typical irradiation studies in the irradiation hard-
ening regime [128]. Instead, the hardness due to various microstructural
features needs to be separately calculated for all microstructural features
in the unirradiated and irradiated conditions (using appropriate RSS and
linear superposition relations), and then the radiation-induced hardness
change can be calculated from the difference in the unirradiated and ir-
radiated calculated composite strengths. For the case of multiple weak
and strong obstacles in the unirradiated and irradiated microstructures,
the unirradiated and irradiated strengths (6> o;,;) are given by
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where ¢, and o, etc. are the strength contributions associated with
weak and strong obstacles, respectively, and 6,,, and o, etc. are the
corresponding irradiation-induced weak and strong obstacles. Fig. 11
summarizes the comparison between microstructure-predicted and mea-
sured hardness for two ferritic/martensitic steels irradiated at 369-520
°C with fast reactor neutrons or dual ions to 16-72 dpa [129]. Good
quantitative agreement (within 5-10% accuracy) was obtained for the
predicted strength based on microstructure characterization and the
measured strength when size-dependent dislocation obstacle strengths
and appropriate hardening superposition rules (linear vs. root sum
square) were used. The predicted hardness in Fig. 11 involved contribu-
tions from 9 different obstacles (several precipitates, dislocations, cavi-
ties, etc.).

4.2. Atomistic simulation of high-dose damage

To understand the evolution of irradiated microstructure, we are
faced with an enormous complexity in possible metastable atomistic
and chemical configurations and their thermally-activated transforma-
tions [130,131]. For many years, mean field rate theory (MFRT) [132]
was the principal method for understanding irradiated microstructural
evolution at experimental timescales. MFRT replaces the complexity of
irradiation defects with independent idealised defect objects, and so ex-
plores the competition between diffusion, coalescence, annihilation, and
sinks. Because evolution is determined by diffusion, it is most obviously
applicable where the mean free path between defects is long, and MFRT
returns the same dynamics if spatial correlation is explicitly introduced
using object Kinetic Monte Carlo with the same Hamiltonian [133]. But
where the local density of objects is such that elastic interactions are
strong, different conclusions are reached about the self-trapping of de-
fects [134-136] and the atomic degrees of freedom become important
for evolution to the point where idealising defects into objects is more
of a hindrance than an advantage [137].
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a) 690°C, 0.11 dpa

b) 800°C, 0.09 dpa
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c) 700°C, 0.44 dpa

Fig. 10. Re-enriched matrix precipitates in pure W irradiated in a mixed spectrum reactor at 590-700 °C [5]. The measured and calculated transmutant Re content
is far below the 25% Re equilibrium phase stability limit for W-Re at these temperatures [112].
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Fig. 11. Comparison of predicted and measured hardening of HT9 and T91
ferritic/martensitic steels following fast reactor or dual ion irradiation [129].

One could simulate the sequence of displacements initiated by pri-
mary knock on atoms and subsequent recovery directly. However, this
approach also presents significant challenges. A single collision cascade
produces less than 10~* dpa. Thus, accumulating doses on the order of
100 dpa would require more than ~ 10° cascades [138,139]. Clearly,
it is impractical to perform brute force ab initio molecular dynamics
simulations of a single cascade event, let alone over multiple cascades,
even with optimized state of the art density functional theory code. Fur-
thermore, simulation cells typically probe short length scales in DFT
simulations, containing at most ©(100) atoms. Unfortunately, simulat-
ing a large number of cascades sequentially is also computationally de-
manding with molecular dynamics. Hence, more efficient algorithms are
required to investigate the evolution of microstructure at high dose.

The creation relaxation algorithm (CRA) [39], or Frenkel pair accu-
mulation method [140,141], are efficient techniques for simulating the
evolution of microstructure to high dose at atomistic length scale res-
olution with reasonable computational effort. These methods represent
the ballistic transport of atoms in a collision event with a simple process
and, in the most reduced form, may be described in a few steps. Starting
with a simulation cell of perfect crystal containing N,,;; atoms:

1. Select an atom at random, and move it to a new position in the sim-
ulation cell.

2. Relax the energy of the system via, for example, the conjugate gra-
dient method.

3. Repeat steps 1 and 2 until a specified dose ¢ is achieved.

10

The system relaxation has to be performed in a physically consistent
way for the simulation to be meaningful. The most common approach is
to use interatomic potentials and rely on standard molecular statics or
molecular dynamics relaxation[39,141-144]. However, given the high
efficiency of the method, it is also tractable to apply electronic struc-
ture theory methods such as DFT to relax the system and evolve the
microstructure [145,146]. In a similar spirit to conventional definitions
of dose, the ‘canonical displacement per atom’ (cdpa) the simulation
cell is ‘exposed’ to in the algorithm is measured by ¢ = N, /N, cdpa,
where N is the number of atoms selected and displaced thus far. Canon-
ical dose and NRT dpa are qualitatively similar notions, and it has been
shown that the microstructural properties evolved as a function of cdpa
can be mapped linearly to the NRT dose scale [147]. In this form, no
additional effort is required to advance the system in time and the en-
ergy minimisation offers a fast and insightful route to producing high
dose microstructures.

There are multiple variations of the CRA approach that optimise the
algorithm or account for dynamical effects. For instance, one may create
multiple Frenkel pairs in a single iteration, although not so many as to
amorphize the entire simulation cell. As a rule of thumb, accumulating
a dose of 0.005 cdpa per creation-relaxation cycle results in an evolu-
tion of microstructure similar to displacing one atom at a time [142].
Chartier and Marinica [141] simulated irradiation damage of iron by
relaxing the system with molecular dynamics for 2 ps at 300K between
Frenkel pair insertions as opposed to the aforementioned energy minimi-
sation schemes [39]. Reali et al. [148] introduced the ‘molten spheres’
algorithm, where the Frenkel insertion step is replaced with replacing
spherical regions in the crystal with a molten configuration of the atoms,
so as to mimic the melt that is created in the wake of a collision cascade.
All of these athermal simulations of irradiation damage to an initially
perfect single crystal result in broadly similar microstructures and defect
statistics treated as a function of dose.

An obvious limitation of MD simulation is the system size available.
Simulations of irradiation damage with tens of millions of atoms or
more [149,150] are now relatively common, but still this corresponds
only to simulation boxes with sides 50-100 nm. Moving to GPU-based
clusters can increase this simulation size to some extent, but practically
researchers are often more limited by the data-storage requirements of
the trajectory [151].

The important question to ask therefore is whether a 100 nm length-
scale is relevant to simulating fusion materials, and the answer is a (qual-
ified) yes. Displacement cascades characteristic of neutron damage are
typically lower energy than those produced by ion-irradiation [152], the
practical upshot of which is that cascade splitting is less prevalent [153],
and so thermal heat spike regions more spatially contained [154]. The
individual lattice defects observed in displacement cascades are typi-
cally under 10 nm diameter [155,156], similar in size to the cascade
extent [135], so we conclude MD lengthscales to be entirely appropri-
ate for understanding the defect generation process.
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In the case of massively overlapping cascade simulations [139,157]
at low homologous temperatures, individual defects are mobilised by
nanoscale fluctuating stresses to coalesce into larger, complex disloca-
tion structures [39]. If the simulation cell is relatively small (order 1
million atoms, equivalent to a cube with linear dimensions of about a
hundred interatomic distances), complete crystal planes will form [158],
rather than a dislocation network [159] that spontaneously evolves if
the simulation cell contains 10 M or more atoms. The formation of a dis-
location network has been detected in experimental observations of ion-
irradiated materials [160]. There is also evidence from Electron chan-
nelling contrast imaging (ECCI) and High angular resolution electron
backscatter diffraction (HR-EBSD) for the possible emergence of an even
larger length-scale, order 1 pm, appearing in the spatial correlations of
strain [161], which may be due to the loop rafting occurring on the scale
of over hundred of nanometres. We conclude that large MD simulations
are suitable for high-dose low-temperature irradiation simulations, but
could miss long-range elastic strain correlations brought about by de-
fect diffusion [162,163]. The significance of the emergent strain-driven
length scales over 50 nm requires further analysis.

The initial structure used in MD simulations does not need to be a
perfect single crystal — a highly idealised approximation. Recent work
has explored the evolution of polycrystalline nano-grain tungsten [164].
It was found that smaller grains swell less than larger grains and sup-
press the transient peak of dislocation density at low doses. With in-
creasing dose, the size distribution of the grains broadens together with
an upward shift in the mean grain size.

With regard to timescales, the characteristic timestep of MD simula-
tions, order 1fs, is short compared to the inverse Debye frequency, and
simulations are rarely extended beyond 1us. So how can simulated ir-
radiation with a dose rate of 1 dpa/us be compared even to high dose
rate experiments closer to 1 dpa/h? One way to view the problem was
proposed by Boleininger et al. [143]. Recovery events affecting the mi-
crostructure do not occur at the Debye frequency, but rather with an
Arrhenius rate, with a mean time for a process with activation energy
E, given by 7, = v;'exp [E,/(kpT)|. These can be fast or slow com-
pared to the characteristic time for a cascade heat spike to impact a
given atomic site. If the dose rate is ¢, each cascade displaces N, atoms
in the ballistic phase, and the heat spike affects N, atoms, then the
characteristic cascade mixing time is order 7o = N, /(¢N,,,;,)- We can
therefore define a thermal factor ¢ as the ratio of these times, which we
can interpret as the number of times a defect will hop before it is hit by
another cascade,

