
      

 

 

 

 

This work was carried out in whole or in part within the framework of 

the NOMATEN Center of Excellence, supported from the European 

Union Horizon 2020 research and innovation programme (Grant 

Agreement No. 857470) and from the European Regional 

Development Fund via the Foundation for 

Polish Science International Research Agenda PLUS 

programme (Grant No. MAB PLUS/2018/8). 

  
 
This is a copy of the publication which appeared in Nuclear Materials and Energy Volume 37, 

December 2023, 101513, published on: 13 September 2023. 

DOI: 10.1016/j.nme.2023.101513 



Nuclear Materials and Energy 37 (2023) 101513

Available online 13 September 2023
2352-1791/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

The microstructure and He+ ion irradiation behavior of novel 
low-activation W-Ta-Cr-V refractory high entropy alloy for 
nuclear applications 
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A B S T R A C T   

Microstructure and nanohardness of a nearly equimolar W-Ta-Cr-V high entropy alloy (HEA), as well as its 
irradiation response under He+ irradiation, were investigated. The single-phase body-centered cubic nano
structured alloy with a 1 µm thick layer was fabricated on a silicon substrate using a magnetron sputtering 
method. The HEA film has a complex microstructure consisting of micrometric domains that exhibit internal 
nanostructure controlled by their crystal orientation. The measured nanohardness of the W-Ta-Cr-V alloy is 13 ±
2 GPa, which significantly exceeds the hardness of nanocrystalline tungsten as a result of the high solid-solution 
strengthening effect. In order to evaluate the irradiation resistance of the HEA film, the material was irradiated 
with 200 keV He+ ions at room temperature, with two different ion fluences: 1 × 1016 and 5 × 1016 ions/cm2. 
Using transmission electron microscopy, a high density of extremely fine He bubbles is observed that were 
uniformly distributed in the matrix. The increase of He+ ion fluence increased the density of bubbles, whereas 
their size remained at a similar level, which indicates that the damage proceeds by the nucleation of additional 
He bubbles, not by their growth.   

Introduction 

The most crucial components of fusion reactors, such as divertor and 
plasma-facing materials (PFMs), are exposed to unprecedented condi
tions, i.e. elevated temperatures (>1000 K), large heat loads (10–20 
MW/m2), irradiation by the high-energy neutrons (14.1 MeV) and par
ticles such as hydrogen isotopes (D, T) and helium (fluxes > 1023 

m− 2s− 1) [1]. Tungsten is the most important candidate for this appli
cation because of its high thermal stability, limited sputtering yield and 
low tritium uptake. Because of these superior properties, pure tungsten 
has been applied as the PFM in the International Thermonuclear 
Experimental Reactor (ITER) [2]. Despite the aforementioned 

advantages, the weakness of the tungsten arises from the low fracture 
toughness, radiation-induced embrittlement and unsatisfactory resis
tance to damage induced by the high fluxes of low energy particles 
originating from the plasma [3,4]. Several different effects have been 
observed when tungsten is subjected to low-energy irradiation by He+

ions, including blistering, fuzz microstructure, formation of He bubbles 
and voids [3,5,6]. These concerns force the search for new materials 
capable of working in the harsh environment of fusion reactors. 

Recently, high entropy alloys (HEAs), also known as concentrated 
solid-solution alloys (CSAs), are gaining significant attention in the 
nuclear materials field. These alloys are defined as materials containing 
multiple principal alloying elements in equimolar or near equimolar 
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ratios or at high concentrations [7,8]. As pointed out in several recent 
reviews, these materials tend to form simple solid-solution systems, such 
as face-centered cubic (FCC) or body-centered cubic (BCC) [8,9]. The 
random distribution of differently-sized atoms in the crystal structure of 
HEAs creates severe chemical disorder that induces noticeable lattice 
distortions, especially in some BCC alloys [8]. However, the recent 
works have shown that the chemical disorder does not monotonically 
raise with the number of alloying elements, as its level depends greatly 
on the characteristics of the specific elements [10]. The severe lattice 
distortions can macroscopically result in the intense strengthening of 
these materials. Because of that, some of the HEAs exhibit exceptional 
mechanical properties compared to conventional alloys, including high 
hardness, high yield strength, good ductility, and excellent fracture 
toughness,. Considering the application of HEAs as PFMs, some of the 
most critical issues are high thermal stability and irradiation resistance. 
These requirements are met by alloys containing mainly refractory 
metals (Nb, Ta, Mo, W, Re) consequently called refractory high entropy 
alloys (RHEAs) [13]. RHEAs typically crystallize in a single BCC struc
ture and demonstrate excellent mechanical properties at elevated tem
peratures [11]. For example, equimolar Nb-Mo-Ta-W alloy fabricated by 
Senkov et al. [14] exhibits yield strength (YS) of about 400 MPa at the 
temperature of 1600 ◦C. Initially, RHEAs were based only on refractory 
elements, but subsequently, other non-refractory metals, such as Ti, Hf, 
V or Cr were used to enhance further their performance [15]. 

