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13 Abstract. Tungsten (W) is considered a leading candidate for structural and functional
14 materials in future fusion energy devices. The most attractive properties of tungsten
15 for magnetic and inertial fusion energy reactors are its high melting point, high thermal
16 conductivity, low sputtering yield, and low long-term disposal radioactive footprint.
17 However, tungsten also presents a very low fracture toughness, primarily associated with
18 inter-granular failure and bulk plasticity, limiting its applications. In recent years, several
19 families of tungsten-based alloys have been explored to overcome the aforementioned
20 limitations of pure tungsten. These might include tungsten-based high-entropy alloys (W-
21 HEAs) and tungsten-based Self-passivating Metal Alloys with Reduced Thermo-oxidation or
2 “SMART alloys” (W-SAs). Given their proximity to the plasma, it is crucial to understand
23 how the exposure of these candidate plasma-facing materials (PFMs) to the neutron fluxes
24 expected in fusion reactors impacts their material behavior over time. In this work, we
25 present a computational approach that combines inventory codes and first-principles DFT
26 electronic structure calculations to understand the behavior of transmuting tungsten-based
27 PFMs. In particular, we calculate the changes in the chemical composition, production
28 uncertainties, the elastic and ductility properties, and the density of states for five tungsten-
29 based PFMs when exposed to EU-DEMO fusion first wall conditions for ten years.

s Keywords: plasma-facing materials, tungsten, nuclear transmutation, first-principles
a1 calculations, fusion
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1. Introduction

Tungsten (W) is considered as a leading candidate for plasma-facing applications in magnetic
fusion energy devices. The most attractive properties of W for MFE are its high melting
point and thermal conductivity, low sputtering yield and low long-term disposal radioactive
footprint. These advantages are accompanied unfortunately by very low fracture toughness
characterized by brittle trans- and inter-granular failure, which severely restricts its operating
temperature window [1].

In recent years, several families of tungsten-based alloys have been explored to overcome
the aforementioned limitations of pure tungsten. High-entropy alloys (HEAs) are a promising
class of materials with remarkable properties [2-5]. They were originally conceived in the
early 2000s as a blend of five or more elements with individual concentrations between 5
and 35 atom percent [6]. Interestingly, the composition stability of different HEAs phases
is strongly correlated with the valence electron concentration from electronic structure
analysis [7]. In particular, tungsten-based HEAs (W-HEAs) have shown superior mechanical
properties at high temperatures, a superior melting point (above 2873 K), enhanced radiation
resistance to heavy ion irradiation, and negligible radiation hardening when compared to pure
tungsten [8-13]. Another attractive option are the so-called tungsten-based “SMART alloys”
(W-SAs) that can adapt their behavior to the environment [14-18]. For example, in the event
of a loss-of-coolant accident (LOCA) combined with an air ingress, W-SAs containing small
amounts of Ti or Y have demonstrated the capability to create stable oxides that prevent
their mobilization into the atmosphere.

Given their proximity to the plasma, the exposure of tungsten-based PFMs to neutron
fluxes causes nuclear reactions that change the nuclide composition over time, a process
known as transmutation. If this process leads to the production of radionuclides, then
materials can become activated, while both direct reactions and reaction-decay chains can
also produce nuclides of new elements. Both activation and transmutation are commonly
observed in fields such as nuclear fission, nuclear fusion, astrophysics, nuclear security, and
medical research. Since activation can create hazard and transmutation can change material
performance, it is vital to carefully understand the nuclear reaction rates. Inventory codes
are frequently used to predict the response of materials to a specific neutron irradiation field.
Such an approach consists of numerically solving a set of coupled differential equations that
describe the rate of change of all possible nuclides and thus evolve the nuclide composition
in time [19,20].

Experimentally, neutron irradiation campaigns at the fast test reactor Joyo [21-26], the
Japan Materials Testing Reactor (JMTR) [25-27], and the High Flux Isotope Reactor (HFIR)
(25, 26, 28-31] have investigated the microstructural evolution of tungsten and tungsten
alloys. Their results indicate, for example, that the impact of Re and Os transmutation
on the properties of materials after irradiation is at least as relevant as the displacement
damage. Meanwhile, the current lack of experimental reactors and materials testing facilities
that fully represent the conditions for making fusion a commercially feasible energy source
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has motivated multi-scale materials modeling efforts to investigate the irradiation and
temperature effects expected in fusion power plants [32-50]. These approaches, frequently
based on first-principles calculations, have demonstrated their ability to provide quantitative
and qualitative predictions of the material behavior in such extreme environments.

Despite the recent experimental advances in Joyo, JMTR, and HFIR, and the
numerous efforts in the literature to investigate the effects of alloying elements on various
properties of tungsten-based materials such as phase phase stability [51-55], elastic properties
[51-54,56-58], ideal tensile strength [54,59], ductility [60], radiation defects [12,52,61], point
defects [51,61-66], screw dislocation structure [67,68], grain boundaries [69], etc., to the
best of our knowledge there is still a lack of understanding on how the thermomechanical
behavior of tungsten-based PFMs change due to nuclear transmutation. In this work, we
present a novel approach that integrates nuclear science and first-principles DF'T electronic
structure methods to better understand the neutron irradiation effects in PFMs.