vp N4 ( Ey4 )
—exp| ——F ).
¢N melt kBT

If the thermal factor is small, then cascades are impacting faster than
the recovery events with activation energy E,, and the system be-
comes insensitive to dose rate. Conversely, if ¢ is large then defect
diffusion and recovery dominates. The crossover point is strongly de-
pendent on temperature. At the most extreme limit, CRA [39] intro-
duces damage completely athermally, by displacing an atom then re-
laxing the microstructure with conjugate gradients solely. This has no
diffusion-enabled defect recovery, and so generates a very dense dam-
age microstructure. However, in fusion materials the key recovery stages
are visibly separable [165], with wide temperature gaps between obser-
vations of stage I recovery (movement of self-interstitial atoms), stage
II recovery (movement of interstitial clusters), and stage III recovery
(monovacancy movement) [166]. The activation barrier for (a carbon
or nitrogen-decorated) monovacancy migration event in steels requires
the dissociation of vacancy-carbon and vacancy-nitrogen complexes re-
sulting in the effective energy of 1.3 eV [167]. In pure tungsten, the
vacancy migration energy is 1.7 eV [168,169], compared to the value
of 1.78 eV derived from ab initio calculations [27,170]. We can there-
fore perform atomistic simulations at a temperature where ¢ is large
for self-interstitial movement, but small for vacancies. What happens to
the interstitials when given time to diffuse can vary according to their
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local environment. In the low dose limit, the mean free path for in-
terstitial cluster diffusion can be long, leading to loss of interstitials at
sinks [171], especially under conditions of production bias [172]. While
not fundamentally excluded from MD simulation, typically the simu-
lation time used for overlapping cascade simulations is insufficient to
model this long-range diffusion, and other methods such as object ki-
netic Monte Carlo [173,174] or stochastic cluster dynamics [175,176]
are more appropriate. At high doses, the movement of interstitial clus-
ters is constrained by local elastic fields [39,134], and so for high dose
simulation, the fast movement of interstitial clusters manifests as local
recombination, possible to simulate within the MD timeframe [177].
This gives a wide temperature window of validity for MD cascade sim-
ulations, so that direct comparisons can be made to experiments near
room temperature. This temperature is also technologically relevant, as
it includes actively-cooled regions of a fusion device.

We might then ask what is the expected asymptotic consequence of
a system of atoms driven by successive cascades? An MD simulation
just before one cascade can be defined by a (high dimensional) state
vector x [151], and after the cascade and a few ps of annealing by
the new state x’. Granberg et al. [178] argued that as the simulation
is inherently stochastic, there is a probability distribution for a state
p(x), and therefore the cascade event is represented by an unknown
Markov matrix M describing the evolution of the probability distribu-
tion, p(x’) = M ,p(x). Successive cascade events will drive the system
to a steady state, whose probability distribution is a right eigenvector
of M. This eigenvector may even be unique if M has strictly positive
elements [179], but no guarantees can be made that the steady state is
reached quickly. The existence of the steady state does, however, mean
that any route to steady state is acceptable [178], allowing for high
dose simulations to be accelerated by starting ‘near’ the steady state
and performing a smaller number of full cascades [147]. A further ad-
vantage of the steady state is that it has the greatest density of defects,
and therefore the greatest microstructural stabilisation through elastic
interactions. The steady state is therefore also likely to show the slowest
recovery processes, and so be the most accurately described by MD.

In general, the irradiation damaged microstructure that develops un-
der athermal modes is characterised by a transient over small doses of ~
0.1 dpa, followed by a defect evolution and growth stage into an eventual
steady state at high doses of the order of 1 dpa [39,142,143,145,158].
The steady state is characterised by a global change in dimensions and
dense fluctuating defect configurations supported by a spatially varying
internal stress field.

At higher temperatures, we should expect higher energy barrier
events to be activated within characteristic experimental times. Chief
amongst those absent in MD simulations is vacancy migration, which
should lead to void formation or further defect recovery through an-
nihilation, and the balance between these two paths is critical to un-
derstanding high dose - high temperature evolution. Explicit Hamilto-
nian dynamics must be abandoned to model longer times if the such
events are expected, and so while atomistic resolution seems to be
important to correctly model strongly interacting defects, maintaining
this atomistic resolution is very challenging due to the explosion in
number of possible events. This restricts the applicability of on-the-
fly kinetic Monte Carlo [131,137,180] to small defects or individual
cascades. Very recent progress has been made explicitly evolving in-
terstitial clusters with MD and slower processes with kMC [181,182],
but there is no generally established procedure for simulating the
high-dose, high-temperature limit, and further work in this area is
important.

4.3. Athermal defect accumulation in the CRA approximation

The most simple methods for athermally accumulating defects have
very few adjustable parameters, perhaps only a restriction on the min-
imum separation on displaced atoms, so results are a function of the
interatomic potential energy surface. CRA has been performed using
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Fig. 12. DFT-CRA trajectories of microstructural evolution in bcc Fe. The evo-
lution of the total energy for four trajectories (t1-t4) and their average is shown,
data from [145].

density-functional calculations for the energy (DFT-CRA). This offers a
ground-truth for dense defect interactions against which empirical or
machine-learned interatomic potentials can be validated. For DFT-CRA,
given the limited supercell size, it is important to perform several CRA
trajectories to gather statistically significant results. Fig. 12 shows the
total energy change for four distinct trajectories, including their aver-
age, for a DFT-CRA simulation of single Frenkel pair insertion in bcc
Fe[145]. One can here clearly see the linear growth and subsequent
transformation into a saturation stage of the implanted energy.

Below ~ 1073 dpa, the inserted Frenkel pairs are well separated and
thus their concentration increases linearly as a function of dose. Shortly
after, self interstitial atoms interact and coalesce into small clusters and
dislocation loops whilst a vacancy atmosphere remains. The population
of isolated loops grows and coalesces into a dense dislocation network
at doses of the order of 0.1 dpa. In the limit of large doses above 1 dpa,
loops expand further and dissociate the percolating network into new
crystallographic planes and isolated loops, significantly reducing the to-
tal dislocation density. In Fig. 13, a typical evolution of microstructure
under the molten spheres algorithm is shown with doses increasing from
0.01 dpa to 1 dpa where the dislocation structure is overlaid on simulated
TEM images [148,183].

These stages, as elucidated using IAP-driven CRA, have been con-
firmed in bec Fe using DFT-driven CRA [145]. The maximally useable
supercell sizes using DFT-CRA do not, however, allow for simulating the
appearance of the dislocation network, but instead saturates in a dislo-
cation loop dominated steady state, in all other aspects very similar to
the steady state achieved in the IAP-CRA simulations.

The use of DFT-CRA allows for analysis of electronic structure ef-
fects on the evolving microstructure, beyond the capabilities of classi-
cal methods. The evolution of local magnetization in an evolving mi-
crostructure has shown how important local magnetic moments are in
stabilizing 3D defect clusters such as the C15 Laves phase structures that
have been modelled separately before [184,185]. Under DFT-CRA in bcc
Fe, C15 grows spontaneously and dynamically, and it has also been indi-
cated that alloying elements such as Cr allow for increased stabilization
of these clusters, see Fig. 14. The C15 cluster structures display local
ferromagnetic ordering, anti-parallel to the host Fe lattice, and anal-
ysis of the local stresses in the evolving microstructure show how the
constrained environment promotes different defect cluster types to form
and grow[144].

Typically, the development of these defects results in a net swelling
of the crystal lattice as the expansive relaxation volumes of interstitial
type defects are generally larger in magnitude than the contracting re-
laxation volumes of a mono vacancy [186-188]. On average, the di-
mensional changes of cubic metals are purely dilatational. However,
in anisotropic materials, such as Zr, the dimensional change contains a
shear component in a phenomenon known as irradiation induced growth
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[142]. X-ray Laue diffraction measurements of lattice strains in ion-
irradiated tungsten were found to be in qualitative agreement with CRA
simulations, with an initial low-dose phase of positive strain due to in-
terstitials giving way to a high-dose phase of negative strain due to the
vacancies as the interstitials form a dislocation network or form com-
plete planes [158] as shown in Fig. 15. This validates the basic evolution
phases observed in CRA, but it should be noted that as CRA represents
cryogenic accumulation, it overestimates the defect density by an order
of magnitude. Similar strain curves have been subsequently observed
with massively-overlapping molecular dynamics cascade algorithms at
room temperature, and these produce the same qualitative trends, but
with quantitative accuracy [148,189].

In the CRA limit, where no thermal evolution takes place, the irradi-
ated system displays responses and statistics that are signatures of self
organised criticality. The distribution of change in total energy of a sys-
tem as a result of one Frenkel pair insertion was found to be distributed
according to a power law. Rare high energy events were highly non-local
such that a single displacement iteration could induce a change in dislo-
cation structure far away from the insertion location [39]. In addition,
the size distribution of dislocation loop diameters has been found to be
distributed according to a power law whose exponents are consistent
with experiment [190]. Overlapping cascade simulations are expected
to deviate from purely critical behaviour, yet retain heavy tailed defect
size and response distributions.

4.4. Modelling the influences of He and H on defect evolution in iron-based
materials

In iron-based blanket structural materials, substantial transmutation
He and H atoms will be produced via nuclear reactions induced by high-
energy fusion neutrons [191]. Experimental studies have demonstrated
that He and H can impose significant influences on cavity evolution,
reflected by the size and density of cavities [192-199]. Moreover, the
coexistence of He and H may synergistically result in more complex
evolutionary behaviors of cavities [4,198,200-202]. Mesoscale simula-
tions, such as kinetic Monte Carlo (KMC) and cluster dynamics (CD)
methods, provide feasible pathways to model the long-term evolution
of irradiation-induced defects and high dose damages. To elucidate the
physical mechanisms by which He and H influence cavity evolution,
it is essential to acquire the fundamental parameters for the interac-
tions among He, H and cavities at the atomic scale as key inputs into
mesoscale simulations. These physical parameters primarily include the
diffusion barriers of mobile defects, the interaction radii between de-
fects, and the binding energies for defect clusters (associated with their
dissociation rates) [203].

