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Abstract
Nanocrystalline W-Ta-Cr-V refractory high entropy alloys have shown promising properties as
nuclear fusion material with enhanced radiation resistance to heavy ion irradiation and negligible
radiation hardening. In this work, we investigate the performance of the alloy under low energy
helium (He) implantation up to a fluence of 1.25 x 1017 cm-2 at 1223 K. We observe a uniform
high density of very small (~ 2-3 nm) bubbles grown at a slow rate along with enhanced He
bubble damage resistance, further marked by no preferential bubble formation on the grain
boundaries, even at much higher fluences compared to previously implanted tungsten grades.
First principle calculations of He formation and migration energies in this alloy indicate deep
energetic wells on the potential landscape and low diffusivity of He compared to pure W. The
results imply higher implantation resistance due to slow He diffusion and accumulation, and
confirm the enhanced vacancy-self interstitial recombination argument in these alloys.
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Harvesting energy from fusion reactions poses one of the most significant challenges for
mankind.[1-5] Environmentally benign and eventually limitless, this form of power generation
could potentially solve the continuously growing energy demand worldwide. Important issues in
both plasma stability and confinement along with material properties remain to be solved. The
deuterium (D)-tritium (T) plasma generates large amounts of energetic neutrons and helium (He)
ash, that ultimately collide with functional or structural materials, including the divertor and first
wall, depositing energy (heat), causing surface-atom removal and re-deposition many times over
within an operational year.[6] Hence, high fluxes of low energy particles (~1022 m-2s-1) reach the
surface, leading to material erosion that may contaminate the plasma, generating deleterious
instabilities that might produce critical component damage.[7] Fast neutrons (~1018 m-2s-1) pose a
similar threat to the entire reactor structure, producing up to several hundreds of atomic
displacements per atom over a component lifetime with concurrent transmutation of solid atoms,
producing percent levels of H and He.[8] Ultra-high, time-dependent heat fluxes during normal
operation

(~10

MW/m2)

