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Abstract

The necessity of suitable structural materials is one of the main issues that
concern advanced reactor (i.e. Gen IV and fusion) designers and scientists.
Advanced reactor concepts foresee high temperature environments, strongly
corrosive coolants and an exacerbated radiation environment due to fast neutrons
and high fluences. This thesis explores such aspects in the framework of a
transition from a pre-conceptual to conceptual design of Affordable Robust
Compact (ARC) fusion reactor. ARC concept is the flagship of the high magnetic
field path to nuclear fusion energy. In this work, the suitable structural materials
for ARC core structures, namely the vacuum vessel, are assessed. Four most
concerning issues have been identified in ARC core environment: high thermal
loads and temperature, structural integrity, a deeply corrosive environment and
elevated neutron loads with unpredictable effects. A reference alloy for each of
the families considered is here taken. The work focuses on steels, Ni-based
superalloys, V-based alloys and Multiple Principal Element Alloys (MPEAs). An
accelerated analytical thermomechanical analysis is proposed to identify the
materials with the best thermomechanical tradeoff properties. Ni-based
superalloys and V-based alloys show the highest chances to survive ARC core
environment, with Ni-based superalloys having an extreme structural resistance
and V-based alloys a more optimized mechanical-thermal properties tradeoff. The
corrosion issue is out of the aims of this thesis. However, some main aspects and
possible solutions (i.e. coatings and corrosion control through beryllium doping)

are taken from literature and briefly discussed. The work divides the irradiation



aspects in three main studies. A neutron transport analysis, performed to assess
the suitability of structural materials in the core environment. Ni-based alloys
raised some concerns regarding their negative effect on the fuel cycle self-
sustainability. Other alloys allow for more conservative results. Afterwards, the
radiation induced activation of each alloy is estimated. In this instance, the study
proposes some optimization techniques to minimize the expected radioactivity of
irradiated materials. V-based alloys have the lowest achievable induced
radioactivity, requiring disposal for less than a century. Ni-based superalloys
would most likely require medium-level waste-like management strategies for a
few centuries. Lastly, an advanced study on the primary radiation damage effects
is proposed. The work aims to both assess the radiation resistance of the
considered alloys and to provide some useful guidelines for the design of
radiation-resistant advanced materials, like MPEAs. Results strengthen the
hypothesis of a link between the potential energy landscape of a material and its
radiation response, shedding light on the main driving mechanisms. It should be
possible to identify the most radiation resistant alloys by characterizing their main
element potential energy and defect migration energy barriers. While, for
advanced and highly mixed materials, the heterogeneity in the energy barriers

seem to be the driving parameter for designing a radiation resistant material.

Despite this work identifies V-based alloys and MPEAs as the most suitable
for the purpose, because of the different technological readiness level, a different
path is also suggested. A first version of ARC would probably rely on a Ni-based
superalloy. The first ARC version will surely provide fundamental experimental
data about its core environment effects on structural materials. The following,
most efficient, versions of ARC should rely on better performing V-based alloys

or advanced materials.
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Chapter 1

Chapter 1

Introduction

1.1 Motivation

Nuclear fusion research is looking forward to design the next generation of fusion
reactors. Such reactors are supposed to be the first machines able to obtain net
energy from the deuterium tritium fusion reaction. As physics is getting well-
established, the main necessity is the development of solid solutions for the
engineering design of fusion reactors. In this instance, the identification and
selection of structural materials for the reactor core is a main challenge. Core
components of a nuclear fusion reactor need to withstand one of the harshest
environments seen in the energy sector. Structural materials must guarantee
components integrity while tolerating extreme temperatures, thermal and
mechanical loads, radiation and chemically aggressive environments.

In this respect, increasing the reactor size and reducing the operating
temperature would lower the power density, ultimately relax the core materials
requirement. However, necessity of market competitiveness and deploy
practicality drive forward the attractiveness of compact reactors with high power
densities. Such aspect meets its main engineering limit in the availability of
sufficiently resilient materials for the construction of reactor core components.

In addition, it is particularly complex to experimentally reproduce the exact
conditions of a fusion reactor, dramatically reducing the availability of reliable
data for designers. Indeed, literature often shows how experts are particularly
concerned about the lack of information about material behavior in fusion reactors
[1], [2] and the risk of unavailability of effectively resistant materials amongst the
commercial alloys.



In this framework, through the improvements of material modeling that bridge
the gap with experiments, it is necessary to develop and optimize advanced
materials able to broaden the current design limits of nuclear reactors.

1.2 Thesis objectives

The main target of this thesis is to provide a methodology of structural material
choice and evaluation for the application in new generations of compact fusion
reactors. The thesis also aims to give particular focus on advanced materials,
namely vanadium-based alloys and multicomponent alloys. In this instance, a
detailed list of the objectives is defined below:

1. Identification of the main issues that structural materials face in compact
tokamaks;

2. Selection of the most promising materials from literature analysis;

3. Comparison of material behavior in terms of the identified issues;

4. Irradiation analysis of suitable materials and discussion of compatibility

with blanket;

Assessment of radioactive waste caused by studied materials;

6. Insight of radiation damage and development of a strategy for damage
minimization in advanced materials;

9]

1.3 Historical context

Nuclear energy is one of the most challenging fields for material scientists.
Components of fusion and fission reactor cores experience extremely severe
conditions.

Historically, nuclear reactors structural materials were chosen amongst the
strongest stainless steels and Nickel superalloys [3]. Reactor pressure vessels and
their internals are usually made of type 304/316 stainless steels, A-286 and Alloy
X-750 [3].

Such materials are largely sufficient for the structures of the first three
generations of fission reactors, presenting low failure rates [4] and allowing
decades of continuous full power operations of the plant [5]. However,
innovations in the field highlighted the attractiveness of new families of materials,
in particular Generation four fission reactors (Gen-IV), small modular reactors
and nuclear fusion reactors require structural materials able to withstand higher
temperature environments, higher thermal loads and need to show a perfectioned
chemical stability [6]-[8]. More specifically, modern coolants, moderators and
breeding blanket compounds as well as the necessity of higher thermodynamic
efficiencies are the main cause of such material developments.

Generation four reactors propose many different configurations of core,
coolant and balance of plant. Most of them abandoned water as coolant, exception
made for the supercritical water reactor. Such decision relaxes the pressure load in
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most configuration, they nevertheless raise temperature and corrosion problems.
Proposed Gen-IV reactors feature molten salts, liquid metals or gases such as
helium as coolants. The molten salts and liquid metals proposed for the new
generation of reactors (e.g. chloride, fluoride, sodium, lead etc.) show melting
temperatures between 100°C and 500°C unavoidably raising the operating
temperature of the reactor and its components. Furthermore, the high fluid density
and their chemical aggressiveness caused researchers to discard the most
chemically susceptible alloys for the core structure. In this respect, Gen-IV
researchers are still giving a shot to ferritic-martensitic (F-M) steels and stainless
austenitic stainless steels [6], [9]. Moreover, several backup materials are under
development and additional study. The most likely viable are the engineered oxide
dispersed steels (ODS), the nickel-based alloys (e.g. the Inconel family) and some
refractory alloys (mainly based on tungsten, molybdenum, tantalum etc.). The
mentioned materials are known for their superior mechanical and thermal
properties, radiation resistance and chemical stability. Also, they can operate at
higher temperatures than usual steels. In this context, advanced materials, such as
concentrated solid solutions, medium and high entropy alloys would further relax
the thermal and mechanical limits and potentially increase the radiation resistance
of the core structure [6], [9].

Currently operating fusion reactors are experimental apparatus that generate
high thermal loads for few seconds and a nearly negligible neutron yield. For such
machines, material properties of main importance are a sufficient resistance to
thermal loads (good conductivity, high melting point) and high mechanical
properties. Most of the fusion reactors feature stainless steels and nickel-based
alloys [10], [11]. In particular, the high magnetic field - compact tokamak Alcator
C-Mod applies a nickel-based superalloy (Inconel-718) for its core structures [12].
Nonetheless, scientists are forced to evaluate other type of materials for future
fusion reactors. Next generation of fusion reactors will rely in the deuterium-
trittum fusion. They therefore will have high thermal loads, high operational
temperatures, chemically aggressive coolants and unprecedented fast neutron
fluxes for nearly continuous operation.

In this respect, the main path to fusion energy is led by the ITER and DEMO
projects [13]. Such reactors result from a wide international collaboration
involving almost all of the world most advanced countries (i.e. European Union,
United States, Russia, China, South Korea, Japan and India) [13] and are expected
to achieve the goal of a fully working power plant in 2050-2070 [14]. Both the
machine designs are very complex and exploit a large number of core components
(e.g. vacuum vessel, breeding-modules, ports, divertor cassettes, shield blocks
etc.). Most of the component are expected to be cooled down by water and
component temperatures will be similar to light water reactor ones, by design. For
this reason, classic iron-based alloys, such as SS-316, HT-9, T-91, are expected to
compose most of the core structures [15]-[17]. However, there is a shared will to
move forward to reduced activation steels, such as Eurofer-97 [15], [17], [18].



Alongside the ITER-DEMO pathway for fusion, a few private companies are
trying to achieve fusion energy with different approaches. It is the case of
Commonwealth of Fusion Systems (CFS), which aims to achieve fusion energy in
shorter timescales leading the approach of high magnetic field — compact
tokamaks. The compact tokamak configuration is made possible by the new High
Temperature Superconductor (HTS) technology for the reactor magnets [19], [20].
CFS and MIT-PSFC propose a pathway composed by two fusion reactors. The
first machine is the SPARC tokamak [21], [22]. SPARC is a purely experimental
device with very specific goals. SPARC purposes are to prove the feasibility of a
tokamak based on HTS magnets, achieve the energy breakeven, study the DT
plasma physics, evaluate and assess the best divertor technologies [21]-[26]. ARC
reactor is the second step of the CFS-MIT pathway [22]. ARC goal is to be the
core component of a nuclear fusion pilot plant and provide the basis for
commercially viable fusion energy. The high-field path for fusion energy
currently relies on nickel-based superalloys (such as Inconel-718) for the current
design of ARC [20], [27]. However, advanced materials are being developed in
order to hold reliable backup solutions or even allow enhanced core performances.
As a matter of fact, ARC constitutes the main case study for the advanced
material analysis and design of this thesis, which will often recall its operating
conditions.

1.4 Thesis structure

Chapter 2 describes the reactor case study considered for this thesis. Namely,
ARC reactor. ARC operating conditions are discussed, and particular attention is
given to the most pertinent ones for the core structural materials issue. The
materials considered for this work are presented and their most relevant properties
are compared. Chapter 3 actively explores the nuclear properties for the
considered by means of Monte Carlo neutron transport models. Particular
attention is given to the best structure-blanket configuration in terms of tritium
produced, neutron flux on the structure and core shielding capability. Chapter 4
addresses radiation induced activation with rate equation models. It mainly
focuses on the optimization of the ARC-relevant materials in terms of reducing
induced activation. In addition, some preliminary information on irradiation
damage are extrapolated and discussed. Chapter 5 takes advantage of Molecular
Dynamics modeling for optimizing the most advanced ARC-relevant materials. In
particular, primary damage and microdefect generation are minimized by means
of the identification and tuning of the most damage-affecting material
thermodynamic parameters. Afterwards, a characterization of energy barriers for
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Chapter 2

Reactor-relevant structural
materials

2.1 Introduction

The core of a fusion reactor is an extremely complex system. It is necessary to
consider a wide range of physical aspects (e.g. thermodynamics, neutronics,
corrosion etc.) in order to choose suitable materials. Each of these physical
aspects requires sufficient values of the considered material relevant properties. In
addition, it is often possible to observe synergistic effects of different physical
aspects on the materials (e.g. radiation enhanced creep, radiation enhanced
corrosion, rise of the ductile-brittle transition temperature etc. [28], [29]).
Considering these premises, scientists should foresee the behavior of a given
material in the desired working conditions as a whole, also considering the
synergistic effects of the different physics involved. By doing so, it would be
possible to identify univocally the best material for a given purpose. As a matter
of fact, a procedure as sure as the given one would most likely identify more than
one suitable material, leaving room to economic speculations for the final choice.
However, this type of procedures is not viable in most of the cases. The
complexity of experimentally reproduce all the physics as a whole is most likely
prohibitive. Such complexity affects also the field of numerical modeling. This
holds particularly true when it comes to consider material modeling. Often it is
possible to model just one aspect and a physical phenomenon just to specific
space and timescales. While many other modeling fields are usually considered
self-consistent and sufficient for their purposes (e.g. thermo-fluid dynamics,
structural mechanics, electro-magnetism etc.). The inability of experimentally or
numerically reproduce a reactor core conditions as a whole forces material



scientists to consider just the most relevant physical phenomena one at a time.
Synergistic effects are usually considered only if cause of particular concern (e.g.
radiation enhanced corrosion [28], [29]).

In this chapter the Affordable Robust Compact (ARC) fusion reactor and its
core conditions will be presented as main relevant case study. Such operating
conditions affect most of the discussions that will be made about advanced
materials, their properties and the design throughout the whole thesis.
Subsequently, the materials that are considered for tokamak structures will be
presented. In addition, the most relevant physical aspects of the reactor core will
be discussed as well as some qualitative criteria for identifying the most attractive
materials.

2.2 Compact high-field tokamaks

Fusion research is now focusing on magnetic confinement approach with
deuterium and tritium as fuels. As previously mentioned, ITER and DEMO are
the main projects of this field worldwide [13]. The strategy adopted by such
projects is to apply the most consolidate technologies possible (classic low-
temperature superconductors, iron-based stainless steels etc.). This approach
should minimize the risk of project failure. Nevertheless, current consolidate
technologies require for a high reactor complexity, especially in terms reactor
size, number of components, fabrication and expected operation and maintenance
requirements. The choice of the magnets technology caused the machines to
require a colossal size and a low magnetic field, resulting in a relatively low
power density of the core. As an alternative, it is possible to take a more
pioneering approach that could be however more challenging. It is the case of the
SPARC and ARC projects [20], [21]. They rely on novel technologies in order to
design reactors with improved performances. Such machines are simple, compact
and with a high power density. They indeed follow the footprints of the Alcator
tokamak [30]. Among the high-field family ARC tokamak (Figure 1) aims to be
the core of a pilot power plant virtually ready to be replicated at commercial scale
level [20], [27].
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Figure 1: Rendering of the ARC reactor [20].

High temperature superconducting magnets is one of the most advanced
technologies that ARC features. HTS are fundamental for enhancing plasma
performances, increasing the power density and shrinking the reactor size. All the
design choices will be a direct follow-up of the research activities carried out with
SPARC. It therefore relies on plasma physics and magnetic configurations that
will be proven solid. Because of its purposes, ARC tackles all the main challenges
that constitute an obstacle to commercial fusion energy. In this instance,
continuous operations (or high duty cycle, in the case of pulsed machines), a self-
sustaining tritium cycle and a fully working balance of plant are the most power
plant-relevant features. Table 1 lists the main design parameters of ARC [20].

Table 1: ARC main design parameters [20].

Design Parameter Value Units
Fusion Power 525 MW
Thermal Power 708 MW
Major radius 33 m
Minor radius 1.13 m

Plasma volume 141 m3



Toroidal magnetic field 9.2 T

Fusion Power wall loading 25 Mw
mZ

The reactor is still under design and most of the parameters may vary in the
finalization phase of the project [20], [27]. Still, the aim of this thesis is to provide
some solid material choice and design guidelines that remain relevant for any type
of high power density tokamak, including future versions of ARC.

With a major radius of about 3 m and a fusion power of more than 500 MW,
ARC is an extremely compact machine. For comparison, ITER and DEMO have
major radius of about 6 m and 9 m and fusion powers of 500 MW and 2000 MW,
respectively [14], [31]. ARC compactness is an attractive feature because of the
expected reduced costs and deployment times required, as well as minimized
radioactive inventories. Nevertheless, the high power density pushes to the limit
several engineering parameters that need to be carefully addressed to ensure the
success of the project. Alongside the reduced size, ARC holds additional peculiar
features, such as a fully liquid blanket tank and a thin vacuum vessel immersed in
the blanket [20], [27]. With the compact configuration, ARC core faces high
thermal loads and neutron fluxes. The liquid blanket, necessarily made of a
lithium-based compound, requires for high operating temperatures (between 800
K and 1000 K), comparable to Gen-IV reactor ones. The configuration of ARC
reactor joins optimized plasma physics with economics attractiveness, but it
constitutes a major challenge for core structural materials.

2.3 Compact tokamak core operating conditions

The operating conditions of the vacuum vessel are particularly relevant for this
thesis as it aims to identify the best fitting materials for ARC core structures. As a
matter of fact, the vessel is the only unavoidable structure in ARC core. In
addition, there are some vessel design choices that are of main relevance for this
thesis, more specifically:

e There is a thin tungsten first wall separating the plasma from the structure
[27]. In this way it is possible to neglect some of the issues that are
peculiar of the plasma facing components (e.g. interaction with high
energy ions and electrons, sputtering etc.).

e Despite the thin first wall, the vessel structure is directly in neutron sight,
with no chance of effective shielding.

e The vessel is double walled with a relatively thin inner structure connected
with a more solid outer one. A layer of coolant flows between the two
walls. A layer of a neutron multiplier material is added in order to ensure a
self-sufficient fuel cycle [20], [27].
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e The blanket is liquid and works as coolant for the core components. In the
case of ARC the fluid is the FLiBe molten salt [20], [27]. But it is likely
that a commercially viable plant would require a beryllium-free breeder
compound seeing as how Be is highly toxic and a rather expensive
element.

Figure 2 shows the qualitative configuration of ARC vacuum vessel layers.
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Figure 2: Configuration of ARC vacuum vessel layers. From the left: burning
plasma, first wall, inner vessel structure, flowing coolant, neutron multiplier, bulk coolant
in the tank.

The mentioned design choices are extremely attractive in terms of machine
simplification and plant efficiency optimization. Nevertheless, they overhang on
the materials that should compose the core structures. More specifically, FLiBe
molten salt (or other Li-based compounds) and the plant thermodynamic
efficiency require for a high temperature environment. The operating conditions
are thus expected to be around 800-900 K [20], [27]. In addition, thermal loads
and the neutron flux are expected to be nearly prohibitive because of the reactor

power density. Thermal loads are expected to be on the order of 0.5 1;4n_1/2|/ for the
MW
m?
expected to be between le+14 and le+15 —;
cme-s

Temperature, thermal loads and neutron flux are of main interest for this work
because they are expected to be among the problems that may determine the
project success. It is worth to recall that the aim of this thesis is to provide some
considerations about the best fitting materials also for generic compact tokamaks.
Thus, the precision over some parameters will be relaxed in view of a more
versatile results and considerations. This is also in view of likely changes that
could occur in the configuration of ARC reactor itself. Table 2 lists the magnitude

main chamber and about 10 in the divertor region. The neutron flux is

n

over the vessel structure [20], [27].
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of expected operating condition of a core component in ARC and other compact
tokamaks with a similar power density.
Table 2: Generic core operating conditions of ARC reactor or other tokamaks
of similar power density.

Load value Units
Temperature 800-900 K
Pressure 1-5 bar
Thermal load 0.5-10 MW
m2
Neutron flux le+14-1e+15 n
cm?-s
Desired lifetime 10°000-20°000 h

There are many other concerning aspects for the structural materials of
compact tokamak cores. For instance, coolant chemical aggressiveness and
electro-magnetic loads in off normal transients (e.g. plasma disruptions). Because
of the extension of such issues, they will be only mentioned in this thesis, leaving
extensive discussions to other specific studies. Regarding the magnetic forces, this
work will only mention, when possible, whether a material is paramagnetic or
ferromagnetic and its Curie temperature. Recalling that a ferromagnetic material
will experience high stresses due to the intense magnetic field, especially it stands
below the Curie temperature, while a paramagnetic material would weakly
experience the magnetic field effect. The characterization of the chemical
environment, on the other hand, is of primary importance, especially when it
comes to evaluate the synergistic effect of irradiation and corrosion [28], [29].
Still, it is an extremely broad field that must be addressed in dedicated studies.
Anyway, the corrosion issue is likely to be relaxed thanks to some technological
strategies. It is the case of beryllium doping and protective coatings. Beryllium
fluorides have the lowest activation energy amongst other metal-fluorides and Be
is soluble in FLiBe [32]. Hence, it is possible to assume that, as fluorine is the
most concerning element, additional Be in the solution would control the F
aggressiveness on the structure. For what concerns coatings, amorphous
aluminum oxide (Al2O3) coatings, for instance, have already shown their
protection effectiveness on stainless steels against liquid lithium-lead compounds
[33], showing also good ductility and hydrogen (trittum) permeability reduction
[34], [35]. It is possible to assume that such type of coatings would be effective
against other lithium-based compounds corrosion too. This work will however
just discuss, when possible, whether a particular material is particularly



12

Chapter 2

chemically susceptible or it has a high chromium content. Cr is usually added to
increase the alloy performances and chemical stability at high temperatures [36].
Despite that, Cr raises significant corrosion issues when it comes to work in
fluoride-rich dynamic environments [37]-[39]. Selective Cr leach has also been
observed in oxygen rich liquid metals [40]. A high Chromium fraction is thus a
likely issue for an ARC-like tokamak unless the coolant and blanket compound is
changed.

2.4 Relevant structural materials

In this section, the most ARC-relevant structural materials will be shortly
reviewed and their actual suitability for ARC environment will be discussed. This
section will give particular attention to thermal properties comparison. The core
operating temperature is considered the strictest parameter as well as the least
attractive to relax, especially in terms of power plant thermodynamic efficiency.
Operating temperature will be thus treated as first cutoff parameter for identifying
the most suitable materials. Most attractive materials will be then deeply analysed
throughout the rest of the thesis.

Ferritic/Martensitic (F/M) steels — Ferritic/Martensitic steels are iron-based
alloys with a relatively high content of Chromium (9-12%) [36]. Other typical
alloying elements present in the matrix are V, Mn, Nb, Mo and W [36]. The high
Cr content is necessary for the steel to operate at high temperatures and withstand
corrosion and oxidation. It nevertheless raises dynamic-driven corrosion issues in
the ARC and fluoride-salt cooled reactors [37]-[39]. F/M steels present a BCC
microstructure with a good swelling resistance [41]. F/M steels have good
mechanical and thermal properties, with a yield strength in the range 500-800
MPa at room temperature [42], [43], while the thermal conductivity is roughly 15-

35 % [43]. Nonetheless, mechanical properties significantly degrade at ARC-like

operating temperatures [41]. F/M steels are limited up to 800 K or lower operating
temperatures [41]. Because of the radiation induced ductile-to-brittle transition
temperature increase, the operating temperature window in nuclear reactor cores
is roughly in the range 500-800 K [44]. The temperature upper bound is quite
prohibitive for ARC case study as 800 K is lower than or similar to the operating
temperature of the coolant and structures need to operate at higher temperatures.
F/M steels are particularly sensitive to magnetic fields as they are ferromagnetic
materials. Suggestions say that ferromagnetic materials could be handled in
DEMO design [42], still concerns increase when it comes to deal with high
magnetic field machines like ARC. The Eurofer-97 alloy is of particular interest
as it has been chosen as baseline structural material for the DEMO reactor [45]. It
is a Reduced Activation Ferritic/Martensitic (RAFM) high temperature steel
whose alloys elements were chosen specifically for low-activation purposes.
Other reactor-relevant examples of F/M steels are HT-9, T-91 and NF12 [6].
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Ferritic/martensitic steels can be considered a mature technology that has
already been applied in nuclear industry. Data on the behavior of such materials in
nuclear reactor are thus available. Additional research would be needed only for
an ad hoc reactor environment in terms of a specific application or, if necessary,
for the application of new material optimization techniques.

