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ARTICLE INFO ABSTRACT

Keywords: In this study, we address the impact of irradiation conditions in a tokamak on the engineering properties of
Neutron irradiation materials, leading to potential degradation of in-vessel components over their lifecycle. Our approach involves a
Neutronics

predictive model for irradiation-induced damage, employing a multiscale computational framework. This
framework integrates various simulation techniques, including Monte Carlo-based neutronics (OpenMC), dislo-
cation dynamics (DD) using MoDELib, and finite element analysis (FEA) with Code_Aster. This integration offers
a versatile solver capable of analysing tokamak components exposed to different irradiation doses and tem-
perature conditions.

To showcase the utility of this multiscale computational framework, we present a case study focused on
tungsten monoblock designs. We assess the failure probabilities of these designs at different stages of their
lifecycle. Neutron heating and damage energy values are obtained from OpenMC neutronics simulations. The
neutron heating values serve as volumetric heat sources for the FEA thermal simulation. We calculate the
displacement per atom (dpa) across the monoblock at various full power days (day 0, day 100, and day 1000)
using the damage energy values. The irradiation-induced defect densities, dependent on temperature and dpa,
are inputs to DD microstructural simulations performed on the representative volume element (RVE) using
MoDELib. This allows us to obtain the yield stress of the material. Subsequently, the thermal fields from the FEA
thermal simulation, along with the dpa and temperature-dependent yield stress from the DD simulation, are
implemented for FEA mechanical simulations.

To evaluate the failure probability of the monoblock designs at different stages of their lifecycle, we conduct
an SDC-IC assessment, incorporating a plastic flow localization rule within the current framework. This
comprehensive approach provides insights into the thermo-mechanical behaviour of in-vessel components
subjected to neutron irradiation, offering a predictive capability for assessing their performance over time.
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rates, along with variations in temperature. This results in spatial and

Introduction temporal variations in the evolution of the engineering properties of the
material and in turn influence the overall operational performance of
A critical challenge in the development and design of in-vessel the tokamak [8,9]. For example, neutron irradiation reduces the fracture
components for tokamak, a type of fusion device, is the ability to toughness of fusion-relevant materials. Such toughness reduction should
withstand prolonged exposure to the fusion-induced high-energy be minimised in a structural component to avoid instability of the
neutron irradiation (14 MeV) and large thermal loads (up to 20 MW/mz) tokamak operation [10]. Moreover, the degradation in thermal con-
while maintaining their structural integrity and thermal efficiency ductivity of irradiated materials leads to steeper temperature gradients
[1-3]. Due to the adverse irradiation conditions, in-vessel materials across the in-vessel components causing elevated surface temperatures
undergo degradation over their lifecycles [4-7]. Moreover, degradation and thermal stresses [11]. Thus, significantly irradiated components are
occurs non-linearly based on the location in question relative to that of prone to melting and cracking, which consequently reduces the lifespan
the neutron source due to non-uniform irradiation energies and dose of the tokamak.
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Nomenclature

PKA Primary knock on atom
SET Stacking fault tetrahedron
DFT Density functional theory
FEA Finite element analysis

DD Dislocation Dynamics

RVE Representative volume element
BCC Body centered cubic

FCC Face centered cubic

dpa Displacement per atom

a Lattice parameter

Py, Mechanical stress

QL Secondary stress

Se Yield stress

R¢ Reserve factor

NOC Normal operating condition

The irradiation process involves the impingement of high-energy fast
neutrons on plasma-facing components [12,13]. The subsequent inter-
action between atoms on the crystal lattice and neutrons creates Primary
Knock-on Atoms (PKAs), which undergo collision cascades and lead to
the formation of various nano and micro-scale level defects [14]. The
major irradiation-induced defects are interstitials, vacancies, trans-
mutation products, dislocation loops, precipitates, stacking fault tetra-
hedra (SFT), and voids [15-18]. These defects serve as an obstacle for
the slip dislocations, resulting in an increase in yield stress, embrittle-
ment and undesirable hardness, which changes the mechanical prop-
erties of the materials [19-22]. At the atomistic level, defects occur for a
wide range of lengths and timescales, resulting in alteration of the me-
chanical properties of the material at the macro-scale, making irradia-
tion damage a multiscale phenomenon.

The micro/nano scale defects produced in a component due to
neutron irradiation contributes to the resistance to line dislocation
motion at crystallographic planes, consequently results in the increase of
hardness and yield stress. This influences the overall structural behav-
iour and intended operation of the component. In the earlier works,
several experimental and numerical studies were carried out to inves-
tigate the hardness of irradiation induced defects on nuclear reactor
materials and components [23-28]. In the case of experimental studies,
the test specimens are irradiated in surrogated reactors, such as High
Flux Isotope Reactor (HFIR) and Joyo, with the microstructural defects
analysed by means of Transmission Electron Microscopy (TEM) images
[27]. In these studies, the hardness of the specimens as a function of
irradiation-induced defects are measured. These experimental studies
were crucial in shedding the light on the information regarding the
defect types, defect sizes, and defect density of the nuclear reactor ma-
terials. Computational studies were on multiscale modelling with the
primary aim to bridge different length scales to transfer the information
regarding irradiation-induced defects [29,30]. Molecular dynamics
simulations or ab-initio density calculations such as density functional
theory (DFT) methods have been employed by many authors to obtain
the thermodynamic behaviour of defects to provide information on
higher scale models to quantify the mechanical parameters [31,32]. In a
numerical study conducted by Dudarev et al. [33], the stress and strain
field on the macro-scale of components is evaluated based on the
microstructural defects induced by the high neutron irradiation of the
component. For this, the microstructural evolution of the defects is
estimated by means of density functional calculations and large-scale
molecular dynamics simulations. The obtained defects are treated as
source function in an integral equation and the stress, strain, and
swelling are evaluated on the macro-scale of the component. A thermo-
mechanical multiscale numerical study is carried out by Oude Vrielink
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et al. [34] to analyse the fracture probability assessment of the fusion
relevant component based on the stress fields calculated. The mechan-
ical behaviour of the component is modelled in terms of a crystal plas-
ticity based microstructural model and the hardening parameters, due to
irradiation, were calculated with cluster dynamics model. A multiscale
framework is developed by Wang et al. [35] to investigate the influence
of irradiation-induced defect evolution on the stress and yield stress of
tungsten (W) components at the macroscale level. This is achieved by
calculating the defect evolution parameters from the defect kinetic
equations and these are implemented in the crystal plasticity finite
element analysis (FEA) to study the macro-scale behaviour.