reaching

several

GW/m2

in

plasma

disruptions

impose

thermomechanical demands on large, complex and intricate structures that are also totally
unprecedented and may present an immense challenge.[9] Thus, maintaining the structural
integrity of components under such a radical non-equilibrium set of conditions, as well as plasma
stability, are fundamental feasibility issues for fusion energy.
Tungsten (W) is the leading candidate as plasma-facing component due to its high melting
temperature, good thermal conductivity, low sputter yield and low tritium retention.[10]
However, W is extremely brittle, which poses fabrication issues. Under irradiation, W suffers
severe microstructural changes with the formation of dislocations loops, voids, rafts, bubbles,
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surface nanotendrils (fuzz), etc.[11-13] that can eventually modify the thermal and mechanical
properties of the material.
To mitigate these drawbacks, we have recently developed a refractory high entropy alloy
(HEA) with atomic composition around W35%-Ta%35-V15%-Cr15% that shows no sign of
radiation damage upon ion bombardment up to 8 dpa.[14] HEAs are mixtures of several
principal elements that can show improved properties for structural and functional
applications.[15] Some of these HEAs are being studied for nuclear applications.[16] In this
context, the chemical heterogeneity leads to disordered states in the electronic structure that
generally result in enhanced electron sputtering, reducing the electronic and thermal
conductivities. Such reduced conductivities lead to energy localization that enhances defect
recombination. Chemical heterogeneity also leads to rough energy landscapes that modify the
long-range transport properties of irradiation-created defects. [17] The goal would be to optimize
the landscape to promote defect recombination over clustering formation, such that irradiation
does not dramatically modify the materials properties.
As mentioned above, large amounts of He implantation from the plasma ash constitutes a
big concern in plasma-facing materials. The purpose of this paper is to test the response of the
W-based HEA upon He implantation. We combine experiments and modeling to understand the
basic properties of interstitial He in the material and the long-term microstructural evolution in
terms of bubble size and density distributions.
The implantation experiment was performed in-situ within the transmission electron
microscope (TEM) in the MIAMI-2 system (Microscope and Ion Accelerators for Materials
Investigations) at the University of Huddersfield [18]. The sample implanted was a thin 100 nm
thickness foil prepared by magnetron deposition on top of NaCl salt before being floated on to a
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TEM molybdenum grid. The implantation was performed at 18.7° from the surface normal with
fluxes of 8.8 × 1013 ion.cm−2.s-1, to a total He+ fluence of 1.65 × 1017 ion.cm−2. The sample
temperature during implantation was 1223 K. Ion and damage distributions from implantation
are shown in the supplemental using both “Kinchin-Pease” (Figure.S1) and “Detailed
Calculation and full Damage Cascade” (Figure. S2) options in the Stopping Range of Ions in
Matter (SRIM) Monte Carlo computer code (version 2013) [19] using 40 eV as a displacement
threshold for all elements.[20] Bubble formation, distribution, and evolution in the materials
were studied by quantifying bubble density, average size, and total change in volume (in the
grain matrices of the material due to bubble formation) as a function of implantation He+ fluence.
The methodology involved in bubble damage quantification was described in detail in ref. [21]
The morphology of the sample was demonstrated to consist of a bimodal grain size distribution
with ~70% of the grains in the nanocrystalline regime (≤ 100 nm) and the remaining in the
ultrafine (100-500 nm) with an underlying single BCC phase and compositional striations in the
individual grains. The composition of the HEA is 38% W, 36% Ta, 15% Cr and 11% V. [14]
The implantation was performed at similar conditions to previous studies on pure W
grades and a conventional W alloy, such that a meaningful comparison between the performance
of this HEA and those works is possible. Figure 1 shows the bright-field images of a small
implanted region at different fluences. Uniform small bubble formation is shown across all
grains and grain boundaries. Although vacancies created during implantation preferably form
He-vacancy complexes,[22] which lead to excess interstitial defects, large loop formation did not
occur even at a peak dpa of ~ 6.3 dpa from Kinchin-Pease model calculations; the peak dpa value
jumps to 17 dpa if “Detailed Calculation with full Damage Cascade” option is used. This
contradicts previous works on pure nanocrystalline tungsten and ultrafine W-TiC alloys where
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formation of large loops, loop interaction, coalescence and dislocation formation occurred at
peak dpa of less than 1 dpa.[23, 24] The W-based HEA previously demonstrated outstanding
loop formation resistance under heavy ion irradiation[14] unlike pure W and conventional W
alloys, which were prone to dislocation loop formation and loop rafting.[25] Quantification of
the small bubble damage is shown in Figure 2. Bubble density, areal size and the corresponding
4
change in volume (found using Δ𝑣⁄𝑣 = 3 𝜋 𝑟𝑐3 𝑁𝑣 where 𝑁𝑣 is the bubble density in the 100 nm