Our paper is organized as follows. After this introduction, we provide in Section 2 an
overview of the computational methods employed. The results are given in Section 3, which
includes: (i) the changes in the chemical composition during the course of irradiation due
to transmutation; (ii) the calculation of the equilibrium lattice constant, elastic properties,
density of states, generalized stacking fault energy, unstable stacking fault energy, gamma
surface, and dislocation-based ductility parameter of five tungsten-based candidate materials
at the beginning of their operational life; and (iii) the effects of irradiation on these properties.
We finalize in Section 4 with a brief discussion and the conclusions in Section 5.

2. Computational methods

The transmutation properties of tungsten-based PFMs in a fusion-like environment were
characterized by using the FISPACT-II inventory code developed and maintained by the
United Kingdom Atomic Energy Authority over the last 30 years. FISPACT-II [19, 20]
solves coupled differential equations describing the rate of change of all possible nuclides and
thus evolves a nuclide composition in time. For the present work, a ¢(£) vector of neutron
fluxes (as a function of energy E) was taken from neutron transport calculations performed
for a recent conceptual design (see [70,71] for details) for EU-DEMO; a demonstration fusion
power plant being researched in Europe [72,73]. Specifically, the energy-flux spectrum for the
outer equatorial first wall of the torus-shaped tokamak has been used, which is predicted to
be one of the highest flux regions of a fusion reactor (second only to the inner equator). The
total flux ¢ for this spectrum was 2.1x10* n em=2 s=!. FISPACT-II calculations evolved
the initial composition of the five tungsten-based materials shown in Table 1 in this neutron
environment for 10 continuous full-power years.

Note for the present calculations, in contrast to those reported previously in [74], here
self-shielding has been properly accounted for in the inventory simulations with FISPACT-
IT. This results in slightly reduced transmutation rates of certain elements, particularly
W and Ta, which would otherwise have high burn-up rates due to over-predicted impact
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of giant neutron capture resonances, consequently leading to over-predicted production of
transmutants such as Re — see [19,75,76] for more details on the self-shielding phenomenon
and the importance of including appropriate corrections in transmutation predictions of W
and its periodic-table neighbors.

Table 1: Chemical composition of the five tungsten-based materials considered in this
study at the beginning of their operational life.

Chemical composition (at%)
W Cr Ti Y Ta V

Tungsten (W) 100 - - - - -
W smart alloy (SA1) [16] 67.16 26.98 5.86 - - -
W smart alloy (SA2) [17] 67.93 31.11 - 0.958 - -
W high-entropy alloy (HEA1) [77] 25 25 25 - 25 -
W high-entropy alloy (HEA2) [77] 25 - 25 - 25 25

For their part, Density Functional Theory (DFT) calculations were performed by using
the open-source software distribution QUANTUM ESPRESSO [78,79]. Following our recent
work on first-principles calculations of transmuting tungsten [74], we employed the local-
density approximation (LDA) with the Perdew-Burke-Ernzerhof (PBE) parametrization [80]
in the formulation of the exchange correlation functional. Furthermore, the virtual crystal
approximation (VCA) [81] was used to simulate the variety of tungsten-based alloys that
result from transmutation. Optimized Norm-Conserving Vanderbilt Pseudopotentials [82]
compatibles with the VCA were used in our non-spin polarized calculations.

The elastic properties were calculated using a conventional 2-atom bcc supercell, a
shifted 22 x 22 x 22 grid Monkhorst—Pack k-mesh [83], and a planewave cutoff energy of 110
Ry (~ 1496.63 V). For their part, the calculation of the gamma surfaces, generalized stacking
fault energies (GSFE), and the dislocation-based ductility parameter were performed in a
14-atom bcc supercell, with an energy cutoff of 90 Ry (~ 1224.51 V), and Brillouin zones
sampled by a shifted 24 x 24 x 1 grid. The convergence tests to choose these energy cutoff and
k-points values are provided in Appendix ?. The reader is referred to our previous work [74]
for more details on how we extract elastic and plastic properties from the energies calculated
via DF'T simulations.

3. Results

3.1. Nuclear transmutation

Figure 1 shows how the composition of the five tungsten-based PFMs shown in Table
1 changed during the course of irradiation due to transmutation. The graph shows the
concentrations, both in atomic percent (at.%) and in atomic parts per million (appm), on
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a logarithmic scale of the elements created during the course of the irradiation. Even after
10 years of irradiation, and despite W and Ta, in particular, being susceptible to high
transmutation rates, all the tungsten-based PFMs studied would still be predominantly
composed of the elments in their initial chemical making-up.

To gain a deeper understanding of how the chemical composition changes during the
course of irradiation we also plotted the concentration gradient Ac = ¢(t) — ¢(0) in Figure
2 for the top seven elements in each material, where ¢(t) is the chemical composition after
t years of irradiation and ¢(0) is the initial composition of the material. The elements
included in the second plots of the transmutation results are the ones that will be considered
in the formulation of the DFT pseudopotential below. The final compositions at 10 years
of these alloys are listed in table Al. These results show how the profile of burn-up or
growth of each element in the composition (both those originally present and those created
by transmutation) varies for the different initial alloy compositions. For example, the rate
of production of tungsten decreases in pure W and W-SAs while it increases in the W-
HEAs (due to its production from the burn-up of Ta in those alloys). The concentration
of Re, a primary transmutant, increases in all five materials (produced from W), while the
concentration of Ta decreases (is burnt-up) in both W-HEAs (it is one of the initial alloysing
elements) and increases in pure W and the W-SAs.