In contrast to W and W-based alloys, the irradiation resistance of 
HEAs has not been well studied yet. Several studies showed that selected 
HEAs, mainly with the FCC structure, exhibited good phase stability 
under the irradiation, e.g., Al-Co-Cr-Fe-Ni [16], Fe-Cr-Co-Ni [17] or Co- 
Cr-Cu-Fe-Ni [18]. However, it is commonly known that FCC alloys are 
more vulnerable to void swelling than materials with the BCC structure 
[19]. Therefore, they are generally not considered in the PFMs design 
process. Furthermore, to reduce the amount of long-lived radioactive 
isotopes formed in transmutation reactions, using only low-activation 
elements such as Ti, Cr, V, Ta, or W is required [20]. These limitations 
significantly narrow the number of possible alloy compositions capable 
of enduring the severe fusion reactor environment. Sadeghilaridjani 
et al. [21] compared the irradiation behavior of reduced activation BCC 
Hf-Ta-Ti-V-Zr HEA with 304 stainless steel. They found that under the 
same irradiation condition (~30 dpa), the hardening of Hf-Ta-Ti-V-Zr 
alloy is significantly reduced. Similarly, Chang et al. [22] showed that 
the swelling and hardening effects in BCC Hf-Nb-Ta-Ti-Zr HEA were 
significantly suppressed up to 30 dpa compared to the conventional 
nuclear materials. Very recently, El-Atwani et al. [23] fabricated low- 
activation W38-Ta36-Cr15-V11 (in at.%) HEA with the BCC crystalline 
structure using a magnetron sputtering method. Surprisingly, the ma
terial showed no sign of irradiation-induced structural defects and 
negligible irradiation hardening up to 8 dpa. Although underlying 
mechanisms remain unclear, presumably, it is connected with the high 
chemical complexity of these materials leading to local structural dis
tortions [24]. Considering the atomic scale, the variable local elemental 
environment results in variations in the formation and migration en
ergies of defects, the presence of local traps, and the existence of 
anisotropic diffusion channels [8]. These affect defects’ evolution by 
reducing their mobility and increasing their recombination rate [8,25]. 
Taking this into consideration, the enhanced irradiation-resistance of 
the HEAs is most likely related to the increased vacancy-interstitial 
recombination rate in comparison to pure metals and traditional al
loys [26,27]. This is quite different from the behavior of W, in which the 
significant variations in defects mobility resulted in the formation of 
dislocation loops and irradiation hardening effect [28,29]. 

Although low-activation RHEAs are considered an alternative of W 
for PFMs, the data concerning the impact of He+ ion irradiation on the 
performance of those alloys are limited. El-Atwani et al. [30] studied the 
behavior of the W35-Ta35-V15-Cr15 alloy under low-energy He+ irra
diation at a temperature of 1223 K. They observed very small He bubbles 
(2–3 nm) uniformly distributed in the material’s microstructure. They 

concluded that the overall He+ irradiation resistance of the W35-Ta35- 
V15-Cr15 alloy is higher compared to pure W due to slow diffusion and 
accumulation of He during the irradiation. Similarly, Cui et al. [31] 
reported very high surface stability of sintered W(TaVCrTi)x (where x =
10, 20, 30, and 40) alloys under He+ ion irradiation in comparison to W. 

In summary, despite the growing interest in W-Ta-Cr-V-based RHEA 
and its application in a nuclear environment, the alloy with the equi
molar composition, which shows an elevated chemical disorder in 
comparison to compositions studied to date, has not been investigated so 
far. The high level of chemical disorder of this material arises from the 
difference in atomic mass and volume between the period 4 alloying 
elements (V and Cr) and the period 6 elements (Ta and W) [8]. This is 
particularly important from the point of view of its resistance to irra
diation damage, microstructural changes, and their impact on the me
chanical properties, as reported in recent works [25,26,32]. Considering 
this, the main aim of the presented research was to fabricate a new, 
equimolar W-Ta-Cr-V alloy and to characterize its resistance against He- 
induced damage accumulation during He+ ion irradiation. 

Experimental 

Material fabrication 

The experimental material was synthesized using a magnetron 
sputtering method in the form of a 1 μm thick layer on a silicon sub
strate. Although the technique is not suitable for bulk materials pro
duction, it can be successfully used for the relatively straightforward 
fabrication of new compositions of HEAs for research purposes on the 
laboratory scale. Taking this into account the difficulties with the 
preparation of the HEAs in the bulk form, the method may be promising 
approach for synthesizing new HEAs. This would facilitate the initial 
assessment of their irradiation resistance and the development of the 
most promising compositions, which could then be fabricated in bulk 
form for further study in subsequent steps. The deposition process of the 
investigated W-Ta-Cr-V alloy was carried out at room temperature (RT) 
with target power set to at 200 W (445 V) for 2 h 35 min. The AJA In
ternational ATC 2400-V magnetron sputtering system was used. The 
substrate was rotating during the sputtering deposition to obtain a 
uniform film. The more details concerning the fabrication process can be 
found in [33]. 