thick foil and 𝑟𝑐 is the average radius of the bubbles) are plotted. Bubble density is shown to
increase and peak at a fluence of 2.5 x 1016 cm-2 before it decreases and plateaus (after a fluence
of ~ 1.0 x 1017 cm-2). Bubble sizes increase slowly as a function of time and plateaus at ~ 1.0 x
1017cm-2, while change in volume increases rapidly up to the fluence of ~ 2.5 x 1016 cm-2,
reaching a plateau at ~ 1.0 x 1017 cm-2. Elucidating the plateauing of the total damage needs
further detailed work and is a topic of future research in these HEAs. It should be noted that the
surface proximity effect (due to low implantation depth of He at 2 keV) can affect bubble
formation, defect annihilation and recombination. However, this effect decreases significantly in
nanocrystalline microstructures.[26] Moreover, this effect should accelerate bubble formation
and enhance bubble damage due to interstitial migration to the surfaces, but bubble damage in
the HEA is still very small. The bubble damage in the HEA, after bubble nucleation, stems from
an increase in size rather than new bubble nucleation. This is manifested from Figure 2 where
density saturated while bubble size continued to increase. Furthermore, from the histograms in
Figure 3, it is clearly seen that there is a shift from small to larger sizes as fluence increases. The
damage is then attributed to an increase of the He content rather than long-range defect transport.
Compared to previously reported results on pure nanocrystalline W and conventional WTiC alloys, the bubble density at a fluence of 3.5 x 1016 cm-2 in bulk is ~ 100 and 35 times larger
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in the HEA than in the W-TiC and magnetron deposited nanocrystalline W materials,
respectively. It is also larger than pure nanocrystalline and ultrafine grained tungsten formed by
severe plastic deformation (SPD W).[27] The bubble size, however, is smaller. The overall
change in bulk volume is about 1.3 and 2 times larger than in W-TiC and magnetron deposited
W, respectively. At this fluence, larger changes in bubble damage occurred at the grain
boundaries relative to the grain matrices in the nanocrystalline tungsten and the W-TiC grades.
At the same fluence, bubble damage in the HEA is near its maximum (bubble density also peaks
at around 2.3 x 1016 cm-2.) At the fluence where bubble damage reached a plateau in the HEA,
the overall change in volume is similar to the W-TiC and 1.5 times the nanocrystalline deposited
W. It could then be assumed that the performance of this HEA is similar to the other
nanocrystalline grades and conventional ultrafine alloys. However, this damage quantification
only takes into account the bubbles in the grain matrices (which can be counted and quantified).
Still, bubbles on the grain boundaries also contribute to the change in volume. Unfortunately,
bubble damage quantification on the grain boundaries is not possible with edge-on grain
boundaries since bubble density and size vary as a function of grain boundary angle and plane. In
the magnetron deposited nanocrystalline W, the SPD W and the W-TiC alloy, preferential bubble
formation on the grain boundaries occurs, with large bubble density and size distributions.[24,
27] Preferential bubble formation at the grain boundaries has been linked to mechanical property
degradation and overall larger swelling.[28, 29]
The large preferential He bubble formation on the grain boundaries in the magnetron
deposition W, the SPD W and the W-TiC was manifested with TEM images of 8-10 nm, 10 nm
and 20-25 nm average bubble sizes, respectively.[24, 27] With these bubbles first becoming
observable at fluences as low as ~ 3.5 x 1015 cm-2. On the other hand, no large preferential He
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bubble formation occurred on the grain boundaries in the HEA (Figure 1) even at over one order
of magnitude larger fluence. Using inclined grain boundaries where bubble density can be
determined (in addition to size), the total change in volume, bubble size and the corresponding
change in volume on the grain boundaries of fine-grained tungsten were shown to continuously
increase and to be ~ 5 times larger in value than the grain matrices. In the HEA, this is not the
case and bubbles are uniformly distributed, with no preferential segregation to GBs. Therefore,
the total He bubble damage in the HEA is significantly lower compared to the above-mentioned
materials. Since fuzz formation has been correlated to a high density of He bubbles, we expect
fuzz to occur in these HEAs at much higher fluences than in SPD W, which in turn was shown to
happen at an order of magnitude higher fluence threshold compared to coarse grained W.
Moreover, the softening effect observed in SPD W[28] is also expected to vanish as it was
related to He bubble segregation to GBs.
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Figure 1: a)–h): Bright-field TEM micrographs of a small implanted region taken under
Fresnel conditions (under-focused) showing He bubble formation and evolution as a
function of He+ fluence in the grain matrices and grain boundaries implanted in-situ
with 2 keV He+ at 1223 K. Scale bar of b)–h) is the same and is shown in b). Red box in
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a) approximately represents a magnified region presented in b) to h). Insets in c), e) and
g) shows a magnified portion of the same grain boundary (scale bar is shown in c).

Figure 2. (Color online) Helium bubble density, average area, and the total change in
volume in the grain matrices as a function of He+ implantation fluence. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Figure 3. (Color online) normalized bar graphs of bubble size distributions in the grain
matrices in the HEA as a function of implantation He+ fluence. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
It is then important to understand the origin of the high radiation resistance to He bubble
formation in the HEA. The resistance to loop formation after heavy ion irradiation was attributed
to higher recombination probability of self-interstitials and vacancies due to potentially similar
defect mobilities.[14] Zhao[17] demonstrated, via first principle calculations, large overlapping
regions of interstitial and vacancy formation energies. While these conclusions can assist in
understanding the resistance to bubble formation, other information regarding He formation and
migration in the HEA is needed.
On the modeling side, we used spin-polarized electronic structure calculations as implemented in
the VASP code to compute formation and migration energies of He in the tetrahedral and
octahedral sites of 4x4x4 BCC supercells with 128 atoms. We have used projector augmented
wave pseudopotentials and exchange-correlation interactions described by the generalized
gradient approximation of the Perdew-Burke-Ernzerhof form. We employed a Methfessel-Paxton
smearing with width 0.2 eV and periodic boundary conditions in all directions with a cutoff
energy of plane waves of 350 eV. The Brillouin zone was sampled in a 3x3x3 k-point mesh with
a Monkhorst-Pack scheme. The convergence threshold for the total energy and atomic force were
10-4 eV and 10-2 eV/Å, respectively. We have generated a total of 45 random configurations with
the average composition matching the experimental values. We have minimized the energy of
the system at zero pressure and temperature, first without He, and computed the formation
energy of the samples
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𝑟𝑒𝑓