Oxide Dispersion Strengthened Steels (ODS) — Oxide Dispersion Strengthened
steels are F/M steels that include yttrium-oxide dispersoids (Y203) in the matrix.
ODS have been developed with the aim of increasing the allowed operating
temperature of F/M steels [46]. ODS can operate at temperatures higher than 900
K with higher yield strength and better creep resistance than classic F/M steels.
The downside is a reduced ductility [47]. Despite that, ODS have also shown an
improved radiation tolerance as the Y-Ti-O dispersoids seem act like effective
radiation defects sink [6]. ODSs seem to match well ARC operating conditions.
They still have corrosion issues in fluoride-salts environment because of the
relatively high chromium content and are also quite susceptible to magnetic fields.
ODS match well the operating conditions of high temperature liquid metal
reactors as well as low-field tokamaks. Assuming the feasibility of effective anti-
corrosion barriers ODS could work fine also in molten salts reactor and ARC-like
tokamak cores. Among the ODS, the ODS-Eurofer is the most studied for nuclear
fusion applications as it is a reduced activation alloy based on Eurofer-97 with
yttrium-oxide dispersoids. ODS-Eurofer shows indeed better high-temperature
performances than Eurofer-97, especially in terms of creep resistance and high
temperature yield strength [47].

ODS have not been extensively applied in the nuclear industry yet. Hence,
there is a lack of data of the behavior of such materials in normal operating
conditions. Nevertheless, they have been extensively studied in the past few
decades and there would just be the necessity of additional high dose studies [6].

Austenitic steels — Austenitic Stainless Steels are Fe-based alloys with good
mechanical properties and corrosion resistance. Like F/M steels, austenitic
stainless steels often show a high chromium content (16-20%) [48]. They are
more ductile than F/M steels and show good creep properties at slightly higher
temperatures, up to around 850 K [6], [49]. In contrast to F/M steels, austenitic
steels show an FCC microstructure, making them more sensitive to irradiation
damage and swelling [6]. In addition, the thermal conductivity of austenitic

stainless steels is usually in the range 15-20 % [48], [50], that is lower with

respect the F/M steels one [6]. This aspect may heavily affect both the operating
temperature of the structure at equal coolant temperature as well as the thermal
stress. SS-316 is probably the austenitic stainless steel most applied in nuclear
industry. It is used in gen-III reactors and it is the primary choice also for most of
the gen-IV reactors [3], [6]. SS-316 is also the baseline structural material of
ITER tokamak [51].
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Like F/M steels, austenitic stainless steels are a mature technology that has
been widely used in the nuclear sector. Additional research would be needed only
for an ad hoc reactor environment in terms of a specific application or, if
necessary, for the application of new material optimization techniques.

Nickel-based superalloys — Nickel-based superalloys are corrosion resistant
materials able to operate at high temperatures, up to about 1000 K for prolonged
periods of time [52]-[54]. Their chemical composition is usually constituted by
about 10 alloying elements [52]. There is a nickel matrix with additional elements,
such as Cr, Co, Al, Ti, W, Mn, Mo, Fe and a minor content of other elements such
as Mn, C, B and Si [55], [56]. In particular, the chromium content is relatively
high (10-20%) [55]-[57]. Despite the good corrosion resistance in normal
applications, the high content of Cr has shown to be the cause of a fast-
deteriorating effect in flowing fluoride-salts environment [58], [59]. Ni-based
superalloys present some nuclear-related issues. First, they have an FCC
microstructure, which means that they are more prone to radiation damage than
other microstructures. Secondly, nickel is more likely to transmute gas than many
other alloying elements. Lastly, nickel heavily suffers from neutron-induced
radioactivity [60]. This makes this family of materials as the most radioactive
after irradiation on this list. On the other hand, Ni-based superalloys hold a very
high yield also at high temperatures. The yield strength ranges in 800-1100 MPa
[61]. The most temperature-resistant superalloys allow an operating temperature
above 1000 K and show a good creep resistance up to 1100 K. Temperatures
allowed are therefore roughly 400 K higher than the Fe-based alloys previously
discussed. Thermal conductivity of Ni-based alloys is usually higher than
austenitic stainless steels but lower than F/M steels. In most of the superalloys it

ranges in 20-25 % in the allowed temperature window [62]-[64]. Ni-based

superalloys are wusually paramagnetic at room temperature with some
ferromagnetic traits [65].

Inconel series belong to this family of alloys and has already been applied in
experimental deuterium-deuterium fusion reactors [12]. Additionally, the Inconel-
718 has been chosen as the baseline structural material for the ARC reactor [20],
[27]. Nevertheless, the corrosion, activation and gas transmutation issues led the
ARC team to begin the development of more suitable alternatives.

Most of the nickel-based superalloys have already been found their
applications in several fields. Gen-III fission reactors have seen the use of
Inconel-625 for core components [66]. Other type of Ni-based superalloys are
being extensively studied for use in both nuclear fusion and fission fields. As a
Ni-based superalloy is set as baseline material for ARC and Ni-based superalloys
have also an advanced readiness level for nuclear applications, an appendix at the
end of this work has been added in order to provide an insight on this family of
materials with some focus on the most ARC relevant properties and aspects.
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Vanadium-based alloys — V-based alloys feature a BCC vanadium matrix and
few alloying elements. Most common alloying elements are Ti, Cr and Si. V-Cr-
Ti systems are the most studied in nuclear fusion industry. In such alloys titanium
and chromium content stand in the ranges 0 — 5% and 0 — 15%, respectively.
Interest in this type of alloys has risen because of their nuclear properties and
capability of operate at very high temperatures. A superior radiation resistance
and a very low neutron induced activation are the most attracting nuclear
properties of this family of materials [67], [68]. Thermal conductivity is around

30-35 %, which is higher than Ni-based superalloys and austenitic stainless

steels and comparable to F/M steels [69]. Vanadium alloys show nonetheless a
relatively low yield strength, which is in the range 200-700 MPa, depending on
the alloy type and operating temperature [68]-[72]. In addition, the high
temperature yield strength and the creep limits allow operating temperatures and
stresses comparable to nickel superalloys ones [73]-[77]. In addition to chromium
reactivity with fluoride salts, vanadium alloys are chemically susceptible to many
other environments [78], [79]. They therefore need particular attention in the
development of anti-corrosion coatings. V-based alloys show paramagnetic
behavior [80].

V-4Cr-4Ti is considered the baseline composition for vanadium alloys for
nuclear fusion applications [72], [78].

Vanadium alloys have been developed in the last few decades. Still, they are
still in the research phase and they have not found extensive application in the
nuclear field yet. Main aspects that research is addressing include techniques for
corrosion resistance, fabrication technologies and behavior at high radiation
doses.

Advanced materials/Multicomponent materials - In addition to the classic
alloys presented so far, it is worth to mention some advanced materials that are
particularly promising for extreme environment resistance.

Advanced materials considered in this work are the so-called Multi-Principal
Element Alloys (MPEAs), also known as Concentrated Solid Solution Alloys
(CSAs). Single-Phase Concentrated Solid Solutions (SP-CSAs), Medium Entropy
Alloys (MEAs) and High Entropy Alloys (HEAs) are the most studied categories
that belong to the MPEA family. Classic alloys have a single principal element
matrix (e.g. iron in Fe-based alloys, nickel in Ni-based alloys, aluminum in Al-
based alloys etc.) and several alloying elements, such as Ni, Cr, Mo, Mn, C, Si
etc., that are present in minor concentrations (0.1%-5%). The hallmark of MPEAs
is that several elements are present in nearly equimolar concentrations to form a
solid solution. The main consequence is a rise of the degrees of freedom in the
alloy design. Furthermore, several alloys belonging to the MPEA family showed
outstanding properties already. HEAs are likely the most promising alloys of this
family for both the degrees of freedom they allow in the alloy design and the
mechanical properties in a wide range of operating temperature. In fact,
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preliminary experimental studies on HEAs had remarkable results. Firstly, several
HEAs have an excellent thermal stability. HEAs seem to be able to increase the
operating temperature by several hundreds of K. In particular, the degradation of
the main mechanical properties occurs well above 1500 K of temperature for
some HEAs [81]. While creep still needs much more exploration to be
characterized [82]. Secondly, some HEAs showed also superior chemical stability
at high temperatures [82]. These aspects could relax the necessity of highly
engineered coatings, increase the system thermal efficiency and open to functional
compounds for the liquid blanket that have a high melting temperature. On the
other hand, it seems that HEAs tend to have relatively low thermal conductivities
[83]. Higher thermal stresses are thus expected in face of a more resilient material
and a trade-off study should be conducted.

MPEAs comprise a wide range of alloys, and materials belonging to this
family show extremely different properties. Secondly, MPEAs are still in design
and development phase. They are not yet being produced at industrial scale nor
widely applied in any sector. Most advanced materials are still being studied and
characterized at laboratory scale. In this sense research is focusing both in
characterizing most relevant aspects and properties of MPEAs and exploring the
broad phase space provided by the multiple degrees of freedom in the alloy
design. For these reasons, there is still a lack of data about the full properties of a
single MPEA.

It is usually not possible to design stable and application-relevant solid
solutions with the combination of random elements on the periodic table.
Nevertheless, it is possible to evaluate whether some elements are likely to form
stable and single-phase solid solutions [84]. Despite the broad range of degrees of
freedom in MPEAs design, this work will take as example one of the most
interesting HEAs that are currently under development and characterization,
namely the WTaVCrTi system [85]-[87]. Such system is composed by most of
the low-activation elements as well as refractory elements for high temperature
operations. Hence, it holds the potentialities for a reactor relevant high entropy
alloy. This work aims to identify the most relevant elements to form a solid
solution, especially in terms of radiation physics and to provide some guidelines
for the design of reactor relevant MPEAs.

Table 3 summarizes the main features and properties of the mentioned
materials. The table does not include MPEAs or HEAs because of their relatively
immaturity as technology, their broad range of possible alloys and the lack of
complete data.
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Table 3: Summary of main relevant properties of the considered materials.

Material Cell Cr Max. oy [MPa] K [ w ]
content operating T m: K
[%o] [K]

F/M steels BCC 9-15 800 200 15 —-35
— 400

ODS Steels BCC 9-12 950 — 1000 200 15—-35
— 600

Austenitic SS FCC 16-20 850 150 15 -20
— 200

Ni-based FCC 10-20 1000-1100 800 20 — 25
superalloys — 1100

V-based alloys BCC 0-15 950 — 1000 200 30 —35
— 700

2.5 Thermomechanics comparison

Regardless of the configuration, all tokamak core elements need to withstand high
temperatures and high thermal loads that usually lead to high thermal stresses.
This is the case for the vacuum vessel and first wall structures. Despite being
classified as secondary stress, and hence with a higher allowed threshold than
classic mechanical loads, thermal stresses may constitute the largest fraction of
the whole stress experienced by the component. Thermomechanics is a known
field of engineering and it is the first step for choosing a material in a thermal
system. In this sense, most of the materials considered for the design of a reactor
have known and proven mechanical and thermal properties. Seeing as how
structural materials in a tokamak core must work in harsh thermal and mechanical
conditions, it is best to choose the material that minimizes the thermal stress still
bearing mechanical loads. It is here proposed the derivation of a simple parameter
aimed to work as a tool for comparing material thermal and mechanical
properties. The derivation takes advantage from the simplest thermal system
possible (e.g. Figure 3). The system is not dissimilar to what experiences the first
wall structure of a tokamak and the vacuum vessel of ARC.
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Figure 3: Heat flux — wall — coolant thermal model. AT is the temperature gradient
experienced along the structure thickness. Coolant applied for temperature steady state.

In the model of Figure 3, the material of thickness t experiences thermal stress
caused by the heat flux and a generic mechanical constraint. According to
Hooke’s law for continuous media, stress is given by o=E-g, assuming a linear
elastic material behavior, reasonable assumption in metals. In the case of solely
thermal stress, it is possible to write e= a-AT. While E and a are properties of the
material, AT is given also by the external conditions that the component
experiences, such as the magnitude of the thermal load. In particular, the
temperature gradient can be derived from Q=U-AT where Q is the surface heat

load (%) and U is the global heat exchange coefficient (mv:_K). In the system
-1
considered, U = (%+£) where t is the material thickness. The convective

coefficient h is here assumed orders of magnitude higher than % This usually

holds true in the case of and optimized cooling system. Otherwise, for the purpose
of this discussion, it is possible to assume h fixed and take it out from the
parametrization. Likewise, the thermal flux Q is an external load that may vary
depending on the system, it is thus possible to assume it fixed and henceforth
apply the proportionality sign to equations. The temperature gradient can be

written as AT < i Substituting in the Hooke’s law for thermal stress:

(rthocE-a-E Eq. 1
k
Thermal stress is thus directly proportional to the material thermal expansion
coefficient and inversely proportional to the material thermal conductivity. ow is
also proportional to the material thickness, which is the only parameter that is not
directly related to the material properties. The higher the thickness t, the higher
the thermal stress experienced by the material. However, it is not possible to

reduce t by choice. A minimum material thickness is also directly related to the
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structure integrity. Considering ARC vacuum vessel, it has to withstand
gravitational forces, pressure forces due to the flowing FLiBe and
electromechanical loads in the case of off-normal operations (e.g. plasma
disruption). In the case of mechanical loads, designers chose material thickness
depending on the magnitude of the load applied and the yield strength of the
structural material. Considering a simple model of a load force perpendicular to
the material cross section, the minimum thickness linked to the yield strength

. F : . . . i
according to oy o x where F is the generic mechanical load and A is the material

active cross section area, which is proportional to t and another length that is
usually fixed by design. Fixing the mechanical load, it is possible to write t,,;;, <

ai. It is possible to substitute in Eq. 1 the thickness with another property of the
y

material (i.e. yield strength). Hence, it is here proposed a parameter that takes into

account both thermal and structural properties of materials, here called for

simplicity material termomechanical parameter (mtm):
1 k- o,

— X mtm =

Eq. 2
O-th EO( q

Because of several simplifications and the repeated use of the proportional
sign, such parameter should give just qualitative information about material
properties. It rather works well for comparing candidate materials and identifying
the material with the best mix of thermal and mechanical properties. The mtm
parameter is inversely proportional the induced thermal stresses. Hence, materials
with high value of mtm parameter should be preferred for the structures of a
thermal system. In this instance, a most suitable material should have a high
thermal conductivity k, in order to reduce the temperature gradient along the
thickness, a high yield strength and a low thermal expansion coefficient o for
reducing the elongation and the thermal stress. It is here proposed a comparison of
a reference alloy for each class of materials, namely Eurofer-97, ODS, SS-316,
Inconel718 and V-4Cr-4Ti. Once again, MPEAs have not been implemented in
the comparison because of the lack of complete data on their properties. Material
properties have been taken from literature [88]—[101]. Particular attention has
been given in finding properties that were temperature dependent in order to
evaluate the mtm parameter in an ARC-relevant temperature window, that has
been set in [700; 1000] K. Figure 4 shows the behavior of the mtm parameter with
temperature for the mentioned reference materials. For Eurofer97 thermal
conductivity and V-4Cr-4Ti thermal conductivity and thermal expansion
coefficient have been used correlations extrapolated from data with a proven
validity up to 900 K. Dashed lines show where such properties correlations have
been extended to match the ARC-relevant operating temperature window. For V-
4Cr-4Ti there is no reason to believe the properties will change behavior in the
window 900-1000 K as it is the most stable alloy at those temperatures.
Contrarily, Eurofer97 is closer to its melting point and it is not excluded its



20

Chapter 2

thermal conductivity could change behavior. Anyway, for sake of simplicity, the
correlations of the mentioned properties are here expanded up to 1000 K.
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Figure 4: Material thermo-mechanic parameter vs temperature for Eurofer97, SS-
316, Inconel718 and V-4Cr-4Ti.

According to Figure 4, V-4Cr-4Ti and Inconel-718 show the highest mtm
parameter values in the whole temperature range considered. They should be able
to minimize the thermal stress and the temperature reached under reactor-relevant
thermal loads. For instance, according to the mtm parameter, SS-316 would
experience about 8 times higher thermal stress than V-4Cr-4Ti, in the same
operating conditions. To conclude the comparison, Figure 5 shows the maximum
temperature reached by the wall in the case of a fixed wall thickness of 10 mm as
in the baseline design of ARC vacuum vessel. According to the simplified:

't . .
Twan = Teool + %, where Tcool 1S the coolant temperature and the convective

coefficient is assumed equal to infinite. Eurofer97 and ODS show a quasi-
identical wall temperature.
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Figure 5: Wall maximum temperature vs wall thermal flux. Computed on a 10 mm
thick wall for the four materials of reference.

In the expected ARC operating conditions (i.e. 0.5 ZL—‘T of thermal load and

800 K of coolant temperature) almost all the structural materials would reach a
wall peak temperature of above 1000 K. The V-based alloy would be able to stand
below such temperature because of its higher thermal conductivity.

In literature is possible to find several works that experimentally evaluated the
given material properties. This study choses to get material properties from
references that provided a temperature dependent fitted correlation [90]-[93],
[95], [96], [101], [102]. Nevertheless, it is possible to find other temperature
dependent properties from other studies or datasheets from factories. Most
properties are slightly variable, hence a sensitivity study should be carried out,
when possible. Concerning the ODS series, it has been difficult to find consistent
properties for a single alloy. For ODS some properties have been averaged or
curve-fit in the temperature range of relevance starting from literature data. For
this reason, ODS properties must be considered slightly less accurate than other
material ones. Despite the slight variability, the overall behavior of the properties
and the mtm parameter is considered accurate enough for a qualitative and
comparative study.

2.6 Discussion and conclusions

In this chapter the ARC case study and its core configuration have been described.
Focus has been given to design choices that are more relevant for an assessment
on suitable core structural materials. In this respect, it is worth to recall that ARC
will be a compact machine with a high power density. Its core structure will be
composed by a relatively thin vacuum vessel immersed in a molten salt tank. The
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liquid compound will work as both breeding blanket and coolant. The first issue
identified is that molten salts usually operate at high temperatures. On the other
hand, the choice of molten salt relaxes the pressure requirements. FLiBe and the
other molten salts can indeed flow at nearly atmospheric pressure. While
mechanical loads are expected to be low, the high power density suggests that
heat loads and neutron fluxes will be more concerning. Thermal stress and
neutron damage are thus identified as second and third issues for the material
structure. In this instance, the operating conditions of ARC core in terms of
operating temperature, magnitude of thermal loads and magnitude of neutron
fluxes have been recalled from literature and discussed.

The second part of this chapter addressed the thermal problem from the point
of view of structural materials. The aim was to identify the materials that have the
best mix of mechanical and thermal properties. A list of materials considered for
ARC structures have been made. Namely, F/M steels, ODS steels, austenitic
stainless steels, Ni-based superalloys and V-based alloys. Particular attention have
been given to their mechanical and thermal properties. Lastly, a material
thermomechanical parameter, here called mtm parameter for simplicity, has been
derived and proposed for carrying out qualitative analysis and comparisons. The
study then compared material properties in the ARC operating temperature
window on the basis of such parameter. It is expected that the peak temperature of
materials will be above 900 K or even 1000 K in most cases.

Despite F/M and austenitic steels have been here considered, they are not
expected to be able to operate at such temperatures. At such temperatures they
usually experience a drop in the yield strength and an increase in the elongation
rate, suggesting they would be subject to plastic deformation and be particularly
sensitive to creep [103]. Oxide Dispersion Strengthened steels seem to be able to
successfully extend the operating temperature window [104] even though they do
not seem to be the most optimized alloys on this list. From the analysis it came
out that Inconel-718 and V-4Cr-4Ti show the optimal mix of thermal and
mechanical properties. The former has better mechanical properties while the
latter has better thermal properties.

It is worth to mention that the mtm parameter does not contemplate materials
creep-related properties. Creep resistance should be addressed in order to
conclude the considerations about thermal properties of the mentioned materials.
In thermal machines creep is surely one of the biggest threats for continuous
operations. Hence, an accurate creep analysis and comparison should be carried
out. However, as a creep analysis is beyond the scope of this thesis, just a
comparison between materials will be given on the basis of available literature.
ARC vacuum vessel is expected to operate for years, that is a time on the order of
10000 hours. Hence, it is possible to compare the stress that considered materials
could withstand at ARC temperature of operation for about ten thousands (le+4)
hours. F/M steels and austenitic stainless steels have a stress limit below 160-200
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MPa at 875 K for the operating time required [105]. ODS steels are expected to
have a stress limit of about 300 MPa at 925 K [106]. Inconel-718 could withstand
up to 500 MPa at 925 K for about 1e+4 hours [107]. V-4Cr-4Ti is able to bear up
to 400 MPa at about 875 K for 1e+4 hours [108]. It is possible to conclude that
also in dynamic conditions, Inconel-718 and V-4Cr-4Ti system show the most
promising behaviors.

Lastly, it necessary to recall that all the thermal and mechanical properties
considered in this section belong to unirradiated materials. Most of them are
expected to show a change with neutron irradiation. The next step is indeed the
study of material behavior under irradiation in order to characterize the properties,
analyze the microstructural evolution and reduce the irradiation damage as well as
the induced radioactivity. In fact, material behavior under irradiation is
extensively studied in nuclear field and experiments predict pretty well the
material behavior in a reactor in most cases. However, it is nearly impossible to
reproduce the irradiation conditions of a fusion reactor nor to predict the material
properties behavior with a good confidence. Therefore, research activities should
identify the most likely materials able to withstand a fusion reactor irradiating
conditions and increase the portfolio of attractive materials by exploring advanced
ones. In the meanwhile, modeling activities should be employed to design
advanced materials able to minimize the most concerning aspects of radiation
damage.

Despite the expected changes with irradiation, unirradiated properties are still
necessary to start a baseline choice of suitable materials for a reactor core.
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Core neutronics

3.1 Introduction

A neutronics analysis is the second step for assessing the suitability of structural
materials in a tokamak core environment. In a fusion reactor neutronics is
necessary for four main reasons. First, it is needed to evaluate a core configuration
effectiveness in breeding tritium through the ®Li(n, T)*He reaction. It is worth to
mention that in fact tritium is not present in nature and needs to be bred directly in
the reactor for ensuring a self-sustained plant fuel cycle. Secondly, neutronics
provide the distribution of the neutron power deposition in the core. Third, it is
possible to evaluate the core shielding effectiveness and design additional shield
for the magnets. Lastly, neutronics gives information necessary for the evaluation
of the irradiation effects on materials, such as transmutation, induced activation,
damage and swelling. This chapter describes the neutronics modeling activities
carried out for ARC core:

e discussion of the main material nuclear properties relevant for the study;
e description of the modeling technique and the software applied;

e description of the modeling choice for ARC core;

e results presentation and discussion.

