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Abstract: Structural materials in fast reactors with harsh radiation environments due to high energy
neutrons—compared to thermal reactors—potentially suffer from a higher degree of radiation damage.
This radiation damage can change the thermophysical and mechanical properties of materials and, as
a result, alter their performance and effective lifetime, in some cases leading to their disintegration.
These phenomena can jeopardize the safety of fast reactors and thus need to be investigated. In this
study, the effect of radiation damage on the vessels of molten salt fast reactors (MSFR) was evaluated
based on two fundamental radiation damage parameters: displacement per atom (dpa) and primary
knock-on atom (pka). Following the previous part of this article (Parts 1 and 2), an iMAGINE
reactor core design (University of Liverpool, UK—chloride-based salt fuel system) and an EVOL
reactor core design (CNRS, Grenoble, France, fluoride-based salt fuel system) with stainless steel
and nickel-based alloy material vessels, respectively, were considered as case studies. The SPECTER
and SPECTRA-PKA codes and a PTRAC card of MCNPX, integrated with a module which has
been developed in MATLAB, named PTRIM and SRIM-2013 (using binary collision approximation),
were employed individually to calculate and compare dpa and PKA (this master module containing
all three tools has been appended to the iMAGINE-3BIC package for future use during reactor
operations). Additionally, SRIM-2013 was applied in a 3D simulation of a radiation damage map
on a small sample of vessels based on the calculated PKA. Our results showed a higher degree of
radiation damage in the iMAGINE vessel compared to the EVOL one, which could be expected due
to the harder neutron flux spectrum of the iMAGINE core compared to EVOL. In addition, the nickel
alloy vessel showed better radiation damage resistance against high energy neutrons compared to the
stainless steel one, although more investigations are required on thermal neutrons and alloy corrosion
mechanisms to determine the best material for use in MSFR vessels.

Keywords: molten salt fast reactors; radiation damage; reactor vessel; dpa; PKA; iMAGINE

1. Introduction

Structural materials in nuclear power plants are subjected to extreme conditions,
including high temperatures, intense radiation fields, and corrosive environments, which
can significantly affect their mechanical and physical properties over time. Understanding
the mechanisms of radiation damage is essential for ensuring the safety, reliability, and
longevity of nuclear reactors. Considering the benefits of a fast neutron energy spectrum
for GenIV nuclear power plants [1], which experience a higher level of radiation damage
(more dpa as a fundamental damage mechanism) to their components compared to thermal
reactors, we set out to demonstrate the importance of radiation damage evaluations for the
development of safety criteria for such reactors [2].

Radiation damage primarily results from the interaction of energetic particles—such
as neutrons, gamma rays, and charged particles—with the atoms in the structural materials.
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These interactions can displace atoms from their lattice positions, create point defects and
dislocation loops, and lead to changes in their microstructures, such as void swelling, phase
transformations, and radiation-induced segregation [3]. Such microstructural changes can
degrade the mechanical properties of materials, including their strength, ductility, and
fracture toughness, and can also affect their thermal and electrical conductivity.

The study of radiation damage is a multiscale, multiphysics problem which involves a
combination of experimental techniques, such as transmission electron microscopy (TEM)
and ion irradiation experiments [4–6], as well as computational modeling, including molec-
ular dynamics (MD) simulations [7–21] and kinetic Monte Carlo methods [22–29]. Some
studies have employed hybrid methods, which integrate models and experiments to predict
radiation damage in materials and changes in their physical properties, and additionally, to
prove the reliability of the results [30,31]. These approaches help elucidate the fundamental
processes of defect formation and evolution and predict the long-term behavior of materials
under irradiation.