{𝐸[𝐻𝐸𝐴] − ∑4𝑖=1 𝑁𝑖 𝐸𝑖
𝐸𝑓 =
𝑁

}
𝑟𝑒𝑓

Where 𝐸[𝐻𝐸𝐴] is the energy of the system as given by ab initio, 𝑁, 𝑁𝑖 and 𝐸𝑖

are the total

number of atoms, number of atoms type 𝑖, and reference energy of atom type 𝑖, respectively.
Table I shows the reference energies in eV for each element.

Element

Reference energy (eV)

W

-12.970

Ta

-11.824

Cr

-9.645

V

-9.067

Table 1: Reference energies (eV) for the elements in the HEA.

All the values that we have obtained for the formation energies of these alloys are negative,
which highlights the stability of these systems (see Figure S3 in the supplementary material). In
binary systems, a negative enthalpy of mixing is usually related to an ordering tendency.
However, in HEAs, with more degrees of freedom, the competition between different elements
makes it harder to predict what kind of ordering might happen. The average results in -7.89 meV
per atom with standard deviation =4.29 meV per atom. The concentrations probed were
36.160.96 at.% for W, 36.220.96 at.% for Ta, 15.070.96 at.% for Cr and 12.530.89 at.% for
V.
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Figure 4. a) Formation energies of interstitial He in different random HEAs with average atomic
composition W35%-Ta35%-V15%-Cr15%. Orange line shows a Gaussian distribution with the
average =3.57 eV and standard deviation =0.86 eV. b) Migration energies distribution for the
hop of an interstitial He between two stable sites in a random HEAs with average atomic
composition W35%-Ta35%-V15%-Cr15%. c)

Minimum energy path for the hop of an

interstitial He between two stable sites. (i) denotes the initial, (s) saddle and (f) final
configurations. Color coding: W-brown, Ta-dark blue, V-yellow, Cr-green, He-light blue.
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In these structures we have then introduced interstitial He in different tetrahedral and octahedral
sites for a total of 163 different configurations, and we have again relaxed the system at zero
pressure and temperature. We have computed the formation energy similarly
5
𝑟𝑒𝑓

𝐸𝑓 = 𝐸[𝐻𝐸𝐴 + 𝐻𝑒] − ∑ 𝑁𝑖 𝐸𝑖
𝑖=1
𝑟𝑒𝑓

Using a reference energy for the He, 𝐸𝐻𝑒 = −0.133 eV in an FCC lattice. We observe that the
tetrahedral and octahedral sites might be unstable and the He relaxes to intermediate positions in
the lattice depending on the neighboring atoms (see Figure S4 in the supplementary material).
Hence, we have computed the formation energies of interstitial He in its relaxed configurations.
Figure 4a shows the distribution of values obtained. We note that the data follows closely a
1 (𝐸𝑓 −𝜇)

Gaussian distribution 𝒩(𝜇, 𝜎 2 ) = 1⁄
𝑒𝑥𝑝 (− 2
𝜎√2𝜋

𝜎2

2

), with average 𝜇=3.57 eV and

standard deviation =0.86 eV. In pure W, the formation energy of tetrahedral and octahedral He
have been calculated to be in the range of 6.16 to 6.365 eV and 6.38 to 6.583 eV, respectively.
Hence, the formation energy of the He in the HEA is significantly lower than in pure W. We
have computed the distribution of distances between the He and its atomic neighbors up to a
radius of 3.15 Å, of the same order of the lattice parameter of W. We observe two distinct peaks,
the first one at around 1.95 Å and the second at 2.85 Å (see Figure S5 in the supplementary
material). However, there is no clear difference between an octahedral site and a tetrahedral site,
as mentioned above.
We have also computed the migration barrier for He to jump between two neighboring
stable sites. We have analyzed a total of 46 stable barriers, for different He environments. Figure
4b shows the results. We have again fitted the results to a Gaussian distribution with average
𝜇=0.156 eV and standard deviation =0.107 eV. We note that there is a large variety of barriers,
13