The objectives of the neutronics modeling activities are to identify the
structural material with the best nuclear properties and to assess its behavior
considering the synergistic effects with the breeding blanket compound. Results
of the neutronics modeling activities are necessary to carry out some specific
studies for the considered structural material analysis. More explicitly, the
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resulting neutron flux and spectrum on the structures would help modeling the
radiation induced activation and the radiation damage effects.

3.2 Nuclear properties

Nuclear properties relevant for this work can be reduced to the element cross
sections that enhance the reactor tritium economy and reduce the irradiation
damage in solid components. Considering the tritium task, elements composing
core materials should have a low neutron absorption (n, y) and a good neutron
multiplication capacity (n, xn). Figure 6 shows the mentioned cross sections for the
main elements (Fe, Ni, Ti, V, Cr, Ta, W) of the structural materials considered in
this work. For a better clearness the pictures show the cross sections of the
isotopes that have a natural abundance above 10% for each element. Structural
elements have been subdivided as the most abundant in Fe-based and Ni-based
alloys (Fe and Ni), then in V-Cr-Ti systems. Ta and W cross sections have been
added as interesting refractory elements for a high entropy alloy alongside V-Cr-
Ti. Despite cross sections are usually displayed in log-log scale, here it has been
chosen to set a linear scale for the energy axis in order to focus on the very fast
neutron interactions. This choice is driven by the fact in the vessel region neutrons

are expected to have a very hard spectrum with a predominant energy peaking at
14 MeV [109].
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Figure 6: Neutron cross sections of the main elements for structural materials. (a) and
(b) correspond to most naturally abundant Fe and Ni isotopes. (¢) and (d) correspond to
most naturally abundant Ti, V and Cr. (e) and (f) correspond to most naturally abundant
Ta and W isotopes. (a), (c) and (e) show the (n, y) absorption cross sections. (b), (d) and
(f) show the (n, 2n) neutron multiplication cross section. Data have been taken from
ENDF/B-VIII library [110].

In addition to the mentioned cross sections, structural materials should be as
much transparent to neutrons as possible. The breeding blanket compound should
have a high lithium concentration as well as good neutron shielding and
moderating capabilities. Namely, the blanket compound should have a relatively
high total cross section but a low average atomic weight of the elements.

Regarding structural materials, radiation damage is a rather concerning issue
that has to be addressed starting from neutronics. Typical mechanisms of radiation
damage are microdefect generation and clustering, dislocation generation and
motion, hydrogen segregation and helium-void nucleation and swelling. All of the
mentioned mechanisms show up in most of the irradiation conditions. Despite
that, hydrogen segregation and swelling are believed to be much pronounced in
fusion reactor than any other reactor [111]. Mostly because of the neutron energy
incoming from the fusion reaction itself (i.e. 14.06 MeV). Radiation damage
mechanisms will be deeply discussed in Chapter 5. In this section nuclear
properties that play a role in some of such phenomena will be depicted. More
specifically, helium and hydrogen generation through the (n,p), (n,a) cross
sections. Figure 7 shows the mentioned cross sections for the main elements of the
considered structural alloys.
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Figure 7: Neutron cross sections of the main elements for structural materials. (a) and
(b) correspond to most naturally abundant Fe and Ni isotopes. (c) and (d) correspond to
most naturally abundant Ti, V and Cr. (e) and (f) correspond to most naturally abundant
Ta and W isotopes. (a), (c) and (e) show the (n, p) hydrogen transmutation cross sections.
(b), (d) and (f) show the (n, o) helium transmutation cross section. Data have been taken
from ENDF/B-VIII library [110].

The cross sections displayed in Figure 6 and Figure 7 have been plotted taking
advantage of the OpenMC software and the ENDF/B-VIII library [109], [110].
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From pictures it is possible to notice that in the fast side of the spectrum the
considered transition metals have similar absorption effectiveness. Still, it is
possible to notice that nickel isotopes raise their (n, y) cross sections by one order
of magnitude at energies lower than 3-4 MeV. In addition, refractory and quasi-
refractory metals (i.e. Ta, W and Ti, V, Cr) show a wider and higher neutron
multiplication cross section. For this reason it is possible to expect that V-based
alloys and MPEAs that include refractory elements would enhance the reactor
neutron and tritium economy with respect the Ni-based superalloys. Furthermore,
V-Cr-Ti systems are typically characterized by a lower density than other
transition metal-based alloys. They are thus expected to be more transparent to
neutrons. This aspect should additionally enhance the neutron economy of the
reactor. It is therefore expected that a V-Cr-Ti structure would maximize the
reactor tritium breeding ratio. Regarding transmutation of gas, it is clear that
nickel is particularly subjected to hydrogen and helium nuclei transmutation. In
the meanwhile, refractory metals seem to be less sensitive to gas transmutation,
with a less wide and two order of magnitude lower cross section. As Ta and W are
particularly heavy metals, also (n, n+p) and (n, n+a) cross sections have been
checked and it has been found that they have similar magnitude of regular (n, p)
and (n, o) ones. Despite that, it is possible to expect that alloys with high nickel
concentrations would suffer swelling more than V-based alloys and way more
than MPEAs with high Ta and W fractions.

Comparing cross sections gives qualitative information on the behavior of
elements in a given irradiation environment. Still, neutronics modeling can
provide more specific data useful for the design of a reactor core. More
specifically, this work is interested in assessing the best fitting structural material
for ARC core. In this respect, neutronics modeling is used to evaluate how
structural materials affect ARC tritium breeding ratio and to evaluate its
magnitude. Neutronics can evaluate fundamental quantities for assessing radiation
damage, such as neutron fluxes and energy spectra. The following subsections
provide the neutronics modeling strategies adopted for this thesis as well as the
most relevant model results.

3.3 Methodology

For neutronics simulations this work takes advantage of OpenMC tool [112]. It is
an open-source Monte Carlo particles transport software developed at the
Massachusetts Institute of Technology. Monte Carlo neutron transport algorithms
and modeling techniques and strategies are not at the core of this thesis. They will
be rather used to qualitative evaluate the nuclear properties of the structural
materials here considered. For this reason, a short description of the working flow
of a Monte Carlo particle transport algorithm is considered sufficient. MC
transport codes are based on probability distributions that have to be known a
priori. Figure 8 describes a simplified version of the algorithms usually applied.
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Figure 8: Flow chart of a Monte Carlo particle transport algorithm.

Particles are generated with energy, coordinates and direction that follow a
given probability distribution. Random number generation is necessary to address
each probability distribution. Particles are then tracked in their random walks up
to their disappearance. Mean free paths and interactions with the medium are
dominated by particles information and the properties of the medium itself. More
specifically, interactions are sampled according to the medium cross sections,
which are energy dependent. Example of interactions are elastic scattering,
absorption, inelastic scattering, particle expulsion and fission. In the particular
case of neutron transport the probability distributions are a function of the
particles energy and are provided by cross section libraries. This work relies on
the widely adopted and validated ENDF/B-VIII cross section library [110]. Each
result is described by a probability distribution that has a Gaussian shape,
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according to the central limit theorem. Hence, results are always reported in the
form of sample average and standard deviation. Intuitively, the larger the number
of sampled particles, the higher the result precision and the lower the standard
deviation. The price is however a higher computational cost. In fact, most of the
neutron transport codes implement algorithms for core parallelization and
simulation acceleration techniques. OpenMC developers have given particular
attention to optimized core scalability algorithms [112], [113]. It is worth to
mention that the methodology here described is one of the two methodologies
usually adopted in Monte Carlo codes for neutronics. It is also the most relevant
for nuclear fusion neutronics studies. This type of algorithm is based on the total
number of particles to generate and track, which has to be explicitly defined in the
simulation initialization. The other methodology is usually used for simulating
fission reactor cores and it is based on eigenvalue calculations. The simulation
completion is not driven by a given number of random walks to sample. It is
determined by the convergence of a given figure of merit instead, usually linked
to the reactor criticality.

ARC team developed a detailed model for neutronics simulations using
MCNP code [27], [114]. Main features of the model are an Inconel-718 structure,
an additional layer of pure beryllium as neutron multiplier, a 90% lithium-6
enriched FLiBe and a 20 c¢m thick ZrH> neutron shield. The most detailed aspect
of the model is the geometry. The vessel shows a D-shape cross section and two
long-legged divertors. The blanket tank presents a rectangular shape with few
indentations to leave room for poloidal field coils. Despite the presence of a
detailed model, additional simplified models have been developed. The aim was
to provide consistent fast-running and easy-to-parametrize models and it was met
with a cylindrical model that mimics the reactor vessel and blanket components
[115], [116]. This thesis proposes an improvement to such models still holding the
same modeling philosophy and similar characteristics. The strategy is to keep the
model as simple as possible mainly for two reasons. First, a simple model is easier
to parametrize and faster to run and results comprehension is much more
immediate. Second, a simplified model provides more flexible information. In this
way, most of the results can be relevant for other tokamaks of similar
configuration as well as for future versions of ARC reactor itself. In fact, it is
likely that the reactor will experience further adjustments in future design
sessions. The model geometry here proposed features a D-shaped section, which
is the main improvement with respect previous models. On the third dimension,
the toroidal evolution has been avoided in order to stick with simplicity. Instead, a
linear extrusion has been preferred. Previous studies did not highlight significant
differences between a toroidal and a linear extrusion, especially at this level of
detail [115]. A 100 cm linear extrusion of the D-shaped section has been
performed. Such length corresponds to a slice that is about 1/20 of the total toroid,
considering a major radius of 330 cm. The D-shape has been built in order to
match its first wall surface with ARC design one. This is at the core of the
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strategy to get ARC-relevant results from simulations. Studies have already
confirmed that main results, such as TBR and neutron fluxes are in good
agreement with ARC detailed model [115]. The inner D-shape, which
corresponds to the first wall, is a semicircle with a 242 cm radius. The resulting
surface is offset for building the rest of the model. Vacuum vessel layers directly
recall ARC main model ones [27]. From the inside to the outside of the vessel,
thicknesses are set as follows: 0.1 cm of first wall (FW), 1 cm of inner structural
layer (STR1), 2 cm of FLiBe channel, 1 cm of beryllium neutron multiplier
(NMULT) and 3 cm of outer structural layer (STR2). The blanket has been split in
two regions: the high field (HF) and low field (LF) regions. The HF region is
expected to have little room for the blanket because of the toroidal geometry. First
ARC design foresees about 10 cm of blanket on this side [20]. An improved
version of ARC suggests instead about 50 cm of blanket [27]. Considering that the
neutron and thermal shielding of the central solenoid will be critical issues, this
work proposes 20 cm of HF blanket thickness, leaving much room for such
additional components. The LF side is much more relaxed in this sense. LF
blanket could reach up to 100 cm of thickness in some core regions. However, in
other regions it is limited by the presence of neutron shields for the poloidal field
coils [27]. For this reason, LF blanket thickness has been set equal to 50 cm,
which is the blanket thickness in correspondence of such coils. As this work
focuses on the vacuum vessel region, the neutron and thermal shield components
have not been included. Figure 9 displays the geometry of the model developed for
this work.
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Figure 9: Geometry of the OpenMC neutronics model with a zoom in the vacuum
vessel region on the LF side.

Previous studies provided evidence that some structural materials in the vessel
could help avoiding the additional layer of beryllium [115], [116]. Still, this work
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focuses more on the irradiation behavior of different structural materials and their
comparison. Thus, the beryllium layer has been implemented in all the
simulations for consistency with the baseline design. It is nonetheless worth to
mention that some structural materials may actually experience reduced neutron
loads if they allow to remove the neutron multiplier layer. Considering the aim of
this thesis, the parametric study is limited to the structural material of the vessel.
Previous works already performed crossed sensitivity analysis on liquid breeder
compounds and lithium-6 enrichment fraction. Results of the mentioned analysis
showed that a FLiBe blanket with 90% enrichment represents the best tradeoff
between a sufficiently high TBR, a low neutron load on the vessel and an
effective magnet shielding [116]. As OpenMC needs a cell and a material in order
to keep tracking particles, the vacuum chamber, which hosts the neutron source,

has been modeled as a cell with an extremely low density (i.e. le-4 C’?) DT

compound. Vacuum boundary condition has been set to all the blanket outer
surfaces. Namely, all particles that leave the blanket are lost. On the two sides of
the D shape feature a reflective boundary condition in order to simulate the
continuity of a toroidal shape. All the model surfaces and cells have been
carefully designed in order to obtain a watertight geometry. The neutron source
has been modeled as an isotropic box source 100 cm height, with a 20 cm edge
and centered at the D center, which is 121 ¢cm from the HF FW inner surface. The
source provides 14.06 MeV neutrons. The source intensity has been set equal to 1
neutron to simplify the scalability with the fusion power. However, it is possible
to compute the actual intensity the model should have. ARC should provide about
525 MW of fusion power that corresponds to a neutron yield of roughly 1.86e+20

g. Since this model represents a slice of the whole reactor, its source intensity

should be equal to 9e+18 % The model has a homogeneous temperature of 900 K.

Material properties relevant for neutronics have been listed in Table 4. The table
provides also the names of the cells that have been filled with the corresponding
material. It is necessary to specify that for WTaVCrTi an ideal equimolar
composition has been taken and, because of the lack of data in literature, the
material density has been computed according to the apparent density formula
(Eq. 3).
Table 4: List of materials, composition and density modeled for the
neutronics analysis.

Materi oo o .o g Model
al Composition [at. %] Density —— cell
W W 100 19.3 FW
Be Be 100 1.85 Nmult

FLiBe F57.14 —1Li128.57 —Be 14.29 1.96 channel —
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blanket
Fe 88.66 -Cr9—-W 1.5—-Mn 0.4 STRI —
Eurofer97 -V 02-C0.11-Ta0.07-Ti0.01 - 7.798
. . STR2
1impurities
Ni 53 — Cr 19.06 — Fe 18.15 — Nb STRI —
Inconel718 5.08 — Mo 3.04 Ti 0.93 — A1 0.52 - Co 8.19 STR?
0.11 -=C 0.02 — Cu 0.02 - impurities
. . STRI1 —
V-4Cr-4Ti Vo2-Cr4-Ti4 6.06 STR?2
. W20-Ta20-V20-Cr20-Ti « STRI1 —
WTaVCrTi 20 10.74 STR?2

*According to apparent density formula

Prix = ZXL- Pl Eq. 3
i

where p is the density, T is the set temperature and X is the molar concentration of
the ith element. le+5 particles and 10 batches are sampled for each simulation in
order to reach results relative standard deviations always on the order of le-3 or
lower. No acceleration methods nor variance reduction techniques were adopted
as the model needs on the order of tens of minutes to run. Lastly, the ENDF/B-
VIII cross section library has been adopted for nuclear data [110]. Most important
results to tally are the neutron flux and relative spectrum on the chamber
structural layers, which are of main interest to start evaluating the irradiation
magnitude and the damage. Fluxes and spectra are also necessary for more
detailed damage and activation studies. In addition, particles production such as
H1, H2, H3, He3 and He4 generation rates should be tallied in order to get
information about swelling likelihood and magnitude. Lastly, additional tallies
include tritons transmutation rate in the channel and blanket cells and the current
leaking the blanket surface. The former tally is necessary to evaluate the impact of
different structural materials on the machine TBR, the latter tally evaluates
possible neutron shielding effects. Table 5 summarizes the tallies applied in the
model and their relative cell or surface.
Table 5: List of the main tallies applied in the model.

Tally Units Type Object
n STRI,
Neutron flux source particle - cm? - s] Cell tally STR2
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Neutron energy [ eV ] STR1
11 tall ’
spectrum |source particle. Cell tally STR2
(H1, HZ, H3, He3, He4) particle 1 STRI
particles production - Cell tally ’
| source particle| STR2
rate
. . t ] Channel,
Tritons production rate Source particle) Cell tally blanket
n Surface Outer
Neutron current [sz : s] tally blanket

3.4 Results

Neutronics results are here presented. This section displays first the figures that
are affected by structural materials even though that was not part of the material
required functions. It is the case of the TBR (Figure 10 and Table 6). Tritium
breeding ratio is of crucial importance for the reactor fuel cycle self-sustainability,
and it is heavily affected by the chamber structural material. Figure 10 displays the
tritium production tally for 1 source particle. It is clear that most of the tritium is
bred in the channel and in the innermost regions of the tank, which is in good
agreement with previous studies [27], [116].

v

cm3 - source particle

2e-05
2e-05
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le-05
S5e-06
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Figure 10: Mesh results for the tritium transmutation rate [ 3 : - ]
cm?>-source particle
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The overall tritium breeding ratio is made explicit in Table 6. Inconel has
worst performance in terms of tritium production, while V-4Cr-4T1 maximizes the
fuel breeding.

Table 6: Tritium Breeding Ratio results (sample average and standard
deviation).

Material TBR Std. dev.
Eurofer97 1.15 1.33e-3

Inconel718 1.04 1.42e-3
V-4Cr-4Ti 1.21 1.43e-3

WTaVCrTi 1.12 9.87e-4

Neutron shielding is another secondary effect that can be affected by the type
of structural material applied. The reactor coils are the first components that
require an effective neutron shielding. As magnets are placed outside the blanket
tank, Figure 11 displays the neutron current exiting the blanket outer surface from
the high-field and low-field regions. V-4Cr-4Ti seems to perform worse in this
sense. Still, currents are comparable for all the materials and the values stand in
the same order of magnitude.
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Figure 11: Neutron current exiting the blanket from the high field (a) and low field
(b) sides.

Finally, results regarding the structural materials themselves and information
on the irradiation effects are here presented. Figure 12 displays the main quantities
of interest that the OpenMC code can provide in this framework. STR1 and STR2
cells have very similar results. Therefore, it has been chosen to show STR1 values
as reference, seeing as how STRI1 is closer to the neutron and heat source and
more endangered. Figure 12 (a) and (b) show the cell fluxes and relative spectra
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for the different materials. Values are very similar in both figures. It is possible to
notice that the high entropy alloy has a slightly lower moderating capability,
probably because of the much higher molecular weight due to the Ta and W
presence. Figure 12 (c) and (d) show the gas transmutation rate occurring in the
material itself. Hydrogen and helium are the most transmuted gas by far.
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Figure 12: Figures of merit for irradiation damage tallied on the STR1 cell. (a)
neutron flux, (b) neutron flux energy spectra, (c) hydrogen production rate and (d) helium
production rate.

Results suggest that irradiation effects on the materials considered are
qualitatively similar. An exception to this statement can be made for the TBR and
the gas transmutation rate. However, it is necessary to perform a deep discussion
on such results in order to identify the actual differences and the possible
consequences of the material choices.

3.5 Discussion

It is necessary to specify that this work is interested on the order of magnitude of
neutronics results rather than the specific values. This is given by the fact that the
model has been generalized as much as possible and some design features of ARC
have not been chosen yet. Considering the modeling choices, it is worth to
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acknowledge that the OpenMC algorithm for parallelization and the simplicity of
the model have successfully managed to speed up the process. The simulation
time was kept below very few tens of minutes while achieving maximum standard
deviations on the order of le-3.

Because of the thin nature of the vacuum vessel structure, results here
obtained are similar for different materials applied. Table 6 shows that all the
structural materials allow for a TBR > 1, which is acceptable in ideal conditions.
However, considering modeling uncertainties and tritium leakage and losses, TBR
requires to be higher than 1.10-1.15 [117]. Inconel718 is the only structural
material that does not meet such requirement. It is likely that an Inconel-based
structure would require additional actions to effectively multiply neutrons and
enhance the tritium economy. This holds particularly true when it comes to
consider also the material tritium absorption [118]. It seems that Inconel would
absorb a particularly high tritium inventory from the blanket. VCrTi systems on
the other hand show a TBR high enough to open to the possibility of removing the
additional neutron multiplier layer [115], [116]. Figure 12 (b) shows that the vessel
structures experience extremely fast neutrons with a huge peak at 14.06 MeV.
According to the main cross sections (Figure 6), V and Fe do show a slightly
higher probability of multiplying neutrons and a lower absorption capability. This
can be combined to a lower material density which leads to fewer interactions.
These aspects allow Fe- and V-based alloys to enhance the reactor TBR with
respect Ni-based materials. Similarly, Ta and W hold a much higher multiplying
capability than the other elements considered. Nevertheless, they have a high
absorption rate at lower neutron energies and they raise the material density as
well. A sensitivity analysis on Ta and W concentrations in the HEA should be
carried out in order to optimize the TBR and provide tritium production rate
curves as a function of the HEA composition. Figure 10 shows that almost all the
tritium 1s bred in the very first centimeters of the blanket. This is true especially in
this case where the breeder is a 90% Li-6 enriched FLiBe [116]. A reduced
thickness blanket can leave space for neutron shields, where needed, which is
essential for the magnets integrity in compact tokamak designs. In fact, despite
being a breeder with good shielding capabilities, 20 cm of FLiBe reduce neutron
current only by one order of magnitude, while 50 cm of thickness reduces it by
two orders of magnitude (see Figure 11). In this configuration, a fluence on the
order of 1e+20 # per full power year would reach the high field side magnets.
Such a high fluence is not sustainable [19], [119]. On the other hand, considering
ARC design provided by Kuang et al. [27], 20 cm of blanket would leave tens of
centimeters for neutron and thermal shields designed with ad hoc functional
materials.

For what concerns the irradiation damage, materials should not be chosen on
the basis of the flux experienced, seeing as how it does not change much from a
material to another. They rather should be chosen on the basis of the element
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cross sections in comparison with the neutron energy spectrum. It is clear that Fe-
and Ni-rich materials transmute much more gases than other transition metals in
the ARC neutron spectrum. Gas transmutation in Ni-based alloys can be one order
of magnitude higher than Fe- and Ni-poor materials. This can be a key factor in
the choice of structural materials as gas transmutation and swelling are expected
to be particularly intense when it comes to evaluate neutron damage in fusion
energy domains [111]. Despite that, it is important to acknowledge that gas
transmutation rates are not sufficient to assess the swelling phenomenon in a
material. Indeed, although nickel can lead to accelerated swelling [120], Inconel
complex microstructure owns effective mechanisms that work as gas atom sinks
and that improve swelling resistance [121]. It is possible that this behavior would
be observed also in some HEAs because of their likely microstructural
complexity. This aspect highlights the necessity for experimental campaigns
aimed to assess the actual swelling resistance of materials in fusion conditions.