As previously [74], we can obtain the time-averaged % errors in the transmutation
predictions due to the evaluated uncertainties in the nuclear reaction data (from TENDL-
2017 [84]). As standard, FISPACT-II computes errors in the concentrations of the dominant
radionuclides in a material after irradiation, by summing in quadrature the uncertainty
on each reaction in each production chain (or pathway) of the radionuclide. Typically
there maybe several pathways of production for each nuclide; for example, after 10 years
of irradiation, four reaction chains are found to be important for the production of %Re
(half-life, Ty, = 3.7 days) in pure W, involving various combinations of neutron capture
(n,y) and neutron multiplication (n,2n) reactions, as well as 5~ decay — FISPACT-II correctly
combines the uncertainties across all reactions and chains to calculate the overall uncertainty
in 1¥%Re.

For the present work, we have employed a modified version of FISPACT-II, where
uncertainties are also evaluated for the production of stable nuclides of the main transmutant
elements.  The methodology is the same, whereby FISPACT-II uses a tree-search
algorithm [19] to identify the contributing pathways for a given nuclide before propagating
uncertainties along each chain, but here we enforce a requirement for even stable nuclides
to receive this evaluation. To compute the final, total uncertainty of production for a
complete element, we sum in quadrature the absolute uncertainties in concentration from
the individual nuclides.

Table 2 shows the time-averaged (i.e. the average uncertainty in each element across the
10 different irradiation times) % uncertainties for each significant element (either original
or transmutant) in the material. Note that the uncertainty quantification (UQ) approach
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used here, only calculates the production uncertainty on each nuclide (hence each element)
— i.e. contributions to a nuclide’s uncertainty only come from propagating uncertainties
along reaction chains where that nuclide is an end point or daughter. Uncertainties in the
burn-up or depletion of nuclides, which are particularly relevant for nuclides that formed
the initial composition of a material, are not included here (other than indirectly in the way
those depletion uncertainties, represented by the initial reactions in each production chain,
contribute to production uncertainties elsewhere). Future work will consider a methodology
to combine production and depletion uncertainties.

Table 2: Time-averaged % errors in elemental concentrations predicted by FISPACT-II
for each component (original present elements and new transmutant products) in the
alloys during the course of the 10-year power-plant first wall irradiation. Error estimates
for transmutants are only given if their concentrations reach 1 appm during the 10 years
(see main text for details).

Material
elements
W 0.128  0.12Y  0.12f  0.64'  0.65
Re 9.15f  9.07" 9.08% 8.64%f 857
Ta 36.20% 36.22F 36.22F 0.22F (.22!
Os 7761 994t 9.95% 958 10.55%
Hf 31.36 31.38 31.38 30.81% 30.82¢
He 43.16* 4564 53.85 34.10 27.86
H 73.56% 41.41 44.33 38.29 41.84

W SA1 SA2 HEA1 HEA2

Cr - 0.002f 0.002% 0.002% 4.55
Ti - 0.13*  44.15 0.04%  0.04%
Vv — 28.89% 2893t 28.87F 0.05¢
Sc - 18.04 - 18.04 18.03
Ca - 70.55 - 70.66  70.65
Mn - 10.59 10.59  10.58 -
Y - - 0.01% - —
Sr — ~ 35.62 — -
Zr — — 6.72 - -

! transmutation elements considered in pseudopotential generations of W-based alloys

Notwithstanding the above caveat, it is clear from Table 2 that uncertainties are small for
for elements that were present in the initial compositions of the five materials, demonstrating
that the growth rates for those elements, coming from the sum across all nuclides (stables
and created unstables), are relatively small compared to the reservoir of original atoms of
those elements.
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Figure 1: Transmutation of W-based alloys during a 10-year irradiation.
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On the other hand, for transmutant elements newly created by the irradiation exposure
(compare table 1 to table A1), where the production uncertainty is dominant, the results
show that uncertainties in predictions can be reasonably high — as much as 70% in some
cases. Such uncertainties are not uncommon in inventory predictions, particularly for minor
(rare) components of a nuclide inventory, but it is vital that they are are provided as part of
any transmutation or activation analysis, both to appreciate the significance (or not) of the
quantity to which they correspond, but also so that they could be used to define engineering
safety factors in the design of fusion reactors. It has been observed, for example, that there
is a potential 20-25% over-prediction compared to experimental measurements of the decay
heat (measured in kW) in W after exposure to a fusion environment — in that case a low
flux deuterium-tritium fusion neutron source (FNS) — where the primary reaction pathway
responsible, W (n,2n)®W | has a ~7% uncertainty in the FNS spectrum with TENDL-
2017 (see [85], based on data from [86]); whilst an over-prediction is not ideal because
of the potential cost of unnecessary cooling engineering, such a prediction, with the data
uncertainties, can be used to ensure sufficient cooling and thus safe reactor operation.

3.2. Material behavior att =0

In Table 3, we list the equilibrium lattice constant, single-crystal elastic constants, and
polycrystalline elastic properties for five tungsten-based PFMs at the beginning of their
operational life, i.e. at time ¢ = 0, with the chemical compositions shown in Table 1. While
we could not find other works in the literature providing such a comprehensive study for the
tungsten-based alloys, Tables 2 and 3 in [74] show that the results obtained for pure W are
consistent with their counterparts from previous experimental and theoretical works. These
results also indicate the crucial role chemical composition plays in the elastic response of
the material. For example, the elastic properties obtained for SA1 and SA2, whose chemical
compositions still have W as the primary element (> 67 at%), are closer to those from pure
W, especially when compared with the four-components HEA1 and HEA2 equiatomic alloys.