Scanning electron microscopes (SEMs) [32] and transmission electron microscopes
(TEMs) [33] are two of the standard tools for imaging the microstructure, morphology, and
internal structure of materials that are widely employed experimentally for evaluations
of radiation damage. In a recent study, Wilczopolska et al. [4] employed SEM and Raman
spectroscopy to analyze the radiation damage on nuclear grade graphite, which is mostly
used in GenIV nuclear power plants, e.g., very high-temperature gas cooled reactors or
thermal molten salt reactors. They found strong structural disorder in graphite irradiated
with Ar+ and concluded that the microstructural evolution of the nuclear graphites aligned
with the structural deterioration in a stepwise character. In another interesting study,
the JANNuS platform (Joint Accelerators for Nanosciences and Nuclear Simulation) was
coupled with a TEM, offering the capability of in situ observation of microstructural and
radiation damage at the nanoscale [5]. The results of different experimental radiation
damage analyses employing JANNuS can be found in the published literature.

Today, developments in computational science and the availability of high-performance
computers (HPCs) have provided the required flexibility to employ complex simulation
models and methods in science. Molecular dynamics (MD) [34] simulation tools are among
the most interesting approaches to be applied in the simulation of material behavior and
radiation damage. The backbone of the MD method is simply to solve Newton’s equa-
tions of motion for a (large) number of interacting particles. GROMACS [35], NAMD [36],
LAMMPS [37], and AMBER [38] are the most popular software/codes to have been de-
veloped based on MD methods for material science. These tools have been applied in
a vast number MD-based studies and radiation damage analyses [7–21]. Most of these
research studies have used MD simulations to identify the primary knock-on atoms as the
fundamental parameter of the radiation damage cascade in different materials [8,15,18].
Given the high cost of simulations by MD codes (in terms of CPU and RAM), these studies
are usually satisfied with PKA simulations, and no more tracking of secondary knock-on
atoms and their cascades are considered. Fuel-clad light water reactors (usually Zircaloy)
and their pressure vessels (usually stainless steel) are among the most analyzed materials in
this category, as their radiation damage can affect the safety of nuclear power plants [14,15].
In the past, due to the changing paradigm of nuclear energy and the development of fusion
nuclear power plant technologies, some researchers have focused on using MD simulations
for fusion-dedicated nuclear materials and radiation damage resistance in harsh fusion
environments to find the best candidates for materials [7,14,16,19,21].

Probabilistic simulations are one of the most reliable methods that can be used in
parallel with deterministic ones and, in some circumstances, have the benefit of more
flexibility (especially in terms of overcoming the difficulties of geometry and coordination).
The Monte Carlo (MC) method [39] is one of the most widely employed probabilistic
methods for radiation damage and reactor core simulations, relying on repeated random
sampling to obtain numerical results. In this regard, MC-based codes were developed for
two main purposes in the nuclear and materials engineering community: (i) for nuclear



Energies 2024, 17, 4772 3 of 14

reactor core design, source term calculations, and radiation shielding, which can also
be used for radiation damage calculation coupling with other modules; and (ii) codes
dedicated to radiation damage sourcing from different particles. While MCNP/X [40,41],
OpenMC [42], and SERPENT [43] belong to the former group, codes such as SPECTER [44],
SPECTRA-PKA [45], FISPACT [46], and SRIM [47] are more dedicated to the latter. In the
majority of studies employing MC methods, neutron/ion fluxes are calculated using a code
dedicated to the former group (i); then, PKA and subsequent cascades will be followed
by one of the codes belonging to the latter (ii). In a recent study, Lovecký et al. employed
MCNP6 and SERPENT2 combined with arc-dpa and NRT-dpa [48] models to calculate the
radiation damage on the fuel cask of a VVER-440 system [22] and to assess if radiation
damage to the cask would represent a major issue in its lifetime. In another study, a package
was developed by Noori-kalkhoran et al. [25] to evaluate the effect of radiation damage
on the zircaloy clad of a VVER-1000 system. They employed a MCNPX neutron flux with
SPECTER, SPECTRA-PKA, and SRIM to simulate the PKA and calculate the dpa on the fuel
clad. Neutron KERMA factors and radiation damage cross-sections were calculated based
on different neutron cross-section libraries using NECP-Atlas [49] and NJOY codes [50].