He+ ions irradiation 

The RT ion irradiation of the as-deposited samples was carried out 
with He+ ions using a 200 kV Danfysik Research Ion Implanter in the Ion 
Beam Materials Laboratory at Los Alamos National Laboratory. The 
samples were mounted on a copper block using double sided carbon 
tape. A thermocouple was fixed on the block to track the sample’s 
temperature throughout the implantation process. All samples were 
uniformly implanted with a beam flux of approximately 4.8 × 1012 

cm− 2s− 1. Two different ion fluences of 1 × 1016 cm− 2 and 5 × 1016 cm− 2 

were achieved, described hereafter as LF (low fluence) and HF (high 
fluence), respectively. No temperature increase from the beam heating 
was expected or detected. The process was conducted in the vacuum 
chamber (pressure below 5 × 10− 7 Torr). The damage profiles and he
lium distribution in irradiated materials, presented in Fig. 1, were 
calculated using the Stopping and Range of Ions in Matter (SRIM) soft
ware in a Full Cascade mode [34]. For complex alloys containing tran
sition metals from different periods, showing the significant differences 
in atomic mass (e.g., periods 4 and 6 of W-Ta-Cr-V in this study), SRIM 
predictions of displacements per atom (dpa) depend on the input pa
rameters [35,10]. The displacement energy for the elements of V, Cr, Ta 
and W were set as 57, 40, 90, and 90 eV, respectively [36]. Theoretical 
density for the equimolar composition of the alloy of 12.28 g/cm3 was 
used. The atomic density of the material of 6.32 × 1022 cm− 3, was 
estimated using SRIM software. According to Fig. 1, the maximum 
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damage levels of 0.15 dpa (LF) and 0.75 dpa (HF) were observed at a 
depth of about 450 nm. The He-concentration peak was slightly shifted 
to about 500 nm, where the concentration of He reached 0.5 at.% and 
2.5 at.% for LF and HF samples, respectively. 

Materials characterization 

The microstructure of the alloy was characterized using a scanning 
electron microscope (SEM) ThermoFisher Scientific Helios 5 UX. The 
microscope is equipped with the focused ion beam (FIB), EDAX Octane 
Elite Plus energy-dispersive X-ray spectroscopy (EDS) system and EDAX 
Velocity Pro electron backscatter diffraction (EBSD) camera. More 
detailed microstructural analysis was carried out by transmission elec
tron microscopes (TEM), JEOL JEM 1200EX II operating at 120 kV, 
ThermoFisher Scientific Talos F200 G2 and JEOL ARM-200F operating 
at 200 kV, the latter equipped with electron energy loss spectrometer 
(EELS). Thin foils for the TEM analysis were prepared by FIB lift-out 
technique. To reduce the effect of the preparation of the microstruc
ture of the samples, the final thinning was carried out using 2 keV Ga+

beam. The average thickness of thin foils for TEM observations, 
measured using the EELS technique, was about 60 nm. The transmission 
Kikuchi diffraction (TKD) orientation maps were acquired in off-axis 
geometry using an EDAX Velocity Pro EBSD camera. The samples for 
TKD measurements were prepared by the FIB lift-out technique. Indi
vidual foils were tilted by 20◦ from horizontal. An electron accelerating 
voltage of 30 kV and a probe current of 3.2nA were used. The TKD maps 
were collected with a step size of 5 nm. The obtained data were subse
quently analyzed with EDAX OIM Analysis 8 software. The points with 
the confident index (CI) < 0.1 were removed from the calculations. The 
results were presented in the form of orientation and Kernel Average 
Misorientation (KAM) maps. The latter is the representation of a local 
grain misorientation. KAM calculates the average misorientation around 
a measurement point concerning its nearest neighbor points [37]. 

Nanoindentation tests were performed using a NanoTest Vantage 
system (Micro Materials Ltd.) with a Berkovich-shaped diamond 
indenter tip. The investigations were performed at RT using single load 
mode. It is well established that the tip plays a significant role in low 
load nanoindentation [38]. Before the tests, the diamond area function 
(DAF) of the indenter was calibrated using fused silica. Measurements 
were carried out in a single force mode by using various values of loads 
in the range from 0.25 mN to 10 mN, giving deformation range of 
approx. 20 nm to 150 nm. For each load 20 tests were carried out. 

Mapping was also done to examine the microstructure of the material 
using load of 4 mN (depth ~ 80 nm) in a 6 × 6 matrix arrangement (36 
measurements in total). The distance between the indents was 20 μm. 
The nanohardness values were extracted from the nanoindentation 
load–displacement (L-D) curves by implementing Oliver and Pharr 
method [39]. 