3.6 Conclusions

This chapter focused on the evaluation of structural materials nuclear properties
and the analysis of the behavior of such materials in ARC neutronics conditions.
In this respect, the main issues identified are the irradiation damage on the
material and its tendency to affect the machine tritium breeding ratio. Damage in
particular is often a function of the neutron flux and, especially in the case of
fusion reactors, transmuted gas buildup. Cross sections relevant for the mentioned
aspects have been analysed. Cross sections for neutron capture and multiplication
are of main interest for the TBR, while gas transmutation cross sections are
relevant for damage, swelling and embrittlement mechanisms. Cross sections
suggested that Ni, Ta and W would absorb a high quantity of neutrons in the
fusion-relevant energy range. Still, Ta and W showed a good multiplication
capability over a wide range of energy as well. In addition, Ni and Fe displayed a
high gas transmutation probability with respect the other transition metals. After
the first qualitative considerations a versatile and fast-running neutronics model of
the reactor core has been presented. The model perfectly accomplished its
purposes as the simulations run fast, it eased the parametrization and results were
accurate enough for the analysis performed and in good agreement with previous
studies. From neutronics results it is possible to state that few centimeters of
different structural materials do not affect most of the figures of main interest. The
most affected are the TBR and the gas transmutation rate in the material itself.
Results of these quantities confirmed what cross sections suggested. Inconel718
would need additional neutron multipliers for reaching a sufficient value of TBR,
which is set above the value of 1.10. On the contrary, V-Cr-Ti systems may allow
to remove the beryllium layer present in the baseline VV design. It is also clear
that MPEAs could optimize the TBR value by changing the concentration of some
elements. Regarding radiation damage it was possible to explore the gas
transmutation rates in view of the swelling mechanisms. In this sense, without
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additional information coming from complex microstructure mechanisms, it
seems that alloys with low concentrations of Fe and, especially, Ni should be
preferred. On the other hand, materials with high concentrations of V, Cr, Ti and,
especially, the refractory Ta and W should be applied in order to enhance the
reactor fuel cycle and reduce the risk of high swelling rates.

Additional effects of neutron irradiation on materials regard the induced
radioactivity. Despite induced radioactivity is not of main importance for the
structure integrity, it is considered a key aspect of the fusion projects as it affects
the reactor safety as well as its attractiveness. Chapter 4 of this thesis will indeed
address these issues in ARC-like conditions.
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Chapter 4

Irradiation analysis

4.1 Introduction

The radiation environment of a reactor affects the structures themselves. This
chapter focuses on the effects of radiations on structural materials, like Chapter 3
of this work focused on the effects of structural materials on core neutronics.
From an engineering viewpoint, neutron irradiation causes two major issues on
materials, namely radiation induced activation and radiation damage. This chapter
focuses mainly on induced activation and reactor radioactivity. Despite the
nuclear reaction of D and T fusion does not produce radioactive elements, a fusion
reaction is still expected to be a source of radioactive materials. Radioactivity in
fusion reactors comes from two main sources. The first one is part of the fusion
fuel, namely trittum. Tritium will be just introduced here as it is not of main
interest for this work, but it is worth to be mentioned because of its importance in
the whole machine and plant. Tritium is produced and burned inside the reactor
and it has a relatively short half-life (i.e. 12.3 years). Thus, it is not considered as
a major problem for radioactive waste while it is of main concern in case of
accident and release. As part of the fuel, tritium is unavoidable in the reactor but it
is possible to apply several techniques in order to minimize the trittum inventory
and confine it within several barriers [117], [122]. The second source of
radioactivity is given by core materials that experienced neutron irradiations.
Neutron induced radioactivity is caused by transmutation. Neutron absorption and
anelastic scattering cause an atom to change atomic mass, ultimately becoming
another isotope or transmuting in another element of the periodic table. Resulting
atoms are often unstable, which dramatically increases the material radioactivity.
Activated materials are of main concern both for safety and waste reasons. Safety
and radioactive waste aspects are known for heavily affect attractiveness and
economics of nuclear reactors. Nevertheless, in fusion reactors it is possible to
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effectively reduce and minimize the amount of radioactive waste and the reactor
inventory by carefully choosing core materials and applying optimization
techniques [109]. This chapter addresses the effects of irradiation on the structural
materials analysed throughout this thesis in terms of induced radioactivity. Low
activation materials will be identified, and additional optimization techniques will
be applied in order to get as low activation as possible. In addition, radioactivity
limits are proposed in order to ease the management of radioactive waste for
fusion industry. The goals are to provide an easy procedure for predicting and
assessing radioactive induced activation and to identify the most promising
structural materials able to reduce the radioactivity problem. Lastly, the main
figures of merit that characterize radiation damage (i.e. dpa and gas
transmutation) are assessed and confronted with the same results presented in
Chapter 3.

4.2 Methodology

The analysis takes advantage of the FISPACT-II inventory package [123].
FISPACTH-II is a software developed by UK Atomic Energy Authority at the
Culham Science Center. FISPACT is mostly used to compute the inventory of
radioactive materials produced by nuclear reactors. Knowing exactly the type and
the amount of radioactive material in a power plant is a necessity of main
importance for both computing source terms for safety reasons and developing an
effective radioactive waste management strategy. FISPACT-II solves the rate
equation (Eq. 4) for all the species (elements, isotopes) involved a given
inventory.

dN; : L
NSO s
j

where N; is the inventory of nuclide i at time t, A is the decay constant of nuclide
j producing i, o is the reaction cross section on nuclide j producing i and ¢™ is
the time dependent neutron flux experienced by the inventory of nuclides 1 [123].

In order to solve Eq. 4, FISPACT-II requires the initial inventory of elements
that experience the neutron flux, a flux history (i.e. time dependent flux
magnitude and energy spectrum), a library for the decay constants and cross
section libraries totally analogous to libraries described in Chapter 3. The code is
able to produce several time-dependent results on both irradiation phase and post-
irradiation decay phase (i.e. cooling). Quantities such as specific activity (SA),
contact dose rate (CDR) produced are of main interest for this work. Such
quantities are sufficient for a comparison between irradiated materials. They also
provide basis information to start setting up a radioactive waste management
strategy. Results such as ingestion and inhalation doses are not considered in this
work as materials studied are expected to stand in solid state in place in the
reactor or in eventual casks for disposal. Such quantities could be nevertheless
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useful in future safety-related works in order to compute source terms in case of
accidents that involve components melting or breaking. Specific activity is the
sum of the overall activity of all radionuclides composing a kg of material in the
model. Contact dose rate computes the contact dose caused by an infinite slab of
material in the model if put in contact with a subject directly on the skin. Alpha
and beta particles are considered as stopped by the first layer of the skin and then
neglected. Contact dose rate is computed as in Eq. 5 [123]:

Y
B E;
cor = . BN HalED)
2 7 ﬂm(Ei)

. . Mev S . .
where C=3.6e+9-|e| is the conversion factor from Ee-s to 71] (with |e| being the

electron charge). B=2 is the buildup factor. Ny is the number of energy group in
the y spectrum. Wi, um and Sy are the air mass energy absorption coefficient, the
material mass energy attenuation coefficient and the rate of y emission as a
function of the average energy E; of the i-th group, respectively [123].

This chapter main goal is to analyse the main effects of neutron irradiation on the
structural materials considered in this work, namely Eurofer97, Inconel-718, V-
4Cr-4Ti1 and WTaVCrTi. A worst-case scenario in terms of activation is modeled.
More specifically, the material is considered at the maximum irradiation
conditions. 1 m3 of material is modeled as if it was placed in the inner wall of
ARC vacuum vessel. Neutron energy spectra are provided from the OpenMC
model described in Chapter 3. The neutron flux in the inner wall of the vacuum
vessel is averagely around 8.0e+14 ﬁ, as resulted in Chapter 3. Flux is here
n

modeled equal to 1.0e+15 — for all materials to get a more generalized

comparison still standing in ARC conditions. One full power year (FPY) is
considered as reference time of continuous irradiation. Outputs are recorded for
about 300 years of cooling time.

The analysis is divided in 4 steps. In the first step pure elements composing
the alloys are irradiated alone (Fe, Ni, Ti, V, Cr, W and Ta) with particular
attention given to their natural isotopes. Table 7 summarizes element isotopes and
their natural abundancy.

Table 7: List of main elements composing the alloys considered, their
isotopes and natural abundances.

Element Isotope Abundance [%] | Element Isotope Abundance [%)]

Fe-54 5.85 Ti-46 8.25

Fe-56 91.75 Ti-47 7.44
Fe Ti

Fe-57 2.12 Ti-48 73.72

Fe-58 0.28 Ti-49 541
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Ni-58 68.08 Ti-50 5.18
Ni-60 26.22 V-50 0.25
Ni Ni-61 1.14 N V-51 99.75
Ni-62 3.63 Ta Ta-181 100
Ni-64 0.93 W-180 0.12
Cr-50 4.35 W-182 26.5
Cr-52 83.79 W W-183 14.31
“ Cr-53 9.5 W-184 30.64
Cr-54 2.36 W-186 28.43

In the second step Alloys are considered in the same composition as they have
been modeled in Chapter 3 and they are listed here in Table 8§ as well. FISPACT-
IT can also provide few basis irradiation damage figures of merit (dpa and gas
production rate), in this step such quantities will be assessed and compared with
OpenMC results of Chapter 3.

Table 8: List of materials, composition and density.

Density
Material Composition [at. %] g

cm3

Fe88.66 -Cr9-W15-Mn04-V02-CO0.11 -
Eurofer97 Ta 0.07 —Ti 0.01 7.798

Inconel718 Ni 53 —Cr 19.06 — Fe 18.15 — Nb 5.08 — Mo 3.04 - Ti 2.19
0.93-A10.52-Co00.11 -C 0.02 - Cu 0.02 :

V-4Cr-4Ti VIo2-Cr4-Ti4 6.06

WTaVCrTi W20-Ta20-V20-Cr20-Ti20 10.74

In the third step, optimization techniques are applied to reduce the
radioactivity of the most promising alloys. Isotopic tailoring (it) is the first
technique applied. It is assumed that it is possible to enrich each alloying element
with its lowest activation natural isotope, which is identified in the first step of the
analysis. Enrichment techniques are not new to the nuclear industry. U-235
enrichment is particularly common in both energy and military industries [124].
Boron-10 enrichment is often used for neutron shield optimization [125]. W-184
enrichment is sometimes applied to reduce neutron absorption in core components
[126]. An additional technique is the radioactive gas removal (degas), proposed in
this framework [127]. It is assumed that it is possible to remove gases from
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irradiated materials in a reprocessing phase. Ideally, it could be possible to
activate gas desorption from temperature increase. Nevertheless, tailoring should
be preferable as it prevents radioactivity while degas is more of an inventory
separation.

The fourth step assesses the effect of impurities on the most promising
materials. The analysis that includes impurities is performed on non-optimized
materials. Optimization techniques are virtually viable but have yet never been
commercially applied on large and standardized components. Hence, while the
case study with optimization aims to the lowest activation achievable, the case
with impurities shows what to actually expect in a commercial compact tokamak
in terms of activated materials. Impurity type and concentration are provided by a
literature analysis. Impurity analysis will not be performed on Inconel as nickel is
a well-known high activation element and it is often considered an impurity in
other non-nickel alloys [109]. Hence, the effect of impurities in Inconel activation
would not be observable and would not affect the overall induced radioactivity by
no means. According to literature, impurities typically identified in Fe-Cr systems
such as Eurofer97 and ODS-Eurofer97 are Si, Ni, Mo, Cu, Nb, Al, Co, Sn, Zr and
Sb [109]. V-Cr-Ti systems typical impurities are C, N, O, Al, Si, Fe, Ni, Cu, Nb,
Mo and Te [109]. For the refractory HEA not enough literature data were found
about impurities. However, tantalum and tungsten samples have similar impurities
to V-Cr-Ti systems [128], [129]. Hence, for WTaVCrTi alloy the same
configuration of impurities of V-4Cr-4Ti is assumed. Common impurity
concentrations are listed in Table 9.

Table 9: Typical impurity concentrations for Eurofer97, V-4Cr-4Ti and
WTaVCrTi alloys.

Concentraton [wppm]

Impurity Eurofer97 V-4Cr-4Ti WTaVCrTi

C - 50 50
N - 100 100
O - 200 200
Si 500 300 300
Fe - 100 100
N1 50 100 100
Mo 50 25 25
Cu 50 5 5
Nb 10 1 1

Al 100 100 100
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Co 50 - -
As 50 - -
Sn 50 - -
Zr 50 - -
Sb 50 - -
Te - 20 20

Lastly, it is necessary to discuss the limits of radioactivity considered in this
work. The choice is to compare induced activation results with the most stringent
limits on irradiated material management, namely recycling limits proposed for
nuclear fusion materials [130], [131]. Recycling limits are here explained:

e Recycling limit in the nuclear industry (“in-plant recycle”): 1e-5 % on the

contact dose rate. It corresponds to 20 mTSV in the conservative case of
direct contact with the material for 8 hours per day, 5 days per week. 20
mSv/y is the dose limit for radiation workers worldwide.

e Recycling limit in the industry (“out-plant recycle”): le-6 571; on contact

S o
dose rate. corresponds to the 1 % regulatory limit for non-nuclear

workers. Again, assuming a contact time limited to normal working hours.
e (Comparison with average natural background (“comparable to

background”): 1.14e-7 %, as reference to the natural background average

dose (1 mTSv), assuming a 24/7 contact. Although this is not an actual

recycling index, it is considered useful to compare the dose caused by a
direct contact with the irradiated material with the dose an average
individual directly takes.

The target is to minimize the radioactive waste. As such, this chapter focuses
on the 10-100 years of cooling time interval in order to leave the high-activity and
short-lived nuclide to decay. Reaching low radioactivity within 100 years from
shutdown is one of the goals set for fusion waste [109].

4.3 Results

In this section all results of the FISPACT-II simulations are shown. Vertical
purple areas have been set at 10, 50 and 100 years of cooling as time references.
Green areas have been set corresponding to recycling limits and natural
background reference.
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4.3.1 Alloying element results

SA and CDR of Fe and Ni are displayed in Figure 13. As previously mentioned,
nickel is particularly sensitive to activation and generates long lived nuclides. Ni-
58 and Ni-64 generate Ni-59 and Ni-63, respectively. Such nuclides are
characterized by relatively low energy P decay and relatively long half-lives,
being principal components for the SA but not for the contact dose rate. High
CDRs after 100 years are dominated by Co-60, which is characterized by a very
high energy P decay (2.82 MeV). Ni-62 generates Ni-63, which causes a high
activity but does not affect the CDR so heavily, letting the material reach the first
recycling limit. Iron, on the other hand, has two isotopes that could reach very low
values of activity and dose (i.e. Fe-56 and Fe-57). Fe-56 is also the most abundant
isotope of iron (about 92%). There is just one iron isotope that does not reach any
recycling limit in the long term, namely Fe-54. Irradiated Fe-54 generates Mn-53,
which is the cause of 99.98% of the specific activity after 50 years of cooling.
Mn-53 decays by electron capture and has a half-life of 3.74e+6 years.
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Figure 13: Specific activity and contact dose rate of iron (a) and (b). Specific activity
and contact dose rate of nickel (¢) and (d).

Figure 14 depicts SA and CDR of irradiated V, Cr and Ti natural isotopes. V-
Cr-Ti systems are known for being the lowest activation alloys. V and Cr reach
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extremely low values of activity and dose rate in few decades of cooling. Also,
most Ti isotopes can be considered as low activation. At 10-300 years of cooling
time, the CDR of all Ti isotopes is dominated by K-42, daughter of the short-lived
Ar-42. Heavier Ti isotopes are less likely to be teared down to Ar-42 by neutrons
than lighter Ti isotopes, which is why heavier isotopes are characterized by lower

contact dose rate.
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Figure 14: Specific activity and contact dose rate of vanadium (a) and (b). Specific
activity and contact dose rate of chromium (c) and (d). Specific activity and contact dose
rate of titanium (e) and (f).

Figure 15 shows activity and dose rate of Ta and W after 1 FPY of irradiation
in ARC-like conditions. SA of irradiated tantalum at long term cooling (above
100 years) is dominated by tritium and metastable Hf-178. Likewise, light W
isotopes activation and dose are dominated by tritium and metastable Hf-178.
Like Ti isotopes, ligher W elements are more likely to get teared down to lighter
and unstable nuclides. This time the (n, t) reaction (tritium transmutation) has a
non-negligible effect.
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Figure 15: Specific activity and contact dose rate of tantalum (a) and (b). Specific
activity and contact dose rate of tungsten (c) and (d).

4.3.2 Material results

Figure 16 shows the results relative to the considered alloys without impurities. As
previously anticipated, Inconel SA and CDR stabilize at values that are more than
2 orders of magnitude higher than the other alloys. Alongside nickel, the relatively
high concentration of Nb and Mo worsen the performance of such superalloy.
Eurofer97, V-4Cr-4Ti and WTaVCrTi SA and CDR decrease much more. CRD in



particular gets very close to recycling limits in about a century of cooling time.
The CDR of the high entropy alloy decreases slower than the V-Cr-Ti system, this

is due to the additional W and Ta elements as well as a higher concentration of Ti.
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Figure 16: Specific activity and contact dose rate of the studied alloys in pure
conditions (a) and (b).

4.3.3 Optimization techniques

Two types of optimization techniques have been applied to Eurofer97, V-4Cr-4Ti
and WTaVCrTi: isotopic tailoring (it) and radioactive gas removal (degas).
Isotopic tailoring is applied to elements that have some isotopes that experience a
lower activation than others. It is assumed to be doable with a 100% of isotope
separation. Results shown that Fe-57, Ti-50 and W-184 provide the lowest SA and
CDR among other isotopes and it is applied by replacing Fe, Ti and W with only
such isotopes. Cr has not been included in the tailoring process as all of its
isotopes can be considered low activation and the effect would not be visible in
the 10-100 years interval. The other optimization technique applied is the
radioactive gas removal. It is applied to the alloys that are already tailored in order
to gradually achieve the lowest values of induced radioactivity virtually
achievable. Figure 17 displays the SA and CDR of alloys with the mentioned
optimization techniques applied. Isotopic tailoring has shown to be effective in
most cases reducing both SA and CDR in the 10-100 years range. An exception is
observable in the case of tailored Eurofer97. Despite its CDR lowers, the SA is
higher of the non-optimized Eurofer97 in the 50-100 years span. This is due to the
fact that Fe-57 transmutes much more trittum than the more abundant Fe-56.
Tritium takes over activity in the 50-100 years region but its low energy § decay
does not affect the CRD. Tritium effect is indeed removed in the degas process.
Eurofer97 and the HEA CDRs do not change in the case of it and it+degas. Non-
gaseos radionuclides take over the CDR in the whole 0-300 years region. VCrTi
systems can take advantage of both tailoring and gas removal. In the case of
isotopic tailoring it is possible to prevent the formation of K-42 daughter of Ar-
42, which transmutes from light titanium isotopes. Ar-32 has a 32 years half-life
and relatively low energy B decay, but the daughter K-42 has a low half-life (12
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hours) and high energy B decay (3.5 MeV). Activity of pure VCrTi systems is
dominated by tritium in the 10-300 years span, which can be removed by the
degas technique. The Ar-42/K-42 effect is visible also in the WTaVCrTi HEA.
However, the presence of W and Ta and their transmutation products reduces such
effect. Most of the SA and CDR is caused by tantalum activation, which cannot be

tailored.
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Figure 17: Specific activity and contact dose rate of 97 (a) and (b). Specific activity
and contact dose rate of V-4Cr-4Ti (c) and (d). Specific activity and contact dose rate of
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WTaVCrTi (e) and (f). Confronting classic and optimized alloys. Isotopic tailoring (it)
and radioactive gas removal (degas) as optimization techniques.

4.3.4 Impurity analysis

A preliminary step of the impurity analysis is given by providing the effects of
irradiated elements that are here classified as impurities (Figure 18). Impurities like
C, O, Si and As are characterized by negligible SA and CDR with respect alloying
elements. However, in most cases impurities heavily affect activation results. For
instance, Mo, Al, and Nb show CDR orders of magnitude higher than Fe, V and
Cr. Hence, even an extremely low concentration of them is expected to modify the

SA and CDR behavior.
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Figure 18: Specific activity (a) and contact dose rate (b) of the elements that are
classified as impurities. The legend in (a) is representative for both (a) and (b).

Figure 19 shows the effects of impurities on the three alloys of interest. The
comparison is between the alloys with impurities (imp) at the concentration listed
in Table 9 and the same alloys as if they were pure (equal to Figure 16). Above 10
years of cooling time impurities cause the specific activity to stand higher than
pure alloy. In some cases SA is more than one order of magnitude higher.
Regarding CDR results, impurities cause Eurofer97 and V-4Cr-4Ti to miss the
recycling limits that the pure cases used to meet within 100 years of cooling time.
Nevertheless, V-4Cr-4Ti with impurities seems to be able to meet the in-plant
recycling limit slightly after 100 years of cooling time.
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Figure 19: Specific activity and contact dose rate of Eurofer97 (a) and (b). Specific
activity and contact dose rate of V-4Cr-4Ti (c) and (d). Specific activity and contact dose
rate of WTaVCrTi (e) and (f). Confronting alloys with impurities (imp) and pure alloys.

4.3.5 Irradiation damage

FISPACT-II can compute some 0-D results on the main radiation damage figures
of merit. Of main interest for this thesis are the gas generation rate and the
displacement per atom (dpa) figures. Transmutation of gas has been already




53

mentioned in Chapter 3. The dpa figure is a measure of the cumulative
microstructural damage caused by irradiation in solid microstructures and it will

be deeply discussed in Chapter 5. Figure 20 displays the dpa rate caused by 1 FPY
of operations in ARC-like conditions.
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Figure 20: Damage rate (dpa/FPY) for the four alloys studied.

The dpa rate is similar for all the alloys. V-Cr-Ti systems tend to have slightly
higher dpa rate because of the lower average mass number of their atoms. For the
same reason, a W-Ta rich HEA experiences a lower dpa rate. Figure 21 (a) and (b)

depict the gas transmutation rates for the four alloys considered.
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Figure 21: Gas transmutation rate(appm/FPY) for the four alloys studied. Hydrogen
transmutation rate (a) and helium transmutation rate (b).

Inconel is the most gas transmutation-intensive alloy, showing a
transmutation rate more than doubled with respect other alloys. In some cases, the
transmutation rate is more than four times higher. Nickel gas transmutation cross
sections for fast neutrons are higher than many other elements, causing Inconel to
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transmute much more gas than all the other alloys. On the other hand, V-4Cr-4Ti
and WTaVCrTi show a quite low transmutation rate.

4.4 Discussion

Similarly to Chapter 3, this chapter interested the qualitative comparison between
materials rather than the precise value of results. Material choice is still on going
in the ARC conceptual design. Also, there is lack of information regarding ARC
operating conditions. The actual power, the steady state or pulsed plasma
operations, the core configuration and geometry and the material management
strategy heavily affect activation and damage results. For instance, depending on
the component replacement costs and on the waste management costs it could be
possible to choose either a radiation damage replacement strategy or an induced
activation replacement strategy. In the latter case the strategy would be to replace
the component before its induced activation overcomes defined limits. In view of
this, the 1 FPY modeling choice seems to be particularly useful as it provides a

neutron fluence on the order of le+22 ﬁ on a target on the order of le+23

particles, suggesting that on the order of units of years of irradiation the induced
activity results would roughly scale linearly with the fluence. The rest of the
modeling choices (i.e. fluxes and spectra) are considered a good tradeoff between
ARC case study and a generic compact tokamak radiation environment.