Figure 3 shows the generalized stacking fault energy (GSFE) curves on both (111){110}
and(111){112} slip systems for the five tungsten-based PFMs at the beginning of their
operational life; i.e., with the chemical compositions shown in Table 1. The figures reveal
several interesting trends that are consistent with previous works in the field. Firstly, the
unstable stacking fault energy ~,s, defined as the maximum value of the GSFE curve, is
always in the middle of the energy path from one equilibrium position to another on a {110}
plane while there is certain asymmetry towards the first equilibrium position on a {112}
plane [60,87-91]. Secondly, v, is higher for the (111){112} slip system [52,60,90-92].
Thirdly, taking pure W as a reference, we notice that the GSFE curve is lower for HEA1 and
HEA2, and higher for SA1 and SA2. The specific values of v, are shown in Table 4, which
also includes the surface energy 7, and the dislocation-based ductility parameter D = 7s/v,,
formulated by Rice [93]. The effects of the chemical composition on the calculated ~, are
similar to those observed for v,s, i.e., if we take pure W as the reference system, HEA1 and
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Table 3: Theoretical equilibrium lattice parameter, single-crystal elastic constants, and
polycrystalline elastic properties for the five tungsten-based PFMs at the beginning of their
operational life, i.e., with the chemical compositions shown in Table 1: equilibrium lattice
parameters ag, bulk modulus B, elastic constants Cj;, tetragonal shear modulus C’, shear
modulus G and Young’s modulus E.

ao Ch Chz Ca B '’ G E
(A) (GPa)  (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
W 3.1835 512,501 197.906 142.461 302.771 157.298  148.22  382.669
SA1 3.100 554.167 212469 166.285 326.369 170.849 151.011 392.496
SA2 3.093 571.430 218.195 181.037 335.940 176.618 161.594 417.793
HEA1 3.144  351.731 195.262 107.702 247.419  78.235 86.934  233.460
HEA2  3.199 285.202 178.625  99.756  214.151  53.289 72.234  194.802

29 HEA2 have an inferior 7, while SA1 and SA2 present a superior value. This implies, as it
20 is shown in Table 4, that the dislocation-based ductility parameter D is higher in W-HEAs
21 and lower in W-SAs.

25

T
- W
{113) /=\= -8 SA
20 | 20 | AN SA2 -
_ _ P& e = 4 HEAT
Eis| Eqs | /d o HEA2
2 2 ‘@
o W 2
1.0 | 0k ! E
3 3 o\
05 05 | N
) n R
oM ‘ ‘ e 0.0 M ‘ ‘ ‘ ‘ “m
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Displacement along <111> Displacement along <111>

(a) (b)

Figure 3: The general stacking fault energy for the initial composition of the five
candidate PFMs along (a) {111}{110} and (b) {111}{112}.

ee The impact of the alloying elements on the electronic structure of the five tungsten-
213 based PFMs at the beginning of their operational life can be investigated via the density of
2¢ states (DOS), which is shown in Figure 4. One can recognize, for W and the other alloys, the
235 shape of the d band with a marked pseudo-gap, as expected for BCC transition metals. To

l .
% is taken as the reference

236 compare the different alloys, the Fermi energy of each material E}ff
237 energy. E}lloy values are listed in Table 5, together with the number of valence electrons for
28 each of the candidate PFMs. These results reveal the different nature of the two families of

230 tungsten-based alloys studied here: W-SAs show slight variations of the valence charge and
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Table 4: Theoretical surface energy -,, unstable stacking fault energy ~,,, and dislocation-
based ductility parameter D for the five tungsten-based PFMs at the beginning of their
operational life, i.e., with the chemical compositions shown in Table 1. The calculations
have been performed in both {111}{110} and {111}{112} slip systems.

(111){110} (111){112}
Vs (J/m?)  yus(J/m?) D Vs(J/m?)  qus(I/m?) D
W 3.308 1.687 1.961 3.762 1.875 2.006
SA1 3.869 2.103 1.839 4.474 2.243 1.994
SA2 3.874 2.054 1.887 4.447 2.178 2.042
HEA1  2.959 1.143 2.590 3.583 1.489 2.406
HEA2  2.888 0.890 3.246 3.450 1.085 3.179

the Fermi level compared to pure W, with a fermi level located in the pseudogap, while the
decrease of valence charge for W-HEAs is more significant, lowering the Fermi energy. This
results in a shift of the fermi level of HEAs to the left, outside the pseudo gap, as evidenced
in Fig.4.

Table 5: Fermi energy E%'°Y, number of valence electrons, and DOS values at Fermi
energies for each of the five tungsten-based PFMs t = 0, i.e., with the chemical
compositions shown in Table 1.

E{'Y (eV)  No. valence e~  DOS

W 21.942 14 0.855
SA1 21.771 13.883 0.545
SA2 22.287 13.971 0.590
HEA1 18.902 13.250 2.055
HEA2 17.858 13 2.604

The reader is referred to Appendix A for more details about the material behavior of
the principal alloying elements of the tungsten-based PFMs shown in Table 1: Cr, Ta, Ti,
and V. These include their equilibrium lattice parameter, single-crystal elastic constants,
surface energy, unstable stacking fault energy, dislocation-based ductility parameter, Fermi
energy, and DOS, among others.