Significant challenges remain in understanding the synergistic effects
of H and He on cavity evolution in iron-based materials using mesoscale
simulations. Over the past few decades, substantial ab-initio calculations
and molecular dynamics simulations have been conducted to investigate
the interactions among He, H and cavities in BCC iron [115,204-217],
while the comprehensive parameters for the ternary interactions among
He, H and cavities remain lacking. Helium is shown to inhibit the dif-
fusion of vacancy-type defects more effectively than H [204-206]. Both
He and H can enhance the thermal stability of cavities by increasing
vacancy binding energies to cavities [204,208,209,213,214], which is
predicted to increase cavity density by enhancing cavity nucleation
[194-199]. The synergistic influence of He and H on the thermal stabil-
ity of He-H-cavity ternary systems remains underexplored, and the rea-
sonable predictive models need to be developed for accurate mesoscale
modelling. The impacts of He and H on the capture radii of cavities for
displacement defects have received relatively less attention. Molecular
statics calculations show that He can increase the spontaneous capture
radii of cavities for vacancies and weakly alter those for interstitials
[115]. This can increase the vacancy flux into cavities, thereby altering
their long-term evolution. Future efforts are needed to explore H effect
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Fig. 13. Simulated TEM images of high energy irradiated sheared tungsten with increasing dose from left to right under the molten spheres algorithm. The dislocation
structure is overlaid on each TEM image, showing the evolution from small isolated loops to a network that dissociates into larger loops. Figure adapted from [148].
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Fig. 14. The largest C15-type structures, dynamically formed under CRA con-
ditions, as a function of irradiation dose predicted by different methodologies
[145].
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Fig. 15. Variation of lattice strain and volume strain of a ion irradiated tung-
sten sample. The scatter plot shows X-ray Laue diffraction measurements of the
lattice strain along the irradiation direction. Lattice strain and volumetric strain
derived from CRA simulations are shown in solid and dashed curves respectively.
Figure adapted from [158].

and H-He synergistic effect on the capture radii of cavities for displace-
ment defects.

In Object kinetic Monte Carlo (OKMC) simulations, the rapid diffu-
sion of interstitial He and H atoms (with the diffusion barriers lower
than 0.10 eV in BCC iron [204,211,215]) increases the overall event
rate of the simulated system and may significantly limit the applica-
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bility to low-dose scenarios. This effect is more pronounced for H than
He since the binding energies of H to cavities are significantly lower
than those of He to cavities (less than 1.0 eV vs. several eV in BCC iron
[204,210-213,215,216]), Consequently, a high concentration of inter-
stitial H atoms persists when cavities can effectively trap interstitial H
atoms. Recently, a quite simplified approach to this issue is to treat inter-
stitial H atoms as immobile [218], and preliminarily demonstrates the
synergistic effects of He and H on the long-term evolution of displace-
ment defect. However, this approach may underestimate the frequency
of the interaction between H and displacement defects. The kinetic trap-
ping process of H by cavities involving spatial information may require
implicit treatment for improved computational efficiency.

Meanwhile, CD based on the mean-field rate theory can model de-
fect evolution in high doses sacrificing spatial information on defects.
Nonetheless, the binding of He and H to cavities will remarkably in-
crease the number and complexity of master equations that depict the
concentrations of cavities and thus limit the available timescales and
achievable irradiation dose. An effective method is to reduce the di-
mension of the phase space representing cavities containing He and H.
Specifically, taking He as an example, small cavities containing He are
completely depicted by a two-dimensional (2D) phase space defined by
the number of vacancies and He. For larger cavities of the same size, one
master equation governs the evolution of their total concentration, and
another calculates the time-dependent average number of He per cavity.
This approach effectively reduces the phase space to be one-dimensional
(1D), as illustrated in Fig. 16(a). Using the above model, Brimbal et al.
demonstrated He can evidently promote cavity nucleation in austenitic
stainless steels at elevated temperatures [219], as shown in Fig. 16(b).
Due to the lack of interaction parameters for H-cavity binary system
and He-H-cavity ternary system, CD simulations examining the influ-
ences of H and the coexistence of He and H on cavity evolution remain
rudimentary [175,191,216]. Future simulations using reasonable inter-
action parameters are valuable for elucidating the physical mechanisms
for He and H to alter cavity evolution in fusion reactor environments.

5. New developments in machine learning interatomic potentials

Computational methodologies, such as DFT, MD, KMC, CD methods,
etc. are routinely used to investigate the materials’ behavior. Ab initio
based DFT provides an accurate potential energy surface (PES) to un-
derstand the behavior of the material in such a complex chemical envi-
ronment. However, the computational cost associated with the ab initio
methods is prohibitively expensive for simulation domains with >2nm
or 1000 atoms.

PES for larger simulation domains is routinely obtained from empir-
ical and semiempirical interatomic potentials for simulating materials
at higher length scales ranging up to 1000 nm. However, for materi-
als with complex chemical interactions, such as interactions between
material defects, transmutation gases, and interfacial effects, the formu-
lation of these classical potentials with a fixed mathematical form may
not be sufficient to provide an accurate PES description. Unlike classical
potentials, machine learning-based potentials (MLPs) provide a highly
flexible mathematical formulation, allowing for an accurate description
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figure legend, the reader is referred to the web version of this article.)

of complex chemical interactions. When these MLPs are trained with ab
inito data, the PES calculated by MLPs will have ab initio-level accuracy
at a fraction of computational cost, leading to accurate simulations of
chemically complex interactions in long-length scale domains.

In the past decade, significant progress has been made in devel-
oping MLPs. A key step in developing an MLP is defining structural
descriptors invariant to symmetry operations, such as translation, ro-
tation, and permutation of chemically equivalent atoms. Eliminating
the necessity for in-house-code development for training and utilizing
MLPs, several open source packages are available that streamline this
process and also have an interface with popular molecular dynamics
codes, such as LAMMPS [220]: Gaussian approximation potential (GAP)
[221-223], spectral neighbor analysis potential (fitSNAP) [224-227],
moment tensor potential (MLIP) [228-231], the atomic energy network
(AENET) [232-235], and deep neural network potentials (DeePMD-kit)
[236-240]. Here, we briefly review several developments on MLPs that
help in the investigation and the development of advanced radiation-
resistant materials for fusion applications by extending our understand-
ing of fundamental atomistic interactions.

5.1. Accurate prediction of He and vacancy binding energies with He
bubbles in BCC-Fe

Fe-He MLP was developed in 2023 to investigate the clustering be-
havior of He atoms in BCC-Fe that leads to bubble formation and growth
[241]. Specifically, the work focused on obtaining accurate binding
energies of He with He,_; clusters and He,_;V bubbles with mono-
vacancy. ~10,000 at. configurations required to achieve this were care-
fully selected for training the MLP. Configurations include relaxation of
point defects (vacancy and self interstitial), He clusters, He bubbles, lat-
tice strains, etc. The deep neural network potential code, DeePMD-Kkit,
was used to train the potential, run structural optimization and molec-
ular dynamics simulations.

E,[He,_, + He] = E[He,_,] + E[He,] — E[He,] — E[Fep] (12)
E,[He,_,V, +He] = E[He,_,V, ] + E[He] — E[He,V,,] — E[Fep]  (13)
E,[He,V,_, + V1= E[He,V,_,]1+ E[V] - E[He,V,,] — E[Fep] (14)

Fig. 17 compares the binding energies of He with He,_; clusters and
He,_,V bubbles with monovacancy using Eq 12 and 13. E,[D, + D,] is
the binding energy of the defect D, with defect D,, E[D] is the total
energy of BCC-Fe containing defect D and E[Fep] is the total energy
of pristine BCC-Fe. D represents defects such as He, (He cluster with n
number of He atoms), He,V,, (He bubble with n number of He atoms
and m number of vacancies).
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Fig. 17(a) compares DFT versus MLP binding energies in a 4 x 4x4
supercell (SC4). In addition, comparison of binding energies calculated
with relaxed cells (RCBE) and fixed cells (FCBE) is studied. The differ-
ence between RCBE and FCBE is due to the periodic effects of the small
SC4. The difference between RCBE and FCBE progressively diminishes
for bigger 8 x 8x8 and 12 x 12x12 supercells, shown in Fig. 17(b) and
Fig. 17(c), respectively.

The impact of developing a Fe-He machine learning potential is dis-
cussed in the following. Several works have reported E;[He,_;V,, + He]
value, calculated using DFT and interatomic potentials (IAP). However,
a one-to-one comparison between the DFT and IAP computed binding
energy values was not possible because DFT calculations were limited
to small SC4 supercells, while IAP values were typically computed using
alarge 10 x 10x10 supercells. In Ref. [241], we have estimated that the
mean absolute error (MAE) of IAPs ranges between 0.33 and 0.57 eV,
compared to MLP binding energies computed using 12 x 12x12 super-
cells.

5.2. Ta-Ti-V-W high entropy alloys

As noted in Ref. [242], understanding the eigenstrains of radiation-
induced defects is essential for simulations using the finite element
method. While MD is a powerful tool for determining eigenstrains ef-
ficiently, the accuracy of its predictions heavily depends on the quality
of the interatomic potentials used. This challenge becomes especially
pronounced in multicomponent systems such as high-entropy alloys,
where the energy landscape around irradiation defects is highly com-
plex. Even for point defects, formation energies and relaxation volumes
depend not only on the alloy’s composition but also on the defect’s local
environment. For more intricate defect structures, the complexity of the
energy landscape further increases. Therefore, the possibility of devel-
oping MLPs capable of accurately reproducing the formation energies
and relaxation volumes of defects in irradiated multicomponent alloys
is critically important.

This subsection demonstrates the ability of MLPs to accurately repro-
duce formation energies and relaxation volumes of point defects using
the equiatomic Ta-Ti-V-W high-entropy alloy (HEA) as an example, a
material considered promising for fusion applications. HEAs are attrac-
tive for high-temperature environments due to their exceptional yield
strength, hardness, and superior irradiation resistance compared to pure
elements and conventional alloys. The Ta-Ti-V-W system was selected
based on theoretical studies of the Cr-Ta-Ti-V-W system, which com-
bined DFT, cluster expansion, and Monte Carlo (MC) simulations [243].
These studies predicted that Ta-Ti-V-W solid solutions exhibit some of
the lowest ordering temperatures [243], a finding validated experimen-
tally, where TaTiVW formed a single bcc phase [244]. Consequently,
two MLP versions were developed for Ta-Ti-V-W alloys: a linear ML
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and MLP.

model with hybrid descriptors and a kernel-based approach (known as
KNML) [245]. The linear model computes atomic potential energy as a
weighted sum of descriptor components, while the KNML approach re-
fines deviations from DFT predictions using a subset of DFT data points.