Most of the previous studies have successfully linked different scales
of various modelling techniques and predicted the mechanical behav-
iour of test specimens based on the irradiation-induced defect infor-
mation data. However, these studies didn’t address the structural/
thermal behaviour of the component over its lifecycle during operation
due to the spatial and temporal variation in the engineering properties of
the material. The present work addresses the following aspects:

e Component scale simulations, which account for the spatial variation
in irradiation due to source location and shielding.

e Prediction of the material property evolution over their lifecycle and
investigate the non-linear change in the performance of components.

e Acceleration of the iterative design cycle by accounting the changes
in the space and time through automated parameterised workflow to
model the influence of irradiation on materials.

Currently, the experimental campaigns on in-vessel materials are
conducted by means of surrogate fusion radiation facilities, which
cannot fully reproduce the real fusion environment of the tokamak.
Moreover, sorting and down selecting the candidate designs of in-vessel
components by means of experimental testing alone is expensive due to
facility and time requirements. This process can be accelerated consid-
erably through the development of a reliable predictive capability
methodology, which evaluates the material behaviour by digitally
emulating the fusion irradiation conditions. This also reduces the costs
associated with performing physical experiments. The methods pre-
sented here has the flexibility to incorporate different types of defect
data as a function of irradiation dose and temperature and extrapolate
this information to a large-scale level component for predicting the
thermal and mechanical behaviour and their evolution over a compo-
nent’s lifecycle. This enables the creation of a database of material
properties, which vary with temperature and irradiation dose. Engi-
neering simulations can use this non-linear data to assess an in-vessel
component at various stages of its operation based on the neutron
irradiation-induced defect data. The computational framework devel-
oped in the current work will be beneficial for the fusion community in
the research and development of tokamak components as well as to
investigate novel materials.

The methodologies implemented in the current work use Monte
Carlo based neutronics, dislocation dynamics (DD), and FEA. During the
PKA event, the neutron flux converts some of its kinetic energy into
thermal energy resulting in the temperature rise on the component. To
mimic this process, neutronic simulations are important to quantify the
neutron heating values and it can be implemented to obtain the thermal
loads for the DD and FEA simulations. Due to the lack of experimental
neutron irradiated defect information under fusion energy conditions,
models like DD are useful to extract the relevant parameters by simu-
lating the actual interaction between the line dislocations and complex
defect structures (e.g., precipitates, dislocation loops and interstitials)
and transferring these parameters into an engineering scale component
analysis. The crucial engineering properties like yield stress at various
levels of the irradiation under fusion relevant conditions for different
materials can be derived from the DD simulation to use within FEA
simulations.

The paper is organised as follows: Section 2 describes the multiscale
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computational framework, Section 3 reports the results obtained by
utilising the developed methodology on a case study.

Multiscale computational framework

In the present work, a multiscale hierarchical computational pre-
dictive capability is developed to link the neutron irradiation-induced
micro/nano scale defects response to the mechanical behaviour of
tokamak components. Fig. 1 describes the implementation and coupling
of the methodologies implemented. The letters (A)-(G) in the Fig. 1
denote various stages/components of the methodologies implemented
in the current work. The neutron heating values from the Monte-Carlo
based simulations from OpenMC v0.13.0 [36] (B, Fig. 1) are employed
as thermal loads for the FEA in Code_Aster v14.4 (C) [37]. The damage
energy obtained from the OpenMC simulation is used to calculate the
displacement per atom (dpa), which in turn facilitates the imple-
mentation of dose dependent irradiation-induced defects as input for DD
simulation (D, E). In fact, OpenMC is employed within Paramak v0.8.1
[38] and Code_Aster is within the Salome-Meca v2019.0.3 software
package [37]. For the mechanical FEA simulation (F), elasto-plastic
model, Von Mises plasticity model with isotropic hardening, is imple-
mented. The yield stress and stress-strain data for the plasticity model is
obtained from the DD simulation performed in the software ‘Mechanics
of Defect Evolution library’ (MoDELib) (D, E, Fig. 1) on an uniaxially
loaded ‘Representative Volume Element’ (RVE) for a given fusion rele-
vant material with neutron irradiation-induced defects [39]. These
packages are in turn linked together within VirtualLab 0.2.0 (Swansea
University, UK), an open-source based platform developed by the co-
authors of this paper. The multi-scale computational framework is
released as an open-source project under the Apache 2.0 license and
issued via Gitlab repository. The postprocessing is carried out in Para-
View v5.11 [40]. In order to reproduce the numerical results reported in
the current paper, the relevant numerical codes and tutorials are pro-
vided in the following Gitlab repository:

e https://gitlab.com/ibsim/virtuallab.
e https://virtuallab.readthedocs.io/en/docs/examples/Irradiation_da
mage.html.
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Since the proposed multiscale computational framework consists of
multiple interlinked parameters, uncertainty quantification can provide
an estimation of its reliability. However, uncertainty quantification
study is outside the scope of the current work. The framework developed
in this work can also be employed to study fusion relevant phenomenon
like tritium retention. The irradiation-induced defects can modify the
tritium transport parameters and even create tritium traps, which
consequently increases the tritium retention, and it is a safety concern
[41]. Due to the modular nature of the multiscale computational
framework, models like FESTIM (Finite Elements Simulation of Tritium
in Materials) can be integrated, which has the capability to model the
diffusion and trap of tritium in materials [42]. The resultant heat
transfer calculated by FESTIM due to tritium retention can be employed
for FEA mechanical simulation in Code_Aster in the current framework.

To understand the multiscale computational framework in the cur-
rent work, a study has been carried out for a W monoblock from the
divertor region of a tokamak. The geometrical dimensions of the
monoblock is taken from the work of Lukenskas et al. [43]. The mono-
block consists of W armour as the outer component, copper (Cu) as an
interlayer and an inner CuCrZr cooling channel as shown in the Fig. 2a
[44].

Neutronics simulation

During the nuclear fusion reaction, the neutrons are produced by the
fusion of deuterium and tritium nuclei. These neutrons will travel from
the site of the reaction in the plasma and interact with in-vessel plasma
facing components. In these consequential reactions, charged particles,
gamma rays and secondary neutrons are produced, which results in the
PKAs of nuclides. The knocked nuclides and the charged particles travel
through the material for a short range and the resultant kinetic energies
are converted into thermal energy. However, the neutrons and the
gamma rays move in the materials for a longer range and exchange their
kinetic energy to thermal energy through elastic and inelastic collisions
with the material atoms. The thermal energies obtained from these ki-
netic energies are called nuclear heat. In this study, the authors have
obtained the nuclear heating values and damage energy deposited for
PKAs by means of Monte-Carlo method. The damage energy is the
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available kinetic energy to create atomic displacements. This energy for
an incident particle is calculated as the total incident particle energy
minus the energy lost to interaction with the atoms [45]. For this,
OpenMC (B, Fig. 1) is employed, which implements Monte-Carlo code to
model the neutron transport, heating, and PKAs in fusion conditions.
The nuclear heating values generated from the reactions are computed
using nuclear data processing code, NJOY, implemented within
OpenMC package. To calculate the dpa across the tokamak components,
the damage energy per source particle is obtained based on the Material
Table (MT) = 444 within the HEATR module of NJOY in OpenMC. More
details on the methodology used in OpenMC can be found in Romano
et al. [36].