Results and discussion 

Material characterization 

The SEM micrographs revealing the typical surface morphology of 
the investigated material in as-deposited state are presented in Fig. 2. 
The areas of various microstructure with a size of a few µm showing the 
“serrated” nanometric crystals and flat regions can be easily distin
guished, as follows from Fig. 2(a). The images indicate that the layer is 
partly comprised of nanometric crystals of similar orientations arranged 
differently in various regions, which has been verified by TKD results 
presented in Fig. 5. This characteristic morphology, appearing in the 
materials obtained by the magnetron sputtering method, is known as 
domain-grain (or grain-subgrain) structure, where high-angle grain 
boundaries may be distinguished as domain boundaries [40]. Similar 
microstructures were observed among others for sputtered tin-doped 
indium oxide (ITO) [40,41]. The formation of domain-grain structures 
is commonly attributed to the variations in resputtering ratios among 
different crystallographic planes exposed at the material’s surface dur
ing the deposition [41]. The chemical composition of the fabricated 
alloy was studied using the EDS technique. The EDS spectra were ac
quired in five 200 × 200 µm areas, and each element’s average atomic 
concentration was calculated using existing algorithms in the EDS 
software. The results of calculations presented in Table 1 indicate that 
the concentrations of all elements remain at similar level. Taking this 
into account, the fabricated alloy can be considered equimolar. To 
investigate the distribution of the elements within the layer, the EDS 
analysis was also performed also on cross-section of the layer using the 
STEM technique. Fig. 3 shows the STEM/BF image and the corre
sponding elemental maps. All elements were uniformly distributed in 
the layer without any notable segregation. 

A more detailed analysis of the layer microstructure has been per
formed using transmission electron microscopy. Fig. 4 shows the bright 
field (BF) TEM image showing the microstructure of the as-deposited W- 
Ta-Cr-V layer. One may distinguish the nano-columns of a width of 

Fig. 1. Damage accumulation (black lines and left axis) and He concentration (red lines and right axis) in W-Ta-Cr-V HEA as a function of the depth calculated using 
SRIM software. 
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10–50 nm elongated in the layer growth direction. The selected area 
electron diffraction (SAED) pattern corresponds to the BCC structure, 
with no extra spots related to any secondary phases. Considering this, it 
may be concluded that the equimolar W-Ta-Cr-V HEA exhibits a high 
tendency to form a single-phase solid solution. The presence of solid 
solutions was already reported for several multicomponent HEAs [8 42]. 
This included the best-known equimolar FCC-structured Fe-Cr-Mn-Ni-Co 
Cantor alloy [7] or BCC-structured Ta-Nb-Hf-Zr-Ti HEA [43]. The 
appearance of single-phase solid solutions in HEAs is simply explained 
by the enhanced entropy of mixing compared to conventional alloys 
[44], although entropic stabilization may not be predominant and is a 
matter for debate [8,45]. Although the equimolar HEAs reach the 
maximum entropy of mixing, they also frequently form intermetallic 
compounds or a mixture of solid solutions, e.g., Zr2Al intermetallic 
phase in Al-Nb-Ti-Zr [46] or a mixture of disordered BCC and ordered B2 
structures in Al-Co-Cr-Fe-Ni [47]. Considering this, the experimental 
verification of the phase compositions of new HEAs frequently seems to 
be essential. So far, the experimental data are very limited in the case of 
alloys based on the studied W-Ta-Cr-V quaternary system. The only 
materials investigated experimentally, which can be found in the liter
ature, are non-equimolar W38-Ta36-Cr15-V11 and W35-Ta35-V15-Cr15 
HEAs developed by El-Atwani et al. [23,30] and W42-Ta-39-V8-Cr11 
reported by Shi et al. [48]. All these materials were prepared using 

magnetron sputtering and exhibited a single-phase BCC structure. The 
results obtained in this work indicate that the equimolar W-Ta-Cr-V HEA 
forms a single-phase BCC solid solution, which may be essential from the 
point of view of further research on the application of this material in the 
nuclear industry. 

As mentioned, in order to investigate the microstructure of the 
fabricated W-Ta-Cr-V alloy in more detail, the Transmission Kikuchi 
Diffraction (TKD) technique was used. Fig. 5(a) shows the topography of 
the material with two various regions (marked with arrows), which, 
based on their morphology, were denoted as “serrated” and “flat”. The 
area containing one “flat” and two “serrated” domains, which has been 
further used for preparation of cross-sectional micro-lamella for TKD, is 
marked in the image with a dashed rectangle. The TKD orientation map 
for this region is presented in Fig. 5(b). It was found that the “serrated” 
areas are characterized by the internal nano-columnar microstructure, 
whereas no internal grain refinement was registered in the case of “flat” 
domains. The specific microstructure of the domains is closely related to 
their crystal orientation. The “serrated” domains exhibit orientations 
close to 〈011〉 or 〈111〉 relative to the surface, whereas the “flat” ones 
are 〈001〉 -oriented. It is also worth noting that, apart from the micro
structural differences, the individual regions exhibit various heights (in 
fact thicknesses of the original deposited HEA layer). In this case, the 
“serrated” domains are slightly higher in comparison to “flat” ones, as 
revealed from both SEM observations as well as the TKD map (Fig. 5). 
Fig. 6 shows the TKD orientation map acquired for the group of two 
selected “serrated” domains. The careful analysis of the obtained map 
shows that the domains initially grow in the form of planar grains 
separated by high-angle grain boundaries (HAGBs) (Fig. 6(a)). However, 
with increasing distance from the Si substrate the misorientations in the 
layer increase, as can be seen from the Kernel Average Misorientation 

Fig. 2. SEM images of the W-Ta-Cr-V alloy at low (a) and high (b) magnification. The arrows in (b) show the various arrangement of nanocrystals in 
different domains. 