The comparison of vacancy formation energies and relaxation vol-
umes in the equiatomic Ta-Ti-V-W HEA, as obtained from DFT and
KNML, is presented in Fig. 18(a) and (b), respectively. The kernel ML
accurately reproduces both properties, with vacancy formation energies
ranging from 1.6 to 3.0 eV and relaxation volumes ranging from -0.8
to -0.3 at. volumes in both methods. A key advantage of MLPs is their
ability to analyze much larger statistics of point-defect configurations.
Fig. 19(a) and (b) show the distributions of formation energies and re-
laxation volumes of vacancies, respectively, for all possible vacancy con-
figurations in a disordered equiatomic alloy structure containing 128 at.
sites. These distributions exhibit Gaussian-like behaviour, with mean
values of 2.5 eV for formation energy and -0.5 at. volumes for relaxation
volume.

5.3. Hydrogen isotopes in metals

MLPs allow not only large-scale simulations with DFT accuracy, but
also the application of more physically accurate theoretical methods.
One such method is the path-integral (PI) method [246] to account for
nuclear quantum effects (NQEs). It should be noted that ab initio molec-
ular dynamics (AIMD) deals only with the quantum nature of electrons
and ignores NQEs, such as zero-point vibration and quantum tunneling.
NQEs are important for the simulation of light atoms, such as hydro-
gen isotopes, at low temperatures. Thanks to the isomorphism between
quantum theory and classical statistical mechanics [247], the PI calcu-
lation can be performed by a relatively small extension of classical MD
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codes, as implemented in the LAMMPS code [248], as well as by a code
designed for various PI methods, such as the PIMD code [249].

There are basically two types of PI methods: (i) for the calculation of
thermodynamic properties at equilibrium, such as path integral molecu-
lar dynamics (PIMD) and path integral Monte Carlo (PIMC), and (ii) for
the calculation of transport and dynamical properties, such as ring poly-
mer molecular dynamics (RPMD) [250], centroid molecular dynamics
(CMD) [251], and path integral quantum transition state theory (PI-
QTST) [252]. For example, method type (i) can be used to calculate the
solution enthalpy of hydrogen and the hydrogen distribution over lat-
tice defects at a finite temperature, and method type (ii) can be used
to calculate the diffusivity of hydrogen isotopes. Although the quan-
tum dynamics obtained by CMD and RPMD are approximations, the two
methods give similar results and achieve reasonable agreement with ex-
periments within the limits of the deviation of the experimental results
and the statistical precision of the calculation results for hydrogen dif-
fusion in metals [253,254].

In practice, CMD and RPMD calculations are roughly 100-1000
times slower than classical MD calculations. Therefore, not only accurate
but also efficient force fields are needed, and MLPs can satisfy these re-
quirements. In previous studies, the moment tensor potential [255] and
artificial neural networks [256] were used to calculate the diffusion co-
efficients of hydrogen isotopes in bcc metals (Fe, Nb, W) [254] and fcc
metals (Pd) [253], respectively. Significant deviations from classical MD
due to NQE:s are typically observed by PI methods below about 500 K
for protium (H) [253,254].

MLPs also allow us to accurately evaluate isotope effects in diffusion
coefficients and then identify interesting physics in hydrogen dynamics.
For example, even at high temperatures where NQEs are negligible, the
isotope effects deviate from classical theory, i.e. Dy /Dy = \/myp/my =
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1.73, where D and m are the diffusion coefficient and atomic mass, re-
spectively, and the subscript indicates the type of hydrogen isotope, for
all calculated bce metals (Fe, Nb, and W) [254]. This observation cannot
be reproduced by empirical potential models, since not only the migra-
tion barrier but also the lattice vibrational frequencies associated with
the hydrogen motion must be accurately described to correctly simulate
the diffusion coefficients and isotope effects, which is a formidable task
for empirical potentials [257]. NQEs become significant at lower tem-
peratures for deuterium (D) and tritium (T) compared to H because the
NQEs are mass-dependent, causing larger isotope effects at lower tem-
peratures in bce metals. In fcc metals, anomalous isotope effects charac-
terized by a reversed-S shape on an Arrhenius plot have been identified:
for example, the T diffusivity can be larger than the H diffusivity at
80-400 K in Pd [253,258].

It should be noted that for the materials in which the hydrogen so-
lution energy is positive and the hydrogen solubility is low, such as Fe
and W, accurate experimental measurements of the hydrogen diffusiv-
ity in the lattice are inherently difficult. This is because, as illustrated
in Fig. 20(a), the majority of the dissolved hydrogen atoms are trapped
at surfaces and lattice defects, such as grain boundaries, dislocations,
and point defects (vacancies, impurities, etc). Consequently, except at
high temperatures where the trapping effects of lattice defects become
negligible due to the entropy effect, the measured hydrogen diffusivity
is affected by lattice imperfections and has large deviations, for exam-
ple below 500 K in Fe [259] and below 1000 K in W [260], depending
on the microstructure [261] and defect concentrations [262] in a ma-
terial, as depicted in Fig. 20(b). Therefore, atomistic simulation is an
essential tool to study lattice diffusion. Since classical MD loses its accu-
racy at low temperatures due to the neglect of NQEs, the PI methods are
also needed (Fig. 20(c)). The advent of MLPs, which has improved the
accuracy-efficiency trade-off of atomistic simulations compared to DFT
and empirical potentials (Fig. 20(d)), has greatly facilitated accurate PI
simulations, which is expected to help improve our understanding and
prediction of hydrogen diffusivity in broad classes of materials, includ-
ing for the diffusivity of tritium for which the availability of experimen-
tal data is quite limited.

Meanwhile, another interesting application of MLPs is the simula-
tion of hydrogen-defect interactions in nuclear fusion materials, espe-
cially in the plasma-facing components such as tungsten and its al-
loys. Although a well-trained empirical potential shows improved re-
production of hydrogen-defect interactions [263], MLPs can reproduce
hydrogen-defect interaction energies obtained by DFT much better in W
[264-266]. Nevertheless, these MLPs are not trained for all properties
and phenomena, and thus are probably not sufficiently transferable to
general simulations of tungsten-hydrogen systems: specifically, the deep
neural network potential developed by Wang et al. was trained primarily
for hydrogen blistering [264], the ANN potential developed by Xu et al.
for hydrogen segregation in strained regions [265], and the MTP devel-
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oped by Yang et al. for low-energy hydrogen implantation [266]. Fur-
ther improvement of the accuracy, transferability, and speed of MLPs,
including the development of methods to guarantee high accuracy of
MLPs in atomic dynamics and rare events [267], is a key challenge and
should be one of the core research topics in the coming decade.

5.4. Summary

In summary, the development of machine learning potentials has
dramatically enhanced our ability to simulate complex materials phe-
nomena with near-ab initio accuracy at a fraction of the computational
cost. The examples discussed in this section, from accurately captur-
ing He-defect interactions in BCC-Fe, to reproducing defect energetics
in high-entropy alloys, and incorporating nuclear quantum effects for
hydrogen isotopes—demonstrate the versatility and power of ML poten-
tials. These advancements not only bridge the gap between quantum-
mechanical accuracy and large-scale simulations but also pave the way
for predictive modeling in challenging environments, such as those
found in fusion reactors.

Yet some challenges persist in adoption machine learning potentials
to further fusion materials understanding:

(1) Although the computational cost of neural network (NN) based MLPs
is significantly lower than that of DFT, it remains approximately three
orders of magnitude higher than that of EAM potentials [241]. Hence
the computational cost of NN based MLPs may limit the simulation cell
size to <1M atoms.

(2) Besides metals, ceramics such as, Li,SiO, and Li,TiO; are being ex-
plored to use as tritium solid breeder materials. The long range electro-
static interactions and changes in local ionic charges due to charged va-
cancies in ceramics adds additional complexity to the training of MLPs.
Development of open source software packages that include long range
electrostatic interactions with charge equilibration is crucial for devel-
oping MLPs for ceramics.

Looking forward, further improvements in accuracy, transferability,
and computational efficiency will be critical for addressing remaining
challenges, such as modeling rare events and extending these methods
to even more complex materials systems.

6. Non-metallic materials for fusion

As a complex device, a fusion reactor will require functional mate-
rials that can perform a range of essential tasks. For example, a future
tokamak may employ high temperature superconducting (HTS) mag-
nets that may be exposed to neutron damage able to compromise the
integrity of plasma confinement. Also, neutron irradiation induced de-
fects in ceramic breeder materials may lead to tritium retention levels
that makes the tritium cycle unsustainable. Clearly, then, considering
the behavior of these materials is important and while modelling work
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here is less mature than elsewhere, there has been considerable progress,
however, more needs to be done.

6.1. High temperature superconductors

For research purposes, tokamak reactors could employ copper mag-
nets to provide the magnet field for plasma confinement. However,
the next generation of devices have increased requirements in terms
of plasma densities and confinement times, requiring higher strength
magnetic fields. ITER will employ a mixture of Niobium-Tin (Nb;Sn)
and Niobium-titanium (NbTi) low temperature superconductors, pro-
viding magnetic field strengths up to 11.8 T and 6 T respectively. Both
materials have critical temperatures below 18.3 K and therefore, require
substantial cooling using liquid He, consuming a significant amount of
energy. Many powerplant designs, including STEP, ARK, and others, en-
visage using high-temperature superconducting magnets, based around
rare earth cuperates as these offer field strengths up to > 30 T and crit-
ical temperatures up to 133 K. Neutronics simulations by Torsello et al.
predict a fluence of 1.6x10'” n cm~2 in the ARK reactor hitting the mag-
nets with the anticipated accumulated dose reaching 0.52 dpa over 10
years [268].

