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Tungsten and tungsten alloys are being considered as leading candidates for structural11

and functional materials in future fusion energy devices. The most attractive properties of12

tungsten for the design of magnetic and inertial fusion energy reactors are its high melt-13

ing point, high thermal conductivity, low sputtering yield and low long-term disposal ra-14

dioactive footprint. Yet, despite these relevant features, tungsten also presents a very low15

fracture toughness, mostly associated with inter-granular failure and bulk plasticity, that16

limits its applications. Significant neutron-induced transmutation happens in these tung-17

sten components during nuclear fusion reactions, creating transmutant elements including18

Re, Os and Ta. Density functional theory (DFT) calculations that allow the calculation of19

defect and solute energetics are critical to better understand the behavior and evolution20

of tungsten-based materials in a fusion energy environment. In this study, we perform21

DFT calculations to predict elastic and plastic mechanical properties (such as bulk modu-22

lus, shear modulus, ductility parameter, etc.) on a variety of W-X compositions that result23

when pure tungsten is exposed to the EU-DEMO fusion first wall conditions for ten years.24
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I. INTRODUCTION25

Tungsten and tungsten alloys are being considered as leading candidates for structural26

and functional plasma facing materials (PFMs) in future fusion energy devices. The most27

attractive properties of tungsten for the design of magnetic fusion energy reactors are its28

high melting point and thermal conductivity, low sputtering yield and low long-term dis-29

posal radioactive footprint. These advantages are accompanied unfortunately by a very30

low fracture toughness (mostly associated with inter-granular failure and bulk plastic-31

ity), low ductility at room temperature, and high ductile-to-brittle transition temperature32

(DBTT), that limits its applications [1–5].33

A deep understanding of both elastic and plastic mechanical properties of tungsten34

alloys under first wall fusion power plant conditions is then a necessary step towards35

their consolidation as a viable option for this promising technology. Given the difficulty36

and the cost to perform experiments in such extreme environments, the use of computa-37

tional modeling to provide insights and enrich the experimental knowledge of materials38

response has received much attention during the last decades. Among all the available39

techniques that allow for the prediction of mechanical properties across different tempo-40

ral and spatial scales, density functional theory (DFT) has emerged as one of the most41

reliable ones to investigate the electronic structure of condensed matter systems [6].42

In the elastic region, these first-principles calculations (also called ab initio calcula-43

tions) have been broadly employed to study the elastic constants and the elastic proper-44

ties of pure crystals and multiple alloys, starting in the 1970s and, particularly, in recent45

times [7–13].46

For its part, plastic deformation in body-centered cubic (bcc) metals like tungsten47

is peculiar due to the existence of nonplanar dislocations with screw character and48

thermally-activated mobility [14–17]. This results in various kinds of complex phenom-49

ena such as pencil glide, asymmetry of the critical stress in the twinning and antitwinning50

glide directions, asymmetry of the critical stress under tension/compression loading, or51
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anomalous slip [18–28]. Among all the mechanical properties that can be determined in52

this plastic regime, ductility of tungsten and tungsten alloys has been the subject of much53

research and discussion over the last decades (both experimentally and computationally)54

given their well documented brittleness [5, 29]. Despite the scalability limitations of ab55

initio methods to characterize directly dislocation glide, grain boundaries, hardening,56

and other mesoscopic phenomena governing the plasticity of body-centered cubic (bcc)57

metals, several approaches have proposed measures of ductility based on its relationship58

with material parameters that can be determined via DFT simulations. Going back to59

the 1950’s, before computational modeling and ab initio calculations became effective60

methods to study the mechanical properties of materials, Pugh [30] formulated an em-61

pirical criterion that characterizes the ductility of materials by the ratio between the bulk62

modulus B and the shear modulus G. Cauchy pressure, defined in terms of the elastic63

constants, has also been employed to evaluate the ductility of metals since it includes64

the angular character of atomic bonding [31, 32]. Another criteria for isotropic polycrys-65

talline materials is the Poisson’s ratio, which is found to be proportional to the intrinsic66

ductility of crystals [33]. During analysis of dislocation nucleation from a crack tip,67

Rice [34] proposed that the ductile-brittle behavior of a material can be associated with68

the ratio between the surface energy and the so-called unstable stacking fault energy, a69

new solid state parameter identified in this analysis that represents the maximum energy70

encountered in the block-like sliding of a slip plane.71

Despite the numerous efforts in the literature to investigate the effects of alloying ele-72

ments on various properties of tungsten such as phase stability [10, 35–38], elastic proper-73

ties [10, 13, 35–37, 39, 40], ideal tensile strength [10, 41], ductility [42], radiation defects74

[36], point defects [35, 43–47], dislocation structure [48, 49], grain boundaries [50], etc.,75

to the best of our knowledge there is a lack of understanding on how the expected first76

wall fusion power-plant conditions change the mechanical properties of these plasma fac-77

ing structural materials over time. In this work, we perform first-principles calculations78
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based on density functional theory to investigate the mechanical response of tungsten ex-79

posed to fusion-like environments. In particular, we focus on how the elastic constants,80

elastic properties, ideal tensile strength, and dislocation-based ductility parameter evolve81

as the composition of tungsten changes during the course of irradiation due to transmu-82

tation.83

Our paper is organized as follows. After this introduction, we provide an overview84

of tungsten transmutation in a predicted fusion-reactor environment. This is followed85

by Section III, where the first-principles computational methods employed are presented.86

The results are given in Section IV, which includes: (i) the validation exercise, with spe-87

cial focus on the elastic properties of pure tungsten; and (ii) the calculation of the elastic88

constants and elastic properties, the ideal tensile strength, and ductility parameter mea-89

surements for the chemical compositions that appear when pure tungsten transmutes90

during the course of irradiation. We finalize in Section V with a brief discussion and the91

conclusions.92

II. TUNGSTEN TRANSMUTATION93

To characterize the transmutation properties of W in a fusion-like environment, calcu-94

lations have been carried out using the FISPACT-II inventory code developed and main-95

tained by the United Kingdom Atomic Energy Authority over the last 30 years. FISPACT-96