Regarding the alloys chosen and in view of advanced alloys (MPEAs), it is
clear that material research should put some efforts in substituting nickel with
lower activation alloying elements. On the other hand W, Ti and Fe seem to be
sufficiently low activation to be kept in consideration. V and Cr are most likely
the lowest-activation elements among the transition metals. Ta, on the other hand,
should be avoided or minimized. Hence, if the aim is the design of low activation
advanced materials, scientists should start from V, Cr, W, Ti and Fe. It has been
found that transmutation mechanisms in fusion reactors can be different from
fission reactors. More specifically, most transition metals see their neutron
multiplication and gas transmutation cross sections dramatically rise above 8-10
MeV. Such rise in the mentioned cross sections causes fusion materials to
experience different transmutation mechanisms that are not dominant in fission
materials. One main mechanism is the gas transmutation, which is detrimental for
the structural properties of materials. On the other hand, there are some elements
that transmute by being teared down even to 2 or 3 smaller atomic numbers. It is
the case of Ti, for instance. Lighter Ti isotopes tend to be teared down to Ar-42,
which has a half-life of 32 years. Ar-42 daughter is the highly radioactive K-42
that takes over the SA and CDR of Ti-based alloys.

Despite three out of the four alloys considered demonstrated to be almost low
activation, in most cases the optimization techniques here proposed and modeled
proven to be effective. Isotopic tailoring demonstrated to dramatically preventing
a high share of radioactivity to be generated. Such technique should be pursued
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for the potentiality it has. Radioactive gas removal, on the other hand, has the
capability of taking apart a portion of induced radioactivity. In some cases the gas
removal is enough for letting the alloy to reach extremely low-radioactivity. Still,
the gas removed should be managed somehow. Isotopic tailoring and radioactive
gas removal techniques have never been applied but could be technically viable.
Isotopic tailoring is based on the same concept of isotopic enrichment. Gas
removal could be accomplished through high-temperature enhanced desorption
and in this instance the material decay heat could play a role without straining
additional energy. As mentioned, at this stage of the analysis ideal conditions have
been assumed. More specifically a perfect tailoring of elements (i.e. 100% of a
single isotope of choice) and a perfect gas removal have been assumed. It is likely
that the effectiveness in reducing the activation would in reality be lower. It and
degas techniques are not expected to be viable at least for the first versions of
ARC-like reactors as they are quite pioneering and never been applied before on
large and standardized components. It is also clear that such techniques require to
be cost-effective, especially with respect a classic fission-like waste management.
More specifically, the cost reduction given by the reduced radioactivity must
compensate the application of such techniques. Since it and degas are not
supposed to be soon applied, a more realistic case study has been performed
excluding optimization techniques and implementing impurities. Induced
activation figures of merit tend to scale linearly with impurity concentration.
Hence, a sensitivity analysis has not been considered necessary. In the long term
the impurity effect is not negligible. Putting more efforts in the production of
highly pure materials for reactor cores would likely pay-off in the waste
management phase.

The proposal of recycling strategies should be integrated with inhalation and
ingestion doses at least. This is because during component machining, handle,
deployment and in case of accidental conditions radioactive dust and microscopic
particles are likely to get generated and transported. Nevertheless, recycling
within the plant, in rarely frequented areas (e.g. reactor building), could be a
practicable and sustainable way to deal with low-activated materials.

Concerning damage, results of Figure 21 are directly comparable to Chapter 3
results. Qualitatively they are very similar, identifying Inconel as the most gas
transmutation-intensive alloy. Results are however quite different from chapter 3
results, this is mainly due to the fact that in the present analysis the neutron fluxes

have been increased and aligned to le+15 Fnzs To perform a proper comparison,

damage results of this chapter should be reduced with multiplication factors that
range between 0.7 and 0.8 depending on the alloy considered. Applying the
proper reduction factor, results of Chapters 3 and 4 become very similar. Inconel-
718 seems to be particularly sensitive to gas transmutation, hence it might be
particularly prone to swelling mechanisms. Fe-based alloys seem to have similar
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but reduced issues. V-Cr-Ti and W, Ta based alloys show the lowest gas
transmutation rates.

4.5 Conclusions

This chapter modeled and simulated the effects of neutron irradiation on the
considered alloys and particular focus has been given to the radiation induced
activation. Such aspect is a key aspect for assessing the sustainability of such
nuclear technology. The modeling phase has been taken enough generic to
provide results useful for a broad range of fusion concepts and technologies. Still,
the irradiation environment matches ARC conditions providing good guidelines
on what to expect from the machine core materials. From the neutron induced
activation analysis it is clear that Ni-based alloys should be avoided as much as
possible, considering the high concentration of long-lived nuclides they
transmute. Considering alloys without impurities, Eurofer97 and V-4Cr-4Ti are
the most effective in terms of low activation. WTaVCrTi HEA reaches SA and
CDR values that can be 3-4 orders of magnitude lower than Inconel. It is virtually
possible to further reduce the HEA activation by reducing Ta and Ti
concentrations. Optimization techniques such as isotopic tailoring and radioactive
gas removal have the capability of further reducing the activation figures of merit
by orders of magnitude. It is therefore suggested to keep researching technologies
able to implement them. Since is it not expected to get a perfect effectiveness of
such techniques they should be mixed ad applied together to reduce the material
radioactivity. On the other hand, impurities can overshadow the effect of
optimization techniques. Hence, research on low activation materials should keep
putting efforts in the formation of extremely pure materials as well as in the
mentioned optimization techniques. Particular focus should be given to the
removal of Al, Nb, Mo and Sn impurities. In real conditions (i.e. with impurities
and without optimization) none of the alloys reach the recycling limits within 100
years of cooling time. Though, V-4Cr-4Ti reaches the first limit soon after (110
years of cooling time). The HEA would show similar results in the case of
reduced Ta and Ti concentrations.

Considering the limits and the waste management strategy here proposed,
future studies should focus on and implement inhalation and ingestion dose
evaluations. In the meanwhile, future works should also perform assessments for
the application of more classic fission-like radioactive waste management and
activity limits (i.e. shallow land burial and low- and medium- level waste), for
safety and licensing purposes.

Damage FOMs confirm that swelling is most likely the mechanism that most
harms irradiated materials in fusion reactors. Damage rates identify V-Cr-Ti and
the HEA as the best performing alloys in fusion reactor radiation environments.
Alongside damage and low activation properties, tritium breeding and thermal
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properties of analysed in previous chapters appear to indicate V-Cr-Ti systems as
the best fitting materials for a fusion reactor core structures.
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Primary radiation damage

1.1 Introduction

This chapter focuses mainly on radiation damage in structural materials.
Alongside thermal and structural properties discussed in Chapter 2, radiation
resistance of materials is one of the key aspects determine the actual feasibility of
a prototype reactor. Radiation damage is one of the most concerning aspects in a
fusion reactor and it is surely one of the technical issues with the most uncertain
outcomes. In fact, it is extremely hard to experimentally reproduce neutron flux
and spectra analogous fusion reactor ones. Furthermore, it is unlikely that many
results will be shortly available as tritium is extremely rare and laboratory scale
DT facilities [22] will not achieve high level of neutron fluence on surrounding
materials. Hence, it is likely that most experimental results will be made available
by unique experimental machines [1] or directly by full scale pilot power plants
[27]. With these premises, computational methods for modeling irradiation
damage become extremely important. However, because of the extreme
complexity of radiation damage mechanisms and uncertainty regarding material
response to fusion neutrons a predictive approach may not be pursuable. It is
therefore preferable to adopt a damage minimization approach. In this work
elementary mechanisms of irradiation damage are modeled in order to provide an
accurate insight and physical understandings. Once the mechanisms are known
optimization techniques are applied to materials to provide basic rules for
maximizing material radiation resistance and minimizing the damage. More
specifically, recent studies suggest highly mixed systems such as MPEAs might
have enhanced radiation resistance due to the high configurational entropy and
system Potential Energy Landscape (PEL) characteristics (e.g. Energy of mixing)
[132], [133]. This part of the work aims to verify and expand these theories on
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reactor-relevant mixed systems (Ni-Fe, V-Cr, W-Ta) in order to pave the way for
ARC-suitable advanced materials. Which is why this chapter, despite providing
useful data for classic alloys, becomes much more focused on advanced materials
and MPEAs aiming also to push forward research in this field.

1.1.1 Damage mechanisms

From a macroscopic viewpoint, radiation damage in structural materials causes
several significant changes in the mechanical and thermal properties of the
materials themselves, dramatically undermining their integrity and functionality.
With respect to metallic materials, usually thermal conductivity tends to decrease
while yield strength raises in spite of an increased hardening and material
embrittlement [28], [29], [134], [135]. Embrittlement is probably the most
threatening effect as it switches components failure mode from gradual and
predictable (ductile failure) to an abrupt failure mode, which is also harder to
predict in terms of operating lifetime. High operating temperatures and post
irradiation annealing could help mitigating the embrittlement effects [136].

The root causes for these macroscopic property deviations must been searched
at nano and microscale level. When neutrons interact with atoms of a structural
material three main phenomena may be observed: scattering, transmutation and
fission. Fission is extremely rare and requires neutron interaction with fissile
elements usually not present in fusion components (U, Pu, etc.). The effects of
scattering on structural materials are several point defects (vacancies and clusters)
that can merge in defect clusters, and any sort of dislocations. Transmutation is
caused either by neutron absorption or expulsion of lighter elements from lattice
atoms, mainly other neutrons and gas nucleons (H and He). These elementary
effects (point defect production and gas transmutation) can be observed at ps-to-
ns timescales and nm-to-pum length scales. At relatively higher scales (also called
mesoscales) these effects and defects tend to migrate and interact with each other.
Transmuted impurities, especially hydrogen, and even alloying atoms may be
segregated near the grain boundaries or give birth to precipitates and other second
phases. Vacancies defects can accumulate in clusters and give birth to voids. Such
voids are usually unstable and tend to recombine. However, if helium is present
nearby, it might stabilize them giving birth to thermodynamically stable helium
bubbles and, ultimately, swelling. As mentioned in previous chapters, swelling is
expected to be a major threat in fusion reactor and fast reactor materials. Core
materials are invested by an extremely high number of neutrons which repeatedly
cause this type of phenomena whose effects buildup and evolve quickly.
Segregates, precipitates and especially swelling are the main causes of radiation
induced embrittlement in structural materials.

Exception made for the recently born HEA WTaVCrTi, the other three alloys,
namely Eurofer97, Inconel-718 and V-4Cr-4Ti have been characterized for
irradiation in experimental fission reactor and accelerator conditions. As
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previously mentioned, all the alloys here considered, although with different
sensitivity, are subjected to embrittlement because of the formation of
precipitates, grain boundary segregations, second phases, gas transmutation and
void swelling [68], [136]-[139]. Literature studies acknowledge that V-Cr-Ti
systems seem to have a superior radiation resistance than other alloys. Still, they
seem to be particularly sensitive to low-temperature irradiation and hydrogen
embrittlement [68], [71], [78], [140]. Regarding HEAs in general, some initial
studies on irradiation response on MPEAs suggest that some MPEAs may have a
superior radiation resistance with respect classic alloys [141]-[143]. Nevertheless,
much more studies need to be carried out in order to identify the best elements
and relative concentrations for a radiation resistant HEA.

1.1.2 Primary radiation damage

Understandings of radiation damage mechanisms and metrics is crucial for the
characterization of radiation response and resistance in materials. Being
microstructural defects production the most shared effect of neutron irradiation
within solid materials, historically scientists identified the number of defects
produced as measure of the irradiation effect [144]. Ever since, nuclear material
research put some efforts in both analytical and computational quantitative
modeling of the link between defect production and radiation fluence.

The most known and widely accepted models propose a hard sphere-like
simplification of particles and atoms. In this instance, neutrons are seen as spheres
that bombard material atoms. Each neutron gives part of its kinetic energy to
atoms of the irradiated materials. According to a simple binary collision
approximation model, the energy transferred can be computed with Eq. 6:

Ty _A*+2-A-cosf+1 Eq. 6
E, (A+1)2

where Eo is the incident neutron energy, To is the energy transferred to the target
atom, A is the target atomic number and 0 is the collision angle. If the energy
provided is higher than the energy required to displace the atom from its lattice
position (Eq), the receiving atom, also called Primary Knock-on Atom (PKA), is
knocked on from its lattice position interacting with the surrounding atoms. If the
PKA kinetic energy is sufficient, the PKA knocks-on the other lattice atoms
giving birth to a collisional cascade. Most of the cascade recombines within the
first picoseconds, however few point defects, like self-interstitial atoms or Frenkel
Pairs (FP), are always stably left behind [145]. Figure 22 schematically shows the
nanoscale effects of radiation damage [146].
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Figure 22: Schematic illustration of radiation damage effects at nanoscale level
[146].

One of the first analytical models for the defects produced by a neutron
collision with atoms of solid material was proposed by Kinchin and Pease (K-P
model) [144], [147]. The Kinchin-Pease model, based in the binary collision
approximation, links the number of defects produced (Ng4) with the initial PKA
energy. Eq. 7 summarizes the Kinchin-Pease formalism [144]:

T,
Ny (T,) = z _‘;d Eq. 7

and it has validity for Tq > Eq, otherwise Ng = 0 for Tg < Eq and 1 for Tq = Eq4. Eq
has been characterized and tabulated for a broad range of pure elements [145].
Normalizing the number of defects predicted by the K-P model on the number of
atoms involved it is possible obtain the K-P displacement per atom (dpaxp) figure
of merit [144]. Soon after, Norgett, Robinson and Torrens improved the K-P
model implementing the effect of cascade recombination [144], [148]. Eq. 8
describes the NRT model for T4 > Eq:

Ny (Ty) =

0.8-T,
Z'Ed

The dpanrt formalism is by far the most accepted and applied model for the
estimation of dose and damage on irradiated materials. More recently, the increase
of available computational power allowed for the development of advanced
modeling tools, able to simulate a relatively high number of particles and
timesteps, such as Molecular Dynamics (MD) techniques [144]. With MD
computational modeling, researchers could characterize with a higher precision

Eq. 8
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the effects of primary radiation damage on a high number of materials. Sensitivity
analysis on PKA kinetic energy displayed that the correlation between Ty is less
than linear [145]. A damage efficiency (§) has been thus defined as §(Ty) =
Ngmp (Tq)
NgNrT(Ta)’
simulations and computed with the NRT formalism, respectively. It has been
noticed that for relatively low values of Tq the efficiency can be higher than 1 but
it decreases with increasing Tq4. For most of the transition metal elements, &
stabilizes at values of 0.2-0.3 with PKA energies equal or above 5-10 keV. At
around 5 keV of PKA kinetic energy, the cascades tend to subdivide in several
sub-cascades stabilizing the correlation defects-Tq to a linear fashion, but still with
values that are 3-5 times lower than the values computed with the NRT model
[144]. Recently, Nordlund et al. [145] proposed a further improvement of the dpa
metrics in order to take into account for the mentioned damage efficiency.
Nordlund et al. explain the damage efficiency with the prompt effects the
recombination right after the cascade peak [145]. The equation proposed is the
athermal recombination-corrected dpa (arc-dpa), described in Eq. 9:
0.8-Ty
Ny(Ty) = 2k, ~&(Ta)
1- Carcdpa . barcdapa
E barcdpa d
(2-08)
Alongside Eq, Carcdpa and barcdpa are parameters that characterize the element
type and should be estimated through MD simulation.

where Ngmp and Ngnrt are the number of defects observed in MD

Eq. 9

&(Tq) =

+ Carcdpa

The primary radiation damage models described so far are widely accepted
and describe relatively well collisional effects of radiation. They are still open to
improve their precision and physical explanations of damaging processes. For
instance, while this link between irradiation and damage to materials can scale
with their displacement threshold energies (Eq) for displacing atoms from their
lattice position, several transition metals show very similar threshold energies but
different values of primary damage [144]. It is therefore possible that, alongside
E4, other material thermodynamic properties play a role in defining primary
radiation damage resistance. The arc-dpa model includes Carcdpa and barcdpa to
improve the model precision and include a better description of differences
between different target materials. It however requires a high number of MD
simulations in order to perform sensitivity analysis on PKA energy and fully
evaluate Carcdpa and barcdpa. That should be done for all the different elements and
each type of mixed systems. The advent of MPEAs dramatically increases the
complexity of such task. Furthermore, the aforementioned studies, like many,
simulate one to very few cascades in the same system, reaching very low levels of
dose (order 102 dpa) [145]. It is nonetheless known that, in absence of other
damaging phenomena (e.g. gas production), primary radiation damage saturates
and stabilizes at much higher radiation doses (i.e. about 0.1-0.5 dpa) [133]. For
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these reasons, researchers are attempting to ease the arc-dpa model keeping
included the damage efficiency effect and, on the other hand, efforts are being
made to provide information regarding materials response to primary damage at
saturation [133], [149]. In this sense, recent studies conducted by Jin et al. [133]
proposed, providing also initial hints, that the Potential Energy Landscape (PEL)
of a material can play an important role on the radiation response of the material
itself, especially at damage saturation. One of the aims of this work is to explore
the validity of such hypothesis and raise, if possible, the level of knowledge of the
physical rules that dominate such link. Paragraph 1.1.3 provides a detailed
description of the mentioned hypothesis and main goals of the present work.

1.1.3 Damage minimization and alloy design

The complexity of radiation damage mechanisms as well as the multi-scale nature
of their evolution and macroscopic effects require the development and
applications of modeling strategies, material characterization and alloy design. In
this respect, this work aims to investigate the roots of the mechanisms behind
radiation damage in order to find simple technical and physical rules for their
minimization and that apply for a wide range of materials. In this way it is
possible to characterize the behavior of the studied alloys and elements (Fe, Ni, V,
Cr, Ti and W) and to provide useful information and models for the damage
minimization of such alloys and, especially, MPEAs. The roots of radiation
damage mechanisms are identified as the effects of primary damage and gas
transmutation within the material microstructure. Reducing the transmutation of
gas is the first step to inhibit swelling and hydrogen segregation. Previous
chapters addressed this issue showing that V, Cr, Ti, W and Ta are preferable to
Ni and Fe. But there are many other elements that should be analysed (e.g. Co,
Mo, Mn etc.). On the primary damage side, the production of defects and defect
clustering are the most important effects. Such phenomena require to be
minimized in order to raise the material radiation resistance. In this sense, Jin et
al. [133] suggested that there is a link between the thermodynamic properties of a
solid system and its radiation resistance, introducing the concept of Potential
Energy Landscape (PEL) to the radiation damage modeling research. The PEL is
given by the interaction between particles also called interatomic potential. Figure
23 graphically depicts the potential energy landscape of some particles ordered
similarly to a transition metal lattice at equilibrium. The energy wells are the
regions at lower potential energy, and it is where atoms stand at equilibrium. The
saddle points give the preferential direction for atoms and defects migration
(Figure 23 (b)). The magnitude of the saddle point is the Migration Energy Barrier
(MEB) that the atom/defect has to overcome to complete one migration step.
Mixed systems like MPEAs are qualitatively characterized by an increased
complexity in their PELs, though a quantitative measure of PEL heterogeneity
does not always follow directly from increased mixing.
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(b)
Figure 23: Qualitative graphical representation of a Potential Energy Landscape
(PEL) surface (a). Blue regions are the wells at lower potential energy, where atoms tend
to stand at equilibrium. Saddle points are atoms/defects preferential migration directions,
as shown in (b), as they represent the minimum Migration Energy Barrier (MEB).

Jin et al. [133] focused on mixed systems and proposed that the energy of
mixing and the MEBs play an important role in the radiation resistance of the
solid solutions. Their studies were performed with Molecular Dynamics (MD) on
NiFe mixed systems and simulated primary damage up to saturation (roughly 0.5
dpa) [133]. Results showed that NiFe systems with low mixing energy, high
defect Migration Energy Barriers (MEBs) and high heterogeneity in the MEB
values had a relatively high resistance to primary radiation damage. The
information on the mixing energy and the MEB heterogeneity are of main interest
for MPEAs, while the results on the MEB value itself is relevant either for classic
alloys or pure metals and for MPEAs. Regarding MPEAs, there is a competing
hypothesis stating that the alloy primary radiation damage resistance is directly
linked to the high configurational entropy provided by this type of materials
[132]. This work aims to expand the study performed by Jin et al. with two main
goals. The first goal is to assess the radiation resistance of advanced reactors and
ARC-relevant elements for core structures widely discussed in this thesis (i.e. V,
Cr, Ti, Ta and W). For this reason, also relevant mixed systems are included (i.e.
VCr and WTa), according to the MD current possibilities. The second goal is to
shed some light on the likely link between the PEL and the primary radiation
damage at saturation for transition metals and mixed systems, as it might be the
searched rule for damage minimization that applies to a wide range of materials.
To do so, this work focuses on the role of the system potential energy (U) and the
defect migration energy barrier (MEB), as well as their heterogeneity, in
imparting resistance to primary radiation damage via reduced FP survival
following subsequent radiation damage cascades. Uncovering the links between
PEL features and primary radiation damage would accelerate the identification
and characterization of radiation resistant materials. Lastly, it would provide
effective guidelines for an efficient and more targeted design of radiation resistant
MPEAs, helping a quicker navigation of the nearly infinite compositional
complexity where islands of stability may be waiting for discovery.
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1.2 Methodology

Molecular Dynamics is a widely applied method when it comes to model primary
radiation damage. MD is also particularly suitable for the characterization of an
atomistic system thermodynamic properties (e.g. PEL characterization. Hence, in
order to carry out the study, molecular dynamics modeling and simulation method
has been heavily applied in this chapter. For this reason, a relatively deep
explanation of MD algorithm and mathematical framework is here proposed.

1.2.1 Molecular Dynamics method

Molecular Dynamics (MD) is a deterministic numerical method used to simulate
the motion of a very large number of atoms or molecules. MD determines the
properties the system following the laws of classic mechanics [150], [151]. More
specifically, MD method solves Newton’s equations of motion (F=m-a) in many
body (N-body) systems, relying on precompiled interatomic potential libraries.
Interatomic potentials determine how particles interact with each other, modeling
a force field the particles themselves are immersed in. In this way, MD can avoid
the application of complex and computationally expensive quantum mechanics.
Considering the large number of particles that need to be simulated, MD usually
require the application of dedicated software able to integrate and solve Newton’s
equations for each of the particles in the system for every timestep. The generic
algorithm that MD software implement is rather simple, and it is here described
with the flow chart of Figure 24.

Initial conditions:
t=t,
r(t=0)=r,

v (t=0) = v
set At

!

Compute Force on

particle: Result output
V{ri) <+——_ Next timestep (r,v, pe ke, T,
Fi= _avar etc.)
Solve Newton's Update vglpcity and Ap_plication of
equation’ position: possible _b_ounl:lary
S F — = f{t+AL) — conditions,
vi= Vi{t+ﬂst} (temperature,

pressures etc.)