The Rare Earth Barium Cuperates (REBa,Cu;0;_,), where RE = Y,
Gd and Eu, are a group of ceramic oxides that adopt a defective per-
ovskite crystal structure as illustrated in Fig. 21. Within this structure the
copper ions exhibit two different charge states, with the Cu2 ions adopt-
ing a 2+ charge state surrounded by five oxygen ions that form linked
squared-based pyramids, the bases of which form the CuO, planes and
the Cul ions exhibit a + 3 charge and are co-ordinated to four oxygen
ions to form the so-called chains. The x in the REBa,Cu;0,_, is accom-
modated by oxygen vacancy defects, which are predominantly on the
O1 site in the CuO chain [269]. This observation is supported by DFT
simulations, that indicate the formation energy for the O1 and 04 site
are 0.6-0.8 eV lower than the O2 and O3 sites in the planes [270,271].

Neutron irradiation experiments of REBa,Cu;0,_, indicate that ini-
tially the critical temperature decreases linearly with fluence with a con-
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comitant increase in the critical current, J, [272-277]. It is thought that
this increase in J, is due to the formation of large amorphous regions
that can act as flux pinning centres, while the decrease in 7, is associ-
ated with the creation of vacancy defects throughout the material. At
a certain fluence, which depends on the initial defect structure of the
HTS materials, there is a sharp drop in the superconducting properties
[278].

There have been a number of empirical potentials derived for the
REBa,Cu;0;, materials, particularly YBa,Cu;0, [279,280]. These mod-
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Fig. 22. Two images of the cascade progression in the x-z plane of a 20 keV cascade with pka launched in the x direction taken at the peak damage and final state.
Vacancies are cubes, interstitial are spheres, antisites are spherocylinders with the colours the same as in Fig. 21 [283].

els are not suitable for use in MD simulations, where atoms may swap
sites, as they represent the different Cu environments by either desig-
nating different charges for the Cu ions or by incorporating an extra
interaction between the Cu and O atoms in the chains. Despite this limi-
tation, these potentials have been adopted to perform small cascades in
YBa,Cu;0;, see for example Refs. [281,282]. To address this limitation,
Gray et al. developed a model based on a simple Buckingham poten-
tial that did not distinguish between Cu ions to enable simulations of
radiation damage [283].

Using this new potential Gray et al. suggest that the cascades result
in the formation of amorphous regions with a periphery that contains
oxygen and copper defects located predominantly in the chains, with
a smaller number of oxygen defects in the planes as shown in Fig. 22.
Results from a combined He irradiation and DFT study support the pres-
ence of defects in the plane region. [284]. An interesting observation
from the MD simulations of Gray et al. and Torsello et al. is the rela-
tively low level of recombination, at least on the timescales of an MD
simulation. Experimentally, it has been observed that there is some re-
covery in the superconducting properties of tapes that have been irra-
diated at cryogenic temperatures and then allowed to return to room
temperature before being tested again [285]. This recovery of super-
conducting properties is likely a result of rearrangement of the oxygen
sublattice as it is mobile with activation energies for oxygen diffusion
of 0.9-1.2 eV [286-288] from experiment and 0.4-1.19 eV from simula-
tions [283,289].

While the potential of Gray et al. is a significant improvement as it
allows the simulation of Cu exchange between the two sites, the poten-
tial is limited by use of the Buckingham form. Therefore, as proposed in
the Roadmap of Torsello et al. [290], there is a requirement to develop
a Machine Learned Potential to obtain a better understanding of these
materials under irradiation.

6.2. Li ceramics for tritium breeding

Most conceptual designs for future fusion power plants employ the
reaction between deuterium and tritium (see Eq. (15)). While deuterium
can be readily extracted from seawater, there is a paucity of naturally
occurring tritium. Therefore, to ensure a sustainable tritium economy,
it must be bred in-situ from the transmutation of lithium via Egs. (16)
and (17).

’H4 H >4 He+)n 15)

SLi+jn >3 He+ H (16)
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TLi+)n—>3 He+ H+}n a7

Therefore, the reaction chamber in a fusion reactor must be wrapped
in a breeder blanket containing lithium. The exact form the lithium takes
depends on the blanket concept and can be either liquid (for example
PbLi or FLiBe) or solid (typically Li, TiO; and Li,SiO,). There have been
some atomistic studies on liquid breeder materials, for example Refs.
[291-294] for PbLi and Refs. [295,296] for FLiBe, however, this review
will focus on the ceramics.

In typical solid breeder concepts the ceramic tritium breeder mate-
rial will be in the form of pebbles of up to roughly 1 mm in diameter
[297]. The neutrons ejected from the plasma will penetrate the peb-
bles and generate tritium in the middle of the material. Therefore, to
ensure the fuel cycle is sustainable it is essential to be able to recover
the tritium from the pebbles. Tritium will initially diffuse through the
crystal matrix until it reaches a grain boundary. It then migrates along
the grain boundary until it reaches the surface where it will undergo an
isotope exchange reaction with H, in a helium purge gas. This process
is illustrated in Fig. 23.

During operation, the transmutation of lithium and neutron irradia-
tion will result in the introduction of defects into these materials and it
is important to ensure that these defects do not trap tritium and compro-
mise the fuel cycle. Therefore, there have been a number of studies of
defects in the leading breeder candidates, Li,O5 [299-301] and Li,SiO,
[302] as well as some less well studied materials, including LigPbOg
[303], LiAlO, [300,304] and Li,ZrO; [305]. As would be expected for
wide bandgap materials, these studies indicate that the defects, will pre-
dominantly exist in their formal charge state, for example the lithium
vacancy will exhibit a -1 charge state, i.e.: Viil (Kroger-Vink notation
[306]). Using DFT and a point defect model, Murphy proposed that non-
stoichiometry in Li,TiO; was accommodated via lithium and antisite
defects. For example, excess lithium was incorporated via Lilfrl and Li;i3
defects, while a lithium deficiency was facilitated by a combination of
Vfil and Ti;f defects [301]. This conclusion was supported by an em-
pirical pair study of Sanjeev et al. [307] and experiments from Vitins et
al. [308] and Yu et al [309].

A number of studies have examined tritium accommodation in these
complex ceramics, for example Refs. [310-315]. As an interstitial, tri-
tium typically exhibits a +1 charge state and bonds to an oxygen atom
forming a hydroxyl species with a bond length on the order to 1 A. Asim-
ilar hydroxide structure is created when tritium is placed on the lithium
site, forming a { T‘f" : VE‘ }* defect cluster. By contrast, substitution onto
the oxygen site exhibits a dominant +1 charge which corresponds to a
hydride ion on a ng site, resulting in a Tgl defect [302,312]. What
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Fig. 23. Schematic of the tritium release process from lithium ceramic pebbles in the breeder blanket [298].
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Fig. 24. Tritium escape from a lithium vacancy defect in Li, TiO;.

these results indicate is that the tritium ions can change charge state
depending on where they are in the lattice.

As an interstitial, tritium will migrate through the material by hop-
ping between oxygen ions as well as reorientations around the same
oxygen ion [316,317]. Interstitial diffusion has been shown to be anisop-
tropic, with it being particularly difficult for tritium to cross the mixed
cation layer in Li, TiO; [316,317]. If the interstitial encounters a lithium
vacancy defect it will bind to form the {T;}' : V;1}* cluster [298]. This
binding energy must be overcome to enable the continued diffusion of
the tritium (see Fig. 24), which indicates that an increase in the lithium
vacancy concentration may result in enhanced tritium retention. How-
ever, Goswami and Murphy identified collaborative process, whereby
the vacancy and tritium move via a tethered mechanism. This implies
that as tritium diffuses through the crystal it will bind to a lithium va-
cancy and the two will migrate together for a while before separating
again. As explained elsewhere, these activation energies for diffusion
can be input into kMC and while there has been some effort to do this
[318], more should be done in this area.
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While significant effort has been expended looking at the behaviour
of tritium in these materials, there has been much less attention paid to
the other transmutation product from reactions (16) and (17), which is
helium. Murphy suggested that helium will be predominantly incorpo-
rated onto the oxygen site as an Heg2 defect in Li-rich Li, TiO5, however,
as the availability of lithium vacancies increase it can be accommodated
on the lithium site, i.e. He[i1 [319]. Zhou et al. showed that it is pos-
sible to accommodated multiple He atoms on a single Li site [320] in
Li,TiO5. To enable the simulation of the nucleation of He bubbles, a
Lennard-Jones style potential was developed to represent the interac-
tions between He and Li, Ti and O [321]. Using this potential, MD sim-
ulations suggested the clustering of He atoms in the pure lithium layers
in Li, TiO;.

7. Multiscale models for plasma-facing materials

Plasma-facing materials (PFMs) are exposed to the most extreme ser-
vice conditions in a fusion reactor, including not only the high energy
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neutron irradiation, but also the high fluxes of hydrogen (H) isotopes
and helium (He) ions from the plasma. This inevitably leads to the for-
mation of displacement defects (e.g. vacancies, voids, self-interstitial
atoms and dislocation loops), in addition to the transmutation elements
and impurity elements in the materials, significantly affecting their
thermo-mechanical properties. As highlighted by the previous review
paper [1], the evolution of irradiation defects is a multiscale problem,
spanning the scales from the microscopic scale (collision cascades) to the
mesoscopic scale (defect evolution) and ultimately to the macroscopic
scale (mechanical and thermal properties of the materials).

Despite advances in multiscale modelling, significant challenges re-
main in achieving predictive capabilities on the effects of He irradia-
tion on PFMs. Experiments in linear plasma devices demonstrated that
nanostructure formation in tungsten is strongly influenced not only by
He ion bombardment but also by the deposited tungsten and small
amounts of impurity gases such as argon and neon [322]. However,
current modelling approaches often rely on idealized assumptions and
therefore struggle to capture the transition from isolated bubbles to in-
terconnected cavities and surface exfoliation observed experimentally.
Moreover, the role of deposited material and impurities remains insuf-
ficiently incorporated in most of the existing frameworks. To overcome
these limitations, multiscale modelling efforts must be coupled with ex-
periments addressing the reactor relevant conditions. This will enable
the development of a more comprehensive description of He retention,
bubble evolution, and the associated material degradation.