II [51, 52] solves coupled differential equations describing the rate of change of all pos-97

sible nuclides and thus evolves a nuclide composition in time. In the simplest case, the98

differential equation describing the rate of change for one nuclide is:99

dNi
dt

= −Ni(λi + σiφ)︸           ︷︷           ︸
depletion

+
∑
j,i

Nj(λji + σjiφ)︸           ︷︷           ︸
creation

(1)100

where Ni is the number of atoms of nuclide i at a given time t. This differential equation101

is formed from two terms that represent the nuclide depletion (negative contribution) or102
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creation (positive). The loss term, −Ni(λi + σiφ), includes λi as the decay constant of the103

nuclide (only non-zero if the nuclide is unstable), φ as the total neutron flux (in units of104

n cm−2 s−1), and σi as the total collapsed cross section for all possible reactions on the105

nuclide (measured in barns and calculated by combining the energy-dependent specified106

neutron field with nuclear reaction cross-section data). For its part, the creation term107

consists of the sum over all other nuclides with the ji subscripts indicating the production108

of nuclide i from a reaction or decay on j. Single-value, total σ cross sections (in cm−2
109

units) in equation (1) are obtained from the sum of the energy dependent cross sections110

values for the reaction weighted by the normalized neutron irradiation spectrum:111

σ =
∑
n

σn
φn∑
mφm

, (2)112

where the n,m sums are performed over the neutron flux vector.113

For the present work, a φ vector of fluxes was taken from neutron transport calcula-114

tions performed for a recent conceptual design (see [53, 54] for details) for EU-DEMO; a115

demonstration fusion power plant being researched in Europe [55, 56]. Specifically, the116

spectrum for the outer equatorial first wall of the torus-shaped tokamak has been used,117

which is predicted to be one of the highest flux regions of a fusion reactor (second only118

to the inner equator). The total flux φ for this spectrum was 2.1×1014 n cm−2 s−1. A119

FISPACT-II calculation evolved initially pure W in this neutron environment for 10 con-120

tinuous full-power years. Figure 1(a) shows the final composition of the material after121

those 10 years in a ‘nuclide map’ [57] tableau.122

Note that 10 years of continuous operation is longer than that envisaged for first wall or123

divertor armour components in current fusion reactor concepts; for example, EU-DEMO124

operational scenarios consider around 5 years of pulsed operation lifetime for divertors125

- corresponding to ∼ 2 full power years (fpy), while in the second, longer phase of EU-126

DEMO operation, blanket and first wall components are expected to experience about 14127

years of pulsed operation (∼ 6 fpy) [58]. In this respect, using the maximum transmuta-128

tion results (at 10 years) presented here to analyze the mechanical impact on transmuta-129
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tion is an upper-bounding case relative to the end-of-life variations that might be expected130

in the next (first) generation of fusion reactors. On the other hand, the lesson from the131

nuclear fission industry is that life extension of components is critical to the commercial132

viability of power plants, and thus 10 fpy may eventually be more representative of the133

lifetime requirements for the first wall armour of commercial reactors.134
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Figure 1. (a) Final nuclide composition of W after 10 years of continuous exposure to EU-DEMO

first wall conditions. (b) Transmutation of W during a 10-year irradiation.

Figure 1(b) shows how the composition of W changed (transmuted) during the 10-135

year irradiation. The graph shows the concentrations, in atomic parts per million (appm),136

on a logarithmic scale of the elements created during the course of the irradiation. The137

concentrations of each element are the sum over all nuclides of that element (i.e. from one138

row of the nuclide map in figure 1(a)). Table I presents the concentrations of the elements139

produced at 1-year intervals. The table also shows time-averaged concentration error140

estimates for each element, which are derived solely from the nuclear data uncertainties in141

the TENDL-2017 [59] libraries used by FISPACT-II to perform the calculations. FISPACT-142

II obtains errors for a given nuclide/isotope (e.g. 186W, 185Re or 2H) by summing (in143

quadrature) the nuclear data uncertainties on each reaction in the production chains of144

individual nuclides Ni of the inventory. Production chains are found using a tree search145
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Table I. Relative concentrations that appear as W transmutes during the course of the 10-year

power-plant first wall irradiation. Time-averaged % errors in transmutant concentrations pre-

dicted by FISPACT-II are also shown for each element (see main text for details).

Year
at% appm

W Re Os Ta Hf H He Ir Pt

1 99.61 0.31 0.01 0.07 2.3 5.6 1.2 4.4×10−6 3×10−8

2 99.14 0.64 0.04 0.18 8.2 11.3 2.4 1.6×10−4 3.6×10−6

3 98.67 0.95 0.09 0.28 17.3 17.0 3.6 1.2×10−3 5.0×10−5

4 98.22 1.23 0.17 0.38 29.4 22.6 4.7 4.9×10−3 3.1×10−4

5 97.77 1.48 0.26 0.48 44.0 28.4 5.9 1.4×10−2 1.2×10−3

6 97.33 1.72 0.37 0.57 60.9 34.1 7.1 3.5×10−2 3.7×10−3

7 96.90 1.94 0.49 0.65 80.0 39.8 8.3 7.2×10−2 9.3×10−3

8 96.49 2.14 0.63 0.73 101.1 45.6 9.5 1.3×10−1 2.1×10−2

9 96.07 2.33 0.77 0.80 124.1 51.4 10.8 2.3×10−1 4.1×10−2

10 95.67 2.50 0.93 0.87 148.8 57.1 12.0 3.7×10−1 7.5×10−2

error (%) 0.13 6.47 7.54 36.14 31.29 12.65 42.44 31.14 37.83

algorithm (see [51] for details of the method). The errors shown here for a transmutant146

element are the sums (again, in quadrature) over the predicted errors for each nuclide147

of that element. Errors for Pt and Ir were not calculated for all time steps because the148

concentrations of contributing Pt/Ir nuclides were too numerically insignificant (small)149

for the pathways to be found – the averaged errors in these cases are only over those (later)150

time steps where errors were obtained151

Even after 10 years and for the (relatively) highly-transmuting W, the material would152

still be more than 95% W. Notice that the profile of growth of each transmutant element153

varies – Os, for example is a secondary transmutant whose rate of production increases as154

the concentration of Re, a primary transmutant, increases.155
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III. FIRST-PRINCIPLES COMPUTATIONAL METHODS156