The OpenMC based Monte Carlo simulation is carried out on the W
monoblock under fusion energy conditions. The ENDFB-7.1 nuclear data
from the NNDC OpenMC distribution is employed for the neutronics
calculation (B, Fig. 1) [36]. The monoblock CAD geometry is created
using CadQuery v2.0 [38] and is converted to OpenMC neutronics
model by means of DAGMC v3.2.1 [46]. To perform the simulation in
OpenMC, the cross-section and mass density of the materials in the
monoblock are required. The cross-sections of the materials are obtained
from the ENDFB-7.1 nuclear data while the mass densities are imple-
mented from the ITER database [47]. The simulation is performed for
500,000 particles per batch and a total of 50 batches are simulated from
an isotropic fusion energy source with 14 MeV monoenergetic neutrons.
The scored neutron heating and damage energy values are tallied onto
the OpenMC mesh of the monoblock. Since the tallied results of neutron
heating are in electron Volts (eV), it is multiplied by the source strength
of 1 GW fusion DT plasma and divided by the volume of the corre-
sponding cells to obtain the neutron heating values in terms of W-m >,
From the tallied damage energy results, the dpa across the monoblock is
calculated based on Norgett-Robinson-Torrens displacement per atom
(NRT-dpa) model [48]. The dpa calculated in the study is an approxi-
mation, which is calculated in terms of atom-based estimate of material
exposure to neutron irradiation in fusion-relevant conditions.

Dislocation dynamics simulation

At macro-scale levels, it has been shown experimentally for neutron-
irradiated materials that there is an increase in yield stress in metals
such as aluminium (Al), Cu, nickel (Ni), W, and zirconium (Zr). This is
due to the interaction of dislocations at the slip planes with the defects,
which cause irradiation-induced hardening. The dislocations are the
plastic deformation carriers inside a crystal lattice, and they interact
with defects and other line dislocations resulting in annihilation and
rearrangement of line dislocations, which consequently changes the
overall microstructural configuration state with respect to the initial
microstructure. To understand these complex dislocation-defect inter-
action mechanism at micro/nano scales and mimic the irradiation-
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Fig. 2. (a) Schematic representation of W monoblock (b) Computational mesh of the W monoblock.

induced hardening phenomena, DD models are used. The changes to
important engineering parameters, such as yield stress, are obtained
from DD simulations to be used for designing and conducting experi-
mental tests on a large-scale component. Therefore, in this study, the
authors have employed the DD code, MoDELib, to analyse the disloca-
tion motion and its evolution due to the interaction with the neutron
irradiation-induced defects (D, E, Fig. 1). The DD code is based on
phenomenological mobility law and more details on the code can be
found in Po et al. [39]. The DD simulations are performed on an RVE of
tokamak component materials containing neutron irradiated-induced
defects (Fig. 3) with uniaxial loading in terms of strain rate at a
certain temperature to obtain yield stress and stress—strain data. The DD
model inputs regarding the neutron irradiation-induced defects are
implemented in terms of density and geometric dimension. This infor-
mation has been gathered from the ab initio calculations and experi-
mental analysis conducted in the previous studies [12,49,50]. This
process would need to be repeated for each of the materials contained
within the component being studied.

In this study, RVEs of BCC W and FCC Cu with defects are employed
for the DD simulations (D,E, Fig. 1). DD codes can currently only analyse
single crystalline solids with capabilities to analyse alloys (like CuCrZr)
being under development. The RVE for the DD simulation is embedded
with neutron irradiated-induced defects, which reproduces the irradi-
ated state of W and Cu. The material properties of W and Cu imple-
mented in the DD simulation are shown in Table 1.

DD simulations are performed on the single crystal W and Cu RVEs to
obtain the yield stress and stress-strain data to use with the FEA.
Different W RVEs, which incorporate the neutron irradiation-induced
defects as a function of dpa are considered for the DD simulation as
shown in the Fig. 4. These RVEs represent the degradation of a fusion
reactor in-vessel component at different stages of the lifecycle during its
operation. For lower dpa, RVEs with only line dislocations are consid-
ered to represent the irradiated W armour. Due to the prolonged period
of operation, the W armour is degraded due to the neutron irradiation,
which undergoes higher dpa with the formation of defects such as
dislocation loops and precipitates. Therefore, dislocation loops, pre-
cipitates, and line dislocations are employed for the RVEs (Fig. 4 b and c)
as the initial microstructure to represent higher dpa. For the Cu RVE,
two different dose dependent states are considered. For the lower dpa
state, Cu RVE with only line dislocations are analysed using DD while for
the higher dpa, line dislocations SFTs, and dislocation loops are included
as defects. For this work, as previously noted, parameters such as the
defects’ size and densities have been taken from literature.

The line dislocations at the crystallographic slip planes interact with
the defects and among themselves due to the elastic stress fields. The
resultant stress fields are implemented in the mobility law to analyse the
temporal evolution of the line dislocation configuration. In the present
study, the dislocation loops are (111) glissile loops distributed at the
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Fig. 3. RVE of fusion-relevant material with neutron irradiation-induced defects for DD simulation.

Table 1
Material properties of the W monoblock components used for the DD simulations
[39].

Property Symbol Unit Value

w Cu
Melting temperature Tm [°C] 3,422 1,358
Lattice constant A [nm] 0.3160 0.3610
Burgers vector B [nm] 0.2722 0.2566
Shear modulus G [MPa] 161 x 10° 48 x 10°
Poisson ratio N [-] 0.28 0.34
Mass density p [kg/m3] 19,250 8,940

slip planes. In the case of precipitates, it acts as the resistance to the
dislocation motion and contributes to the additional stress in the ma-
terial. The precipitates are modelled as spherical inclusions in DD
simulation based on the Eshelby inclusion theory [51]. The stress fields
of inclusions are responsible for the interaction between line disloca-
tions and precipitates. The stress fields of inclusions are implemented in
the DD code employing transformation strain (e1), which are calculated
based on the difference in the lattice constants between matrix (a,) and
inclusion (ajnc) as shown in equation (1).
Am

Aive —
e = — 1 (€))
Qinc

RVE with line dislocations

RVE with line dislocations +
dislocation loops

The lattice constant of W (ay,) and rhenium (Re) precipitate (aj,c) are
taken as 0.316 nm and 0.276 nm, respectively [52]. The inclusions with
a mean diameter of 30 nm are distributed at the crystallographic slip
planes of the W RVE along with the line dislocations and dislocation
loops. For the current study, the precipitates, in terms of inclusions, are
modelled as impenetrable and therefore they cannot be sheared.