Few studies on radiation damage have applied hybrid experimental–theoretical meth-
ods to validate the radiation damage results or predict material property changes induced
by radiation damage. It should be noted that the final goal of all radiation damage sim-
ulations/calculations is to predict how this damage alters the mechanical properties of
materials during long-term operations. Kirk et al. employed a computer model of ir-
radiation defect production closely coordinated with TEM and in situ ion irradiation of
molybdenum at 80 ◦C over a range of doses, dose rates, and foil thicknesses [30]. Noori-
kalkhoran et al. [31] developed a micromechanical model of the changes in electrical
conductivity of zircaloy induced by neutron irradiation. The simulated values of dpa
were connected to a change in the experimental properties of zircaloy’s conductivity using
experimental curves, which showed promising results.

Research in the field of radiation damage is crucial for the development of advanced
materials that can withstand the harsh conditions inside nuclear reactors. This includes
designing alloys with improved radiation resistance, developing coatings that protect
against corrosion and radiation, and employing novel materials such as ceramics and
composites. Enhancing our understanding of radiation damage also supports the safe
operation of existing nuclear power plants and the design of next-generation reactors,
additionally contributing to the sustainable and efficient production of nuclear energy.

In this study, the methodology introduced in [25] has been developed as a new module
of the iMAGINE-3BIC package [51], which enables it to calculate radiation damage based on
PKA and dpa over the lifetime of molten salt-fast reactors (MSFRs). The iMAGINE reactor core
design (University of Liverpool, UK—chloride-based salt fuel system) [52] and EVOL reactor
core design (CNRS, Grenoble, France, fluoride-based salt fuel system) [53] were considered
as case studies to compare radiation-induced damage to their vessels as structural materials,
following previous studies [51,54]. The outcome helps identify the more appropriate material
(i.e., stainless steel vs. nickel-based alloy) for MSFR structures from the point of radiation
damage, although more investigations are required to evaluate the corrosion and high kinetic
energy particle damage to structural materials, i.e., reactor vessels.

2. Methodology

The principals of computer-based radiation damage simulation at atomic scales began
with the efforts of Norgett, Robinson, and Torrens in 1975 [55] to propose a simple procedure
for calculating the number of atomic displacements produced in a damaging cascade by
a primary knock-on atom of known energy. They proposed their modified “NRT-dpa”
model [48] based on the comparison of five available approaches in 1975 for calculating the
damage to a solid by a primary recoil atom of a given initial energy, i.e., (i) the Kinchin-
Pease model [56], (ii) the half-Nelson model [57], (iii) Binary collision simulations using
a threshold model [48,58], (iv) binary collision simulations using the vacancy capture
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model [59], and (v) cascade simulation by molecular dynamics [60]. Later on, most of the
developments in models and codes were based on one of these approaches.

In this manuscript, a similar approach to that found in [25] has been developed as
a module and appended to the iMAGINE-3BIC package to simulate radiation damage
based on PKA and dpa during the lifetime of MSFRs. Figure 1 depicts the module algo-
rithms and functional blocks. As seen in this figure, the neutron-energy spectrum at the
desired coordinate as a function of time “Flux(E,t)”, which was archived in the database of
IMAGINE-3BIC package [51], is used as the main input to the radiation damage module.
Three different approaches are employed to calculate the primary knock-on atoms (PKA). In
the first approach, SPECOMP code [61] is employed to generate the displacement damage
cross sections of reactor vessel materials (hereafter referred to as stainless steel and Ni
alloy), as SPECTER code [62] uses these cross sections to calculate the PKA and dpa of
compounds. When SPECOMP is executed, two files are created. The file SPECOMP.OUT
contains details about the calculations that have been performed.
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Figure 1. Developed radiation damage module and its connection to the IMAGINE-3BIC [50].