3.3. Effects of irradiation on the behavior of tungsten-based PFMs

Given the extreme environments PFMs are exposed to, it is critical to understand both their
behavior at t = 0 (cf. Section 3.2) and how their response evolves due to the changes in the
chemical composition that occur through nuclear transmutation (cf. Section 3.1).
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Our results of the irradiation effects on the five tungsten-based PFMs at 10 years is
listed in Table 6 with the equilibrium lattice constant, single-crystal elastic constants, and
polycrystalline elastic properties.

We noticed that the changes in these properties over time are less pronounced than
the existing differences between the families of tungsten-based alloys before any irradiation
occurs. As such, we decided not to plot the absolute trends. Instead, we choose to provide
the initial and final values in Table 3 and Table 6, and represent the time evolution of the
aforementioned properties in terms of the relative difference dx, defined as:

X=X

= S &

where X is the value of the property of interest X at the beginning of the operational life of
the material (t = 0 years) and X, is the value of that same property after ¢ years of exposure
to the fusion conditions described in Section 2.

Following this notation, Figure 5 and Figure 6 show the time dependence of the
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Figure 5: Evolution of (a) the lattice constant ay and the elastic properties (b) Ciy,
(¢) Cha, (d) Cyy during the first ten years of irradiation under EU-DEMO first wall
conditions.

equilibrium lattice constant, single-crystal elastic constants, and polycrystalline elastic
properties as the chemical composition of the tungsten-based materials change due to
irradiation. The observed linear behavior has been confirmed in previous experimental [94]
and computational [54,67] measurements of W-Re alloys, as well as in our recent calculations
on transmuting tungsten [74]. In advance of discussing these results and their implications in
detail in the following section, we note the following features from the figures: (i) the relative
difference ¢ after ten years of exposure is less than 7% for all the properties investigated.
(ii) the lattice constant is the only measurement decreasing for all five tungsten-based PFMs
as irradiation time (and therefore the relative concentration of transmutants) increases. Ciy
All other properties
monotonically increase with irradiation time for all five tungsten-based PFMs; (iii) the

and C” show some materials with a flat or slightly negative slope.



277

278

279

281

282

283

284

285

286

287

14

- W 'B - W o
20 _m sAt p 6| —m SA1 C
SA2 SA2
—4— HEA1 —A— HEA1
15 HEA2 i Al HEA2 1
L1.0 . S
0.5 |
-
o.o=t—n——= = ‘
0 2 4 6 8 10
Irradiation Time (years) Irradiation Time (years)
(a) (b)
o W G o W £
3 | —# SA1 | 3 | —# SA1 i
SA2 SA2
—A— HEA1 —A— HEA1
HEA2 HEA2
S 2 8 <k 8
& o

0= ‘ : ok : I !
0 2 4 6 8 10 0 2 4 6 8 10
Irradiation Time (years) Irradiation Time (years)
(c) (d)

Figure 6: Evolution of (a) the bulk modulus B, (b) the tetragonal shear elastic constant
(", (c) the shear modulus G, and (d) the Young’s modulus £ during the first ten years
of irradiation under EU-DEMO first wall conditions.

magnitude of the slope is steeper for W-HEAs than for W-SAs. In particular, HEA2
presents the most prominent changes with irradiation for the majority properties and SA2
the smallest.

To illustrate the effects of nuclear transmutation on the electronic structure of the
candidate PFMs, we plot in Figure 7 the total DOS of pure tungsten and transmuting
tungsten after ten years of continuous exposure to EU-DEMO first wall conditions. These
results indicate that the Fermi energy slightly increases after ten years, but the shape of
the d band remains basically unchanged after irradiation. The relative difference § of the
integrated DOS for the five tungsten-based PFMs after 10 years or irradiation is also shown
in Figure 8. The magnitude of maximum peak is always less than 1.5%, indicating that
the differences between the integrated DOS over the entire energy range are very small.
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Table 6: Theoretical equilibrium lattice parameter, single-crystal elastic constants, and
polycrystalline elastic properties for the five tungsten-based PFMs at t = 10: equilibrium
lattice parameters ag, bulk modulus B, elastic constants Cj;, tetragonal shear modulus C’,
shear modulus (G) and Young’s modulus (E).

ag Cn Ch2 Cuy B ' G E
(A) (GPa)  (GPa) (GPa) (GPa) (GPa) (GPa)  (GPa)
W 3.181 514.148  200.873 144.994 305.298 156.638 149.544  385.900
SA1 3.098  557.410 212331 168.265 327.357 172.540 152.708  396.475
SA2 3.092 072320 218.743 181.961 336.602 176.789 162.195 419.246
HEA1 3.139  358.815 197.354 108.453 251.174  80.731 88.286  237.082
HEA2  3.192 293.897 180.507 101.412 218.304  56.695 74.639  201.007

DOS

‘W 10Y ‘ ‘

E_Efermi,i (eV)

Figure 7: Comparison of the total DOS for pure W and transmuting W after 10 years
or irradiation. FE.¢ is the Fermi energy of pure tungsten. Top: total DOS of pure W;
Bottom: total DOS of transmuting W after 10 years of irradiation.