7.1. Thermodynamic and kinetic behavior of irradiation defects in tungsten

The evolution of vacancies and self-interstitial atoms (SIAs) are piv-
otal in the context of treatments for predicting how the various proper-
ties and performance of materials change under irradiation. The proper-
ties of small vacancy clusters in tungsten (W) have been studied, reveal-
ing that their binding and formation energies increase with cluster size
[323]. Recently, Hou et al. [324] proposed that the stable configurations
of vacancy clusters in W can be effectively characterized by minimizing
their Wigner-Seitz surface area. They further identified a linear correla-
tion between the formation energy of vacancy clusters with stable struc-
tures and their Wigner-Seitz surface area, enabling precise prediction of
the binding energy of these clusters [324]. Additionally, the interactions
between vacancy clusters and impurities (such as H and He) have also
been extensively studied. For example, Hou et al. investigated the bind-
ing between H and vacancy clusters in W, revealing adsorption of H
atoms on Wigner-Seitz squares and providing a power-law function re-
lationship describing the adsorption of H atoms [212]. Song et al. [325]
systematically investigated the aggregation behavior of He in W mono-
vacancies (Vac-He,, n=1-13), showing that He atoms initially occupy
the vacancy core and gradually diffuse outwards [325]. The migration
and aggregation behaviours of SIA clusters in W have also been stud-
ied. It has been reported that the migration of interstitial defects in pure
crystalline W changes from one-dimensional (1D) to three-dimensional
(3D) movement with increasing temperature [23,326]. The stable con-
figurations and binding energies of SIA clusters (SIA,, n=1-7) have been
examined, and the binding energy formulas have been extrapolated to
predict larger clusters [327]. Impurity elements (such as H, He, Re, Os,
and Ta) significantly affect the motion of SIA clusters. For example, He
strongly attracts to SIA clusters, with binding energy increasing as the
number of SIAs rises. This phenomenon alters the diffusion of SIAs from
1D to 3D, as shown in Fig. 25, which significantly reduces their mobility
[328]. Recently, Bakaev et al. [329] reported that the mobility of dislo-
cation loops is significantly affected by impurities, gradually decreasing
with increasing impurity concentration [329].

7.2. Simulation of primary irradiation damage structures in tungsten

MD simulations have been extensively utilized to investigate primary
irradiation damage caused by primary knock-on atoms (PKAs) with var-
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ious energies, including a large number of studies focusing on energies
below 100 keV and relatively few studies exploring higher energies up
to 300 keV [35,102]. Fellman et al. [330] and Byggmastar et al. [150]
examined how overlaps between cascade and pre-existing defect clus-
ters in W influence defect evolution, finding that these overlaps signif-
icantly diminish the number of new defects. Additionally, simulations
of collision cascades in W across different temperatures and PKA ener-
gies showed that the number of surviving defects strongly depends on
PKA energy, but exhibits a weak dependence on temperature [331,332]
and thermal conductivity [333]. Recently, Liu et al. [334] conducted
extensive displacement cascade simulations in W, encompassing three
temperatures, seven distinct primary PKA directions, and various PKA
energies (1-300 keV). They established a comprehensive cascade sim-
ulation database in W, incorporating defects counts, types, and spatial
distributions. Notably, four types of SIA clusters were identified in the
final state: (a) 1/2(111) loops, (b) (100) loops, (c) mixed loops, and (d)
C15 clusters [15]. Among these, 1/2(111) loops dominate and can form
not only directly within cascades but also through the collapse of C15
clusters via three possible transformation pathways [335].

7.3. Defect evolution under irradiation in tungsten

In this paper (see Section 4.2) we have outlined the modeling of
high-dose radiation damage using a methodology, CRA, that overcomes
the challenges of simulating the long-term evolution of defects created
via cascade simulations in MD. However, there is still interest in accu-
rate understanding of the stages of damage creation and evolution at
lower doses; CRA may miss the real details of evolution since it doesn’t
explicitly model the creation of defects in cascades, even if it has been
demonstrated in some cases to capture the changes in behaviour as a
function of dose observed in experiments. Insight into those “real” de-
tails of evolution may lead to the development of mitigation solutions
(e.g. impurity additives, microstructural design, etc.) for fusion materi-
als in the future.

Both OKMC and CD simulation approaches are alternative methods
for investigating irradiation defects behaviour under a variety of irradi-
ation conditions; methods that can be more directly linked to the forma-
tion of defects by PKAs than the CRA. As effective sinks for irradiation
defects, intrinsic defects (e.g., grain boundaries (GBs) and dislocations)
have been also incorporated into OKMC and CD simulations through the
sink strength model, enabling a more accurate representation of defect
evolution under irradiation conditions [336,337]. For example, Castin et
al. have studied the evolution of irradiation defects under fission neu-
tron irradiation in reactors such as JOYO and BR2, as well as under
ion irradiation using OKMC method, including the effects of irradiation
dose, temperature, and PKA energy spectrum [338]. Additionally, the
impact of impurity elements such as Re, C, H, and He on the evolution
behaviour of defects has also been extensively investigated [339-342].
For instance, Niu et al. demonstrated that the strong attraction between
carbon impurities and irradiation defects in irradiated tungsten leads
to a higher number density of vacancies and SIA clusters, with this ef-
fect becoming more pronounced as the C concentration increases [341].
Furthermore, the formation process of void lattices, an interesting phe-
nomenon observed under neutron irradiation, have been investigated
using the OKMC method [343]. Recently, a method has been proposed to
directly perform MD simulations of displacement cascades within cells
generated by the OKMC model, enabling the consideration of cascade
overlap effects and thereby providing a more accurate description of
defect introduction at the atomic scale [344].

The CD method, based on mean-field rate theory, solves a series
of diffusion-reaction master equations to simulate the evolution of de-
fects, including generation, diffusion, and absorption. Recently, the CD
method is widely applied to study the damage behavior of PFMs un-
der various irradiation conditions, including defect evolution, He bub-
ble formation, hardening and swelling of materials. For example, the
effects of Re on the hardening of single-crystal W under neutron irradi-
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(b) 10*

Fig. 25. Trajectories of migrating SIA,, defects and He-SIA,, (m = 1, 2) defects at 300 K. (a) SIA,; (b) SIA,; (c) He-SIA,, and (d) He-SIA, [328].
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Fig. 26. (a) Simulated retention as a function of the annealing temperature after 2 keV D ion implantation with a fluence of 10°> D/m? at 317 K. (b) Simulated total

and partial TDS spectra at the heating rate of 0.5K/s [346].

ation of JOYO, HFIR and DEMO reactors were investigated, revealing a
dominant role of Re clusters in irradiation hardening [345]. Recently,
Chen et al. developed an improved CD model, IRadMat-TDS, which in-
corporates the saturation absorption and release mechanisms of H at
GBs and dislocation lines, as well as the multiple trapping effect where
deuterium (D) exhibits different trapping energies at various types of
GBs [346]. Using this model, their simulations accurately replicated the
experimentally observed thermal desorption spectroscopy (TDS) curve
under 2 keV D ion implantation, attributing the primary peak at 490 K
and the shoulder peak between 550 and 700 K to D trapping at GBs and
vacancies (as shown in Fig. 26).

8. From microscopic models to a full device simulation

The timescale for the expected development and deployment of fu-
sion power is short in relation to its technological complexity and readi-
ness, and this timescale is becoming increasingly more compressed by
the drive for commercial success. This is an opportunity for digital engi-
neering, as reactors can in principle be built faster in silico than in vivo.

21

The recognition of this fact is spurring substantial activity across the
world to develop digital shadows, replicas, and twins of fusion systems.
In particular, virtual shadows of existing fusion devices are under active
development. We mention the example of the Virtual Korea Supercon-
ducting Tokamak Advanced Research tokamak (V-KSTAR) [347,348]
and of the Mega Ampere Spherical Tokamak - Upgrade (MAST-U) spher-
ical tokamak in the UK [349]. The two efforts have different emphases:
the digital twin of KSTAR aims at integrating plasma simulations using
the digital platform for monitoring and analysis purposes; the virtual
model of MAST-U is focused on a finite element representation of the
structure of the device that, although having a specific objective [349]
of simulating the mechanical loads, illustrates the general capabilities
of structural analyses that are now able to treat a variety of sources of
stress in a fusion tokamak device. A mechanical model for MAST-U and
the von Mises stress field arising from the gravitational load are shown
in Fig. 27

In V-KSTAR it is possible to trace dynamical elements referring to
fusion plasmas (e.g. particles, magnetic fields, and EM-rays) and ana-
lyze their interactions with the complex 3D structure of tokamak. For
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Fig. 27. (a) Analysis-ready CAD model of the MAST-U tokamak device. The associated finite element mesh involves 127 million elements. (b) for the purpose of
demonstrating the capabilities of a full-scale FEM simulation, the tokamak is loaded with gravitational body forces, producing stresses in the structure illustrated

here using the von Mises invariant of the stress field. Figures from [349].

Fig. 28. A demonstration of the capabilities of V-KSTAR: a) 3D distribution of heat fluxes on the plasma facing components of the KSTAR tokamak due to fast ion
losses. b) V-KSTAR 3D tracings of radio frequency waves injected for plasma heating and current drive in KSTAR.

instance, V-KSTAR can calculate detailed footprints of equilibrium mag-
netic fields on plasma facing components based on detailed 3D CAD
models. Although equilibrium magnetic fields confining fusion plasma
in a tokamak have toroidal 2D symmetry, due to the 3D shapes of plasma
facing components, there are highly non-trivial 3D features characteris-
ing plasma-wall interactions even under axisymmetric magnetic fields.
Furthermore, there can be externally added 3D magnetic field pertur-
bations, which intend to control plasma performances and stabilities by
external means. All these imply the necessities of detailed 3D analyses
of plasma-wall interactions based on detailed 3D models of a tokamak.