Figure 24: Generic algorithm for molecular dynamics resolution, pe and ke are the
potential energy and the kinetic energy, respectively.
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Because of the very high number of particles involved, MD models complex
systems relying on the statistical mechanics framework [151]. Since it is not the
aim of this work, statistical mechanics will not be discussed here, if not in few
words and only in concern of the study proposed. Physical properties such as
temperature (T), internal energy (U), velocity (v) etc. are not the same for each
particle but they are rather attributed to particles according to a given statistical
distribution. In this instance, Maxwell-Boltzmann, Fermi-Dirac and Bose-Einstein
distributions are the most relevant by far. Maxwell-Boltzmann distribution, which
is the simplest and it consider particles as distinguishable, is particularly suitable
for the description of crystalline systems like transition metal solids [152].
Through statistics it is possible to treat a high number of particles as ensembles
and to compute and model the ensemble thermodynamic properties. There are
different types of statistical ensembles depending on the thermodynamic
constraints applied to the group of particles involved [153]:

e microcanonical ensemble, also called NVE ensemble, is a statistical
ensemble that represents a completely isolated system. In a microcanonical
ensemble the system cannot exchange neither mass nor energy with the
surroundings. NVE stands indeed for fixed and constant number of
particles (N), system volume (V) and total energy (E).

e In the canonical ensemble the mass exchange is not allowed and the
system is in thermodynamic equilibrium with the surroundings. Namely,
the system is allowed to exchange energy with the environment. The
canonical ensemble is also known as the NVT ensemble, where the system
number of particles (N), the system volume (V) and the average
temperature (T) are constant. In deterministic simulations, such as
molecular dynamics techniques, the algorithm that models the canonical
ensemble has been developed initially by Nosé and perfectioned by
Hoover [154], [155]. Such algorithm is also called the Nosé-Hoover
thermostat and it is widely used for modeling isothermal systems.

e The third principal type of statistical ensemble is the grand canonical
ensemble. Such ensemble represents an open system able to exchange both
matter and energy with the surroundings. The grand canonical ensemble is
also known as the TuV ensemble and it is characterized by a constant
temperature (T), chemical potential (n) and volume (V).

e Alongside the three main statistical ensembles, other ensembles are widely
applied in the modeling field. It is the case of the Gibbs ensemble, that
models and isothermal-isobaric system (NPT) and the isoenthalpic-
isobaric system (NHT).

Each of the mentioned ensembles is suitable for modeling different conditions
and phenomena taking place in a simulation. For instance, the Gibbs ensemble can
be used to relax the volume of a metal system in which the lattice constant is
unknown or variable all along the box. Ensembles that define the overall average
temperature (e.g. the Nosé-Hoover thermostat) can be used to model an energy
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(thermal) sink in which particles velocity is constantly scaled down to satisfy the
ensemble fixed temperature. The methodology section of this work makes explicit
which type of statistical ensemble is applied to each model described and used.

Interatomic potentials

The algorithm applied in the MD methods is quite simple. Still, there are some
aspects that complicate the computation. Each atom experiences a force that is
dictated by all the surrounding atoms. As mentioned in Figure 24, MD method
computes the force differentiating atoms potential energy (U). Potential energy is
mainly a function of particles type and their spatial distribution and it can be seen
as a 3D energy landscape that surrounds each atom. Particles tend to find their
equilibrium position on the U local minima. Most known interatomic potential is
the Lennard-Jones (LJ) potential. Eq. 10 describes the LJ potential in a two atoms

system [156]:
o 12 ,g\6
—4s- (2 —(= Eq. 10

=2 () - ()]
where U is the potential energy of each of the atoms, ¢ is the depth of the potential
well, r is the particle relative distance and o is the atom radius as in a hard sphere
model. The behavior of the LJ potential as a function of particles distance (r) is
shown in Figure 25.
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Figure 25: Qualitative 2-D behavior of a Lennard-Jones-like interatomic potential as
a function of particles distance (r). Blue circles represent the particles.

When the potential is positive the two atoms experience a reciprocal repulsive
force. At very low r, the repulsive force shows an asymptotical behavior to
infinite because of the Coulomb interaction. At relatively higher distances the van
der Waals attractive forces counterbalance the Coulombic ones leading to a
potential minimum, which defines the equilibrium distance. Seeing as how in MD
models there are many interacting particles, the computation of the potential must
take into account, for each particle, the reciprocal effect ideally with all the
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surrounding particles. In reality, a cutoff distance beyond which the Van der
Waals attraction is considered negligible is set.

LJ potential is usually implemented in MD codes. Nonetheless, several other
methods for the potential description have been developed to satisfy different
modeling necessities and to get closer to experimental results. Of main interest for
this thesis is the Embedded Atom Method (EAM), typically used for transition
metals and relative alloys.

The EAM is a method that computes pairwise interactions for metals and
metal alloys. The energy of the i-th atom is given by [156]:

1
U; = Fr szj(rij) +3 Z(I’mj(nj) Fa. 1

JE Jj#L

It shows that the embedding energy F is a function of the electron density p of
all the atoms surrounding the i-th particle within the cutoff distance chosen. @ is a
pair potential interaction. Subscripts Ti and Tj refers to the types of atoms i and j,
respectively. Both p and ¢ depend on the relative distances between the i-th and j-
th atoms. In literature there are also several types or corrections of EAM, like the
Modified Embedded Atom Method (EAM) and the Finnis-Sinclair formalism (FS)
[156], [157]. Of particular interest for this thesis is the possibility of implement
the Ziegler-Biersack-Littmark (ZBL) pair style [158]. Such formalism for particle
interaction calculations mainly considers the particle electric charges and the
particle repulsive effect [158]. The ZBL potential is hence suitable for modeling
particle collisions. In the specific case of this thesis, it is useful when it comes to
model the atom cascade, where particles have a high kinetic energy and often
interact and exchange forces at distances that are shorter than the typical radius of
the potential well, that is where the Coulomb repulsive effect rises steeply.
Because of the solely repulsive nature of the ZBL pair style, in practical models it
is often joined to other potentials (e.g. LJ, EAM etc.). Usually, the ZBL potential
is switched on with a smooth function when two or more particles come closer
than a given distance [156]. The ZBL formulation for the i-th atom energy is
given by [156], [158]:
1 ZlZ 1 2
= 4n€0 #qﬁ(r”/a) + S(Tij)
_0.46850 Eq. 12
7023 _|_ij.23

@(x) = 0.18175e~319980% + 0.50986¢ ~0-94229%
+ 0.28022¢ 040290 4 (02817020162

where €0 is the electrical permittivity of vacuum, Zi and Zj are the nuclear charges
of the i-th and j-th atoms and e is the electron charge. S is the switching function
that joins the ZBL pair style with the coupled interatomic potential.

i
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Main thermodynamic properties

It is now possible to compute the overall thermodynamic properties of the
system. Potential energy (U) of each particle is derived from the input interatomic
potential and atoms relative distances and applied in the MD algorithm shown in
Figure 25. The system potential energy (U) is given by the sum of the potential
energy of each particle. Ideally, in a fully static and homogeneous system at
equilibrium, each particle stands in the potential well and the system potential
energy is equal the value of the potential well time the number of particles.
Kinetic energy (KE) of particles is directly related to their temperature (T)
through classical mechanics. Also it is possible to come up with the system kinetic
energy (KE) by summing up the particles kinetic energy for each of the three
directions [156]:

N
1
KE=—NkBT—§Z Eq. 13
i=1

where kg is the Boltzmann’s constant, mi is the i-th particle mass and v; is the i-th
particle velocity component in each of the three directions. System internal energy
(E) is the sum of the potential energy and the kinetic energy, namely E = U +
KE. Thermodynamic pressure is given by a kinetic component and a potential
component, as follows [156]:

N N
1 Eq. 14
p:PKE‘*‘PU:WZmiUiZ"‘ Zrifi 4
; ;

where V is the system volume, ri is the i-th atom position vector and fi is the force
vector on i-th atom that can be derived by the force field (namely, the interatomic
potential through the Newton’s equations). System enthalpy (H) sums up the
internal energy and the product of pressure and volume, namely H = E + pV
[156].

Other additional thermodynamic properties are the free energies. Usually,
they are not directly computable in absolute terms because of the difficulty in the
evaluation of the system entropy [156]. However, their differences can be
computed, like in the case of the mixing energy. Gibbs free energy is a potential
energy defined as the reversible work that can be done by a system in isothermal-
1sobaric conditions [156]:

G=H-TS Eq. 15

where G is the Gibbs free energy, while H, T and S are enthalpy, temperature and
entropy of the system, respectively. Similarly, the maximum work that a system
can do in isothermal-isochoric conditions is given by the Helmoltz free energy
[156]:

F=E-TS Eq. 16
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where F is the Helmoltz free energy, while U, T and S are internal energy,
temperature and entropy of the system, respectively. In this case, because of the
1sochoric conditions, the enthalpy is substituted only by the internal energy term.

1.2.2 Modeling strategy

Molecular dynamics simulations are performed by means of the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) open-source code,
developed at Sandia National Laboratory [159]. The main strategy is to model
boxes of single-phase solid solutions of the same size (i.e. same number of
particles), characterize and confront their main thermodynamic properties (i.e. U,
MEB) and perform radiation damage simulations. As mentioned, the main
elements that can either compose classic alloys or multiple principal element
alloys studied in this work are Fe, Ni, V, Cr, Ti, W and Ta. Such elements are the
main components of the short-term (Eurofer, Ni-based superalloys) medium term
(V-Cr-Ti systems) and long term (refractory, low-activation MPEAs and HEAs)
fusion-relevant alloys. Jin et al. [133] provided significant results for a binary
NiFe system that become relevant for both Fe- and Ni-based alloys. For the
purpose Jin et al. took advantage of the NiFeCr EAM interatomic potential
provided by Bonny [160]. Considering the interatomic potentials available in
literature as well as the attractive properties of V, Cr, W and Ta found in previous
chapter, this work focuses therefore on a pair of binary alloys cuts of the
WTaVCrTi system — WTa and VCr. VCr at low Cr concentrations becomes
relevant for the V-Cr-Ti systems. Models of W, Ta, and the WTa binary system
apply the Embedded Atom Method (EAM) with the Finnis-Sinclair (FS)
formalism potential provided by Chen [161]. V, Cr, and the VCr system are
modeled taking advantage of the EAM-FS potential proposed by Fu [162]. With
the aim of enriching the pool of results available, another BCC metal (Niobium —
Nb), the fourth element present in Inconel-718 by concentration, has been
included in the study, where an EAM potential provided by Fellinger is applied
[163].

In order to provide consistent results, the methodology here adopted is similar
to that of Jin et al. [133]. This study takes advantage of three different models to
perform the analysis. The first model simulates the system in quasi-static
conditions to thermodynamically characterize the materials and to build the initial
model for collision cascade simulations. The second model takes advantage of the
quasi-static system to perform a forced defect migration to evaluate the defect
migration energy barriers (MEB) for each material studied, and their
heterogeneity quantified by their variance. The first two models characterize
relevant properties of the PEL of each single-element and binary alloy system
under investigation. The third model performs the irradiation damage simulations.
It provides statistics on defect production and survival, to quantify “primary
radiation damage resistance” and link it to aspects of the PEL for each material.
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The Open Vlsualization TOol (OVITO) is applied to perform part of the MD
results postprocessing and visualization [164].

The heterogeneous nature of some results and the randomness of several
modeling inputs required the implementation of repeated simulations to obtain
meaningful statistics. All results represented with statistics are provided with error
bars equal to one standard deviation on both sides of the sample average. For a
more comprehensive discussion, some relevant results regarding the FCC Ni, Fe,
and the Ni-Fe system from Jin et al. [133] are interpolated and included as-is,
without statistics. Those statistics can be found in the reference paper [133].

Quasi-static model

In the quasi-static model the system is defined and allowed to evolve to stability
while an annealing-like method is applied. This is necessary because, especially
for mixed systems, the exact value of lattice constant is unknown and it is
necessary to leave atoms position to the PEL wells by themselves. The annealing
process is required on mixed systems as LAMMPS generates atoms position with
a random fashion and the configuration of first attempt might not be the most
stable one (i.e. the lowest potential energy configuration). For FCC metals Jin
builds a box of 108,000 particles (30x30x30 lattice constants) [133]. Here a box
of 128’000 particles (i.e. 40x40x40 lattice constants) is designed. Periodic
boundary conditions are defined in all cube surfaces to simulate an infinite
medium. The system temperature is first set to 300 K, and is then left to stabilize
for about 100 ps in the isothermal-isobaric (NPT) ensemble, which is applied
every 0.1 ps [165]. In the case of binary systems a combined Monte Carlo —
Molecular Dynamics (MC+MD) algorithm is applied [166], [167]. This is in fact
the method that mimics annealing effects. The MC+MD algorithm swaps two
atoms of different type and computes the change in the system potential energy

(AU). The swap is accepted with probability P = exp (%) , Where kg is the
‘KB

Boltzmann constant, or 1, whichever is smaller [133]. In order to achieve
significant levels of annealing, the simulation performs 500 swap attempts every
0.05 ps in the 100 ps NPT phase, for a total of 106 swap attempts. In this way, the
mixing energy of the model is maximized. Lastly, the conjugate gradient energy
minimization algorithm is applied [167], [168]. For the aim of this work, the
system potential energy (U) is the most relevant result of this first type of
simulations. In order to compare this work results and Jin’s study, which have
different microstructure and box sizes (128,000 atoms and 108,000 atoms),

potential energy is normalized over the system number of particles [af:m]
Migration Energy Barrier (MEB) model

Migration energy barriers are evaluated through the application of the Nudged
Elastic Band (NEB) method to the system [169]. The NEB method is specifically
designed to evaluate the energy barrier and profile of a transition between two
equilibrium states. Conceptually, in the NEB method several replicas of a particle
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are built from an equilibrium state to another one (e.g. a defect initial and final
state of a single migration). Usually, 2-8 replicas are created. All replicas are
interconnected by nudged spring forces while all the other system atoms work just
as background energy landscape definition. The NEB computation is done in two
steps, each of them can be considered as an energy minimization towards one of
the two directions of the PEL saddle point. In the first step energy is minimized in
order to place the line of replicas on the minimum energy path. In the second step,
the highest energy replica is placed on the top of the saddle point (barrier-
climbing [169]) while the other replicas are equally spaced. At the end of the two
phases the energy barrier and profile are univocally characterized [156]. This
work specifically analyses migration energy barriers of vacancies, as the use case
of these MPEAs for fusion first-wall materials [144] is well above 30% of the
homologous temperature for each, where vacancies are expected to be mobile.
The NEB method is applied to the annealed systems provided by the quasi-static
models. An atom in the center region of the box is randomly selected and
removed to form the vacancy. The NEB algorithm is applied to all of its nearest
neighbors to simulate vacancy migration on all possible pathways, and MEB
values are measured. In this case the quickmin algorithm is applied for energy
minimization [156]. Pure metals show a constant migration energy barrier as a
function of position, while solid solutions may experience very heterogeneous
MEB values [133]. Hence, this study applies a Python routine to automate the
process until the MEB standard deviation stabilizes, normally requiring about 160
vacancy migrations. The value of a stabilized standard deviation is in fact a
measure of the material intrinsic MEB heterogeneity, and thus the roughness of
the PEL of the system.

Primary radiation damage model

Primary radiation damage is modeled through the simulation of subsequent
collision cascades. Potentials are smoothly joined to the Ziegler-Biersack-
Littmark (ZBL) formalism for simulating short range interactions [158]. Hybrid
EAM-ZBL interatomic potentials are implemented in order to properly model the
collisional cascade, as discussed by Béland [170]. Figure 26 shows a graphic
example of EAM, ZBL and hybrid interatomic potential for the case of W-W
interaction.
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Figure 26: W-W interatomic potentials with different formalisms: embedded atom
method (EAM), Ziegler-Biersack-Littmark (ZBL) and hybrid EAM-ZBL (HYB).

The model takes the annealed system from the quasi-static model and applies
periodic boundary conditions to the box. The system temperature is set to 300 K,
which is not expected to heavily affect damage results, as reported by Nordlund
[144]. The box is stabilized for 50 ps in the isobaric-isothermal (NPT) ensemble.
Afterwards, the algorithm picks a random particle and shifts the box to position
the atom at its center. In this way the collision cascade fully evolves within the
box without approaching the periodic boundaries, which has been previously
checked [133]. A kinetic energy of 5 keV is given to the chosen particle (PKA)
with a random direction. PKA energy of 5 keV may be considered low, seeing as
how 14 MeV neutrons can produce PKAs with much higher energies (up to 10
MeV). Nevertheless, 5 keV should be sufficient for reaching the plateau of
damage efficiency [145]. In addition, raising PKA energy is extremely
computational demanding as the box length would increase linearly with the
cascade size and the number of atoms — which directly affects the computational
burden — increases with a cubic power fashion. In this model, a PKA speed-
dependent adaptive timestep is set in order to raise the cascade simulation
precision. The cascade is left to evolve for about 50 ps. Usually 5 keV cascades
were observed to evolve and recombine within the first 10 ps. During the cascade
evolution a Nosé-Hoover isothermal bath has been set to 300 K and applied to the
box boundary atoms in order to dissipate the cascade kinetic energy [154], [155].
The microcanonical ensemble (NVE) condition is then applied to the core of the
box. Subsequent collision cascades are performed with a loop algorithm. The Nth
cascade takes as input the system of the (N-1)th cascade and in the end stores the
system for the (N+1)th cascade. Consistent with Jin et al.’s studies, 1500
subsequent cascade simulations are performed, corresponding to a total of 7.5
MeV deposited and 0.3-0.6 dpa depending on the system under investigation.
1500 cascades ar[171]e considered sufficient to reach primary damage saturation,
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where we observe the accumulation of defective atoms to level off. For the sake
of completeness and testing our assumptions, an attempt of 2500 cascades with W
to verify and confirm the presence of a plateau in defect production has been
performed. The postprocessing applies the Wigner-Seitz defect analysis for the FP
tally [172], [173]. OVITO cluster analysis with a cutoff radius of 2NN (nearest
neighbor) is applied to tally and measure defect clusters [164]. Atomistic
temperature distribution, PKA identity, and direction are randomly chosen. It is
therefore necessary to perform several simulations and compute statistics of
results. Because of the computational cost, only pure metals have been simulated
several times (10 simulations per material). Chauvenet’s criterion is applied to
results because of rare but present OVITO’s bias in the post processing of defects
in subsequent cascades [171].

1.3 Results

In this section all the relevant results coming from the MD simulations are
displayed and explained. Meaningful results will be then deeply discussed in the
Section 1.4. Results have been divided in two main subsections. The first
subsection shows quasi-static and MEB model results together, as they compose
the system PEL characterization. The second subsection lists the primary radiation
damage results. A relation between PEL and primary radiation damage resistance
has been actually observed. Then, the results section provides also a
rearrangement of the most meaningful results, which is useful to highlight the
mentioned relation.

1.3.1 Quasi-static and MEB models results

In the quasi-static model, the relaxation of the system left to evolve in the NPT
ensemble and energy minimization algorithm allow atoms to position themselves
in the PEL wells. This allows LAMMPS to compute the actual lattice constant
(ao) of the system, which is useful especially in the case of mixed alloys. Figure 27
shows the lattice constant variation with composition for the two VCr and WTa
mixed systems.
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Figure 27: Computed lattice constants for VCr (a) and WTa (b) as a function of the
system concentration.

Alongside volume relaxation, the quasi-static model features the MC+MD
forced annealing method to provide the most thermodynamically stable system
possible for characterization and radiation damage simulation. This is valid for
mixed systems where there are several different configurations dictated by the
type of atoms that surround and interact with each other. While potential energy
of pure metal systems is constant. In order to show that the systems found with the
MC+MD method were the most stable possibly achievable, Figure 28 displays the
evolution of the system potential energy (U) and the MC+MD method acceptance
rate of swaps evolution as a function of the swap attempts. It confirms that the
number of swap attempts are enough to saturate the potential energy decrease.
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Figure 28: Results of the MC+MD annealing method for the two considered mixed
systems. Potential energy (U) as a function of swap attempts for the VCr (a) and WTa (b)
mixed systems. Swap acceptance rate for the VCr (¢) and WTa (d) mixed systems.

The MEB model as well required the application of several attempts to
achieve a stabilized value for the MEB figure. Once again, this is valid for mixed
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systems. MEB of defects is usually constant in pure metal systems. The
nanoscale-level configurational heterogeneity of mixed systems brings with it
heterogeneous MEB values. Figure 29 (a) and (b) show the MEB sample average
evolution with the number of MEB sampled. The sample average eventually
stabilizes. Figure 29 (c¢) and (d) display the evolution of the MEB standard
deviation. The standard deviation stabilizes as well but, in most cases, it stabilizes
at values that are well different from zero. This is because of the MEB
heterogeneity. The standard deviation value is indeed a good index for the MEB
heterogeneity within the system.
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Figure 29: NEB method results as a function of number of MEB samplings.
Evolution of the MEB sample average for VCr (a) and WTa (b) mixed systems.
Evolution of the standard deviation for the VCr (c) and WTa (d) mixed systems.

Figure 28 and Figure 29 acknowledge that the statistical part of quasi-static and
MEB models is sufficient to provide statistically reliable results. Figure 30 shows
the main results for the PEL characterization of mixed VCr and WTa systems.
Both systems experience the effects of mixing energy. In fact, mixed system
potential energy is much lower than the ideal linear potential energy. In addition,
it is worth to point out that these two systems are in a different situation with
respect Jin et al. NiFe mixed system [133]. More specifically, the NiFe system
MEB sample average and standard deviation were at their highest around the
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same composition, which was in turn at the lowest system potential energy. So
NiFe system has high MEB heterogeneity where MEB value is high and U low. In
this study VCr and, especially, WTa are in a different situation: the MEB highest
heterogeneity (defined by the MEB standard deviation) is not necessarily found in
correspondence of the highest MEB value. Similar difference applies for the
system potential energy behavior. WTa with increasing Ta concentration shows a
decreasing MEB value and increasing MEB heterogeneity. This enriches the PEL
case studies meaningfully.
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Figure 30: PEL characterization results as functions of mixed systems concentration.
Potential energy (U) of VCr (a) and WTa (b) mixed systems. MEB values of VCr (c¢) and
WTa (d) mixed systems. MEB standard deviations of VCr (e) and WTa (f) mixed
systems.
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Figure 9 provides data for mixed systems and for V, Cr, W and Ta pure
systems. As mentioned, an additional pure metal has been included in the study

(Nb), such metal showed a potential energy Uy, = 7.09 % and a MEB equal to

0.65 eV. All the MEB values are in good agreement with experiments and other
computational modeling results present in literature, except for Cr which would
require additional studies [161], [163], [174]-[176].

1.3.2 Primary radiation damage model results

Once the PEL has been characterized the stable model provided with the MC+MD
method is prepared for the primary radiation damage simulation with repeated
collisional cascades. As mentioned, if other damaging mechanisms are excluded
(e.g. transmutation), primary radiation damage tends to saturate eventually. Figure
31 shows the evolution of potential energy of mixed systems normalized on the
initial U at increasing dose (i.e. number of subsequent cascades). Potential energy
U reaches a good degree of saturation within the 1’500 cascades here simulated.
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Figure 31: Relative increase of the system potential energy as a function of the
number of subsequent cascades (i.e. function of dose) for VCr (a) and WTa (b) mixed
systems.