Despite these slight variations, we can still appreciate how the regions with a positive slope
indicate an energy range where the integrated DOS of transmuting PFMs is higher than its
counterpart at t = 0, and vice versa.

Next we calculate the evolution of the number of valence electrons during the first
ten years of irradiation. The results are shown in Figure 9 for all five tungsten-based
PFMs. Given that the observed changes in the absolute number of valence electrons are
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Figure 8: Relative difference ¢ of the integrated DOS for the five tungsten-based PFMs
after 10 years or irradiation.

less pronounced than the existing differences between the families of tungsten-based alloys
before any irradiation occurs, we decided to provide the initial values in Table 5 and represent
the time evolution of the valence electrons in terms of the relative difference ¢ used before for
the elastic properties (cf Eq. 1). Based on these results, all materials increased their number
of valence electrons over time, and W-HEAs show a steeper slope than W-SAs. Still, these
behaviors should be taken with caution, as the relative differences are always less than 0.3%.

In Figure 10 we provide the evolution of 7, and «, for both (111){110} and
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Figure 9: % change in the number of valence electrons for the five tungsten-based PFMs
during the ten years of irradiation under EU-DEMO first wall conditions.

(111){112} slip systems during the first ten years of irradiation under EU-DEMO first
wall conditions. We choose to represent the irradiation effects on these properties in terms
of the relative % difference 0 for the same reasons discussed above when presenting the
evolution of the elastic properties and the number of valence electrons. Several trends can
be identified from these figures. Firstly, the changes on the 7, are twice as pronounced as the
changes on v,. That applies to all the materials and both slip systems. Secondly, the § values
of both properties are higher on the {112}(111) slip system for all the materials. Thirdly,
a different evolution is observed depending on the chemical composition of the tungsten-
based alloys. Both ~,s and 7, monotonically increase on both slip systems for W-HEAs
while they decrease or remain flat (depending on the property) for W-SAs. Furthermore,
the magnitude of the slope is always steeper for W-HEAs than for W-SAs. For its part, W
presents a more similar behavior to W-SAs, decreasing its 7,s and slightly decreasing its 7,
due to transmutation.

Once the irradiation effects on both ~, and ~,s are calculated, the relative difference
of the dislocation-based ductility parameter D = 7:/+., [93] is obtained. We present results
for the two slip systems of interest in Figure 11. All the materials exhibit a linear behavior
with irradiation time: W is the material with the steepest increase of ductility, followed by
SA2; the variations on SA1 are negligible, while both W-HEAs show a decrease of ductility,
being HEA2 the material experiencing the most significant drop. It is also worth noting that
the increase on ductility for W and the W-SAs is more pronounced on the {110}(111) slip
system.
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4. Discussion

4.1. Material behavior at the beginning of the operational life

Section 3.2 presented the behavior of the tungsten-based PFMs before exposing them to a
plasma-exposed environment expected in EU-DEMO. The results included calculations of the
lattice parameter, elastic properties, general stacking fault energies, unstable stacking fault
energies, gamma surfaces, dislocation-based ductility parameter, total DOS, Fermi energy,
and number of valence electrons.

First, the comparison of the overall behavior of the two families of tungsten-based PFMs
reveal that W-SAs present more similarities to pure W than W-HEAs. These observations,
shown for example when comparing the total DOS in Fig. 4, are consistent with the chemical
composition of the candidate materials and the fundamental nature of the VCA approach:
the W-HEAs studied here are four-element equiatomic HEAs and the W-SAs contain a higher
relative concentration of W.

Next, if we take pure W as the reference material, understanding why specific properties
increase for W-HEAs and decrease for W-SAs, and vice versa, requires a more profound
discussion supported by the study of the underlying effects of the individual alloying elements
and their relative composition. For this purpose, we investigated in Appendix A the material
behavior of the principal alloying elements, i.e.: Cr, Ta, Ti, and V. The results shown in
Table 3, Table 4 and Fig. 3 reveal that the lattice constant is higher in W-HEAs, while all the
other elastic properties and GSFE are higher in W-SAs. One contributing factor to these
differences could be the presence of Ti in the W-HEAs: Ti, in a bce phase, has negative
elastic constants since the stable phase at low temperature is hep (as evidenced in Appendix
A).

Furthermore, the comparison between the two W-HEAs indicates that HEA2 is softer
than HEA1. We find this consistent with the presence of V in HEA2 and Cr in HEAT1 (cf.
Table 1), the softer behavior of V with respect to Cr (cf. Table A2), and the expected
hardening effect when reducing the lattice constant (cf. Table A2), and the relative changes
in hardening when comparing different columns in the periodic table (V is Group V while
Cr is group VI).

In terms of GSFE, ~v,,, and the dislocation-based ductility parameter D, the presence
of the different alloying elements (cf. Table 1) and their individual properties (as shown in
Appendix A) play also a critical role explaining the behavior of the different tungsten-based
candidate materials. For example, the presence of Ta in HEAs and its lower ~,, with respect
to pure W (cf. Table A3) reduces 7, of HEAs when compared to pure W and SAs. Similarly
to the behavior observed with the elastic properties, the presence of V in HEA2 reduces its
Yus When compared to HEA1, which contains Cr.