Table 1 
Average chemical composition of the as-deposited layer obtained using the EDS 
technique.  

Element W Ta Cr V 

Content [at.%] 26 ± 1 24 ± 1 26 ± 1 24 ± 2  

Fig. 3. STEM/BF microstructure of the cross-section of W-Ta-V-Cr layer and corresponding EDS (at.%) elemental maps.  
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(KAM) map presented in Fig. 6(b). The gradual fragmentation of the 
initially homogeneous domain into nanometric columns separated 
mainly by the low-angle grain boundaries (LAGBs) occurs with the 
increasing thickness of the layer. Each domain contains numerous in
dividual nanocolumns (see Fig. 2 and Fig. 6) that exhibit only slight 
orientation deviation compared to the initial orientation of the domain. 
Similar microstructures of sputtered tungsten layers, known as 

nanoridges, were previously reported in the literature, e.g. [49,50]. 
Their origin can be attributed to the anisotropic surface diffusion co
efficients along different crystallographic directions. For example, in the 
study conducted by Singh et al. [50], the presence of nanoridge domains 
in (110)-oriented tungsten was ascribed to the existence of fast diffusion 
channels along the 〈111〉 directions. However, also other processes such 
as resputtering, internal stresses, or surface instabilities may affect the 
formation of nanoridges structure [41,51]. 

Nanoindentation 

Mechanical properties of the investigated W-Ta-Cr-V HEA film in 
both as-deposited and He+-irradiated conditions were evaluated using 
nanoindentation. Fig. 7 shows the hardness of the layer as a function of 
depth. Initially, up to about 50 nm contact depth, one can observe that 
the recorded hardness increases (region I). This is related to the fact that, 
at low indentation depths, the indenter tip is initially round, causing 
most of the deformation to arise from the elastic response. Consequently, 
the mean contact pressure, used as a measure of hardness, does not 
accurately represent the actual materials properties. This effect is well- 
documented in the literature [38] and is especially prominent in hard 
materials. Secondly, it is possible that when probing “serrated” regions 
composed of nanograins (as pictured in Fig. 5), one is “pushing” fine 
grains, which leads to their local deformation and rearrangement. Ul
timately, this lowers the measured hardness values for small loads. In 
region II (marked in Fig. 7), the recorded hardness value for the as- 
deposited material more-or-less stabilizes and reaches a value of 13 ±
2 GPa in the 50–––100 nm range. A relatively large deviation of the error 
bars is related to the “serrated” surface morphology of the layer since the 
actual measurement is strongly correlated with the microstructure of the 
tested region. Similar hardness values were already reported for the 
magnetron sputtered, non-equimolar W38-Ta36-Cr15-V11 HEA [23]. 

Fig. 4. TEM/BF micrograph and corresponding SAED pattern of the as- 
deposited W-Ta-Cr-V HEA. 

Fig. 5. The SEM topography image of the studied material, with the marked place (ROI) of FIB lamella extraction (a) and TKD orientation map (coloring in the 
reference of surface) acquired from the cross-section of this region (b). 
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On the other hand, lower hardness levels of 9 GPa and 8 GPa were 
observed for the nanocrystalline and coarse-grained pure W, respec
tively [52]. Even severely plastically deformed by high-pressure torsion 
(HPT), pure W demonstrated a lower nanohardness of 11 GPa [53]. The 
high hardness of the fabricated material in this work results from its fine 
microstructure, as well as from the solid-solution strengthening effect. 
Solid-solution strengthening is one of the most crucial strengthening 
mechanism responsible for the exceptional mechanical properties of 
HEAs [12]. The introduction of multiple substitutional elements into the 
random solid-solution structure causes lattice distortion [12]. In the case 
of the investigated material here, the elements employed show consid
erable differences in atomic volumes, i.e., W – 16.1, Ta – 18.3, Cr – 11.6 
and V – 13.2 Å3 [8]. Because of that, they create significant strains in the 

crystal structure. The stress fields introduced by the substitutional atoms 
impede dislocation motions in the structure of this material during the 
plastic deformation, which increases its hardness. 