The increase in the potential energy of the system through primary radiation
damage simulation is explained with the microstructural defects that each
collisional cascade leaves behind. Such defects can either stand alone in the lattice
or merge in defect clusters. Figure 32 shows how defects and clusters look like in
MD collisional cascade simulations for seven of the modeled materials. It is clear
that not only the number of defects is extremely variable but also their distribution
within the simulation box.
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Figure 32: Examples of microstructural defect evolution for 7 systems (Nb, V,
VCr50, Cr, W, WTa50 and Ta) recorded at 200, 800 and 1500 cascades.

The complete evolution of point defects formation with statistics in the case
of pure metals is depicted in Figure 33 (a), while Figure 33 (b) displays the FPs
behavior in the case of some representative binary alloy systems. From Figure 33
(a) saturation is observable after only a few hundred cascades in most systems,
with only WTa20 and VCr70 continuing to build up FPs. It is also worth noting
that these compositions have the minimum PEL heterogeneity in each set of three.
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Figure 33: Point defect (FP) evolution as a function of the number of subsequent cascades for the pure

metals modeled (a) and 6 example of mixed systems (b).

Figure 34 (a) and (b) display respectively the number of FPs and the size of the
biggest defect cluster for the binary systems after primary radiation damage
saturation. It is notable that fewer FPs are observed in the V-rich region of the
VCr system, corresponding to the maximum in MEB variance. Similarly, fewer
defects are observed in the Ta-rich region of the WTa system, also corresponding
to higher MEB variance.
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Figure 34: Damage results at saturation for the VCr and WTa mixed systems as a
function of the concentration. Frenkel pair defects (a) and size, in terms of number of
point defects, of the biggest defect cluster recorded (b).

Data trends in Figure 30 and Figure 34 (a) as well as results on pure elements
suggest a proportionality between number of FPs and MEB sample average
values, and an inverse proportionality between FPs and the absolute value of the
potential energy |U|. A figure of merit called MUR (MEB — U Ratio) is introduced

to study the dependency. Eq. 17 defines the MUR:
MUR — MEB
|U|
Table 10 summarizes the results for pure metals including the MUR values.
The table includes also results from Jin’s work. In this respect, it is necessary to
recall that pure FCC Fe was not fully characterized in that study, so MEB and FP
have been interpolated [133].
Table 10: Summary of pure metal results. Model characteristics (box size,
interatomic potential library), PEL main figures (U, MEB, MUR), damage figures

Eq. 17

(defects).
FP/atom@

Element | = eV 1| MEBR| MUR | FP@ 1500 _

(crystal in box [ ] [eV] [eV-atom] 1500 cascades | Potential | Reference
structure) atom ev cascades

[[1073]

V (BCO) -5.40 076 | 0.14 | 444%35 | 3474027 | vyricy

Cr (BCC) -4.05 1.59 | 039 |1628+35]|12.72+0.27 | EAM-FS

Nb (BCC) | 128,000 | -7.09 065 | 009 |279+16 | 2.18+0.13 | Nb EAM | This work
Ta (BCC) -8.08 0.80 | 0.10 [221437 | 1.73£0.29 | wra

W (BCC) -8.88 1.80 | 020 | 883+83 | 6.90+0.65 | EAM-FS

Fe (FCC) -4.40 075 | 0.17 =500 ~4.63 ~

108,000 Féiﬁr Jin et al.

Ni (FCQ) -4.45 1.09 | 024 =900 ~8.33




Figure 35 makes explicit the results arranged by the MUR ratio — Frenkel Pairs
phase space. There is a clear proportional correlation between the two figures.
Pure metals in particular show a strong linear correlation.
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Figure 35: Point defects as a function of MUR (MEB-to-U ratio) for pure metals and
mixed systems after primary radiation damage saturation. Ni, Fe, and Ni-Fex results
extracted from Jin et al. [5]. Statistical results are applied for the pure metals that have
been analyzed in this work. A fitting line for pure metals is included (red dashed line).

Eq. 18 makes explicit the fitting line found for pure metal data. The
coefficient of determination R? is equal to 0.967. Eq. 19 is the same equation in a
dpa-like magnitude. Namely, it is based on the same results normalized on the
number of atoms in the simulation box. It is characterized by a Rpe > = 0.975.

FP(7.5MeV) = 4637 - MUR — 205 Eq. 18

dpapg, (7.5 MeV) = 0.03714 - MUR — 0.00149 Eq. 19

R? reaches lower values when including mixed system data, indicating bad
predictions with respect the pure metal fitting lines proposed. The best fitting lines
that consider results of all the pure and mixed systems studied are shown in Eq. 20
and Eq. 21:

FP(7.5 MeV) = 18666 - MUR? — 4973 - MUR + 657 Eq. 20

dpapg, (7.5 MeV) = 0.12785 - MUR? — 0.0295 - MUR + 0.00424 E4- 21

Nonetheless, the corresponding R? and Rpp? only reach values of 0.717 and
0.700, respectively, indicating less of a good fit when comparing MUR alone with
number of FPs produced. Clearly additional variables must be elucidated to better
explain the results.
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The lines provide negative defect production results for very low MUR
values. So, either additional elements could provide more precision in finding the
actual fitting line or it is possible to that no element has MUR values lower than ~
0.6 |ev - =2
mixed systems have not been added. Error bars can however be derived from
Figure 30(c) and (d). It is worth mentioning that binary alloy systems stand in the
lower-right side of the pure elements fitting line. They therefore show lower
damage in correspondence of a higher MUR ratio driven, in this case, by a higher
average MEB and higher heterogeneity by definition compared to single elements.
This could be attributed to the effect of the system mixing energy and MEB
heterogeneity. For this reason, Figure 36 is shown. It displays VCr and VTa
systems in MUR — FP phase space with a focus on the element concentrations.
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Figure 36: FP Vs MUR for mixed systems. VCrx (a) and WTax (b). Concentrations
are made explicit in the figure markers.

Figure 37 depicts the extent of damage as a function of MEB heterogeneity.
More specifically, FPs have been plotted against MEB standard deviation, our
quantitative measure of PEL heterogeneity, for the VCr and WTa systems. Jin et
al showed that in NiFe primary damage is smaller in concentrations where the
MEB heterogeneity is higher [133]. Figure 36 and Figure 30 (e) and (f) and,
especially, Figure 16 confirm a similar trend also for VCr and WTa systems, in a
manner more readily visualized farther away from the equiatomic (50/50)
composition compared to the NiFe system. It is also worth acknowledging that
while NiFe system characterized by Jin has high MEB values, high MEB
heterogeneity and high radiation resistance at high |U| and at the mixing energy
maximum (equimolar concentration), VCr and WTa are different situations,
enriching the case for our core hypothesis.
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1.4 Discussion

Results from MD simulations strengthen the PEL heterogeneity — primary damage
relation correlation. Both U and defect MEBs seem to play an important role in
the primary radiation damage of metals. Considering pure metals, it seems that
there is a strong linear correlation between the defects produced and the MUR.
This makes sense for several reasons. It is true that systems with lower potential
energies are more stable. Hence, it is reasonable to expect a more effective
cascade recombination. Alongside the quasi-static parameter given by U, there are
two dynamic properties that play a role in the cascade evolution and defect
production. Ed is the first one and describes the initial phase of the cascade, in
effect dividing normalizing cascade energy by this value to return number of
defects. It would be logical that the higher the Ed, the smaller would be the
cascade as the PKA and every surrounding atom would require and dissipate more
energy in its knocking on phase.

DPA models so far apply Eq as main material parameter for the computation
of the defects production and describe the dose. Additional works tried to explain
also the ending phase of a cascade, namely recombination, and enhanced the
analytical model with ad hoc coefficients [145], [149]. Such coefficients take into
account the defect production efficiency (), which depends on the recoil atom
energy. Still, these studies did not manage to study the PEL in order to explain
recombination rates, and they focused on few cascades, missing the defect
saturation phenomenon.

Here we provide an explanation of the cascade recombination through the
PEL. It is possible that in the very last phase of the cascade (the cascade tail),
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atoms still have some energy to move a little, but they have largely reached their
lattice-ordered configuration already. Lower and more uniform MEBs suggest a
“smoother” PEL, increasing the likelihood for atoms with still little energy left to
diffuse and find an energy well in a correct lattice position, ultimately reducing
the number of defects left. Given the magnitude of the energies this could be
considered “thermal” phase of the cascade recombination, in contraposition with
its preceding phase, namely the “athermal” phase discussed by Nordlund [145].
The defect MEB is thus the second thermodynamic parameter that affects the
defect production.

A linear correlation between the MUR and the defect production has been
observed at primary damage saturation. Therefore, a formalism is proposed
including MUR and damage saturation effects in order to increase the precision of
the dpa figure of merit (Eq. 22).

08-E

dpapg, = 5§ f(MUR) - ¢ Eq.22

2 " Ed
where & is the defect production efficiency and cs is a correction coefficient for
considering damage saturation. This work focused only on 5 keV of recoil energy,
hence additional data should be provided to verify the dpapeL equation.
Nonetheless, 5 keV has been chosen because it is expected to stand where damage
efficiency & stabilizes for most metals (around the value of 0.2-0.3). It is therefore
possible to suggest that the validity region of the proposed dpaprr formalism is at
energies higher than the defect production efficiency stabilization and above the
primary damage saturation dose. With the Ed values summarized by Nordlund
[145], a defect production efficiency of 0.25 and a cs equal to 0.21, Eq. 22 and
present results at 1500 cascades show a coefficient of determination R? equal to
0.83, with the highest error given by Ed of tungsten [145]. Without tungsten, R?
would be above 0.95.

Comparing pure elements and mixed systems in Figure 35, it is found that
mixed systems stand in the lower-right region of the MUR — FP phase space.
Namely, mixed systems have lower damage and higher average MURs than the
fitting line found for pure metals. Including mixed systems in the model required
a change in the fitting lines that became quadratic. Still, the quality of the
predictive model found was only R?>=0.7, suggesting that the model for just pure
metals has much better prediction capabilities. This could be expected, as pure
metals should display very low PEL heterogeneity due to their high symmetry,
and thus the MUR/FP ratio may be the only variable at play. The FP and MUR
values of mixed systems tend to stand between the corresponding values of their
composing elements. This can be attributed to the heterogeneity of MEB values.
In fact, Figure 36 and Figure 30 (e) and (f) confirm that single-phase, binary alloy
systems that have higher MEB heterogeneities tend to show better irradiation
resistance, as observed by Jin [133]. In addition, it seems that the FP and MUR of
mixed systems stand between the same figures of the composing elements. Hence,
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a mixed system has, in the worst-case scenario, the radiation resistance of its least
resistant element. In other words, a mixed system stands somewhere between
better than the best, and equal to the worst, of its constituent elements, in terms of
radiation resistance. So, it is possible to qualitatively predict the damage
resistance of highly mixed systems by characterizing the PEL of the single
composing elements, namely by characterizing the MUR of composing elements
and comparing them with the model here proposed in Eq. 18 and Eq. 19, and
adding an effect of PEL heterogeneity of the mixture. The effect of the system
mixing energy best is observed in the size of the biggest cluster. Mixed systems
indeed experience smaller defect clusters where the composition is nearly, but not
quite equimolar, in fact skewing together with the composition of maximum PEL
heterogeneity. This is another important result as bigger vacancy clusters could
result in bigger swelling bubbles when they interact with helium transmuted in the
matrix.

It is thus possible to suggest some guidelines for the design of MPEAs
resistant to primary damage. For the element selection lower MUR values should
be preferred. Similarly, higher MEB heterogeneities should help encourage
intracascade defect recombination, reducing the amount of residual radiation
damage. Lastly, nearly equimolar compositions should generally enhance the size
minimization of defect clusters, though this is not a strict guideline.

Lastly, it is necessary to discuss the level of uncertainty of the results and its
limitations. It is clear that this work focuses only on primary radiation damage,
given the space and time scale limits of MD. The system is assumed in ideal
conditions (perfect mixing, no grain boundaries, and no elemental transmutation).
This may be oversimplified for real conditions. Nonetheless, it isolates the
dynamic effects of the collision cascade which would not be otherwise
observable. This aspect makes this type of simulations a powerful tool for
theoretical evaluations. Another cause of uncertainty is the dependence of results
on the interatomic potential applied. It is usually necessary to accurately chose
interatomic potentials accordingly to the phenomenon that has to be modeled.
However, the number of available potentials is often too limited. In some
instances, it somehow possible to correct potentials, like in the case of EAM-ZBL
hybrid potentials for correctly describing the collision cascade. Still, in some
cases potentials may not properly model a given phenomenon. It is the case of the
MEB value for pure Cr which does not match experimental data. The potential
was designed for ternary systems with high V and low Ti and Cr concentration
[162]. Results on the other pure elements and on NiFe and WTa already provide
enough consistent results for this work. While Cr might require additional
analysis. To confirm and increase the precision of this studies results, future
works should apply different potentials built ad hoc for the purpose. In addition,
more pure elements should be included. Lastly, the work should be expanded to
other binary and additional ternary, medium and high entropy alloy systems once
suitable interatomic potentials are developed.
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According to the results obtained, it is possible to assess the primary radiation
resistance of the structural materials considered in this thesis. Figure 35 shows that
Ta and V have the best thermodynamic PEL properties that minimize the primary
radiation damage. This could be part of the reason why scientists found V-based
alloys to have a relatively high radiation tolerance. There are surely several
radiation damage mechanisms at higher time and length scales that could
overshadow the primary damage effects. Nevertheless, regarding the elementary
damaging mechanisms it is possible to assess the resistance of the main classical
alloys here studied. As mentioned, V-based systems, such as V-Cr-Ti (especially
with low Cr content, like V-4Cr-4Ti), are expected to have a high radiation
resistance, followed by Fe-based alloys (e.g. Eurofer-97) and Ni-based alloys (e.g.
Inconel-718). It is worth to recall also that Ni-based alloys have a FCC
microstructure while V-based and most reactor relevant Fe-based alloys have a
BCC microstructure, which favours radiation resistance. On the other hand, Ni-
bases superalloys can be considered, to some extent, MPEAs as they often have
50-60% of Ni and 10-20% of Fe and Cr, depending on the alloy type. Inconel-718
in particular has about 20% of Cr, 20% of Fe and 5% of Nb. Despite the medium-
high MUR of Ni-rich systems, it his highly probable that Inconel-718 has a high
MEB heterogeneity, increasing the likelihood of a relatively good radiation
resistance. Results of this chapter might be even more useful for the design of
advanced materials (i.e. MPEAs). In particular, it is ideally possible to chose 2 or
more elements with relatively low MUR and combine them with concentrations
able to maximize the MEB heterogeneity. Assuming the systems found would be
microstructurally stable, the alloy formed would have a high chance to be
radiation resistant, at least for what concerns the primary radiation damage
mechanisms. The HEA considered in this work, namely the WTaVCrTi, is
expected to have a quite good radiation resistance. Given that V, Ta and W are
present. Cr, as mentioned, could require additional studies, while Ti has not been
assessed in this study. For WTaVCrTi, it would be worth to expand the study in
order to find the compositions that minimize the MUR and, especially, maximize
the MEB heterogeneity.

1.5 Conclusions

This chapter focused on pushing forward research about primary radiation damage
mechanism on pure transition metals and mixed systems. The goal was to
investigate the likely link between a system PEL and its primary radiation damage
resistance in order to shed some light on the actual mechanisms behind this
phenomenon as well as to contribute to enhance the precision of the dpa figure of
merit. The wider goal was to use the link found to assess the theoretical radiation
resistance of the ractor-relevant classic alloys studied in this thesis as well as
provide guidelines and simplified figures of merit for designing advanced
materials with high radiation tolerance. The study performed molecular dynamics
modeling of primary damage in low activation transition metals and selected
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single phase, binary alloy systems. Elements explored are V, Cr, Nb, Ta, and W,
while binary alloy systems considered are VCrx and WTax. Results regarding Ni,
Fe and NiFex systems were derived from previous works. The analysis targeted
the possible links between PEL parameters of systems (U, MEBs, MEB variance)
and primary radiation damage defect production (FPs at damage saturation). The
main modeling choice was to reach both the damage efficiency plateau and defect
production saturation (EPKA=5 keV, 1500 collision cascades). Regarding the
modeling method, it has been found that both PEL characterization and primary
damage results are particularly sensitive to the interatomic potential chosen.
Consistency in their correlation is still likely. Focusing on the goals of the work,
the study confirmed that a system PEL and its primary radiation damage tolerance
are linked and shed some light on what the actual links are. There is a direct
proportionality and a linear correlation between the MEB-U ratio (MUR) and
primary radiation damage for the pure elements considered. For this reason, it is
possible to expect that V-based alloys would have a higher radiation resistance
than Fe-based and, especially, Ni-based alloys, if intended as classic alloys (very
high concentration of the alloy main element). Regarding MPEA -relevant results,
average MURs of mixed systems are between MURs of their composing elements
or slightly higher. Defect production of mixed systems stand between the defect
production of their composing elements or slightly lower. In addition, nearly
equimolar concentrations of mixed systems (high mixing energy) seem to
correspond to smaller defect clusters. Higher MEB heterogeneities seem to
correspond to higher primary radiation resistance in single-phase, binary alloy
systems. According to the results presented it should be possible to enhance the
precision of defect production predictions in metals with irradiation dose. In
second instance, it is possible to compare the primary damage resistance of
materials through a PEL characterization. Lastly, it is possible to qualitatively
predict the damage resistance of solid solutions starting from the PEL properties
of the single composing elements. Hence, it is possible to speed up the design
process of radiation resistant MPEAs by a targeted characterization of the
composing elements as well as a careful composition choice.
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Conclusions

This work goals were to assess the main issues for structural materials in compact
tokamaks and identify the most suitable existing materials for the purpose. An
additional goal, more focused on pushing forward fundamental research, was to
explore physical rules and improve figure of merits in order to ease and accelerate
the existing material selection as well as to provide solid guidelines for the design
of next generation materials (i.e. MPEAs, most likely). The framework for this
work is the aim to move ARC reactor from a pre-conceptual design to a
conceptual design. Thus, ARC is the main case study for this work.

Chapter 2 focused on an assessment on the main thermal and mechanical
properties of the reactor relevant structural materials. In Chapter 3 the necessity to
secure a self-sustainable fuel-cycle was addressed. For a correct reactor
functionality, the effect of core structural materials on the trititum breeding ratio
has been assessed. Structural integrity, thermal effectiveness and the effects on
fuel productions are the fundamental functions that need to be satisfied by the
vessel materials. In this work additional studies have been conducted on the
material response to the reactor radiation environment. More specifically, the
radiation induced activation has been assessed in Chapter 4, including the
effectiveness of some techniques for the radioactivity minimization. In this
framework, gas transmutation rate has been evaluated in order to start facing the
likely problem of swelling in fusion reactor materials. Lastly, Chapter 5 proposed
a study aimed to provide better understandings of the basic physical principles
behind radiation damage and resistance of materials. Primary radiation damage
stands behind several irradiation damage mechanisms, including the
aforementioned swelling. Such study has clear implications on the reactor-
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relevant materials considered and provides meaningful information for the design
of radiation resistant advanced materials.

Overall results pointed clearly to V-Cr-Ti systems to be the most attractive in
terms of thermal and irradiation properties. Effects on the fuel cycle and
radioactive waste have been identified as the most positive, in addition to a likely
enhanced radiation resistance. MPEAs and, especially, refractory solid solutions
and HEAs have shown the potential to provide similar positive aspects alongside
the promise of extremely high temperature resistance and structural integrity, if
properly tuned. However, the state of the art and readiness level of V-Cr-Ti
systems and especially MPEA technologies seem to not match the timeline of
deployment of ARC pilot plant. It is likely that classic alloys will be chosen for
the first versions of ARC while advanced materials will be left for the improved
versions.

Because of the high mechanical strength and the high operating temperature
required, Ni-based superalloys seem to be the best fitting choice for first ARC
versions. Ni-based superalloys have already a relatively wide range of tuned
options, depending on the composition and microstructure and most of them have
already been characterized for specific functions. Depending on the most
concerning issue (e.g. corrosion, structural strength, high thermal loads), it is
possible to choose an already optimized and characterized Ni-based superalloy. In
this respect, an appendix at the end of the work provides a preliminary assessment
of Ni-based superalloys and identifies the most attractive ones. Nevertheless, it is
clear that the Ni-based version of ARC structures cannot be other than a
temporary stage as it would raise the reactor complexity and the radioactive waste
concern. It is then suggested that a first ARC vessel version would rely on Ni-
based superalloys structures. Meanwhile, research should focus on bridging the
gap between laboratory- and commercial-scale V-Cr-Ti systems production, as
well as developing effective and reliable machining and welding techniques for
such materials. Effective corrosion barriers should be developed, and first ARC
version should be involved in an actual assessment of the alloy resistance to
fusion radiation environment. In this instance, a second version of ARC core
structures should be able to rely on V-Cr-Ti systems. Similar steps should be
taken for a MPEA-based third version of the reactor structures. Taking advantage
of the knowledge obtained by the first two ARC core versions, which should
provide the actual weight of each physical issue faced by materials in the reactor,
a set of MPEAs perfectly tuned in order to face at best the mentioned issues
should be developed. MPEAs with refractory W, Ta and semi-refractory V have
the potential to both maximize the reactor thermodynamic efficiency and provide
an enhanced resistance to radiation damaging mechanisms and swelling.

It is the study on radiation damage mechanisms that provided results with a
range of practicality that goes also beyond the ARC case study. Main results
strengthened the hypothesis of a link between a material potential energy
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landscape and its response to radiation. In addition, the main figures that
characterize the material potential energy landscape and influence radiation
resistance have been identified. More specifically, the potential energy (U), the
migration energy barrier (MEB) and its heterogeneity seem to be the driving
parameters for a metal radiation response. For pure metals this work found a
linear correlation between the U and MEB ratio (MUR) and defects buildup with
radiation. This is particularly useful for classic alloys as they have a very high
percentage of a single element. The correlation found confirms the expected high
radiation resistance of V-rich systems (V-Cr-Ti systems), that researchers
observed also experimentally. Ni-based alloys should experience higher radiation
damage. However, given the quite heterogeneous concentrations of superalloys,
they may benefit from the mixing effects on PEL and radiation response. More
specifically, it has been found that highly mixed systems seem to generate smaller
defect clusters with radiation, which helps inhibiting the swelling nucleation and
growth process. In addition, the migration energy barrier heterogeneity of mixed
systems seems to be the key for an enhanced primary radiation damage in
MPEAs. These findings provide additional motivations for the development of V-
Cr-Ti systems first and highly mixed MPEAs, possibly composed by refractory,
low activation and low MUR elements, then.