The most common type of defects observed in W are dislocation
loops, precipitates, and voids [12,50]. In the study carried out by
Diirrschnabel et al. [12], TEM images of a W sample at 1.25 dpa are
investigated following neutron irradiation. They observe defects like
dislocation loops of size up to 10 nm and precipitates like Re and
Osmium (Os) with sizes less than 10 nm. In the study conducted by
Koyanagi et al. [50], the microstructural evolution of neutron irradiated
single crystal W is analysed by means of TEM at 0.03-4.6 dpa. Based on
their investigation, the dominant microstructural defects observed are
dislocation loops with a size in the range of 1.3-4.6 nm. At higher dpa,
precipitates of transmutation products such as Re and Os with size
ranging between 30 nm and 37 nm are noticed. Hu et al. [27] have re-
ported the irradiation-induced defect densities in W samples that were
tested in the HFIR reactor. They have observed dislocation loop densities
in the range of .01 x 10?2 m~3 —5 x 1022 m~3 with sizes between 2.9 nm
and 6.27 nm for dpa less than 1.62 dpa. In the same study [27], pre-
cipitates densities in the range of 3.6 x 102 m~3 -8.6 x 1022 m~2 are
reported at dpa greater than 1.62 dpa with sizes between 16 nm and 20

RVE with line dislocations + dislocation loops +
precipitates

(a)

(b) (©

Fig. 4. Initial microstructure of different W RVEs with neutron irradiation-induced defects (a) RVE with line dislocations to represent lower dpa (b) & (c) RVE with

line dislocations, dislocation loops and precipitates to represent higher dpa.
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nm. In the experimental and numerical study performed by Bonny et al.
[26], dislocation loop density between 1 x 102! m3 -2 x 102 m~2 is
reported at 0.1 dpa. Neutron irradiation on Cu mainly produces defects
such as dislocation loops and SFTs. In the study by Eldrup et al. [53],
during neutron irradiation on OHFC Cu, the defect cluster density in-
creases proportional to the irradiation dose and saturates to a density of
1.3 x 10** m~3 at 0.1 dpa. Most of the defect cluster density in irradiated
Cu is SFT when compared to the dislocation loop and the size of the SFTs
is the range of 2-3 nm [53]. SFT density of 2 —4 x 10%* m~2 and dislo-
cation loop density of 5 x 10%! m~3 are reported by Edwards et al. [54]
in a neutron irradiation experiment on Cu at 0.01 dpa. At temperatures
between 20 °C and 180 °C, defect density in Cu is independent of the
irradiation temperature [55,56]. While at irradiation temperature be-
tween 180 °C and 450 °C, the defect density decreases by around three
orders of magnitude [57].

In the DD simulation, the present work has employed irradiation-
induced defect density for certain irradiation temperature and dpa
based on the previous experimental and modelling studies, which are
reported by several authors [26,27,53-55,57]. In the case of W, dislo-
cation loops and precipitates are modelled in the current study for DD
simulation while the voids are not included in the current DD code since
it is under development for further validation. Future studies are needed
with the focus on the inclusion of void defect features on the basis of the
current multi-scale computational framework. The defect densities
(dislocation loop and precipitate) in the W RVE are selected based on the
data from Hu et al. [27] and Bonny et al. [26] since these studies have
reported defect density values for a range of temperatures and dpa as
depicted in Fig. 5. Due to the few and low scatter of data of W on
irradiation-induced defect density for a wide range of dpa and temper-
ature, general trend of the defect density as a function of dpa and tem-
perature is not known. Therefore, DD simulations are performed based
on the neutron irradiation defect densities on W RVE for different irra-
diation temperature and dpa based on Fig. 5. The defect density values
could be replaced in the future by improved experimental values or
using a theoretical model.

In the case of Cu, SFT density in irradiated Cu is higher than the
dislocation loop density and the defect cluster density, comprising SFT
and dislocation loops, are distributed at the slip planes in the ratio of 9:1
(90 % SFT, 10 % dislocation loops) according to Eldrup et al. [53]. The
defect cluster density for Cu, as shown in Fig. 6, is obtained from the
studies by Zinkle [58] and Eldrup et al. [53]. It should be noted that the
Cu defect density values at 70 °C are obtained from the study by Eldrup
et al. [53] as a function of dpa (Fig. 6). The remaining defect density
values as a function of dpa for other temperatures (250 °C-400 °C) are
calculated and plotted based on the normalised defect density values
reported in the study by Zinkle [58].

The defects are distributed in the W and Cu RVE, of size 0.5 pm,
based on the log normal probability distribution function as shown in
Fig. 3. For W material, the initial line dislocation density of 1 x 1014 m~2
is used and the initial microstructure of the W RVE, consists of pre-
cipitates, dislocation loops of family of (111) glissile loops and line
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dislocations, employed in the DD simulation. Dislocation loops of size
3.37 nm and precipitates of size 30 nm are implemented for W RVE. For
the Cu RVE, an initial line dislocation density of 1 x 10*m~2 is used.
SFTs of size 2.5 nm and dislocation loops of size 3 nm are employed as
neutron irradiation defects as shown in Fig. 6.

FEA thermal simulation

Fig. 2 a depicts the computational domain of the W monoblock
employed in the current study for the FEA simulations. A total of 63,258
linear hexahedral elements are used for discretizing the monoblock as
shown in Fig. 2 b and Table 2. Code_Aster is implemented to solve the
heat equation to obtain the temperature field. For the FEA thermal
simulation (C, Fig. 1), the neutron heating values from the neutronics
simulation (B, Fig. 1) are assigned as the volumetric heat source for the
monoblock. Plasma heat load of 10 MW-m ™2 is imposed at the top sur-
face of monoblock. The effect of the coolant is modelled based on similar
approach to that carried out for modelling of the ITER cooling system
[59]. The wall-temperature dependent heating curve is calculated using
a combination of Sieder-Tate correlation for single phase and
Thom-CEA correlation for nucleate boiling, which depend on properties
of the coolant, mainly its temperature, velocity, and pressure [60,61].
This is then applied as a temperature dependent heat flux boundary
condition in Code_Aster. Coolant temperature of 150 °C, velocity of 16
m/s and pressure of 5 MPa are implemented in the current work [60,61].
The thermal properties (specific heat, thermal conductivity, thermal
expansion coefficient) for W armour, Cu interlayer and CuCrZr coolant
pipe are obtained from the literature [47,53,62-69]. In particular, the
thermal conductivity of W armour, Cu interlayer and CuCrZr coolant is
plotted in Fig. 7 and Fig. 8 using previous study data [47,53,62-69]. The
current study has not implemented any modelling technique to calculate
thermal conductivity based on irradiation-induced defect features.
However, mathematical techniques can be integrated into the current
framework to evaluate thermal conductivity in terms of irradiation-
induced defect density and size. The thermal field from FEA thermal
simulation (C, Fig. 1) is implemented in the DD simulations (E, Fig. 1) on
RVE of fusion relevant materials to obtain the dpa and temperature
dependent yield stress and stress-strain data. The results from DD
simulation (E, Fig. 1) and FEA thermal simulation (C, Fig. 1) are used for
FEA mechanical simulation (F, Fig. 1) to analyse the thermally induced
stress across the components.