Density Functional Theory (DFT) calculations were performed by using the open-157

source software distribution QUANTUM ESPRESSO [60, 61]. The generalized gradient158

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) parametrization [62] was159

employed in the formulation of the exchange correlation functional. Optimized Norm-160

Conserving Vanderbilt Pseudopotentials [63] compatible with the Virtual Crystal Ap-161

proximation (VCA) [64] method were chosen as the most suitable ones to study the variety162

of transmuted tungsten compositions that result from the exposure to the first wall con-163

ditions described in Section II. By using this VCA approach, the mixed pseudopontential164

for any composition at a specific irradiation time in Fig. 1(b) can be generated by defining165

“virtual” atoms at concentrations appropriate for the composition.166

The k-points were sampled using the Monkhorst-Pack method [65] by a shifted 30 ×167

30 × 30 grid for the 2-atom bcc supercell used in the calculation of the elastic constants168

and the ideal tensile strength. A shifted 28 × 28 × 1 grid was selected for the 12-atom169

bcc supercell employed in the calculation of the stacking fault energies needed to ob-170

tain Rice’s ductility parameter. The planewave cutoff energies were ∼ 2041 eV (150 Ry)171

for the elastic constants and the ideal tensile strength simulations and ∼ 544 eV (40 Ry)172

for ductility simulations. The convergence tests to choose these values are provided in173

Appendix A. Further details on how to extract the elastic and plastic properties of trans-174

muting tungsten from the energies calculated via DFT simulations are given below.175
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A. Elastic constants and elastic properties176

The change in the total energy per unit volume (∆U/Ω) of a system subjected to a177

general deformation can be written, in the contracted Voigt notation, as178

∆U
Ω

=
1
2
Cijuiuj with ui =


εi if i = 1, 2, 3

2εi if i = 4, 5, 6
(3)179

where Ω is the volume and U is the total energy, respectively, of the crystalline unit cell,180

Cij are the components of the stiffness matrix, and ui are the engineering strain vectors. In181

the particular case of a cubic crystal such as bcc tungsten, the elastic tensor gets simplified182

due to the symmetries of the lattice [66], i.e:183

Cij =



C11 C12 C12

C12 C11 C12

C12 C12 C11

C44

C44

C44


(4)184

where all the empty entries correspond to Cij = 0. Then, Eq. 3 can be rewritten as185

∆U
Ω

=
1
2
C11(u2

1 +u2
2 +u2

3) +C12(u1u2 +u1u3 +u2u3) +
1
2
C44(u2

4 +u2
5 +u2

6) (5)186

Following [67–69], the three non-zero elastic constants C11, C12, and C44 can then be187

obtained by evaluating this Eq. 5 under three deformations: isotropic (u1 = u2 = u3 =188

η,u4 = u5 = u6 = 0), tetragonal (u1 = u2 = −η,u3 = −2η,u4 = u5 = u6 = 0), and trigonal189

(u1 = u2 = u3 = 0,u4 = u5 = 0,u6 = η), where η denotes the distortion parameter.190
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Since C11, C12, and C44 constitute the entire set of elastic constants for a cubic system,191

other elastic properties of interest for single crystals can be extracted from these energy192

calculations. For example, the Bulk modulus B and the tetragonal shear elastic constant193

C′ can be determined as194

B =
1
3

(C11 + 2C12) (6)195

C′ =
C11 −C12

2
(7)196

Additionally, mechanical properties of isotropic polycrystalline materials can also be197

determined from the already calculated elastic constants. By applying the Hill average198

[70], the shear modulus G can be calculated as199

G =
GV +GR

2
(8)200

where GV = 3C44+C11−C12
5 and GR = 5(C11−C12)C44

4C44+3(C11−C12) are the Voigt and Reuss bounds, respec-201

tively. Then the Young’s modulus E and the Poisson’s ratio ν can be obtained as:202

E =
9BG

3B+G
(9)203

ν =
3B− 2G

2(3B+G)
(10)204

B. Ideal tensile strength205

The ideal tensile strength of a material σm, also called theoretical strength, is defined206

as the maximum stress that the material can sustain. For the uniaxial tensile test, the207
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tensile stress σ relates to the total energy of the system U , the tensile strain ε, and the208

volume at a given strain Ω(ε) as209

σ =
1

Ω(ε)
∂U
∂ε

, (11)210

which allows for the calculation of the ideal tensile strength using first-principles simula-211

tions. To do so, the total energy for the unloaded material is firstly calculated. Second, a212

uniaxial tensile strain ε is imposed on the system, finding the minimum of the total energy213

by relaxing the atoms at the directions perpendicular to the loading axis. This process is214

repeated for different values of the strain (along the same loading direction) and the total215

energy is obtained as a function of the applied tensile strain. At each strain step (0.02 at216

the beginning and 0.01 as the results approach the region of the ideal strength), the force217

tolerance during the energy minimization was set to a value of 2.57 × 10−3 eV/Å (10−4
218

Ry/bohr) for all five components except for the one where the uniaxial tensile strain is219

applied. Eq. 11 is evaluated to calculate the stress σ for each particular strain, and the220

ideal tensile strength σm is obtained as the maximum in the stress-strain curve, which221

also relates to the inflection point in the total energy-strain curve [9]. Next, Eq. 11 is eval-222

uated for each value of applied strain to determine the dependence of the stress σ with223

the strain. Finally, the ideal tensile strength σm is obtained as the maximum in the stress-224

strain curve, which also relates to the inflection point in the total energy-strain curve [9].225

C. Dislocation-based ductility parameter226

According to the dislocation theory formulated by Rice [34], the brittle-ductile behav-227

ior of a crystalline solid can be characterized by the so-called ductility parameter D that228

accounts for the competition between the nucleation of dislocations from the crack tip229
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and crack cleavage, i.e.:230