The file COMPOUND.OUT is appended to the file COMPOUND.DAT from SPECTER
to perform the calculations whenever SPECTER is executed, also for vessel materials.
SPECTER computer code uses master libraries of displacement cross sections, recoil dis-
tributions, and other nuclear data to calculate the PKA and dpa for the elements and
compounds in its library. In the second approach, SPECTRA-PKA [45] is used to calculate
the PKA, and subsequently, the results of PKA are fed to the PTRIM module (developed in
MATLAB) to prepare the input of the SRIM-2013 for damage calculations. SPECTRA-PKA
is a command-line driven program for calculating the expected primary knock-on atom
(PKA) spectra for a given target nuclide under neutron or charged particle irradiation. It
was developed as a part of the FISPACT-II package [63]. The third approach mostly relies
on the PTRAC card of MCNP/X and the “PTRIM” sub-module developed in MATLAB [25].
PTRIM processes the PTRAC file of MCNPX, SPECTER, and SPECTER- PKA outputs and
prepares the SRIM (TRIM module) input file [25]. The PTRAC card generates an output file
(default name PTRAC) of user-filtered particle events. The PTRAC card is read by PTRIM
and, based on the desired event IDs and the coordination of events, refines the collision
events which make the atom knockouts from its lattice. Then, these data are categorized
in the PTRIM database to make the PKA spectrum. More detailed information on the
PTRIM process and data compilation can be found in [25]. A new feature has been added
to PTRIM sub-module in comparison to [25] which refines the collision data and makes the
3D profile of PKA distribution based on their MAT number coordinate, thereby facilitating
PKA detection and interpretation as a function of the materials. As the last step of the
radiation damage module, SRIM-2013 processes the PKA data compiled by the PTRIM
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module (in SRIM/TRIM input format) to simulate the radiation damage, yielding 3D target
damage and ionization profiles.

3. Results and Discussion

Radiation damage in the harsh, high-energetic (fast) neutron environment of fast
reactors needs to be evaluated to understand the damage mechanisms. Mechanisms
of macro-scale radiation damage in fast reactors can usually be seen as void swelling,
irradiation growth, irradiation hardening, irradiation creep, irradiation embrittlement,
and H/He embrittlement. These damage mechanisms originate from two fundamental
micro-mechanisms: atomic displacement and transmutation. Therefore, the calculation of
displacement per atom (dpa) and primary knock-on atoms (PKA) is of fundamental impor-
tance to predict the amount of radiation damage, although some multi-scale simulations
are required to convert it to macro-parameters.

Figure 2 shows the 100 group neutron-energy spectra of the iMAGINE and EVOL
reactor cores on the vessel coordination extracted from the IMAGINE-3BIC database (see
Figure 1). A volumetric average flux-energy spectrum was applied in this case. It can be
seen that the neutron-energy flux of iMAGINE is more intense than the EVOL one at the
reactor vessel location, while the latter appears more intense in the reactor core location
(see Figures 6 and 8 in [54] for greater resolution). These profiles serve as the starting point
of radiation damage module processing, as they are employed directly in SPECTER and
SPECTRA-PKA for damage and PKA calculations.
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Two different materials were considered as reactor vessels: the iMAGINE project
employs stainless steel, while Ni-based alloy has been proposed as the reactor vessel
material in the EVOL project. Table 1 lists the composition of each material.
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Table 1. Composition of vessel materials, Stainless Steel (iMAGINE) and Ni Alloy (EVOL)-mass fraction.

Material Cr Mn Fe Ni W Mo Ti C Si Al P

Mass Number 50 52 53 54 25 54 56 57 58 58 60 61 62 64 182 183 184 186 96 48 12 28 29 30 27 31

Stainless Steel 0.79 15.9 1.83 0.46 2 3.86 62.84 1.52 0.2 6.38 2.56 0.11 0.36 0.09 0 0 0 0.08 0.91 0.05 0.03 0 0.05

Ni alloy 0.29 6.2 0.73 0.15 0 0 0.52 0.01 0 50.52 19.76 0 2.19 0.73 2.48 1.28 2.85 2.57 6.73 2.67 0 0.23 0.05 0.02
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3.1. PKA Results