FEA mechanical simulation

For the mechanical FEA simulation (F, Fig. 1), temperature values
obtained from the FEA thermal simulation (C, Fig. 1) are employed
along with the mechanical loads as boundary conditions. Translational
displacement constraints are assigned at the bottom nodes of W armour.
A wall pressure of 5 MPa is used at the cooling channel to reproduce the
water flow by force convection. Elasto-plastic model, Von Mises plas-
ticity with isotropic hardening, is employed for W armour, Cu interlayer

= ® 90°C (Hu et al. (2016))
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Fig. 5. Neutron irradiation-induced defect density employed in DD simulation for W RVE.
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Fig. 6. Neutron irradiation-induced defect density employed in DD simulation for Cu RVE.

Table 2
Number of hexahedral elements employed in the W
monoblock.
Component Hexahedral elements
w 19,200
Cu 16,834
CuCrZr 27,074
300
—— ITER (0 dpa)
280 ————— Coenen et al. (0.1 dpa) (2016)
~ 260 ———— Coenen et al. (0.6 dpa) (2016)
§-) 240 A Reza el al. (0.0001 - 10 dpa) (2020)
E u Mason et al. (0.0001 - 5 dpa) (2021)
§ 220 v Linke et al. (4 , 6 dpa) (2005)
<~ 200 * Habainy et al. (0.2, 0.6 dpa) (2018)
z\. [ Furdson et al (0, 13 dpa) (2020)
o 180 > Habainy (5.8 dpa) (2018)
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Fig. 7. Thermal conductivity data of W plotted from litera-

ture [47,62-64,67-69].

and CuCrZr coolant pipe. The mechanical properties (Young’s modulus,
Poisson’s ratio) for W armour, Cu interlayer and CuCrZr coolant pipe are
obtained from the literature [47]. Moreover, parameters such as yield
stress and stress—strain data derived from the DD simulation (E, Fig. 1)
are implemented in the elasto-plastic model for the mechanical simu-
lation (F, Fig. 1). As the materials within the component experience
increasing quantities of irradiation, their properties change. This in turn
changes the temperature and stress profiles through the component.
However, the rate at which the material properties change, due to
neutron irradiation, are a function of these profiles leading to a highly
non-linear system. The proposed computational framework allows the
component to be assessed at various stages through its lifecycle whilst
accounting for this non-linearity in the evolution of its performance.

Lifecycle assessment

The design of the in-vessel components in a tokamak reactor should
satisfy certain conditions to withstand the irradiation environment.
Prior to the physical testing, the new designs of the in-vessel components
must be evaluated by means of ‘Structural Design Criteria for In-vessel
Components’ (SDC-IC) design code to analyse the stress tolerance and
assess the failure mode of the components [70,71]. To participate in
such testing, numerical results derived from FEA mechanical simula-
tions (G, Fig. 1) are subjected to elastic analysis procedure (EAP) to
implement the SDC-IC assessment (G, Fig. 1). SDC-IC design code
criteria considers the influence of neutron irradiation of in-vessel com-
ponents (G, Fig. 1). In a tokamak reactor, the neutron irradiation effects
on the in-vessel components are significant, which induce various
transmutation products and defects causing undesirable reduction in
thermal conductivity, embrittlement and hardening, which affects the
actual function of the components. The conventional testing procedures
on unirradiated in-vessel components cannot provide insights on the in-
service performance. Therefore, it is important to assess the components
in both unirradiated and irradiated conditions. In the current study,
plastic flow localisation rule (SDC-IC 3121.2) is applied to analyse the
lifecycle of in-vessel component for unirradiated and irradiated state (G,
Fig. 1). In the plastic flow localisation rule, the total stress
(P1. (mechanical) +Q_ (secondary)) of the in-vessel component is assessed
against the yield stress (Se), which represents the ductility limits of the
material based on Equation (2), where T is the temperature.

P+ 0. < S.(T,dpa) 2)

The total stress felt by a component comprises of both the primary
(mechanical), Pp, and secondary (thermal) stresses, Q, that are applied.
If the total stress of the material exceeds its ductility, ductile failure
occurs. This can be quantified by strength usage and reserve factor, Ry,
this being the ratio of Se and the total stress applied. A value of Rf < 1
indicates that ductile failure is likely to occur.

In this study, SDC-IC design structural rules are applied only for the
CuCrZr coolant pipe since it serves as the load supporting unit of the
monoblock. Moreover, if the pipe structure fails appreciably, the
intended function of monoblock component fails to achieve its purpose
and consequently affects the heat extraction inside the tokamak reactor.
Two operating conditions are studied in the lifecycle assessment:

(1) Normal operating conditions (NOC), consisting of plasma and
neutron loads, coolant pressure and temperature.

(2) Stand-by conditions, where the coolant pressure and temperature
is maintained across the monoblock, with a coolant temperature
of 150 °C.
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Fig. 8. Thermal conductivity data of Cu interlayer and CuCrZr pipe plotted from literature [47,53,65].

The numerical results obtained from the FEA mechanical and ther-
mal simulations are subjected to plastic flow localisation rule (SDC-IC
3121.2) to perform lifecycle assessment of CuCrZr pipe for unirradiated
and irradiated state [71].

Results and discussion

This section reports numerical results for the W monoblock using the
multiscale computational framework. The results and associated dis-
cussion are presented in subsections for the various simulation stages in
the same order as presented in the framework and methodology sec-
tions. That is, neutronics, dislocation dynamics, FEA thermal simulation,
FEA mechanical simulation and finally lifecycle assessment.

Neutronics simulation

Fig. 9 depicts the scored neutron heating and damage energy for the
W monoblock due to the neutron transport from an isotropic fusion
energy point source located 15 cm from the monoblock with a Muir
energy spectrum (B, Fig. 1). The heating values are tallied onto the
OpenMC mesh of the W monoblock discretised along the x, y, and z
directions with 200, 100, and 200 points, respectively. It is worth noting
that the neutron transport induces heating with the highest value of 6 x
108 W/m?® at the upper portion of the W armour, while at Cu interlayer
and CuCrZr cooling tube components, neutron heating values in the
range of 1 1.2 x 10° W/m® are observed. The W armour experiences
very low neutron heating values (<4.0 x 108 W/m®)at the bottom part
of the monoblock. Cu interlayer and CuCrZr cooling channel experiences
higher damage energy with respect to W armour as shown in the Fig. 9b
since the threshold energy of Cu and CuCrZr is lower than W.