D =
γs
γus

(12)231

where γs is the surface energy and γus is the unstable stacking fault energy. In the present232

work, we focus on this Rice-criterion of ductility instead of the other three criteria de-233

scribed in Section I since the generalized stacking fault energies (GSFE) that are needed234

in Eq. 12 can be determined directly by using first-principle simulations. Additionally,235

the calculation of the GSFE could also provide physical insights into the movement of236

dislocations, a mechanism that governs plastic deformation in bcc metals like tungsten237

[71–74].238

The first step in the calculation of the GSFE is the definition of the geometry. A su-239

percell containing twelve surface layers with a unit surface of 1 × 1 and 10 (Å) vacuum240

is created as shown in Fig. 2. This is done for both 〈111〉{110} and 〈111〉{112}, the two241

primary slip systems found in these bcc structures [75–78]. Next, a displacement along242

the [111] direction is imposed on the upper half (7th to 12th layers) of the surface model243

while keeping the lower half (1st to 6th layers) fixed. After introducing the slip, the en-244

tire system is allowed to relaxed along the z direction. The GSFE (also called γ-surface)245

is then defined as the energy cost per unit area of the cut incurred as a result of the shift,246

i.e.:247

γ(x) =
E(x)−E0

A
(13)248

where x is the displacement along the shift vector (given as a fraction of the Burgers249

vector b = 1
2 [111]), E(x) is the total energy of the system after imposing a slip x, E0 is250

the total energy of the surface model before the slip, and A is the area of the surface. The251

unstable stacking fault energy γus is obtained as the maximum value of the GSFE curve252
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and it corresponds to the maximum energy that comes upon sliding the top half along a253

slip plane [34].254

For its part, the surface energy γs is the energy required to create a new surface during255

the cleavage of an infinite crystal in two. Despite its importance to understand surface256

structure, reconstruction, roughening and crystals’ equilibrium shape [79], there are some257

challenges to determine it both experimentally [80] and computationally [81]. In this258

work, we use the method proposed by Fiorentini and Methfessel [82] that calculates the259

surface energy as260

γs ≈
ENslab −NEbulk

2
(14)261

where ENslab is the total energy of an N-layer slab and Ebulk is the bulk total energy. By262

using this approach, the divergence of the surface energy with the slab thickness is elim-263

inated. Additionally, it does not require the calculation of the bulk energy term on a264

separate system since Ebulk can be taken as the slope of the total energy of the slap over265

the slap thickness.266

IV. RESULTS267

In this Section, we present results of first-principles calculations to explore the de-268

pendence of the elastic constants, ideal tensile strength, and ductility-parameter on the269

time-dependent composition of transmuting tungsten under first wall fusion power-plant270

conditions.271

A. Benchmarking - pure tungsten272

As a preliminary step in our calculations, the elastic and plastic properties of pure273

tungsten were obtained and compared with previous works in the literature. Table II274

summarizes the lattice parameter, elastic constants and elastic properties from this work275
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(a) (b)

(c)

(d)

Figure 2. Atomic arrangement of the surface models used to calculate γus of transmuting tungsten

on both (a) 〈111〉{110} and (b) 〈111〉{112} slip systems.

and previous studies. For their part, the values of the ideal tensile strength σm, the surface276

energy γs and unstable stacking fault energy γus are shown in Table III. These results are277

consistent with their counterparts from previous works (the relative differences are less278

than 15% in Table II and less than 12% in Table III). Additionally, given the variety of279

methods compared, convergence studies were also performed on several properties of280

interest. The reader is referred to appendix A for more details about these convergence281

tests.282
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Table II. Theoretical and experimental equilibrium lattice parameters a0, bulk modulus B, elastic

constants Cij , tetragonal shear modulus C′ , shear modulus (G) and Young’s modulus (E) of pure

tungsten from our calculations and previous works.

Software package,

Pseudopotential†

a0

(Å)

C11

(GPa)

C12

(GPa)

C44

(GPa)

B

(GPa)

C′

(GPa)

G

(GPa)

E

(GPa)

EMTO, PAW [83] 3.195 536.7 179.9 168.6 298.8 178.4 172.5 434.0

QE, NCPP [84] 3.187 499‡ 201‡ 149 300 160 154‡ 394‡

VASP, PAW [85] 3.1755 529.94 211.19 140.59 317.44 159.38 148.11 384.52

VASP, PAW [86] 3.17 536.3 202.2 138.7 313.6‡ 167.1‡ 149.4‡ 386.8‡

QE, USPP [87] 3.1903 518 197 141 304 160 160 ‡ 408 ‡

Exp. (0 K) [88] 3.165 532.55 204.95 163.13 314.15 163.80 163.40 417.76

Exp. (300 K) - 530.25 201.9 160.92 311.35 164.18 160.18 410.09

QE, NCPP [This work] 3.1835

[6%]

512.501

[5%]

197.906

[6%]

142.461

[15%]

302.771

[5%]

157.298

[12%]

148.22

[14%]

382.669

[12%]

† Acronyms used for software packages and pseudopotentials: Exact Muffin-Tin Orbitals (EMTO)

formalism [89], Projector Augmented Wave(PAW), Norm Conserving pseudopotentials(NCPP),

Ultra-Soft pseudopotentials(USPP).
‡ Values are obtained by substituting the elastic constants calculated via first-principles calcula-

tions into Eq. 6 − 9.

283

B. Elastic behavior of transmuting tungsten284

With the confidence conferred by the benchmarking exercise of pure tungsten, next285

we proceed to calculate the elastic and plastic properties for a number of tungsten com-286

positions that result during the first ten years of continuous exposure to EU-DEMO first287

wall conditions. The chemical compositions of transmuted tungsten shown in Fig. 1(b)288

and Table I were used to generate the required pseudopotentials via the VCA method289
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Table III. Theoretical ideal tensile strength σm, corresponding strain εm , surface energy γs, and

unstable stacking fault energy γus of pure W from our calculations and previous works.