Primary knock-on atoms make the preliminary kernel of secondary and subsequent
atomic cascades and the final induced damage in the material lattice. To calculate the
PKA, SPECTRA-PKA read nuclear data and collapse the data for each reaction channel in
a file with a user-defined energy spectrum of incident particles. SPECTRA-PKA outputs
the resulting PKA spectra for each reaction channel read-in, as well as the summed PKA
distributions for each different recoiling nuclide or element, including both the typically
heavy residuals and the secondary-emitted light gas particles [64]. As discussed before, the
developed “PTRIM” interface processes the exact data of the PTRAC card of the MCNPX
and compiles particle movement data to find the PKA. The PKA results are shown in
Figure 3. Figure 3a depicts the calculated PKA for the designated vessel materials of
iMAGINE and EVOL using the SPECTRA-PKA and PTRIM interface. As can be seen
in this figure, and as would be expected from the harder neutron-energy flux spectrum
of iMAGINE in Figure 2, the PKA of the iMAGINE reactor vessel demonstrates higher
energy than EVOL one, which can be interpreted as “more radiation-induced damage”.
The results of PKA calculated by PTRIM are in agreement with those of SPECTRA-PKA,
which confirms the reliability of the PTRIM interface calculation.
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Figure 3b examines the swapping of vessel materials between iMAGINE and EVOL,
where iMAGINE and EVOL use Ni Alloy and Stainless Steel, respectively. As would be
expected, iMAGINE still shows a higher energy PKA spectrum, although in comparison to
Figure 3a, the profiles are in proximity with each other, which means a lower-energy PKA
spectrum for iMAGINE. This figure can serve as a basic guide when selecting appropriate
material for the iMAGINE vessel, as Ni alloy showed more radiation damage resistance,
although final selection needs a comprehensive evaluation of various design parameters,
such as thermal neutron radiation damage and corrosion mechanisms [65].

Figures 4 and 5 show the PKA distribution of the iMAGINE and EVOL reactor vessels
based on the atomic material number (MAT No), normalized per neutron tracking, for
a 1 cm × 1 cm × 150 cm element. This feature was added to this recent version of the
PTRIM interface [25] and cannot be found in SPECTRA-PKA and SRIM. These figures are
the easiest way to follow the radiation damage mechanism and the fraction of each atom
within the composition of the reactor vessel. As can be found in Figures 4 and 5, Cr-24
has the maximum portion of knock-on atoms among the vessel material compositions (see
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Table 2), while Mn-25 and Ni-28 exhibit lower knock-on populations. The displacement
threshold energy (Ed) database shows a higher Ed = 40 eV for Mn and Ni in comparison
to chromium (Ed = 25 eV) which means that chromium atoms can be displaced from
their lattice with lower energy than manganese and nickel (although displacement energy
is a complicated function of some different parameters, such as composition, and more
investigation is required). Similarly, Figures 4 and 5 confirm the effect of the higher energy
neutron spectrum to produce more primary knock-on atoms in iMAGINE in comparison to
EVOL (Figures 2 and 3a); this can be interpreted as one of the main causes of the higher
radiation damage in the iMAGINE reactor vessel.
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Table 2. Average PKA energies and dpa for iMAGINE and EVOL reactor vessels.

3.2. SRIM-2013 and Radiation Damage (dpa) Results

TRIM [47] is a group of programs which calculate the stopping and range of ions
(10 eV − 2 GeV/amu) into matter using a quantum mechanical treatment of ion–atom
collisions. This calculation is made very efficient by the use of statistical algorithms
which allow the ion to make jumps between the calculated collisions and then average the
collision results over the intervening gap. During the collisions, the ion and atom have a
screened Coulomb collision, including exchange and correlation interactions between the
overlapping electron shells. TRIM is part of the SRIM package [47].