Neutron heating (W/m?3)

— 3.8e+06
—3.5e+6

— 3e+6

— 2.5e+6

— 2e+b
1.5e+6
le+6
500000
0.0e+00

(a)

From the damage energy values, the dpa of the monoblock is
computed at the various stages of operation as a function of full power
days in fusion energy conditions namely the newly manufactured
monoblock installed in the tokamak reactor (day 0) and the degraded
state of the monoblock during operation, with day 100 and day 1000
shown in Fig. 10. At day 100, the monoblock experienced a maximum
dpa of 3 at the Cu interlayer and CuCrZr pipe while W armour has a dpa
value of less than 1.5. However at day 1000, due to the prolonged
exposure, the monoblock undergoes higher degradation with a
maximum dpa value of 14 in the W armour and 20-40 in the Cu inter-
layer and CuCrZr cooling channel. It should be noted that error bars are
not considered for the calculated neutron heating and damage energy
values.

Dislocation dynamics simulation

Based on the FEA thermal simulation results (C, Fig. 1), the tem-
perature distribution across the W armour and Cu interlayer is imple-
mented in the dislocation dynamics (DD) simulation for W and Cu RVEs
(D,E, Fig. 1). From the DD analysis, the evolution of the dislocation lines
due to the interaction with the neutron irradiation-induced defects and
the consequent influence on the yield stress of the W and Cu materials is
investigated.

DD simulations are performed for various temperature and dpa
dependent irradiation-induced defect densities to study the dislocation
line evolution and consequent influence on the yield stress in W and Cu
RVE microstructures (Fig. 5, Fig. 6). Fig. 11 shows the evolution of the
dislocation configuration for the W RVE embedded with neutron
irradiation-induced defects (precipitates and dislocation loops) at a
strain rate of 100 s™ L. This strain rate is chosen based on experience, with

Damage energy (eV)
—1.26:04
— 0.0001

— 8e-5

0.0e+00

(b)

Fig. 9. (a) Neutron heating values and (b) damage energy in the W monoblock.
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Fig. 10. Dpa of the W monoblock at day 0, day 100, and day 1000 (day 100 and day 1000 refer to full power days).
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Fig. 11. Dislocation line evolution for the W RVE at different loading stages for a strain rate of 100 s™*.
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it providing a compromise between computational expense and
accuracy.

Fig. 12 and Fig. 13 depict the yield stress for W and Cu plotted with
respect to dpa. Clearly, the yield stress of the W and Cu samples decrease
with increasing temperature. The yield stress obtained from the current
DD simulations are compared with the literature data [26-28,72-75],
highlighting that the increase in yield stress is due to the crystallo-
graphic slip resistance of dislocation motion by the defects, which
consequently cause the irradiation-induced hardening. In particular, the
presence of precipitates and dislocation loops in the W RVE (dpa > 1.6)
induces yield stress of high values in comparison with the RVE that
included dislocation loops alone (dpa < 1.6). The presence of SFTs and
dislocation loops as defects in Cu RVEs increases the yield stress until a
dpa of 0.1. At dpa greater than 0.1, the defect cluster density saturates to
a constant value and therefore, the yield stress is constant.

FEA thermal simulation

A parametric study is carried out for three different monoblock de-
signs of W armour heights; (a) 23 mm (design 1), (b) 30 mm (design 2)
and (c) 32.5 mm (design 3) as shown in Fig. 14. Note that design 2
(Lukenskas et al. [43]) is the design already presented in previous sec-
tions of this work. Neutronics simulations (B, Fig. 1) are performed for
design 1 and design 3 with the same simulation parameters used for
design 2 (section 3.1). Thermal fields and dpa are calculated for both
designs from the damage energies and neutron heat loads obtained from
the respective neutronics simulation. dpa and other related thermo-
mechanical properties and fields are calculated based on damage en-
ergies and neutron heat loads values without considering error bars.

FEA thermal simulations (C, Fig. 1) are performed in NOC, which
consists of plasma and neutron loads, coolant pressure (5 MPa) and
convective cooling. Thermal fields are assessed at day 0, day 100 and
day 1000 of the lifecycle stages of the monoblock component. The
lifecycle stages are based on the dpa and thermal conductivity, which
influences the thermal fields and yield stress, consequently affecting the
thermo-mechanical behaviour of the monoblock component. The
plasma and neutron load along with the convective cooling results in a
high thermal gradient along the monoblock height. Additionally, due to
the change in thermal conductivity as a function of dpa and irradiation
temperature, variations in the thermal fields are observed at day 0, day
100 and day 1000 for the three designs, which are depicted in Fig. 15 c,
Fig. 16 c and Fig. 17 c. Interestingly, at higher dpa and temperature
(Fig. 15 a, Fig. 16 a, Fig. 17 a), the lower thermal conductivity values

W
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(Fig. 15 b, Fig. 16 b, Fig. 17 b) of the components induce higher tem-
perature gradient across different monoblock designs at day 100 and day
1000. For design 2 and design 3, a peak temperatures of 1400 °C and
2600 °C, respectively (Fig. 16 (c), Fig. 17 (c)) are achieved at day 1000
due to the lower thermal conductivity values and higher thermal gra-
dients. These changes in thermal fields as a function of dpa and irradi-
ation temperature induce variations in the mechanical properties and
stress fields of the components at different lifecycle stages during
operation. The computational framework developed in this study allows
understanding the thermal field evolutions of components in unirradi-
ated and irradiated scenarios, which enables the designer to modify the
configuration of the component and down select the appropriate
component designs for experimental testing.

It should be noted that in addition to formation of irradiation-
induced defects, the hostile conditions in tokamak degrades W due to
recrystallization especially above 1350 °C, which results in the alter-
ation of W microstructure [76]. Consequently, the mechanical proper-
ties will deteriorate leading to the reduction in lifespan of the
component. In the current study, yield stress calculated from the DD
simulation does not consider the recrystallization process. A more
detailed study can be carried out in the future on the DD model to
incorporate the microstructural features of W during a recrystallization
process to obtain the yield stress.