Software package,

Pseudopotential†
σm(GPa) εm(%)

{110} slip system 〈111〉{112} slip system

γs (J/m2) γus(J/m2) γs(J/m2) γus(J/m2)

CPMD, GTH [9] 26.7 11.7 - - - -

QE, PAW [10] 29.6 14 - - - -

VASP, PAW 29.1 [86] 14 [86] 3.181[42]
1.633 [42]

1.6983[90]
3.367[42]

1.830[42]

1.7464[90]

VASP, PAW[91] - - 3.197 ∼1.680 ∼3.377 ∼1.764

QE, NCPP [this work] 27.763[6%] 14[19%] 3.3083[4%] 1.6870[3%] 3.7620[12%]1.8755[7%]

† Acronyms used for software packages and pseudopotentials: Car–Parrinello Molecular Dynamic

(CPMD) code [92], Goedecker-Teter-Hutter pseudopotentials [93].

[64]. In addition to studying the current composition (i.e. all transmutants in table I) at290

each irradiation time, two other scenarios were considered: (i) chemical composition at291

each irradiation time with tungsten and the primary transmutant (Re); (ii) chemical com-292

position at each irradiation time with the top 3 transmutants (Re, Os, Ta). The purpose293

of investigating these two supplementary scenarios is to understand how the mechanical294

properties change as specific transmutants are added.295

Figure 3 shows the time dependence of the lattice parameter and the elastic constants296

as the chemical composition of the tungsten-based materials change due to irradiation.297

This linear behavior has been confirmed in previous experimental [94] and computational298

[10, 48] measurements of W-Re alloys.299

In Figure 4 we provide detailed results on the evolution of elastic properties such as300

the Bulk modulus B, the tetragonal shear elastic constant C′ and mechanical properties301

of polycrystalline materials like the shear modulus G and the Young’s modulus E. As302

described in Section III A, the above properties can be obtained directly from relations303

between elastic constants, by applying the Hill average, or by imposing Voigt and Reuss304
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Figure 3. Evolution of the equilibrium lattice parameter a0 and the elastic constants Cij of trans-

muting tungsten during the first ten years of continuous exposure to EU-DEMO first wall condi-

tions.

bounds. The monotonic behavior observed in our calculations is also in agreement with305

previous computational works that studied W-Re alloys [10].306

In advance of discussing these results and their implications in detail in the following307

section, we note the following features from the figures: (i) the lattice constant and C′ are308

the only measurements decreasing as irradiation time (and therefore the relative concen-309

tration of transmutants) increases. All other properties monotonically increase with irra-310

diation time; (ii) the magnitude of the slope when only the primary transmutant (Re) is311
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Figure 4. Evolution of the bulk modulus B, tetragonal shear modulus C′ , shear modulus (G), and

Young’s modulus (E) of transmuting tungsten during the first ten years of continuous exposure to

EU-DEMO first wall conditions.

considered, (no matter whether it is positive for some properties and negative for others)312

is always smaller than the one for the current composition with all transmutants or the313

scenario that includes the top 3 transmutants; and (iii) the effect of adding all remaining314

transmutants is negligible when compared with the impact of the chemical compositions315

that includes the top 3 transmutants (Re, Os, Ta).316
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C. Ideal tensile strength of transmuting tungsten317

The stress-strain curve is one of the most fundamental tools to understand the me-318

chanical behavior of materials. It reveals many of the elastic and plastic properties of319

interest, including but not limited to Young’s modulus, yield strength, ultimate tensile320

strength, etc. Here we perform a systematic study of the ideal tensile strength of pure321

W, transmuting W (with all transmutants), W with primary transmutant (Re) , and W322

with top 3 transmutants (Re, Os, Ta) as a function of the chemical compositions that re-323

sult when pure tungsten is exposed to the EU-DEMO first wall conditions for ten years.324

While studying the effect of temperature on the stress-strain curve is outside the scope325

of this paper, it is still of interest to calculate the theoretical ideal tensile strength of326

transmuting tungsten in its ground state and relate our findings to the larger mechanical327

behavior of these candidate materials if possible.328

First, we study the stress-strain relations of these materials as we increase the irradi-329

ation time. By way of example, the results for the chemical composition of transmuting330

tungsten that appears by the sixth year of irradiation are presented in Fig. 5(a). These331

reveal that the overall stress-strain curve drops as the number (and amount) of trans-332

muting elements increases. Next, we analyze the impact on the ideal tensile strength333

σm, defined as the maximum in the stress-strain curve. The inset of Fig. 5(a) shows that334

while σm also decreases with the presence of transmuting elements, the related strain εm335

for which σm is achieved remains constant and ∼14% for all the chemical compositions336

studied. Figure 5(b) summarizes the evolution of σm during the first ten years of irradia-337

tion in increments of one year. As the figure shows, σm monotonically decreases with the338

irradiation time for all the scenarios considered. This is consistent with previous works339

that studied the ideal tensile strength of tungsten and tungsten alloys by first-principles340

calculations [10, 41]. Furthermore, adding all transmutants results only in a slight devi-341

ation from the chemical compositions that includes the top 3 transmutants (Re, Os, Ta).342

The observed higher values of σm for W including primary transmutant (Re) with respect343
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to all-transmutants composition also aligns with the results obtained when studying the344

elastic behavior of transmuting tungsten, where the magnitude of the slope for W with345

primary transmutant was always smaller than the one for the current composition with346

all transmutants.347
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Figure 5. (a) The stress-strain curves under [001] tensile strain after six years of irradiation. (b)

Evolution of the ideal tensile strength of transmuting tungsten during the first ten years of con-

tinuous exposure to EU-DEMO first wall conditions. These calculations are performed in their

ground state and therefore they can not be compared directly to experimental stress-strain curves.