As is evident from Fig. 7, the hardness of the investigated material 
slightly increases after He+-irradiation, however, these changes mainly 
fall within the measurement error. The calculated nanohardness for 
indentation depths in the range of 50 – 100 nm increases from the initial 
13 ± 2 GPa for the pristine material to 14 ± 2 GPa and 15 ± 2 GPa for 
the samples irradiated with fluences of 1 × 1016 cm− 2 and 5 × 1016 

cm− 2, respectively. This small but progressive enhancement in nano
hardness suggests that He+-irradiation may induce localized strength
ening effects within the W-Ta-Cr-V HEA film, potentially owing to 
radiation-induced defects or other microstructural changes. Previous 
studies indicate that defects, such as dislocation loops or He bubbles, 
formed within the structures of various metallic materials during He+- 
irradiation, act as barriers to dislocation movement, resulting in sig
nificant irradiation-hardening [54]. This phenomenon was previously 
observed among others for pure W, for which the increase of the 
nanohardness from about 6.5 GPa to 10.5 GPa (in the hardness peak 
area) after the He+-irradiation at RT (fluence 1017 cm− 2) was reported 
[55]. Similarly, an increase in nanohardness after RT He+-irradiation 
has been found in various HEAs, such as Al1.5CoCrFeNi [56]. However, 
in this case, the observed changes in nanohardness following the He+- 
irradiation are significantly reduced. This is in a good agreement with 
the findings of El-Atwani et al. [23], which demonstrate negligible 
irradiation-hardening of the non-equimolar W38-Ta36-Cr15-V11 HEA 
during the heavy-ion irradiation up to 8 dpa. 

The high standard deviations of the obtained results are related to 
the characteristic microstructure of the fabricated layer, as mentioned in 
the previous section. As depicted in Fig. 8, the maximum hardness in the 
range of 20–25 GPa are observed in the “flat” regions, whereas the 
values in the range of 10–15 GPa are observed in the “serrated” areas. 
This could be associated with both the microstructure of these regions 
and their crystal orientation. In general, the hardness of the material 
may vary depending on its crystal orientation [57]. In the case of BCC 
alloys, considering the low-indexed planes, the highest hardness is 

Fig. 6. TKD orientation (a) and KAM maps (b) for the “serrated” region of the W-Ta-V-Cr HEA layer. The low and high-angle grain boundaries on the TKD map are 
indicated in (a) by white and black lines, respectively. 

Fig. 7. Hardness as a function of contact depth obtained using nanoindentation 
technique for as-deposited and He+-ion irradiated W-Ta-Cr-V alloy. 
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typically observed for the {110} and {111}-oriented grains, whereas 
the lowest for {001}-indexed ones [58,59]. This is especially visible for 
spherical nanoindentation, e.g. Beake et al. [60] reported a hardness of 
3.87 GPa for W(1 0 0) and 4.79 GPa for W(1 1 1) in pure W. However, the 
differences are significantly lower if the Berkovich tip is used [61]. In the 
case of the W-Ta-Cr-V HEA, the highest hardness values above 20 GPa 
are observed in “flat” domains that exhibit orientations close to {001} 
relative to the surface. This indicates that the lower hardness of 
“serrated” regions is not related to their orientation but originate from 
their microstructure. The columns, in the case of “serrated” areas, are 
oriented parallel to the direction of the force during the nanoindentation 
test. This could result in the formation of crack at the boundaries of 
columns, which decreases the hardness compared to the “flat” areas 
where the columns do not exist. 

He+ ion irradiation behavior 

Fig. 9a and Fig. 10a show the TEM micrographs of W-Ta-Cr-V HEA 
irradiated using He+ ions up to fluences of 1 × 1016 cm− 2 (LF) and 5 ×
1016 cm− 2 (HF), respectively. The images were acquired in the under- 
focus conditions to reveal the occurrence of the He bubbles that 
appear as bright spots under this condition. The corresponding He 
concentration profiles, calculated using SRIM software, were super
imposed on the micrographs. The TEM observations performed along 
the cross-section of the samples are consistent with the implant profiles 
calculated using SRIM software, since the maximum density of the 
bubbles was found at a depth of about 500 nm. The magnified images of 
those areas are presented in Fig. 9b-d and Fig. 10b-d for LF and HF 
samples, respectively. In both cases, the investigations reveal the pres
ence of fine He bubbles, with a size below 1 nm. Although there is a five- 
fold increase of the He concentration in the peak region between the LF 
and HF sample, the size of the bubbles remains almost unchanged – the 

Fig. 8. Hardness map (a) and SEM images taken from the area of nanoindentation: column 1, row 1 (b) and column 5, row 4 (c).  