FEA mechanical simulation

FEA mechanical simulations (F, Fig. 1) are carried out based on the
thermal stress derived from the FEA thermal simulation (C, Fig. 1),
coolant pressure and traction boundary conditions at the nodes using
Von Mises plastic model for each monoblock design. The dpa and tem-
perature dependent yield stress obtained from the DD simulations (E,
Fig. 1) are plotted across the monoblock designs for day 0, day 100, day
1000 based on the dpa and thermal field distribution depicted in Fig. 15
d, Fig. 16 d and Fig. 17 d. In FEA mechanical simulation, linear inter-
polation is performed in Code_Aster for the yield stress data obtained
from the DD simulation for W material (Fig. 12). FEA mechanical sim-
ulations are performed on each design to investigate their structural
behaviour at different stages of their lifecycle. It should be noted that the
centre point of the pipe is kept constant for each sample and, due to the
neutron source being applied as a point source, the distance between the
sample top surface and the neutron source decreases as the armour
thickness increases. That is, design 3 is nearer the source than design 1,
which, given the radial type source, results in design 3 receiving a
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Fig. 12. Yield stress as a function of dpa and temperature for W.
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Fig. 14. Monoblock designs (a) design 1 (b) design 2 (c) design 3.

greater count of neutrons. Additionally, increasing the armour thickness
increases the distance between the plasma heat source on the top surface
and the heat sink on the coolant pipe’s inner surface. The resultant
impact of the combination of these two mechanisms is that the tem-
perature profile and dpa values, as well as derivative values, vary for
each design. Day O corresponds to the initial stage of operation of the
newly manufactured monoblocks with no defects present in the tokamak
reactor. Therefore, at day O, only temperature dependent yield stress
and thermal conductivity is implemented for the FEA. At day 100 and
1000, the neutron irradiation induces damage on the monoblock, which
results in spatial and temporal dpa evolution with consequent increase
in the yield stress distribution. At higher dpa, the yield stress of the
monoblock increases due to the formation of irradiation-induced defects
(Fig. 12 - Fig. 13). It should be noted that yield stress at the top regions of
the monoblock designs is lower due to the high temperature induced by
plasma and neutron heat loads.

It is evident from the Fig. 15(d), Fig. 16 (d) and Fig. 17 (d) that yield
stress distribution varies at different lifecycle stages of the components
and consequently influences the stress field distribution of the mono-
block at day 0, 100 and 1000. The mismatch in the coefficient of thermal
expansion induces high Von Mises and principal stress fields at the W
armour-Cu interlayer interface and inner surface of CuCrZr pipe shown
in Figs. 15-17 (e,f). In addition to the thermal stress, the pressure
induced by the fluid flowing through the cooling tube also contributes to
the stress at the monoblock. In order to understand the evolution of

11

stress fields at the W-Cu interface and inner surface of CuCrZr, Von Mises
and principal stress fields are plotted at the midplane of the monoblock
designs as shown in Fig. 18 and Fig. 19. It is evident that the Von Mises
and principal stress values for W armour and CuCrZr pipe are higher at
day 1000 due to elevated temperature with respect to the day 0 and day
100. Moreover, for design 2 and design 3, the stress fields are lower
when compared to design 1, which can be attributed to the increase in
length of the W armour (Figs. 15-19).

The monoblock is composed of brittle W and ductile Cu interlayer
and CuCrZr pipe. The failure criteria assessment of brittle materials is
based on the principal stress values with respect to ultimate strength of
the material. If the principal stress values are higher than the ultimate
tensile strength, the brittle components undergo failure. In the current
study, dose and temperature dependent ultimate strength value of W
materials is taken from the work of Garrison et al. [77].

The failure of ductile materials is assessed during the event of plastic
deformation, which occurs when the Von Mises stress values are higher
than the yield stress values. In the case of Cu interlayer and CuCrZr pipe,
the dpa and temperature dependent yield stress values are calculated
from the DD simulation (E, Fig. 1) and are implemented to understand
its failure assessment based on the Von Mises stress values obtained from
the FEA mechanical simulation (F, Fig. 1). Therefore, the failure criteria
are assessed in terms of safety factor, which is calculated as the ratio of
principal stress to ultimate tensile stress for W and Von Mises stress to
yield stress for the Cu interlayer and CuCrZr pipe. The safety factors are
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Fig. 15. Plots for W monoblock in NOC at different lifecycle stages (day 0, day 100, day 1000) for design 1 (a) dpa (b) Thermal conductivity (f (dpa, temperature))
(c) Temperature (d) Yield stress (f (dpa, temperature)) (e) Von Mises stress (f) Maximum principal stress (g) Von Mises stress/Yield stress (Cu, CuCrZr) - ductile failure
criteria, Max. principal stress/ultimate tensile stress (W) - brittle failure criteria (day 100 and day 1000 refer to full power days).
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Fig. 16. Plots for W monoblock in NOC at different lifecycle stages (day 0, day 100, day 1000) for design 2 (a) dpa (b) Thermal conductivity (f (dpa, temperature))
(c) Temperature (d) Yield stress (f (dpa, temperature)) (e) Von Mises stress (f) Maximum principal stress (g) Von Mises stress/Yield stress (Cu, CuCrZr) - ductile failure
criteria, Max. principal stress/ultimate tensile stress (W) - brittle failure criteria (day 100 and day 1000 refer to full power days).

shown in Fig. 15 (g), Fig. 16 (g) and Fig. 17 (g) for the three monoblock than 1 represent the material is at the risk of failure. The material is
designs. Safety factor of greater than 1 indicates that the component has operating in safe limits if the safety factor values are less than 0.75. The
undergone failure while safety factor values greater than 0.75 and less safety factor values of W armour are less than 0.5, which shows that the
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Fig. 17. Plots for W monoblock in NOC at different lifecycle stages (day 0, day 100, day 1000) for design 3 (a) dpa (b) Thermal conductivity (f (dpa, temperature))
(c) Temperature (d) Yield stress (f (dpa, temperature)) (e) Von Mises stress (f) Maximum principal stress (g) Von Mises stress/Yield stress (Cu, CuCrZr) - ductile failure
criteria, Max. principal stress/ultimate tensile stress (W) - brittle failure criteria (day 100 and day 1000 refer to full power days).
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Fig. 18. Von Mises stress (left) and maximum principal stress (right) plotted along the dotted lines of W armour at the midplane of the monoblock for design 1,

design 2 and design 3.

W armour is operating within safe limits in both unirradiated and irra-
diated regime for different monoblock designs. In the case of CuCrZr
pipe, the stress values are in the safety range for day 0 (unirradiated) and
day 100 (irradiated) since the safety factor is less than 0.75 for each
design. However, for day 1000, the safety factor of the pipe is greater
than 0.75 indicating that it is at risk of failure. This type of failure
assessment is used as a preliminary step to understand whether the
material has already undergone failure based on the Von Mises and
principal stress fields obtained from the FEA mechanical simulations in
unirradiated (day 0) and irradiated (day 100, day 1000) conditions.
During the operation of tokamak, only few monoblocks (~ 2), in the
Plasma-Facing-Unit (PFU) located near the strike points, will be sub-
jected to plasma induced high heat flux and neutron loads. However, the
remaining monoblocks will maintain a temperature close to the coolant

13

temperature, which are only exposed to neutron loads. To understand
this scenario, we performed FEA simulations for design 1 at day 100
considering NOC without plasma loads (only neutron loads). The results
are depicted in Fig. 20 and a comparison is made against NOC.