D. Dislocation-based ductility parameter of transmuted tungsten348

In this section, we investigate the effect of transmuting elements on the ductility pa-349

rameter of tungsten for 〈111〉{110} and 〈111〉{112} slip systems. We decided to focus350

here on pure W, the chemical composition that includes only the primary transmutant351

(Re), and the chemical composition that includes all transmutants. This choice is jus-352

tified by (i) the increased computational cost to calculate γus (the reader is referred to353

appendix A for more details about the convergence tests shown there), and (ii) the small354

variations observed when studying the elastic properties and the ideal tensile strength355
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of the chemical composition including top 3 transmutants (Re, Os, Ta) and the chemical356

composition with all the transmutants.357

As noted in Section III C, the dislocation-based ductility parameter D formulated by358

Rice [34] can be obtained in terms of the surface energy γs and the unstable stacking359

fault energy γus. Next, we describe the results obtained when calculating each of these360

measurements, as well as the resultant ductility parameter.361

γus is defined as the maximum value of the generalized stacking fault energy(GSFE)362

curve. As such, we need to calculate the GSFE curve for each of the chemical compositions363

and irradiation times considered. Figures 6(a) and 6(b) show the obtained GSFE curves of364

both 〈111〉{110} and〈111〉{112} slip systems for the chemical compositions that results365

after irradiating pure tungsten at fifth year. The figures reveal several interesting trends366

that are consistent with previous works in the field. Firstly, γus is always in the middle367

of the energy path from one equilibrium position to another on a {110} plane while there368

is certain asymmetry towards the first equilibrium position on a {112} plane [42, 78, 91,369

95]. Secondly, adding transmuting elements lowers γus of both slip systems [13, 37, 96].370

Thirdly, γus is higher for the 〈111〉{112} slip system [36, 42, 87, 91, 95]. The evolution of371

γus for both slip systems during the first ten years of irradiation is summarized in Fig. 6(c)372

and 6(d). These results show higher values of γus of the 〈111〉{112} slip system over the373

entire time domain, and a monotonic decrease of γus as the irradiation time (and therefore374

the amount of transmuting elements) increases.375

For its part, the calculation of γs in terms of the chemical composition and the ir-376

radiation time requires a preliminary step: the confirmation that γs does not diverge377

with increasing slab thickness [82, 97]. Following the method proposed by Fiorentini and378

Methfessel [82], Fig. 7(a) shows the calculated surface energies as a function of the slab379

thickness for the chemical compositions (all transmutants) that appear after 4 years of ir-380

radiation in tungsten. It can be seen from these results that convergence of γs is achieved381

with increasing the number of layers and a slab thickness of 12 layers assures a relative382
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Figure 6. The general stacking faults energy for the slip along 〈111〉 direction in (a) {110} and (b)

{112} plane after 5 years of irradiation. Evolution of the unstable stacking fault energy γus for

pure tungsten and transmuting tungsten during the first ten years of irradiation under EU-DEMO

first wall conditions for both (c) 〈111〉{110} and (d) 〈111〉{112} slip systems.

difference of less than 0.02%. With the confidence conferred on our approach by the con-383

vergence tests, next we proceed to calculate the surface energy for a number of chemical384

compositions, irradiation times, and both slip systems. The results are summarized in385

Fig. 7(b). Despite the higher values of γs for the 〈111〉{112} slip system, there is a small386

variation in terms of the chemical composition and the irradiation time studied, specially387

when compared with the evolution of γus shown in Fig. 6(c) and 6(d).388
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Figure 7. (a) Calculated surface energies for transmuting tungsten (all transmutants) as a function

of the slab thickness after four years of irradiation; (b) Evolution of the surface energy for pure

tungsten and transmuting tungsten during the first ten years of irradiation under EU-DEMO first

wall conditions for both 〈111〉{110} and 〈111〉{112} slip systems.

Once both γs and γus are calculated in terms of the chemical composition and the389

irradiation time, the ductility parameter D is obtained by substituting these terms into390

Eq. 12. We present results for the two slip systems of interest in Figure 8, where the391

linear dependency with irradiation time is clearly distinguished. It can also be observed392

that D is higher on the 〈111〉{112} slip system and the positive impact of adding more393

transmuting elements for a given irradiation time. This is in agreement with the well394

accepted improvement of the ductility of W when adding Re [36, 42, 87, 91, 95, 98].395

V. DISCUSSION396

A. Nuclear transmutation397

Section II presented typical transmutation results for pure W in a fusion reactor first398

wall (plasma-exposed) environment. While tungsten is a relatively highly transmuting399

element (for example, compare the relative burn-up of W to other elements in figure 6400
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Figure 8. Evolution of the ductility parameter D for transmuting tungsten along the (a)

〈111〉{110} and (b) 〈111〉{112} slip systems during the first ten years of continuous exposure

to EU-DEMO first wall conditions.

of [99]), figure 1(b) and table I showed that W will remain relatively pure even after 10401

years of exposure, with only 4-5 atomic % of transmutation impurities. However, even at402

such low concentrations, transmutants such as Re, Os, and Ta could still have significant403

impact on the engineering performance of W-based components in fusion systems. For404

example, 5 % Re in tungsten can cause a 10-20% reduction in the thermal diffusivity405

(and hence thermal conductivity) [100]. In a first wall fusion reactor having such a large406

variation of thermal performance in armour (where W is the preferred choice) would pose407

an engineering design challenge.408

Even more problematic for the engineering of fusion components is uncertainties in409

predictions associated with nuclear response. In the present work, we have shown a410

rare attempt to quantify uncertainties in transmutation predictions – in codes such as411

FISPACT-II [51] uncertainty quantification (UQ) is typically focused on radiological re-412

sponses, which is clearly important as safety margins must be well understood to plan413

maintenance, handling, and dismantling operations where human workers may be in-414

volved. However, where mechanical, structural, and thermal behaviour may be impacted415
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by the complete burn-up (transmutation) response (i.e. not merely from the typically416

small concentrations of radioactive products of nuclear reactions) it will be vital to pro-417

vide UQ for the complete inventory evolution response.418

The calculations performed in this work showed errors on the main transmutation419

products (Re and Os) of less than 10 %, which is reasonable and typical of errors originat-420

ing purely from nuclear data – see, for example, [101, 102], where decay-heat predictions421

by FISPACT-II for important fusion materials show good agreement with experimental422

measurements and where the computational errors generally generally encompass the423

experimental values. However, the errors shown in table I, are not the complete picture424