Fig. 9. TEM microstructure (under-focus) of the LF-W-Ta-Cr-V sample with superimposed He concentration distribution calculated by SRIM software (a) and mi
crographs taken from area of highest He concentration: low-magnification under-focus (b) and high-magnification under-focus (c), and over-focus (d). 
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average size of the bubbles increased from 0.5 nm (LF sample) to about 
0.6 nm (HF sample). Taking this into account, it can be concluded that 
with the increasing fluence of He the density of the bubbles in the 
microstructure of the material increase. This statement seems to be true 
also considering the differences in the microstructure of the investigated 
samples (e.g., Fig. 9d and Fig. 10d). Unfortunately, taking into consid
eration the size of the bubbles (<1 nm) and the thickness of the inves
tigated thin foils (40–––60 nm), a reliable estimation of their density is 
impossible due to, among others, an overlapping of bubbles. Because of 
that, we calculated the areal density of the detectable bubbles (with a 
size above ~ 0.2 nm) in five 50 × 50 nm2 areas in the peak region (from 
450 nm to 550 nm below the surface). The measurements were con
ducted on images acquired under the same imaging conditions from 
samples of similar thickness (~45 nm; measured using ELLS method) to 
minimize the factors that could influence the findings. The obtained 
results indicate that the density of the He bubbles increases from 1.1 ×
1013 cm− 2 (LF) to 2.1 × 1013 cm− 2 (HF) with the increasing fluence of 
He+-ions, as shown in Table 2. Although those values are not equivalent 
to the density of bubbles, it gives a general view of the He bubbles 
formation process in the investigated material. What is important, in 
both cases the bubbles are uniformly distributed in the matrix, with no 
preferential nucleation sites at grain boundaries, and do not form any 
bigger agglomerates even at the higher fluence. 

To investigate the potential occurrence of chemical segregation and/ 
or the formation of secondary phases during the irradiation, a series of 
TEM investigations were conducted on the sample irradiated with a 
higher fluence of He. The study focused on two distinct regions within 
the material: firstly, the area characterized by the highest He concen
tration resulting from the irradiation, and secondly, the bottom part of 
the layer, as depicted in Fig. 11. This lower segment served as a 

reference point since it remained unexposed to the irradiation and can 
be considered as pristine state. Significantly, both SAED patterns marked 
as D1 and D2, derived from the irradiated and pristine zones respec
tively, reveal the presence of the BCC solid solution phase. Notably, no 
additional spots corresponding to secondary phases were detected 
within the irradiated zone. The EDS elemental maps for those areas (M1 
and M2) indicate no chemical segregation, and within both regions, all 
the elements were uniformly distributed within the matrix. All of this 
indicates the high structural stability of the investigated material under 
He+-ion irradiation. Although the irradiation process led to the forma
tion of fine He bubbles (Fig. 10), it did not induce phase transformations 
or the segregation of constituent elements. This outcome is essential 
from the point of view of the irradiation resistance of this material. 

Helium is generated in structural materials of fusion reactors through 
transmutation reactions emitting α particles and via implanted helium 
produced via fusion in the plasma. It is practically insoluble in metals, 
and hence it tends to precipitate in the form of bubbles, which may result 
in the embrittlement of materials [54]. Considering this, understanding 
the behavior of the He bubbles formation is essential from the point of 
view of the application of any new material in the nuclear industry, 
especially in the case of plasma-facing components. It is broadly 
accepted that the He+ ion irradiation may be applied to simulate the 
effects of α-particle generation in transmutation reactions. Because of 
that, we used this technique to study He bubble formation behavior in 
the new equimolar W-Ta-Cr-V HEA. The formation mechanism of the 
bubbles is closely connected to the occurrence of vacancies in the 
structure of the materials formed by knock-out damage. At low irradi
ation temperatures, the low thermal mobility of the vacancies limits 
voids growth [6]. Typically, the He+ irradiation at temperatures close to 
room temperature (RT) leads to the formation of fine He bubbles in the 
microstructure of various structural materials. For example, Yu et al. 
[62] reported the presence of ~ 1 nm bubbles in nanocrystalline Fe 
irradiated with 100 keV He+ ions at RT (fluence 6 × 1016 cm− 2). 
Similarly, the nanometric He bubbles were registered in He+ irradiated 
W and W-based alloys [6,63]. Shen et al. [64] stated that for pure W, no 
bubbles could be observed by TEM for fluences lower than 1 × 1015 

cm− 2. In the case of W-Ta-Cr-V HEA investigated here, bubbles were 

Fig. 10. TEM microstructure (under-focus) of the HF-W-Ta-Cr-V sample with a superimposed He concentration distribution calculated by SRIM software (a) and 
micrographs taken from the area of the highest He concentration: low-magnification under-focus (b) and high-magnification under-focus (c), and over-focus (d). 

Table 2 
The size and density of He bubbles in relation to the applied He+-ion fluence.  