The total electronic density of states (TDOS) shown in Figure 4 allowed us to better
understand the physical origin of stabilization of alloy elements. Specially, The Fermi energy;,
number of electrons, and the density of state at Fermi energy of each material are of great
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importance to capture the physical properties, listed in Table 5. One can discern clearly from
Table 5 and Figure 4 that the Fermi energies of W and SAs located at valley of the DOS,
corresponding values of DOS are 0.855, 0.545, and 0.590 for W, SA1, and SA2 respectively,
implicating that structures of these should be stable. Likewise, the Fermi energies of HEAs
located at hillside of the DOS, corresponding value of DOS are 2.055 and 2.604 for HEA1
and HEA?2 respectively, reveal the destabilization of HEA structures. Overall speaking, the
higher DOS at fermi energy will raise the surface energy and the unstable stacking energy
for both SA1 and SA2, excluding the surface energies of {111} {110} between SA1 and
SA2.

4.2. FEffects of irradiation on the behavior of tungsten-based PFMs

The inventory simulation results in Figures 1 and 2 show that the composition of W and
W-based alloys will evolve significantly under irradiation, which motivated the exploration
of how these changes could impact on properties. Table 2 goes further with the FISPACT-II
simulations by including an assessment of the uncertainties associated with the predicted
concentrations of each transmutant, which originate from the errors provided alongside the
nuclear data library evaluations for individual reaction cross sections. For the TENDL
library used in the calculations, uncertainty quantification is performed using Bayesian Monte
Carlo (BMC), which combines uncertainties reported in the experimental data with the
uncertainties in the nuclear models that are fitted to produce the cross section evaluations,
see [95,96] for details.

The uncertainty estimates in Table 2 show that the uncertainties can be significant,
particularly for reaction pathways near W, where nuclear data is less well known, or for
longer reaction chains where uncertainties are compounded (summed) over several nuclear
reactions.

The elastic properties of pure W and W-based alloys with irradiation time up to 10 years
were plotted in Figure 5. The number of valence electrons per atom of alloys is determined
by its composition by using VCA method. From Fig. 9, one can see that the number of
valence electrons for the five tungsten-base PFMs will increase with irradiation years.

The total electronic density of states (TDOS) shown in Fig. 4 tells us that the Fermi
energies of HEAs located at left hillside of the DOS. The effects of irradiation would add
valence electrons of materials to move the Fermi energy to higher energy level, close to valley.
In this case, materials with lower fermi energy will be more stable in good agreement with
all increasing elastic properties of HEAs as well as higher slope of HEA2 than HEA1 (more
valence electrons). The consequence of relatively slight change of valence electrons of SAs is
the trivial variation of elastic properties compared to HEAs except for Cyy of SAT.

The reduction of lattice constant and the enlargement of bulk modulus are consist
with experimental measurements and d-band filling predictions [94] that valence electrons is
increasing. And the larger reduction of lattice constant could lead to larger enlargement of
the bulk modulus by Fig. 5(a) and Fig. 6(a).



400

401

402

403

404

405

406

407

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

431

432

434

435

436

437

438

22

The surface energies and unstable stacking fault energies of W, HEAs and SAs are
shown in Fig. 10 as function of irradiation years. And the Rice criterion [93] was used to
estimate the ductility of materials by the ratio of 7, and 7,5, shown in Fig. 11. Materials
with large ratio will prefer to slip the atomic layer under external stresses. While materials
with smaller ratio would rather to crack to generate a new surface [97-99]. Furthermore, in
Fig. 10, both 7, and ~,s show an increase as function of irradiation. This behavior can be
explained based on the variation of the number of electrons up to 10 years. According to Fig.
9 and Fig. 4, HEA2 obtains more relatively percentage electron than HEA1 and increasing
of electron will move the Fermi energy to right in DOS, where, in case of HEAs, Fermi
energy moving toward the valley of DOS. Thus, HEAs become more stable with irradiation
time, and have higher v, and ~,,. Similarly, from Fig. 9 and Fig. 4, the electrons increase
with irradiation time for SAs and W. Nevertheless, the Fermi energy located at the valley
of DOS, and further increasing electrons will make fermi energy move towards hillside of
DOS, especially happening to SA2 and W, and negligible for SA1. In this case, materials
would become more unstable, and this situation consists with ~,s of SA1 barely change with
irradiation year comparing with that of W and SA2.

As we mentioned in previous section 3, the changes on the ~,, are twice as pronounced
as the changes on ~,, implying that the ~,, is the major factor to govern the dislocation-
based ductility parameter D of SAs and HEAs for both slip systems. The results of ductility
parameter are shown in Fig. 11. This figure shows that HEAs become more brittle with
irradiation time, and irradiation will enhance the ductility of W and SA2, for both slip
systems respectively. Moreover, SA1 did show the significant variation as the irradiation.
From the Fig. 2, we could conclude that increasing ductility of W and SA2 come from the
reducing of W elements and the increment of Re in the materials. The more brittle of HEAs
is due to the lost of Ta and the generation of W form transmutation. Additionally, the
gradient concentration of those during a 10-year irradiation should be contrasted to explain
the difference of HEA1 and HEA2. HEA1 has reduction of Cr with 0.19% and generation of
V with 0.15%, and HEA2 has reduction of V with 0.12% and generation of Os with 0.18%.
Therefore, HEA2 experiences higher decrease of dp as it is moving from V to Os with a
further distance(it has V, Os, so it starts from Group V to Group VIII)

5. Conclusions

Our first conclusion is that uncertainty propagation is important for nuclear simulations.
Even though the irradiation-induced composition changes are not predicted to have a
significant impact on material properties in the present work, it will not always be the case —
for example, changes in thermal conductivity as a function of transmutation are striking in
W [100]. In such cases, it will be vital to include the uncertainties in predictions of material
performance — the method exemplified here should be extended to include data-induced
uncertainties in neutron transport simulations (neglected here, but already mature, see
e.g. [101]) as well as the uncertainties designs of fusion reactors, such as geometry variation
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and material (composition) selection.