Alongside the pathway suggested for ARC-relevant advanced materials
development, future works should put some efforts in better exploring the
potential energy landscape effects on primary radiation damage. A PEL and
primary radiation damage characterization on a wider range of materials should be
performed. A PKA kinetic energy sensitivity analysis should be done in order to
develop a high-precision dpaper formalism. In addition, an analysis of primary
radiation damage, gas transmutation, grain boundaries and other increased-
complexity modeling should be pursued. A broad exploration and characterization
of the mentioned parameters would be fundamental not only for the here
suggested third version of ARC core structures framework, but also for the
development of a family of highly optimized materials able of push forward the
limits of resistance in extreme environments.
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Ni-based superalloys for ARC

Inconel-718 is the baseline material for ARC tokamak vacuum vessel.
Moreover, although this work identified vanadium-based alloys as much more
suitable for the reactor core structures, Ni-based superalloys readiness level match
the reactor design and construction timing. For these reasons, this appendix has
been made in order to provide an insight on Ni-based superalloys and relative
ARC-relevant information available in literature.

Introduction

ARC reactor core structural materials require outstanding properties in almost
all the fields (structural, thermal, chemical and nuclear). More specifically, the
requirements are:

e High operating temperature and creep limit

e High yield strength

e Relatively high ductility

e High thermal conductivity

e Low thermal expansion coefficient

e High corrosion resistance in fluoride salt environments

e High neutron transparency or neutron multiplication

e High radiation resistance

e Low gas (H, He) transmutation

e (as atoms and defect sinking capabilities

Ni-based superalloys do not match all of the listed requirements. However,
they are the materials with the highest technology readiness level that can work at
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one of the major cut-off parameters: the operating temperatures. Therefore, they
are the most likely materials to be adopted in first ARC versions. As the Ni-based
superalloys comprehend a wide range of materials, it is possible to identify and
assess the best fitting one for ARC environment.

Ni-based superalloys are systems of high performance materials based on Ni-
Fe-Cr solid solutions that can be found in a wide range of compositions.
Commercially, there are over 20 type of alloys divided in more than 4-5 major
brands. Because of the high nickel content such alloys present an FCC
microstructure. High structural resistance, high temperature of operations and
high corrosion resistance are probably the most important features of superalloys.
Because of such characteristics Ni-based superalloys are the most applied
materials when it comes to build structural components for extreme environments.
In fact, they are largely applied in the aerospace field and the energy sector. Ni-
based superalloys are often applied also in the nuclear field. Being developed and
applied since the beginning of the XX century, the technology readiness level of
such alloys is then advanced already. A large pool of experimental data is
available for each field of application. Several formation and machining
techniques have been developed and optimized for such alloys. Techniques to
further increase the structural performance, such as strengthening precipitates and
second phases, have been widely studied and well understood already.

Both material performances and the advanced experience developed with this
family of materials lead nuclear reactor designers to propose it as baseline
structural material for the core of advanced reactors like Gen-IV fission and
nuclear fusion reactors (like, in fact, the MIT-CFS ARC reactor). However,
despite the wide experience achieved about this family of alloys, their application
in advanced reactor cores still raises some level of uncertainty in several physical
aspects. Alongside an extreme mechanical, thermal, nuclear-related loads, the
core environment of such machines is also the cause of some effects for which
information and data available are quite limited and particularly hard to produce.
Effects of very fast neutrons (8-14 MeV), corrosion effects and prolonged
irradiation-corrosion-high temperatures synergistic effects are among the most
concerning aspects that might dramatically change the suitability of such materials
in the core of an advanced reactor.

In this work different families of alloys (Fe-based, Ni-based, V-based and
advanced alloys) have been already compared precisely for assessing their
suitability as structural materials in the ARC reactor core. However, it is worth to
focus a deeper literature analysis and overview on Ni-based superalloys. In fact,
the canonical aspects of the reactor operating conditions (mainly thermal and
chemical) and the timeline proposed by the Commonwealth Fusion Systems for
the construction of the reactor match Ni-based superalloys better than other
structural materials. Inconel-718 is indeed currently the baseline material for ARC
vacuum vessel, even though it is necessary. In this case, the readiness level of the
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technology and the experience gained by the application of such materials in
extreme environments over the last century play a huge role on the choice.

This chapter proposes a literature overview of different commercial Ni-based
alloys focus on their response to ARC-relevant and most concerning aspects of
physics. More specifically the thermal, structural, radiation and corrosion aspects
are evaluated on the basis of available information provided by literature.

Alloys and Compositions

The most applied and studied Ni-based superalloys brands and nomenclature
are Inconel, Incoloy, Hastelloy and Nimonic with surely several other less known
brands. Table 11 lists some of the most successful and best performing alloys of
such brands and relative composition. Compositions have been taken from the
same database (i.e. Matweb website [177]). Superalloys are characterized by a
high number of different elements and a wide range of possible compositions.
Despite the system usually being Ni-Fe-Cr plus additional elements. Some
Hastelloys often reduce iron in favor of molybdenum and Nimonic ones behave
similarly with cobalt instead. C, Mn, Mo, Al, Co, Cu, Ti and Si are present in
almost all the alloys considered. It is possible to find refractory metals in
significant concentrations (Mo, Nb and W). More specifically, Inconel and
Incoloy adopted Mo and Nb while Hastelloys adopted Mo and W. Hastelloys are
the only superalloys found that use tungsten.

Table 11: Main Ni-based superalloys and relative compositions (from the Matweb
website [177]).

Composition [%]

Alloy Ni |[Fe |Cr | C Mn | Mo | Nb | Al Co |Cu |Ti Si | W
600 | >72 | 6-10 | 14~ | 015 |1 } - } } 05 |- 05 |-
17
5 |65 [>s8 s 20- |01 05 | 810 | 315 |04 |1 - 04 |05 |-
g 23 4.15
S [718 [s50- |17 |17- |o01 035 | 28- | 475- | 02- |1 03 | 065 | 035 | -
= 55 21 33 |55 |08 1.15
X750 | >70 | 59 | 14- | 0.08 | 1 ; 0.7- | 04-1 | 1 05 | 225 |05 |-
17 12 275
. |85 [38 |>22 [ 195 [005 |1 25- | - 02 |- 15- | 06- |05 |-
2 46 26.5 3.5 3 12
S [945 |45 |57- | 195 | 0.005- | 1 34 | 25 | 001- | - 15- | 05- |05 |-
= 55 |28 |23 0.04 45 |07 3 2.5
B3 >65 | 15 | 15 | 001 |3 285 | - 05 |3 } 02 |01 |3
z[C2 [s6 |3 22 00l |05 |13 |- ; 25 |- ; 0.08 | 3
= [N >71 | 5 7 008 |08 |16 |- 05 |02 |035 |05 |1 0.5
Z [s 67 |3 145- | 002 | 03 | 14 |- 01- |2 035 | - 02- |1
= 17 1 16.5 0.5 0.75
X >47 |18 | 22 0.1 1 9 N : 15 |- } 1 0.6
75 72 |5 18- | 008 | 1 ; - ; 05 | - 02- |1 -
o 21 0.15 0.6
S [8a |69 |3 18- |01 1 } - 118 | 2 02 |18 |1 -
E 21 2.7
Z 90 55 |15 |18 013 |1 - - 12 |02 |02 |23 |1 -
21
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901 40- 33 11- 0.1 0.5 5- - 0.35 1 0.5 2.8- 0.4
45 14 6.5 3.1
105 51 1 14- 0.12 1 45- | - 4.5- 18- 0.2 0.9- 1
15.7 5.5 4.9 22 1.5
115 54 1 14- 0.12- 1 3-5 - 4.5- 13- 0.2 3.5- 1
16 0.2 5.5 15.5 4.5
263 49 0.7 19- 0.04- 0.6 56- | - 2.4- 19- 0.2 - 0.4
21 0.08 6.1 2.8 21
PE16 | 42- 31 15.5- | 0.04- 0.2 2.8- | - 1.1- 2 0.5 1.1- 0.5
45 17.5 0.08 3.8 1.3 1.3
PK33 | 54 1 16- 0.07 0.5 5-9 - 1.7- 12- 0.2 1.5-3 | 0.5
20 2.5 16

Operating temperature and thermo-mechanical
properties

Probably the most appreciated aspect of Ni-based superalloys is the elevated
operating temperature allowed in combination with the high structural resistance.
R&D on such materials permitted energy systems like nuclear reactors and,
especially, gas turbines to reach extreme pressures and temperatures and superior
power plant thermodynamic efficiencies. Structural properties widely vary for
different superalloys. The yield strength varies from 200 MPa up to 1’100 MPa.
Moreover, superalloys become appreciably ductile starting from very low
temperatures (-100°C for some alloys). The upper limit of operating temperature
allowed by such alloys without an extreme strength degradation and before creep
kicks in is between 550°C and 800°C (~ 800-1050 K). The creep limit is not a
precise temperature and it may vary depending on several parameters
(composition, microstructure, grain size, purity, thermal treatments etc.).
However, it is of common use to indicate the creep limit of a metal alloy
qualitatively around 2/3 of its melting point. Figure 38 shows, for each alloy, the
yield strength and the qualitative creep limit computed as 2/3 of the solidus
temperature. Yield strength shown is considered at room temperature. Still, it is
necessary to acknowledge that it tends to slightly lower with increasing
temperature. In all the figures, In/, Ily, Hay and Nic are shorts for Inconel, Incoloy,
Hastelloy and Nimonic, respectively.
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Figure 38: Creep limit [K] vs Yield strength [MPA] of the Ni-based superalloys
considered in this work.

It should be possible to relax a little this limit with an ad-hoc alloy tuning (e.g.
thermal treatment and increased grain size). While structural resistance is quite
scattered, the upper bound of the operating limit is relatively similar for all the Ni-
based systems considered (i.e. between 1000 K and 1100 K). According to ASME
code Section III, the maximum primary stress allowed should be, for ductile

. 2 . . .
materials, 30 [178]. Here, the maximum primary stress allowed varies from

about 120 MPa of Inconel-600 up to 650 MPa of Inconel-718. Considering
nuclear reactors, in normal operating conditions thermal stress reach often
concerning level. Once again, ASME Sec. III provides a limit on secondary
stresses equals to 3 times the limit on the primary stresses, in this case about 2oy
[178]. The secondary stress limit for such alloys range from about 350 MPa
(Inconel-600) to almost 2’000 MPa (Inconel-718). The yield strength tends to
degrade with temperature. Hence, for high temperatures such limits are expected
to be a little lower. Inconel-718 at its creep limit (i.e. about 1020 K) is expected to
have about 630 MPa and 1880 MPa as primary and secondary stress limits,
respectively. According to Hooke’s law for continuum mechanics, induced
thermal stress is directly proportional to the material thermal expansion
coefficient and inversely proportional to the thermal conductivity. In this instance,
all the Ni-based superalloys here considered seem to behave similarly. Despite
some minor difference of less than 5-10%, the thermal expansion coefficient of all
the alloys is around 12-13e-6 K! with a similar evolution with temperature.

Thermal conductivity is between 10 and 14 v

m2-K
between 21 and 23 m‘f_K for all the studied materials.

but at high temperature it raises
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Corrosion

Ni-based superalloys are also extremely stable when it comes to withstand
highly oxidizing environments. Nonetheless, ARC reactor entirely relies on FLiBe
molten salt as coolant. Hence, this work focuses on the corrosion resistance of
such alloys in fluoride-salt environments. Several studies identified the Cr content
in the alloy as the main driver of corrosion resistance as it seems that the Cr
depletion has, by far, the highest rate with respect all the other corrosion
mechanisms [179], [180]. This is mainly due to the particularly low potential
energy of formation of CrF; [32]. Some studies also suggested that the presence of
Cr could trigger an accelerated Fe corrosion by the fluoride salt [39]. The
corrosion of chromium, which is usually added to raise the oxidation resistance, is
a twist for the choice of the alloy. It is the case of Hastelloy-X, which is often
considered the reference superalloy for corrosion resistance [181]. Its high Cr
content (about 22%) makes Hastelloy-X a quite endangered material in fluoride-
salt environments. For this reason it is clear that materials with a low chromium
content should be preferred so as to dramatically reduce the potential impact of
fluoride-salt corrosion. Raising other elements with a low chemical affinity with
fluorine (e.g. Mo and W) could hugely enhance the material corrosion resistance.
Figure 39 focuses on the chromium content of the considered superalloys. Figure 39
(a) shows both Cr and Ni concentration for each alloy. Figure 39 (b) puts in the
same graph the Cr content and the yield strength as it is one of the most relevant
properties and it is variable in different alloys.



100

Appendix
25 HayX / Hayﬂ: migzs
Nic263 NI NicB0A Nic7$5
=20 2% 18 Ve 0 oo NIgT?
® ® NicPI33
e b Ha; InX790/600
5 - NIC105 Nic115 ] * o
a5 15 L] &
5 T Micso1
— | |
s
@
9 101 e Inconel
HayN
9 Incoloy e
g 51 *» Hastelloy
Nimonic HayB3
»
a5 50 55 60 65 70
(a) Ni concentration (%)
10001 e Inconel in118
Incoloy
= » Hastelloy Nicho1
T 800 : . " X750
% ®  Nimonic NICL05 ® Nichka3
- m
< 0 nicoo
=)
£ 600 A
@
b
7 Nic263
k=] Ha, 'Bj W Hayc22
£ 4001 S >
HayN
Inl625,
" e HayX e -
neoo | Mic1S & [rpe2S
200 1 i  p—

b 25 50 75 100 125 150 175 20.0 225
(b) Cr concentration (%)

Figure 39: Cr-concentration vs Ni-concentration [%] (a) and Yield strength [MPa] vs
Cr-concentration [%] (b) of the Ni-based superalloys considered in this work.

Only two Hastelloys present a chromium content lower than 10%. Hastelloy-
B3, in particular, has only 1.5% of Cr and about 31.5% of Mo+W making it the
superalloy with the highest chances to withstand FLiBe corrosion. However, the
two low-Cr Hastelloys show a relatively low structural resistance (420 MPa and
310 MPa for Hastelloy-B3 and -N, respectively). Nimonic-901 seems to be an
interesting middle ground between Hastelloy-B3 and Inconel-718. Its Cr content
is between 11-14% and the yield strength is about 800 MPa. Still, it could be
necessary to identify other superalloys with high strength but very low Cr
concentrations. The alloy with the highest yield strength is Inconel-718 (i.e.
almost 1’000 MPa) that, nonetheless, has a high Cr content (17-21%)).

Lastly, the minimization of Cr content in favor of elements with higher
chemical stability in fluoride environment could not be enough. Most works
present in literature focused on static corrosion for a few hundred hours and found
prohibitive corrosion rates [181], [182]. It is expected that the corrosion
mechanism will be exacerbated by flowing FLiBe and irradiation [182].
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Nuclear properties and effects

Nickel as an element is not particularly suitable for nuclear reactors. It is
highly subjected to neutron induced activation and can cause the generation of
high-level waste. Ni holds high neutron absorption cross section, and high gas
transmutation rates in fast neutron regimes [110]. It is therefore of main concern
for reactors neutron economy and its alloys are expected to be highly subjected to
gas-enhanced swelling and embrittlement. In addition, Ni-based compounds tend
to form FCC crystal microstructures which are further considered to be lower
radiation resistant with respect the BBC crystals [183]. Nevertheless, because of
the outstanding structural properties as well as the high temperature of operations
allowed, Ni-based superalloys are particularly attractive for the application in
advanced reactors. For these reasons nickel superalloys have been widely studied
under irradiation. Experimental studies have been carried out both in ion
irradiation regime and in fast neutron regimes.

Regarding the superalloy composition, Johnston et al. [184] Found that
radiation resistance is higher, with a maximum at about 35-45% of nickel. In the
same work some there where some clues that also chromium could play a role in
the material radiation resistance. It seems that reducing chromium it should be
possible to further reduce the radiation damage in the alloy. Hence, it seems that
both for corrosion resistance and radiation resistance properties, a low content of
chromium should be preferred. Other works focused on the effects of
microstructure with on the material response to irradiation. Here there is the most
interesting discovery regarding the swelling resistance of this family of alloys. It
seems in fact that the typical strengthening precipitates Nis(Ti, Nb, Al) work as
very effective defect and void sink. In particular, small and closely spaced NizNb
precipitates have shown a superior capability as defects and void sinks [121].
NisNb precipitates are typical of the Inconel brand. Inconel superalloys often
show a niobium concentration around 3-5%. Clearly, it should be possible to
reproduce such type of precipitates also in other Ni-based superalloys by adding a
3-5% Nb.

It is worth to mention that some works showed some inconsistencies when
compared to other works, especially swelling results on work that run experiments
with ion irradiation and neutron irradiation. it is therefore clear that the radiation
resistance and swelling resistance of Ni-based superalloys is hugely dependent on
the actual characteristics of the irradiation environment. There is the possibility
that a hard 14 MeV neutron irradiation environment will provide considerably
different results with respect the ion, and fission neutron irradiation results present
in literature. For instance, the Ni3Nb precipitates may not be able to sink the
defect production rate nor the higher gas transmutation or even get destroyed in
high energy collisional cascades.
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Discussion and Conclusions

Literature provides a considerable amount of information and data about Ni-
based. It is clear that such materials have been widely characterized for canonical-
but-still-extreme environments (i.e. high mechanical loads, high temperature, high
thermal loads, creep, corrosion, fatigue etc.). However, there seems to be a little
uncertainty about the behavior in more exotic environments (i.e. advanced reactor
cores, fast neutron irradiation and highly corrosive flowing fluids). This work
focused and summarized studies results relevant for advanced reactor and,
especially for ARC reactor. In this framework, it is possible to note that the
expected operating temperature matches the creep limit of this family of alloys.
Despite that, because of the high thermal loads and the low thermal conductivity
of the material, the alloy temperature is expected to reach values very close to the
creep limit.

Having the considered alloys very similar thermal properties (maximum
operating temperature, thermal conductivity and thermal expansion coefficient), it
is the structural strength the most interesting property for a comparison in view of
structural applications in thermal systems. In particular, In ARC primary stresses
are expected to be relatively low in normal operations, while secondary stresses
could reach values as high as several hundreds of MPa [185]. Hence, it is likely
that the alloys with a yield strength around 200-300 MPa (e.g. Incone-600,
Nimonic-75, Incoloy-825, Hastelloy-X and -S etc.) would not be suitable for the
purpose. Also, although primary stresses are not expected to be extremely high in
normal operations, some off normal operations (e.g. plasma major disruptions)
require extreme structural resistance. Hence it could be necessary to select the
alloy among the highest oy holders (e.g. Inconel-718). However, if it is possible to
avoid excessively high mechanical loads, probably a material with a yield strength
about 400 MPa could be sufficient. In this case even the low-Cr Hastelloy-B3
could be included as possible structural material for ARC.

Regarding corrosion, it is clear that the most effective strategy to adopt
against fluoride salt corrosion would be the selection of a material with a low
chromium content. Superalloys usually have around 15-25% of Cr. However,
Hastelloy-B3 and -N show a relatively low Cr concentration in favor of
molybdenum, which is much more chemically stable in fluorine-based
environments. Such feature makes Hastelloy-B3 and -N good candidates for ARC
vacuum vessel. Hastelloy-B3, in particular, has a very low Cr content (about
1.5%) and an almost acceptable yield strength (above 400 MPa), making it much
more attractive than the -N series. Nevertheless, reducing the Cr content could not
be enough in corrosion caused by flowing FLiBe in a radiation environment.
Hence, it is likely that the development of some type of coatings would be
necessary anyway.

Studies on radiation damage provided quite different results depending mainly
on the experimental conditions, the type and energy of the incident particles.
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However, it seems clear that the presence of small and closely spaced Ni3Nb
precipitates, typical of several Inconel compounds, are particularly effective in
sinking defects and voids and hence raise the swelling resistance. Their
effectiveness has not been tested with fusion neutrons induced defects nor in the
case of high H and He transmutation rates. They are however a feature that should
be pursued as best known defense against radiation embrittlement in Ni-based
superalloys. In addition, there are clues about the effectiveness of a high Ni and
low Cr content in raising the material radiation resistance. In this case the
Hastelloy-B3 would be not only corrosion resistant but also slightly advantaged in
radiation environments with respect other superalloys. It nonetheless does not
have Nb in the matrix, which raises some concerns about swelling resistance.

It is possible to conclude that if the material structural resistance is the most
concerning problem Inconel-718 should be the best choice (almost 1’000 MPa of
yield strength). Such alloy features also the Ni3Nb precipitates, which makes it a
good choice against swelling. However, if future evidence highlight the possibility
of corrosion taking over all the other physical issues in the reactor, Hastelloy-B3
should be considered for the core structures because of the low Cr content and
high content of Mo. Also, Hastelloy-B3 seems to be able to operate at slightly
higher temperatures. In the case the Cr content could be relaxed a little, but not
enough for making Inconel-718 a viable choice, Nimonic-901 seems to be an
attractive structural-chemical tradeoff. By logic, a Ni-based superalloy with a
composition similar to the Hastelloy-B3 with about 3-5% of Nb should effectively
tackle most of the critical issues regarding ARC reactor core environment
(operating temperature, structural, chemical and irradiation damage). Table 12
summarizes some main relevant properties of the three most attractive alloys
identified in this work. Namely, Inconel-718, Hastelloy-B3 and Nimonic-901. For
each alloy the table lists the creep temperature limit, the thermal conductivity (k),
the thermal expansion coefficient (a), the yield strength (oy), the Cr content as
sign of corrosion susceptibility and Nb content as sing of the possibility of the
Ni3Nb precipitates for swelling resistance. Property values are colored from the
best (green) to the worst (red). All properties are taken at room temperature even
though they are expected to experience a slight variation with temperature.

Table 12: Main ARC-relevant properties of the three most attractive Ni-based
superalloys. Property values are colored from best (green) to worse (red) [177].

T limit w B .
Alloy K] K [ﬁ] «[KY | oy[MPa] | Cr(%] | Nb[%] | Nil[%]
Inconel-718 | ~ 17020 114 13.00-6 980 1721 47555 50-55
Hastelloy- | ., 1.2 11.4e-6 425 15 - > 65
B3
Nimonic- ~1°030 11.0 13.5¢-6 800 11-14 40-45
901 Ui . De- & - - -
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Technologies for casting, forming and welding Ni-base superalloys are well
known and optimized. In fact Ni-based superalloys (especially Inconel alloys) are
used in nuclear reactors since the first generations of such machines. Research
required would be therefore much less with respect other advanced alloys (ie.g. V-
based systems). However, in the specific case of ARC reactor additional studies
are strongly recommended. Experimental irradiation studies should be performed
at dpa/He transmutation rates similar to the ones predicted in ARC. It is necessary
to assess whether NisNb or other precipitates actually work as void sinks even at
high damage and gas transmutation rates (probably a He ion accelerator or a
combined fast neutron — He implantation could be useful in this respect). FliBe
corrosion — neutron irradiation synergistic effects should be experimentally
reproduced and studied. Especially in flowing FliBe regimes with additional
fluorine and hydrogen isotopes in order to simulate the transmutation in FLiBe.
The development of mitigating strategies (Be doping, W/Mo coatings etc.) may be
needed. Lastly, experimental campaigns that aim to evaluate the actual effect of
the material on the FLiBe tritium breeding ratio should be carried out. Simulations
show that Ni-base superalloys bring the reactor tritium breeding ratio down to
insufficient levels. Such aspect could compromise the power plant feasibility as
well as the reactor economy.
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