PTRIM interface (Figure 1) compiles the SPECTRA-PKA and PTRAC PKA spectra in
an input file that can be read by TRIM to start the radiation damage calculation based on
binary collision approximation. The probabilistic origin of this calculation and resultant
normalized 3D contour of damages are independent of the number of PKA particles,
although an optimum number of PKA particles needs to be fed for calculations. The
starting location of PKA particles can also affect the shape of the damage contour but
not the values of radiation damage (as it is a statistical parameter). TRIM normally uses
(0,0,0) as the starting coordinates of the ion. The starting position of the ion is always
randomly modified within an atomic diameter so that successive ions starting, for example,
at (0,0,0) will not have the same impact parameters as a target surface atom. Therefore,
to achieve the best results, all the parameters of the particle were archived in the PTRIM
interface (compiled using PTRAC card) and were employed to obtain the PKA particle
location (x,y,z), cosine of moving angle (u,v,w), and kinetic energy of the particle (Ek) to
prepare the TRIM input file. As the last step of input preparation, all locations have been
set to (0,0,0), as advised by the TRIM manual. In addition, two methods of full cascade
tracking and Kinchin-Pease (K-P) were applied in our simulation [47]. Figures 6–9 show
the total ionization and target displacement for iMAGINE and EVOL, simulated with the
full cascade and Kinchin-Pease methods. Comparing the subfigures (a) and (b) for each
individual figure demonstrates that a higher total ionization was calculated with the K-P
method in comparison to the full cascade (F-C) one, as K-P only tracks the primary ion
trajectories, whereas in the F-C method, target atom cascades are also allowed. Moreover,
total displacement values calculated by the F-C method are less than the K-P ones, as can
be seen in the figures, because “replacement collisions” were considered in the F-C method
but were absent in K-P calculations (replacement collision is the process of filling vacancies
in a lattice with PKAs).

It should be noted that replacement collisions and thermal annealing are two main
processes of reducing the number of vacancies in radiation-induced materials. The outcome
of TRIM suffers two major limitations: (a) the build-up of ions or damage are disregarded
(this means that TRIM tracks each ion in a bare material without considering the damage
generated from the previous ones); (b) the temperature is set as 0 K, meaning that there are
no thermal effects that either change the distribution of ions (thermal diffusion) or affect the
target damage (thermal annealing). As we would expect, the values of total displacement
for EVOL calculated with both the F-C and K-C methods were smaller than the iMAGINE
ones, which confirms the correlation with the neutron-energy spectrum (Figure 2) and
PKA spectra (Figures 3–5) to predict higher values of radiation-induced damage to the
iMAGINE stainless steel reactor vessel in comparison to the EVOL Ni alloy one. Moreover,
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the overall penetration of radiation damage (energetic PKAs) is deeper into the material in
iMAGINE compared to EVOL, as can be found in Figures 7a and 9a, and the maximum of
damage appears at a slightly higher depth.

Figure 6. SRIM-2013 Target Ionization on the iMAGINE reactor vessel: (a) Full-cascade (b) KP (red
line shows penetration depth).

Figure 7. SRIM-2013 Total Displacement on iMAGINE reactor vessel (a) Full-cascade (b) KP.

Finally, values of radiation damage based on displacement per atom (dpa) and aver-
age PKA energy using SPECTER, SPECTRA-PKA, and PTRAC + SRIM2013 are listed in
Table 2, where the two first codes employ NRT-dpa for their calculation while the latter
(PTRAC + SRIM2013) applies binary collision approximations for dpa calculations. These
values were reported for a 100-year reactor lifetime with 3000 MWth power and a fluence of
1.5607 × 1023 neutron

cm2 to show the amount of radiation damage in the long term.
Based on the previous trends in PKA spectra (Section 3.1), Table 2 shows higher values

of radiation damage based on dpa for iMAGINE compared to EVOL for all three methods of
calculation. The values of dpa calculated by PTRIM + SRIM2013 based on binary collision
approximations were almost two times those calculated by SPECTER and SPECTRA-PKA
(NRT-dpa), which originates from fundamental differences in their calculation methods. It
needs to be considered that neither SPECTER and SPECTRA-PKA nor SRIM2013 consider
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thermal annealing in their calculations; this phenomenon can reduce the dpa values by
60%, depending on the operational temperature of the reactor pressure vessel.

Figure 8. SRIM-2013 Target Ionization on EVOL reactor vessel (a) Full-cascade (b) KP.