An example application of V-KSTAR is shown in Fig. 28a. In KSTAR,
neutral beam injection results in a loss of fast ions, whose heating effect
must be quantified. After calculating the trajectories of fast ions using a
Monte Carlo particle simulation, the collisions between the ions and the
tokamak structure, as defined by KSTAR CAD models, were detected in
3D. The collisions were then recorded and analyzed to calculate the re-
sulting heat fluxes on the plasma facing components. A second example,
in Fig. 28, is the accurate 3D tracing of RF-waves injected for plasma
heating and current drive. Though the waves are injected with careful
controls of both target plasma parameters and wave launchers, there
can be some residual portions of RF-waves, which are not absorbed by
plasma and therefore affecting plasma facing components by multiple
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reflections. As demonstrated by these functionalities of V-KSTAR, digital
shadows enable accurate 3D mapping of the impact of plasma operation
on materials in a fusion device. The present version of V-KSTAR is pri-
marily focused on plasma effects. For a more realistic representation of
a fusion device and its plasma operation, however, it is critical that the
digital twins also use accurate models for fusion materials. Fusion digi-
tal twins such as V-KSTAR provide a natural 3D platform for integrating
physics simulation, engineering analysis, experiments, and machine op-
eration.

Here it would be appropriate to note the pivotal significance of
the availability of high-quality data for Al-related developments, which
are taking central roles with the explosive growths of their complex-
ity and applicability to broad scientific areas. Fusion digital twins are
expected to play an important part in stimulating and accelerating
the Al-related developments for fusion material modelling in coming
years.

The China Fusion Engineering Test Reactor (CFETR) was used as a
test case for developing virtual reality (VR) tools for future operation,
maintenance and decommissioning of fusion power plants [350]. In the
US, simulations are starting to integrate plasma physics, neutron trans-
port, computational fluid dynamics and structural mechanics in a single
framework, FERMI, or a Fusion Energy Reactor Models Integrator to
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shorten the design process of components such as the breeding blanket
[351].

It is clear that modelling frameworks are becoming increasingly mul-
tiscale and oriented towards the upcoming transition to exascale com-
puting [352].

8.1. Structural modelling at the engineering level

The stress analysis of components for nuclear applications is impeded
by the need to consider irradiation effects, which in fusion materials
involve higher dose, neutron energies and hydrogen and helium pro-
duction by transmutation [353]. One effect of irradiation important for
structural considerations is macroscopic swelling, which for instance
was studied in the context of breeding blanket design [242,354] and
DEMO divertor monoblock simulations [355,356]. We now describe re-
cent advances in modelling of swelling and irradiation creep, highlight-
ing from the outset that it is an area where irradiation effects, materi-
als science and structural engineering all appear to be severely under-
developed.

8.2. Modelling of swelling and irradiation creep at nano- and micro-scales

Creep is broadly defined as plastic deformation below the elastic
limit, facilitated by diffusional processes, enabled by relatively large
thermal concentrations of vacancies. Under irradiation, defect concen-
trations are many orders of magnitude above those expected under the
solely thermal operating conditions, effectively eliminating the need for
high (homologous) temperature to observe creep. Creep is generally
classified as a volume-preserving deformation mode. On the other hand,
swelling implies the presence of dimensional (not just shape) changes,
often quantified by the degree of volumetric expansion. No significant
swelling typically occur under purely thermal conditions, even though
the spontaneous production of vacancies at very high temperatures does
give rise to the volumetric expansion of a material beyond the notion
of conventional thermal expansion [357]. Hence, swelling is a uniquely
typical irradiation effect. The very short duration of pulses where fusion
had been achieved in the presently available experimental facilities im-
plies that the structures of these devices have never experienced the
level of fluence and temperature expected in an operating fusion power
plant. Materials simultaneously subjected to stress and irradiation un-
dergo irreversible deformation that is known as irradiation creep. Differ-
ently from thermal creep, irradiation creep is active at all temperatures.
At low temperatures, where thermal diffusion of vacancies is frozen out,
irradiation creep is directly driven by high-energy neutron impacts via
defect generation and the subsequent stress-driven athermal migration
of predominantly self-interstitial atom defects. At higher temperatures,
ballistic neutron impact effects and effects of thermal motion of defects
co-exist, although under the expected magnetic fusion-relevant irradi-
ation dose rates, irradiation creep generally overwhelms thermal creep
at moderate to high temperatures.

Creep and swelling are the manifestations of non-conservative ir-
reversible deformation processes in materials. As such, they are for-
mally defined by a plastic strain tensor whose hydrostatic part repre-
sents swelling while the deviatoric one represents creep. However, for
the arguably dubious reasons of simplicity, it is often expressed as a
linear combination of scalar strain rates:
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€= éthermal-creep + éirradiation-creep + éswelling/growth

which is the expression found in, e.g., as Eq. (1) in ref. [358]. A com-
bination of irradiation, stress, and temperature brings about a rich and
complex set of interactions that are challenging to observe in pure form
experimentally and model computationally. These processes are gen-
erally thought to fall under the umbrella of the so-called SIPA (stress-
induced preferential absorption) and SIPN (stress-induced preferential-
nucleation) mechanisms. SIPA and SIPN are legacy terms intended to
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reflect the fact that, although produced in equal numbers during irradi-
ation, self-interstitial atoms and vacancies behave in substantially dif-
ferent ways, giving rise to an asymmetry in dynamic behavior and total
effect on the microstructure. Ultimately, SIPA and SIPN mechanisms
are directly attributable to long-range elastic interaction between dis-
locations and SIA clusters, as well as to the elastic interaction between
these defects and external stress, which may manifest itself as (i) stress-
induced alignment of bulk SIA clusters, (ii) re-orientation of SIA clusters
during nucleation within displacement cascades, (iii) changes in defect
diffusivities due to elasto-diffusion, or (iv) modification of absorption
bias coefficients due to stress. Not unexpectedly then, unravelling the
relative weight of each of the SIPA/SIPN processes in irradiation creep
is extremely challenging. This is compounded by a lack of systematic
experimental studies involving the main irradiation variables (temper-
ature, stress, irradiation dose, dose rate, and main microstructural fea-
tures). As is often the case for fusion materials, two factors that severely
limit the availability of experimental data are the cost of experimenting
with neutron irradiation and, above all, the lack of a suitable fusion neu-
tron source. Fusion devices capable of delivering substantial damage are
not expected to be operational before the 2040s and the IFMIF-DONES
irradiation facility [359] is going to come online before the mid-2030s.
The effects of 14.1 MeV fusion neutrons on materials, and how different
these effects are going to be in comparison with the effects of fission
neutrons remains unknown. Leading up to IFMIF-DONES, the MYRRHA
(Multi-Purpose hYbrid Research Reactor for High-tech Applications) re-
search facilities are currently under development in Europe. These in-
clude a subcritical accelerator system driven by a 600 MeV supercon-
ducting linear proton accelerator coupled to a 100 MeV proton injector
to be deployed by 2027, whose fast spectrum will enable, for instance,
the investigation of He/H transmutation effects in structural steels and
copper alloys [360].

The scarcity of experimental data stimulated some relatively lim-
ited but important effort in modelling irradiation creep and swelling
under irradiation, using state-of-the-art simulation tools developed over
the last 20 years [361-363]. The majority of existing models maintain
a relatively large degree of empiricism [364,365] or rely on simpli-
fied assumptions that make the models amenable to analytical solutions
[358,366].

Fig. 29 shows predictions based on a crystal-plasticity/stochastic
cluster dynamics coupled model described in ref. [361]. The simula-
tions predict the stress exponent of n = 0.77, which is below the expected
value of 1.0 representative of SIPA conditions. This is indicative of gaps
in the physical understanding and/or implementation of how the SIPA
mechanisms manifest themselves on the macrosocopic scale.

At low temperatures, both irradiation creep and swelling exhibit
saturation as a function of increasing dose. At low temperatures, ther-
mal creep is not active and irradiation creep dominates. In the absence
of thermally activated processes, irradiation creep can be quantified
by means of MD simulations, as shown in Fig. 30 for tungsten from
Ref. [148]. Radiation damage was simulated using the 'molten spheres’
algorithm (see Section 4.2), where the irradiation-induced strain ten-
sor was monitored while keeping a constant elastic stress. After diag-
onalising this strain tensor, the principal strains were found to be re-
markably aligned with those of the original elastic strain tensor. On the
other hand, at high temperatures, breakaway growth and swelling occur
alongside the conventional thermal creep. An important issue with the
conceptual separation illustrated by Eq. (18) is that in practice it is im-
possible to separate thermal and irradiation creep at high temperature.

Multiscale frameworks have been developed specifically for fusion-
relevant irradiation, with the goal of quantifying the effect of point de-
fects—self-interstitials and vacancies—on the macroscopic deformation
via their interactions with existing dislocations. Dislocations can glide
and climb, under irradiation, at a stress lower than the elastic limit
and at a temperature lower than that of thermal creep. McElfresh et
al. [368] studied the influence of vacancies produced by irradiation on
dislocation climb. In particular, kinetic Monte-Carlo simulations have
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Fig. 29. Changes in dimensional stability as a function of temperature for Fe under DEMO helium-cooled pebble bed (HCPB) fusion blanket conditions [367], using

a model developed in Ref. [361]. Fig. 29(a) Swelling rate. Fig. 29(b) Creep rate.
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Fig. 30. Molecular dynamics simulation of low temperature irradiation creep
in tungsten. Figure adapted from Ref. [148]. In the absence of thermally acti-
vated diffusion, vacancies remain immobile and isolated, while self-interstitial
atom defects coalesce irrespectively of thermal activation, driven by elastic in-
teractions. The irreversible deformation remains closely aligned with externally
applied stress.