with a large standard deviation compared to the average. Figure 4c shows an example of
minimum energy path (MEP) for a He migration. Neither the initial nor the final configurations
are purely tetrahedral or octahedral sites. The saddle point is fairly at the midpoint in the He
MEP, in the vector joining initial and final state.
To put this data into context, several implications can be drawn from the modeling results
when correlated with the experimental data. The average formation energy of interstitial He in
the alloy is ~ 2 times lower than the formation energy in pure W,[30] We also observe that there
are sites with low formation energy, that will probably lead to deep wells in the potential energy
landscape that will behave as strong traps for He, potentially inhibiting its migration.
The migration barrier of He from tetrahedral to tetrahedral site in pure W has been reported to be
in the range of 0.06 to 0.081 eV, without and with zero-point energy corrections. [31-34] These
values are significantly lower than the average interstitial He migration energy barrier in this
alloy (0.156 eV), computed without zero-point energy correction. The rough energy landscape
implies that He has a higher tendency than in pure W to quickly find a fairly stable site that can
act as a bubble nuclei, binding with other slowly migrating He atoms or He atoms coming
directly from the implantation beam. As He-He binding occurs, cluster diffusivity will decrease
further and the propensity for small bubble nucleation will be enhanced. This agrees with the
experimental results where bubbles were shown to follow a uniform distribution with no
preferential bubble formation on the grain boundaries or a wide distribution of bubble sizes.
Such uniform distribution in pure W was only observed under low energy implantation
conditions (50 eV) where no W atom displacement (no vacancy generation due to atomic
displacement) occurs or at temperature where He-V complex migration is significantly slow.[35]
He-vacancy complexes which are expected to form and have a migration energy that can allow
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them to migrate, help widen bubble size distribution and preferential He bubble formation on
grain boundaries. Those complexes should be of type HenVm where n/m is smaller than 1 and are
expected to occur when atomic displacement is significant which depends on the displacement
energy threshold. Zhao has also reported lower vacancy migration values in this HEA than in
pure W and therefore, the vacancy migration is significant at this temperature.[17] In addition,
since the diffusivity of He atoms is significantly slower with deep traps in the HEA, the
formation of He-vacancy is not as probable as in pure W. This stems from the fact that Hevacancy formation is proportional to the diffusivities of He and vacancy defects with
significantly dominant He diffusivity values. Only then can vacancy migration contribute to
large bubble formation on the grain boundaries and wide bubble size distribution. Therefore, the
absence of preferential bubble formation on the grain boundaries or wide bubble size distribution
in the HEA can indicate 1) a high migration barrier of He-V complexes, 2) slow migration of He
to the grain boundaries to bind with migrating vacancies in the matrix or at the grain boundaries
or 3) a higher recombination of vacancies and self-interstitials which has been suggested by the
results of Zhao et al.[17] and El Atwani et al.[14] and which contribute to the overall lower
damage in this alloy compared to other studied tungsten grades.
Understanding He implantation response and the mechanisms behind the higher irradiation
resistance (and the damage plateau observed at high fluences) in this alloy requires coordinated
experimental and simulation studies, complimentary to this work, where different atomistic
processes such as He-vacancy, vacancy, self-interstitials and He interstitial formation, binding
and migration energies of defects as well as defect properties on the grain boundaries are all
evaluated and correlated to the irradiation response under different irradiation conditions
(particle energy and temperature).

15

To conclude, the response of nanocrystalline W-Ta-Cr-V HEA alloy is investigated under low
energy He implantation at 1223 K. A Uniform distribution of small bubbles was observed and
bubble damage reached a plateau at high fluences. Unlike pure nanocrystalline W and other
studied ultrafine tungsten grades, no preferential bubble formation was observed on the grain
boundaries even at one order of magnitude higher fluence where large bubble formation occurred
in pure nanocrystalline W. These results suggest higher resistance to fuzz formation and
softening in mechanical response of these alloys. Computation of He formation and migration
energies showed ~ 2 times lower formation energies and 2 times larger migration energies than
in pure W, indicating a higher tendency to form a uniform distribution of smaller bubbles.
Similar to high energy irradiation, the response of this alloy to He implantation is remarkably
better than pure nanocrystalline W and other studied alloys such as W-TiC. Therefore, these
alloys are expected to show enhanced radiation resistance compared to conventional material
systems.
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