- full UQ for the results would require, in addition to the errors originating from the nu-425

clear data used in the inventory simulations, assessment of the errors associated with the426

neutron transport simulations used to generate the neutron spectrum.427

In the present, the spectrum comes from a neutron transport simulation (performed428

using MCNP [103]) of highly conceptualized model for EU-DEMO [55, 56]. As well as429

the errors inherent in the neutron transport simulations, which originates from the same430

nuclear data used for the inventory simulations with FISPACT-II, there is the unquantified431

– and likely quite large – uncertainty in the fusion reactor model itself.432

A key challenge for the future development of fusion, which will never have the wealth433

of experimental devices afforded the fission industry during its development, is to assess434

these engineering uncertainties, perhaps using Monte-Carlo-based sensitivity studies on435

the reactor design parameters or otherwise.436

B. Effects of transmutant elements on the mechanical properties437

In Sections III A - III C we have provided calculations of the lattice parameter, elastic438

behavior, ideal tensile strength, and ductility parameter as new transmutant elements439

are added to the initial composition of pure tungsten due to irradiation. Furthermore,440

to better understand the effect of the most predominant elements produced in W under441
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fusion-neutron irradiation, we also studied chemical compositions corresponding W with442

transmutant Re (W-Re) and also with Re, Os, and Ta (W-Re-Os-Ta) for each irradiation443

time. Here we consider the most important implications of the above calculations.444

The results shown in Fig. 3 and Fig. 4 reveal that the lattice constant a0 and the tetrag-445

onal shear modulus C′ are the only two elastic measurements decreasing with increasing446

the amount of transmutant elements. These effects are closely related to the variation of447

the number of valence electrons per atom. For example, the reduction of the lattice con-448

stant (for a given irradiation time) with increasing the amount of transmutant elements is449

in agreement with experimental measurements and d-band filling predictions [94]. The450

decrease of C′ with increasing impurity elements also suggests how transmuting tungsten451

becomes structurally unstable as the number of valence electrons increases. If we analyze452

the effect on other elastic constants and properties such as C11, C44, and E, their growth453

with increasing the solid solute concentrations and the number of valence electrons is in454

agreement with previous experimental [94] and computational works [10, 13, 87, 104].455

When evaluating the quantitative effects of the chemical composition on the elastic be-456

havior, the small amounts of impurity elements that appear due to transmutation (cf. Ta-457

ble I) justify the smooth change of all these elastic parameters (the maximum difference458

observed is 1.8% for C44 after 10 years of irradiation). Still, it is noticeable the major459

qualitative role that Re plays in the evolution of the elastic behavior, compensating the460

effect of other transmutant elements like Ta that decrease the number of valence electrons461

[10, 104]. Finally, it can be observed from these figures that the effect of burn-up creating462

impurity elements with a relative concentration≤ 0.87 at.% is negligible. This has compu-463

tational consequences as adding extra elements significantly increases the computational464

cost of the simulations.465

For its part, the variability of the ideal tensile strength shown in Fig. 5(a) can be ex-466

plained by investigating the electronic structures of the chemical compositions compared.467

When Group-VI transition metals like tungsten are deliberately alloyed with elements468
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with more valence electrons like Re or if those elements grow-in due to transmutation,469

the elastic shear instability is hindered by the Jahn-Teller distortion [105]. The result is a470

material that presents a slightly lower ideal tensile strength when compared to the pure471

element, as it is shown in the aforementioned figure. This is in fact consistent with previ-472

ous experimental and computational works that describe how the peak stress of W-Re al-473

loys are lower than the corresponding values of pure W [10, 104, 106–108]. Furthermore,474

similarly to the observations when studying the elastic behavior of transmuting tungsten,475

the small variations of the ideal tensile strength for a given irradiation time when adding476

Hf, H, He, Ir, and Pt can be explained by the small relative concentrations of these ele-477

ments (always ≤ 0.87 at.%) that appear during the course of the 10-year power-plant first478

wall irradiation.479

Another important physical aspect of mechanical deformation in bcc crystals is their480

ductility. As described in Section III C, the Rice criterion [34] was chosen to estimate the481

ductility of transmuting tungsten. As such, the dependence of both γus and γs with re-482

spect to the chemical composition needs to be investigated prior to the calculation of the483

dislocation-based ductility parameter D (cf. Eq. 12). Several features can be discussed484

from these results, shown in Figs. 6 and 7. Firstly, the value of γus for each chemical485

composition on the 〈111〉{110} slip system is always smaller than its counterpart on the486

〈111〉{112} slip system (cf. Fig. 6(a) and 6(b)). This suggests, confirming the findings487

in previous works [77, 109], that slip should predominantly occur on {110} planes. Sec-488

ondly, the addition of transmuting elements decreases γus. Previous works have shown489

a different behavior depending on the number of valence electrons of the add-elements.490

Adding elements with more valence electrons than W (such as Re, Os, It, Pt) have con-491

sistently reduced γus [42, 107] while adding elements with less valence electrons than W492

(such as Ta, Ti, Nb, Hf) tend to slightly increase it [42, 107]. However, when comparing493

the value of γus in pure W, W-Re and the chemical composition with all transmutants, we494

observe that the addition of elements always make γus to shrink. On this basis, we find495
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that the higher relative concentration of Re with respect to other transmutants (cf. Table496

I) plays a crucial role here, hindering the effect that other transmutant elements with less497

valence electrons than W should have.498

Additionally, the results shown in Fig. 7(b) reveal that γs on the 〈111〉{110} slip system499

is also smaller than its counterpart on the 〈111〉{112} slip system. Still, the limited vari-500

ability of γs with the chemical composition as irradiation time increases implies that the501

main factor governing the dependence of D with the chemical composition is γus. Con-502

necting the above observations regarding γus and γs, the results shown in Fig. 8 indicate503

that, for a given chemical composition, the ductility parameter is higher as the amount504

of transmutants is increased. This suggests that the addition of Re (which significantly505

decreases γus for a relatively constant γs) is the main factor responsible for this increment506

in the ductility.507

C. Evolution of the mechanical properties with irradiation time508

Previous works in the literature have extensively studied the effects of alloying ele-509

ments on various properties of tungsten such as phase stability [10, 35–38], elastic prop-510

erties [10, 13, 35–37, 39, 40], ideal tensile strength [10, 41], ductility [42], radiation de-511

fects [36], point defects [35, 43–47], dislocation structure [48, 49], grain boundaries [50],512

etc. However, to the best of our knowledge, there is a lack of understanding on how513

the expected first wall fusion power-plant conditions change the mechanical properties514

of these structural materials over time. Furthermore, most of these works have studied515

the effects when adding single or a reduce number of alloying elements to tungsten. In516

this work we address this gap by investigating not only the time dependence of the me-517

chanical properties but also the effect of adding a combination of all the elements that518

appear due to transmutation. Our primary observation from the results shown in Figs. 3,519