Our results also suggest that the differences in the properties of the four tungsten-
based candidate materials at the beginning of their operation life are more significant than
the changes induced by irradiation. This behavior might be induced by the nature of the
VCA approach, which assumes a homogeneous distribution of the alloying elements with the
definition of the virtual atoms. Such formulation is a limiting factor to properly investigating
the role of the microstructure (and not the chemical composition as such) on the mechanical
behavior of these materials. A deep understanding of microstructural damage in alloys under
neutron irradiation needs further theoretical and experimental investigations. Our current
and future efforts are directed toward studying more complete first-principles DFT electronic

structure methods to effectively predict the phase stability and the mechanical properties of
irradiated PFMs.
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Appendix A. Material behavior of the principal alloying elements



Table Al: Compositions of W and W-alloys after the 10-year power-plant first wall

irradiation (atomic % concentration units) as predicted by FISPACT-II.

Material | SA1 SA2 HEA1 HEA2

elements
W | 9.666E+01 6.481E+01 6.555E+01 2.748E+01 2.753E+01
Re 1.727 1.159 1182 A574E-01  4.614E-01
Ta | 9.061E-01 6.076E-01  6.145E-01 2.122E+4+01 2.119E401
Os | 6.822E-01 4.614E-01 4.665E-01 1.799E-01 1.814E-01
Hf | 1.517E-02 1.017E-02 1.029E-02 5.671E-01  5.667E-01
He | 1.198E-03 2.863E-02 2.766E-02 4.207E-02  2.857E-02
H 5.718E-03  1.197E-01 1.252E-01 1.550E-01  1.232E-01
Cr - 2.675E4+01 3.084E+01 2477E+01  6.095E-02
Ti - 5877  3.773E-02  2.495E+01 2.498E+01
% - 1.635E-01  1.885E-01 1.515E-01 2.485E-+01
Sc - 5.025B-03  2.9041E-07 2412E-02  2.144E-02
Ca - 1.881E-03  7.655E-06 7.995E-03  7.993E-03
Mn - 1.578E-04 1.818E-04 1.463E-04 2.71E-012
Y - - 9.375E-01 - -
Sr - - 1.767TE-02 - -
7 - - 1.103E-03 - -
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Table A2: Theoretical equilibrium lattice parameter, single-crystal elastic constants, and

polycrystalline elastic properties for the principal alloying elements of the five tungsten-

based PFMs at the beginning of their operational life, i.e., with the chemical compositions

shown in Table 1: equilibrium lattice parameters ag, bulk modulus B, elastic constants C};,
tetragonal shear modulus C’, shear modulus (G) and Young’s modulus (E).

ag Ch Chz Cu B '’ G E

(A) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
W 31835 512,501 197906  142.461  302.771  157.298 148.22  382.669
Cr 2850 491.795  143.543  101.429  259.627 174.126 95416  255.008
Ta  3.320 262.579  159.921 72.436 194.140  51.329 47.812 132.554
Ti  3.262 87.367  113.411  39.409  104.730 -13.022 -0.300 -0.900
\% 3.000 264.370  138.842  23.738  180.685  62.764 26.548 75.925
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Table A3: Theoretical surface energy ~,, unstable stacking fault energy ~,,, and dislocation-
based ductility parameter D for the five tungsten-based PFMs at the beginning of their
operational life, i.e., with the chemical compositions shown in Table 1. The calculations
have been performed in both {111}{110} and {111}{112} slip systems.

system this work references
Vs (J/m2) '7u8(‘]/m2) D '78<J/m2) ’YUS(J/m2) D
AW 3.308 1.684 1.961 3.181 1.633
= [60] [60]
(LLD{110} Cr 3.308 1.530 2.163 3.505 1.570
[102] [103]
Ta 2.502 0.724 3.387 2.685 0.831
[104] T [105]
\Y 2.788 0.751 3.713 2.428 0.616 3.93
[106] [106] [106]
W 3.762 1.875 2.006 3.367 1.830
5 [60] [60]
(LL{112} Cr 3.772 1.599 2.359 3.892 1.634
[102] [103]
Ta 3.004 0.871 3.370 2.884 0.977
[104] T [105]
\Y 3.214 0.895 3.591 2.703 0.719 3.76
[106] [106] [106]

T spectral neighbor analysis potential

Table A4: Fermi energy FEr and number of valence electrons for the principal alloying
elements of the five tungsten-based PFMs at the beginning of their operational life, i.e.,
with the chemical compositions shown in Table 1.

Er; (eV) No. valence e~

W 21.942 14
Cr 19.652 14
Ti 13.370 12
Ta 18.106 13

\% 16.628 13
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Figure Al: Total DOS of the alloying elements of SAs and HEAs. Ep; is the Fermi
energy of each material, and it is taken as the reference energy.
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