been used to parametrise discrete dislocation dynamics simulations as a
function of pressure, temperature and vacancy concentration [368]. As
the irradiation produces vastly greater vacancy concentrations than the
concentrations corresponding to thermal equilibrium conditions [369],
this is reflected in a very strong enhancement of the climb velocity. Self-
interstitial atoms, on the other hand, both contribute to the nucleation
of dislocation loops and are absorbed into existing ones. Yu et al. [361]
coupled a stochastic cluster dynamics model for the defect generation
and diffusion to a rate-dependent crystal plasticity representation of the
dislocation structure. The defect production model included the effect
of the recoil spectrum, using DEMO first wall conditions the study. As a
result, curves for the swelling and creep rate in iron for various values
of applied stress and temperature can be produced [361], see Fig. 29.
A separate approach is to directly use molecular dynamics data to
quantify swelling and irradiation creep. The approach has been success-
fully applied to interpreting experimental observations of microstruc-
tural evolution and deuterium retention in irradiated tungsten [147],
where parameter-free simulations have been able to match the exper-
imental data at a quantitative level of accuracy. Still, the approaches
based on direct atomistic simulations are presently limited to low tem-
peratures where vacancy motion is inactive, an approximation that in
tungsten spans a relatively large temperature interval from 0 to ~600
Kelvin [168]. It has also proved possible to make a direct quantitative
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comparison between experimental observations and MD-informed FEM
simulations of irradiation creep [370]. In experiment, the stress relax-
ation in a micrometric tungsten wire was observed under heavy self-ion
irradiation. In the calculations, the anisotropic swelling occurring under
the expected recoil spectrum was extracted from MD and used as input
to the FEM analysis that predicted the stress and dimensional changes in
the wire due to the accumulation of radiation defects, even taking into
account the depth-dependent effects associated with the shallow pene-
tration of the incident energetic ions into the wire. At low temperatures,
where irradiation defects do not diffuse thermally but evolve solely as
a result of being driven by elastic interactions, and point defects are
created and destroyed by the persistent melting and recrystallisation of
materials by collision cascades, fcc copper and bee tungsten show qual-
itatively similar irradiation creep and swelling behaviour [148]. Also,
the low-temperature simulations, together with a combination of exper-
imental observations and object kinetic Monte-Carlo simulations by Da
Fonseca et al. [371] indicate that the pre-existing dislocations in the
microstructure do not readily change even if they become elastically
unfavourable under the conditions where elastic stress changes. Rather,
it is the nucleation of new dislocation loops in the course of exposure to
irradiation that is affected by the changing stress state [371].

It is important to stress that the available theoretical models for
dimensional changes driven by irradiation fall short of the needs of
multiscale simulation framework at the moment. Crystal plasicity-based
and atomistic approaches both have limitations that must be addressed,
bearing in mind that there is no immediate hope of being able to ac-
cess the experimental data spanning the dose and recoil energy spectra
corresponding to fusion conditions.

9. Future prospects

The number of areas in nuclear fusion where high performance com-
puting (HPC) applications prove effective is increasing [372]. Beside the
historically well-established and now well-trodden area of materials,
simulated at very small length scales —this includes electronic struc-
ture and atomistic simulations —there are now other notable advances
involving virtual reality and large-scale digital engineering. Progress
is also being made in the development of multiscale models, e.g. cou-
pling cluster dynamics and crystal plasticity to treat irradiation creep,
or object kinetic Monte Carlo and cluster dynamics to study irradiation
hardening. However, the classic multiscale paradigm, where multiple
techniques are used at multiple length- and time-scales in a structured
framework, has not yet been achieved, and this represents a major gap in
fusion modelling capabilities. Exploiting HPC-based computer graphics
is also important, because good visualisation assists with understanding
a variety of complex aspects of fusion technology by both scientists and
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engineers, working on the design and construction of new fusion devices
with yet unknown operating parameters.

The need for an extensive deployment of HPC technology in fusion
is well illustrated by the fact that ITER tokamak is expected to contain
about a million of individual components, and as many as ten million in-
dividual parts. These components and parts are expected to operate - and
deliver reliable performance - in a highly challenging environment in-
volving high temperatures and stresses, and intense neutron irradiation.
It is desirable, from the safety and investment protection perspectives,
to have a tool capable of predicting and assessing the dynamics of inter-
actions in a nuclear device involving such a high number of components
and parts. Supercomputers provide the only presently available means
matching the level of complexity of the task, potentially enabling the ex-
ploration of operating scenarios and identification of failure mitigation
options.

What also appears clear from the above analysis is that the models
for materials need to be made compatible with the digital input require-
ments of finite element codes used in structural engineering. A universal
model for microstructural evolution of an irradiated material, suitable
for performing finite element simulations, is still lacking.

It is undoubtedly important to have full mechanistic clarity about
the microscopic phenomena involved in the transformation of materi-
als occurring under intense irradiation, high temperatures, stress, and
chemical environment of a fusion power plant. However, the objective
of scientific understanding of the relevant phenomena is insufficient;
the outcome of microstructural analysis needs to be presented in an ap-
propriate digital form - not in the form of a pictorial illustration of the
relevant phenomena - to ensure that a large scale FEM code, describing
a full fusion reactor, could interrogate the model and use the microstruc-
tural information generated by the model to deliver predictions about
the behaviour of the full device as it operates.

To achieve this, a realistic multiscale approach is expected to focus
on advancing, on the one hand, the digital tools for modelling irradiated
microstructures and, on the other hand, on the development of means of
querying such microstructural simulations to return quantities such as
a flow stress, swelling, thermal conductivity, fracture toughness, mag-
netization, or deuterium retention, at every location in the structure of
the device where the FEM model needs them. A microscopic model for
a material should also be sufficiently computationally efficient to be
compatible with a simulation of a full fusion device, the digital FEM
representation of which, as we now know, involves between 10% and
100 finite elements [349].

This also implies that the multiscale problem of materials simula-
tion is not hierarchical, with information propagating up the scales, but
rather self-consistent, since in a holistic simulation of a fusion device the
boundary conditions for a microscopic material simulation are set by
the solutions generated by global finite element code. It is the global
code that defines the stress, radiation field, temperature, hydrogen iso-
tope content, magnetic field, and other parameters at each location in a
device where a microscopic materials response needs to be computed.
In turn, the location-dependent macroscopic parameters are evaluated
by the global code that uses the microscopic input from the models for
materials describing how each individual finite element evolves in the
context of a holistic simulation.

What transpires from existing studies, reviewed above, is that often
the models for materials are too narrowly focus on some specific phe-
nomena, often just one type of irradiation effect, disregarding the fact
that in reality, exposure to irradiation occurs in a representative volume
element of a material that is subject not only to exposure to irradiation,
but also is in triaxial stress state, at a high temperature, and is embedded
in a complex chemical environment. There is therefore a clear need to
either explore the option of collating the existing models, or develop a
new class of models with broader validity and better compatibility with
engineering simulations.

Given the multi-dimensional nature of the space of environmental
operating parameters for materials and the lack of availability of a fu-
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sion neutron source, it is reasonable to expect that in the near future the
observational experimental effort is going to concentrate on surrogate
irradiation campaigns, involving fission neutron and ion irradiation. The
data delivered by such experiments is often limited to results of mechan-
ical tests or relatively fragmented electron microscope observations of
microstructure. Interpolating these observations to fusion scenarios in-
evitably involves an element of uncertainty, and the assessment of con-
fidence in the observational data themselves, and their transferability.
This opens an interesting line of questions about the quantification of
uncertainty of predictions made using the models trained solely on the
fission neutron and ion irradiation data.

10. Overall conclusions

This article, co-authored by attendees of the 7" Fusion Materials
Theory & Modelling Workshop held in 2024 in Incheon, Korea, reviews
a selection of research studies of materials for fusion applications, fo-
cussing on the latest developments and attempting to identify the critical
gaps in our knowledge. We highlight some recent advances in modelling
and interpretation of experimental results, discuss how modelling can
be targeted to the design of future power plants, and note the limitations
of the presently available approaches.

Transmutation of the nuclides originally present in fusion materials
is a concern. Tungsten is a notable example, because accurate inventory
calculations are required to interpret experiments, to assess the effect
of transmutation products on its properties, and to assist with its waste
management. Here, further work is required particularly on quantifica-
tion and propagation of uncertainties.

Over the past five years, substantial advances were made in sim-
ulations of high-dose radiation damage. There is still a gap between
molecular dynamics and higher-length scale methods, despite some ini-
tial successes. For example, molecular dynamics accurately captures mi-
crostructural evolution occurring at low temperature whereas rate the-
ory better applies at high temperature. Further work is also warranted
on the precipitation and dissolution of second phases, and on the role
of interstitial elements on the evolution of He and void formation.

At the other end of the length scale spectrum, the recent tendency
has been to deploy virtual reality and develop digital representations of
components and even full devices, either with the purpose of simulat-
ing plasma-wall interactions or to progress towards mechanical models
that integrate neutron transport and materials simulations as a part of
a unified platform. A challenge in this area is that tools for automatic
meshing and contact enforcement are not yet sufficiently robust and
still require excessive human supervision. Multi-scale approaches are
also under development in the context of plasma-facing materials.

Even when structural engineering simulations are set up, a substan-
tial gap exists between the theories of irradiation creep and swelling and
their implementation in the form of numerical design rules specific to
fusion applications, due to the lack of experimental data and the breadth
of temperature, stress, dose and dose rates intervals that models are ex-
pected to encompass.

Given the importance of atomistic simulations for understanding ra-
diation damage, there is considerable effort on the development of in-
teratomic potentials based on machine learning, the MLPs, in order to
retain, as much as possible, both the accuracy of density functional the-
ory and the computational efficiency of empirical potentials. Fusion ap-
plications in particular need models for the Fe-Cr alloys and Fe-Cr-He
systems, including the high temperature magnetic properties, Ta-Ti-V-
W high-entropy alloys, and hydrogen isotope retention effects in metals.
The main limitation is that MLPs remain much slower than conventional
empirical potentials, thereby making their use in large scale simulations
still challenging and generally beyond the reach of the available com-
puter systems on typical research project timescales. Extensive further
work is required before ceramic materials, or other materials containing
ceramic elements, for example oxide dispersion-strengthened steels, can
be studied using these potentials.
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Finally, we note the outstanding issue stemming from the practical
need to include models for materials in finite element structural en-
gineering simulations. Although this objective was stated decades ago
[373-375] as a foundational concept of multiscale materials modelling,
relatively little has been done in practice to achieve this goal, and exam-
ples of application of multiscale modelling frameworks to problems of
fusion engineering are still exceedingly rare. This is probably the most
significant gap in the existing fusion materials modelling effort, and we
hope that this review will help in directing future research towards ad-
dressing this outstanding scientific objective.
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