Figure 9. SRIM-2013 Total Displacement on the EVOL reactor vessel: (a) Full-cascade (b) KP.

4. Conclusions

Recent findings confirm that radiation-induced damage in nuclear structural materi-
als can change their thermo-physical and micromechanical properties and, in worst-case
scenarios, lead to the disintegration of those structures. These phenomena could be es-
calated in GenIV nuclear reactors where, in many concepts, the fast neutron spectrum is
dominant. In this manuscript, a comprehensive radiation damage study was conducted
on molten salt fast reactors (MSFRs) as one of the promising technologies of the fourth
generation of reactors. To achieve this goal, a radiation damage module was added to the
iMAGINE-3BIC package to make it capable of calculating the radiation-induced damage in
different time periods of the reactors’ lifetime. Following the procedure from previously
published parts of this series, i.e., Part 1 and 2, a comparative study was conducted based
on iMAGINE (chloride based) and EVOL (fluoride based) molten salt reactors with stainless
steel and Ni alloy as reactor vessel materials, respectively. As the results show (i.e., of
the neutron-energy spectrum, PKA spectra and dpa that were calculated based on three
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different procedures), the radiation damage values expected in the iMAGINE reactor vessel
were higher than in the EVOL one. The main reasons for this may be related to the harder
neutron-energy spectrum of the iMAGINE core and the lower displacement energy of
chromium (25 eV) in comparison to nickel (40 eV), which make up the major fractions of the
iMAGINE and EVOL vessel compositions, respectively. Similar to this trend, Table 3 shows
the comparative parameters of both reactors for a better understanding of the differences
and to have an overall picture of radiation damage in MSFRs.

Table 3. Comparison of radiation-induced damage on the iMAGINE and EVOL reactor core vessels.

Vessel Material iMAGINE
(Stainless Steel)

EVOL
(Ni Alloy)Parameter

Neutron-Energy Spectrum Fast (harder) Fast (softer)

Major PKA elements/Ed * (eV) Cr (25 eV)-Fe (25 eV) Cr (25 eV)

Minor PKA elements/Ed (eV) Ni (40 eV) Ni (40 eV)

Average PKA Energy
(KeV)

SPECTER 1.3049 × 101 5.8504 × 100

SPECTRA-PKA 1.4108 × 101 6.0011 × 100

Radiation Damage for
100 years (dpa)

SPECTER 5.88 × 101 4.4751 × 101

SPECTRA-PKA 5.32 × 101 4.2215 × 101

PTRAC+SRIM2013 9.13 × 101 8.2145 × 101

* Displacement Energy.

Author Contributions: Conceptualization, O.N.-k. and B.M.; Methodology, O.N.-k.; Software, O.N.-
k.; Validation, O.N.-k. and L.J.; Formal analysis, O.N.-k., L.J. and B.M.; Investigation, O.N.-k., L.J.
and B.M.; Resources, O.N.-k. and B.M.; Data curation, O.N.-k.; Writing—original draft, O.N.-k.;
Writing—review & editing, O.N.-k., L.J. and B.M.; Visualization, O.N.-k.; Supervision, B.M.; Project
administration, B.M.; Funding acquisition, B.M. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to appreciate the generous support of the Engineering and Physical
Sciences Research Council, EPSRC-UK (grant numbers: EP/V027239/1).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. GenIV International Forum. Annual Report 2022. 2022. Available online: https://www.gen-4.org/gif/jcms/c_216241/gif-

annual-report-2022 (accessed on 8 September 2024).
2. GenIV International Forum. Safety Design Guidelines on Structures, Systems and Components for Generation IV Sodium-Cooled

Fast Reactor Systems. 2024. Available online: https://www.gen-4.org/gif/jcms/c_219467/gif-safety-design-guidelines-on-
structures-systems-and-components-for-generation-iv-sodium-cooled-fast-reactor-systems (accessed on 8 September 2024).

3. Was, G.S. Fundementals of Radiation Materials Science; Springer: Cham, Switzerland, 2014; ISBN 9783540494713.
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