It is interesting to note that thermal and stress fields in NOC are
higher than the case with NOC without plasma loads. In particular, there
are no possibilities of failure of monoblock subjected to NOC without
plasma loads.

Lifecycle assessment

In this section, the results derived from the FEA simulations for
CuCrZr pipe are implemented for SDC-IC assessment (G) integrated into
the computational framework. Plastic flow localisation rules are
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failure criteria.

employed in NOC and stand-by conditions. As depicted in previous
section, the stress fields across the monoblock components varies for
unirradiated (day 0) and irradiated case (day 100, day 1000). To assess
whether the stress fields exceed the local strength of the material, it is
necessary to investigate the locations of high stress area, which has the
highest failure probability. Therefore, stress linearisation is performed
at regions of maximum temperature, minimum temperature, and
maximum stress in the CuCrZr pipe. In the case of stand-by conditions,
stress linearisation is performed only for maximum stress region since
the temperature is uniform across the pipe. Fig. 21 shows the Von Mises
stress distribution of CuCrZr pipe in NOC and stand-by conditions. The
SDC-IC assessment for plastic flow localisation rule is expressed in terms
of strength usage of the materials and Ry (inverse of the strength usage of
the material). Von Mises stress (total stress (P, + Qp)) derived from FEA
mechanical simulation is employed to calculate the strength usage based
on the yield stress of the material in NOC and standby conditions. The
strength usage and R¢ are reported in Fig. 22 and Tables 3-5 for

unirradiated (day 0) and irradiated (day 100, day 1000) cases.

For the unirradiated case (day 0), in NOC, the stress field maximum
(260 MPa) is higher than the stand-by conditions (160 MPa). A similar
trend is observed for the irradiated case with higher values of stress in
NOC when compared to stand-by conditions as reported in the Tables 3-
5. The temperature and stress fields at locations of maximum stress,
maximum temperature and minimum temperature are reported in
Tables 3-5 for NOC and stand-by conditions for unirradiated and irra-
diated case. For each design in the unirradiated case the strength usage
and R¢ of CuCrZr pipe are within the safe limits and no ductile failure
occurs. In particular, the ductile failure occurs only for design 1 for day
1000 in which the strength usage and Ry surpasses the safe limits. The
current study has only incorporated the variation of W armour to assess
the performance of various monoblock designs and its failure proba-
bilities using plastic flow localisation rule. However, the computational
framework employed in this study enables other in-vessel components,
such as breeder blanket, to be investigated to evaluate its failure
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Fig. 21. Von Mises stress of CuCrZr pipe in NOC and stand-by condition.
probability.
Conclusions

Currently, there is insufficient fusion relevant experimental data
available, which characterises the change in material properties due to
neutron damage. This is a significant challenge to the development of
fusion component designs that are optimised for their expected life
cycle. This work presents a multiscale numerical framework to address
this challenge. It facilitates investigating the influence of neutron

Max. Stress
OO —— T
Max. Temperature
NoC) r
Min. TempemlureF .
(NOC) Design 1

Max. Stress
(St by, I—
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irradiation-induced defects on the mechanical properties of tokamak in-
vessel components. The neutron induced changes are considered
spatially, depending on the geometry of the component and its location
within the tokamak, and temporally by considering various stages of
their operational lifecycle.

With respect to the previous studies on the multiscale property as-
sessments, a core tenet of the current computational framework is
parameterisation of the geometries and simulation parameters. This
facilitates accelerated investigations into how the thermo-mechanical
performance of various design concepts changes over their lifecycles.
Because it is also modular, there is flexibility to replace stages of the
workflow with improved theoretical models, simulations, or experi-
mental data when they become available and automatically recalculate
the consequential steps for comparison. Thus, further work is essential to
validate the multiscale computational framework against the experi-
mental data as and when experimental and other data are produced. As a
way of rapidly generating data across a multi-dimensional parameter
space, this could be used as an automated optimisation tool using con-
ventional algorithms or more state-of-the-art machine learning methods.
The hope is that this computational framework makes a significant
contribution to the fusion research community’s efforts in designing the
first generation of fusion energy powerplants.
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Table 3
R¢ of CuCrZr pipe in unirradiated and irradiated conditions for design 1.
Operating Temperature (°C) Total stress, P +Q;. (MPa) R¢
diti
condition Un-irrad (day  Irrad. (day Irrad. (day Un-irrad (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day
0) 100) 1000) 0) 100) 1000) 0) 100) 1000)
Max. Stress (NOC) 282.81 400.69 221.00 256.48 341.79 525.30 1.67 1.10 0.60
Max. Temp (NOC) 345.00 410.00 462.00 133.00 273.00 354.90 1.61 1.08 0.58
Min. Temp (NOC) 158.06 274.00 161.00 10.90 143.68 85.00 55.0 7.63 1.92
Max. Stress (Stand- 150.00 150.00 150.00 152.62 160.00 163.00 4.03 2.90 2.73

by)




S. Mohamed et al.

Nuclear Materials and Energy 39 (2024) 101647

Table 4

R¢ of CuCrZr pipe in unirradiated and irradiated conditions for design 2.
Operating Temperature (°C) Total stress, P, +Q; (MPa) R¢

diti
condition Un-irrad (day  Irrad. (day Irrad. (day Un-irrad (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day
0) 100) 1000) 0) 100) 1000) 0) 100) 1000)
Max. Stress (NOC) 284.06 389.33 425.52 286.60 331.45 527.08 1.30 1.28 1.18
Max. Temp (NOC) 347.91 398.47 512.00 121.29 263.42 355.39 1.34 1.08 1.02
Min. Temp (NOC) 273.38 157.64 159.49 88.41 51.26 61.92 15.0 1.31 3.57
Max. Stress (Stand- 150.00 150.00 150.00 151.35 156.38 159.03 5.00 4.00 2.85
by)

Table 5

R¢ of CuCrZr pipe in unirradiated and irradiated conditions for design 3.
Operating Temperature (°C) Total stress, P, +Q; (MPa) R¢

diti
condition Un-irrad (day  Irrad. (day Irrad. (day Un-irrad (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day Irrad. (day
0) 100) 1000) 0) 100) 1000) 0) 100) 1000)

Max. Stress (NOC) 282.22 380.80 459.33 298.74 325.87 518.34 1.28 1.25 1.15
Max. Temp (NOC) 345.18 388.07 553.06 117.89 267.05 356.79 1.29 1.26 1.04
Min. Temp (NOC) 271.68 156.78 239.85 104.44 38.46 226.09 17.0 3.63 1.52
Max. Stress (Stand- 150.00 150.00 150.00 151.35 156.38 159.03 6.05 4.05 2.90

by)
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