4, 5(b), 7(b), and 8 is that the time evolution of the mechanical properties is governed520

by the characteristics of the transmutant element with the highest relative concentration.521
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As described in Table I, this corresponds to Re, an element with more valence electrons522

than W. The mechanical properties that monotonically increase when Re is added also in-523

crease as the exposure to first wall conditions continues, and vice versa. This effect (either524

increasing or decreasing the specific property) is slightly augmented when all the trans-525

mutants are considered, but the trend is governed by the primary transmutant element,526

no matter whether the other transmutants actually increase or decrease the number of527

valence electrons. However, we issue this conclusion with caution, as the relative concen-528

trations of the deliberately added alloying elements in other candidate materials such as529

tungsten-based high-entropy alloys [110] are more similar and their mechanical behavior530

is expected to be different.531

VI. CONCLUSIONS532

To summarize, we have used the FISPACT-II inventory code to calculate how the chem-533

ical composition of pure W changed when exposed to the EU-DEMO fusion first wall con-534

ditions for ten years. We have also performed first-principles calculations to characterize535

how the elastic constants, elastic properties, ideal tensile strength, unstable stacking fault536

energy, surface energy, and ductility parameter evolve as new transmutant elements are537

added to pure W due to transmutation.538

Our first conclusion from these investigations is that W will remain relatively pure539

even after 10 years of exposure to first wall fusion conditions, with only 4-5 at.% of trans-540

mutant elements. Secondly, we have observed that the effects of these transmutant ele-541

ments on the mechanical properties of transmuting tungsten is closely related to the rel-542

ative variation of the number of valence electrons per atom as the composition changes.543

In particular, we find that the relative difference of these valence electrons created by the544

most predominant transmutant element (Re), has an important influence all the prop-545

erties calculated. Furthermore, the impact of minor transmutants (those with a relative546

concentration ≤ 0.87 at.%) seems negligible. Finally, our analysis of the mechanical prop-547
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erties as exposure to first wall fusion conditions continues over time also suggests that548

Re plays an important role in the evolution of the mechanical properties, increasing for549

example the Young’s modulus, shear modulus, bulk modulus, and the ductility param-550

eter; and decreasing the lattice constant, tetragonal shear elastic constant, ideal tensile551

strength, and the unstable stacking fault energy.552
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Appendix A: Convergence of the DFT calculations560

Figures 9 and 10 show the convergence of the lattice parameter, elastic constants, and561

elastic properties with respect to the plane-wave energy cutoff and the k mesh. These562

results suggest that an energy cutoff of 150 Ry and a 30×30×30 k-point mesh are sufficient563

to perform our first-principles calculations of the elastic behavior.564

The convergence of the unstable stacking fault energy γus with respect to the energy565

cutoff, k mesh and slab size is shown in Fig. A.11. First, we studied the convergence of γus566

with respect to the energy cutoff and k points, keeping a fixed slab structure of 8 layers.567

In Fig. A.11(a) the k-points were sampled using a fixed 16×16×1 grid, being the energy568

cutoff the only parameter allowed to change. The results show that an energy cutoff of 40569

Ry turns out to be sufficient, specially considering the computational cost and the number570

of GSFE calculations needed. In Fig. A.11(b) we did the opposite, fixing the energy cutoff571
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Figure 9. Convergence of the lattice constant and elastic constants C11, C12 and C44 as a function

of the plane-wave energy cutoff (a) and k mesh (b). The energy cutoff convergence (left) is studied

keeping the k-points fixed to 20×20×20. The k mesh convergence (right) is studied keeping an

energy cutoff of 80 Ry.

to 60 Ry and allowing the k-points sample to change. Only small variations of less than572

0.03% (for 〈111〉{110} ) and 0.01% (for 〈111〉{112}) were found when comparing the re-573

sults between a 28×28×1 and a 30×30×1 grid. As such, we chose the 28×28×1 k-point574

mesh as a good compromise between computational accuracy and computational cost for575
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Figure 10. Convergence of the bulk modulus B, the tetragonal shear elastic constant C′ , the shear

modulus G, and the Young’s modulus E as a function of the plane-wave energy cutoff (a) and k

mesh (b). The energy cutoff convergence (left) is studied keeping the k-points fixed to 20×20×20.

The k mesh convergence (right) is studied keeping an energy cutoff of 80 Ry.

both slip systems. Then we fixed the energy cutoff to 40 Ry and the k points sampling576

to a 28×28×1 grid, allowing the slab size to change. Previous works in the literature (cf.577

Table III) have shown that γus for the 〈111〉{112} slip system is higher than its counter-578

part for the 〈111〉{110} slip system. This trend appears at 12 layers in Fig. A.11(c). Given579
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the significant computational increase of choosing 14 layers instead of 12 layers shown in580

Fig. A.11(d), we decided to chose a slab size of 12 layers in our simulations.581

These convergence tests and the selection of accurate but reasonable DFT parame-582

ters are relevant to our approach given the significant computational cost of the first-583

principles simulations performed to obtain the GSFE along the entire 〈111〉 path for each584

of chemical compositions at each the irradiation time.585
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Figure 11. Benchmarking to identify the set of parameters that guarantee accurate and ef-

ficient DFT calculations of the unstable stacking fault energy γus for transmuted tungsten.

Fig. 11(a), 11(b), and 11(c) show the convergence with the energy cutoff, k-points sampling, and

slab size, respectively. Fig. 11(d) shows the total number of SUs needed to complete each simu-

lation. The highlighted region in Fig. 11(d) indicates the total number of SUs for the final set of

parameters.
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