He fluence He bubbles areal density Average He bubbles size 

1 × 1016 cm− 2 (LF) 1.1 (±0.1) × 1013 cm− 2 0.5 ± 0.1 nm 
5 × 1016 cm− 2 (HF) 2.1 (±0.2) × 1013 cm− 2 0.6 ± 0.2 nm  
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observed at both applied He+ fluences – 1 × 1016 cm− 2 and 5 × 1016 

cm− 2. With the increase of the He+ fluence, the density of bubbles in
crease, whereas their average size remains almost unchanged. This 
means that the He damage proceeded by the nucleation of new bubbles 
and not by their growth, which is related to the low He mobility at RT in 
the structure of the investigated HEA. However, the size of the bubbles 
in the studied W-Ta-Cr-V alloy was slightly smaller in comparison to 
those previously observed in pure W irradiated at RT with similar flu
ences [6,63,65]. Similarly, their size was reduced in comparison to the 
previously investigated FCC-HEAs such as CoCrFeNi (1.3––2.1 nm) [66] 
or BCC-HEAs e.g. Al1.5CoCrFeNi (2.5 nm) [56]. The bubbles in the 
analyzed area were uniform and randomly distributed in the matrix, 
which indicates their homogenous nucleation and growth during the 
irradiation. It is important to note that the TEM observations did not 
reveal any evidence of the preferential bubble formation on grain 
boundaries, which is essential from the point of view of the irradiation 
resistance of this material. As shown in Ref. [55], the presence of large 
bubbles located on the grain boundaries (or their proximity) typically 
results in the degradation of the performance of the structural materials 
– embrittlement, ductility deterioration, creep, and fatigue life 
reduction. 

It is well-known that during the ion irradiation the interactions of 
incident particles with the atoms in the crystal structure of the material 
lead among others to the formation of the Frenkel pairs [67]. Although 
vacancies are preferentially bonded with He atoms in He-vacancy 
complexes, the excess interstitials contribute to the formation of dislo
cation loops [54]. The dislocation loops may also be generated, espe
cially at low temperatures, by a loop punching mechanism. In this 
process, an over-pressurized He bubble may enlarge by punching the 
matrix atoms into interstitial sites, thereby emitting a prismatic dislo
cation loop [68]. Although the occurrence of dislocation loops after ion 
irradiation is typical for a variety of metals, even at low dpa [69,70], in 
the case of the investigated W-Ta-Cr-V, no dislocation loops were 
registered during the TEM observations. Pure W is prone to loop for
mation; their occurrence is observed in self-ion irradiated W even at 
damage levels as low as 0.01 dpa [29,71]. Similarly, large dislocation 
loops are observed at damage levels not exceeding 1 dpa in other ma
terials, such as W-TiC nanocomposites [72], Fe [73], and stainless steel 
[74]. The occurrence of interstitial dislocation loops is also observed in 
light-ion irradiated pure W. Zhao et al. [75] have reported the formation 
of dislocation loops below 0.1 dpa in W irradiated with 80 keV He+ ions 
at RT. Recently, it has been shown that the W-based HEAs exhibited 

superior resistance to loops formation under heavy ion irradiation [23]. 
In this case, no dislocation loops have been observed in the micro
structure of W38-Ta36-Cr15-V11 HEA irradiated with 1 MeV Kr2+ ions 
up to 8 dpa at RT and 1073 K. The explanation of this phenomenon may 
be connected with the probability of the defect’s recombination – due to 
similar defects mobilities in the investigated HEA, the probability of 
their recombination is high [23,76]. On the other hand, interstitial 
mobility in W is much higher compared to vacancies, and therefore, W- 
vacancy recombination rate is significantly lower [27]. This is in good 
agreement with the results of Byggmästar et al. [27] for BCC-structured 
Mo-Nb-Ta-V-W HEA. Using a machine-learned interatomic potential 
they found that in contrast to W, the interstitials in the HEA form fine 
loops enriched in V, which may be experimentally invisible. 

Unfortunately, there is no literature on the RT-irradiation behavior 
of W-Ta-Cr-V-based HEA under light ions bombardment. Recently, El- 
Atwani et al. [30] investigated the performance of W35-Ta35-V15- 
Cr15 HEA under low energy He+ irradiation at temperature of 1223 K. 
In this case, the formation of fine (2–3 nm) He bubbles uniformly 
distributed in the matrix were observed. Despite the higher irradiation 
temperature and thus the increased mobility of He in the structure of 
HEA in comparison to the studied case, no favorable bubble formation 
on the grain boundaries was observed. This confirms the superior He 
irradiation resistance of the W-Ta-Cr-V-based HEAs compared to the 
nanocrystalline W or W-TiC composites for which efficient He trapping 
at the grain boundaries was previously reported [72]. This phenomenon 
could be associated with the presence of sites with low formation energy 
that can act as strong traps for He in the structure of HEA, limiting its 
migration. Since the migration barrier in W-based HEA is significantly 
higher in comparison to the pure W, it seems that He atoms tend to find a 
fairly stable site that can become bubble nuclei, which enhances the 
nucleation of fine bubbles [30]. Considering other investigated HEAs, 
they generally demonstrate high resistance to He+ irradiation when 
compared with pure elements or conventional alloys, e.g., Yang et al. 
[77] reported high structural stability against He irradiation of FCC- 
structured Cr-Mn-Fe-Co-Ni HEA in comparison to pure Ni and 304 
stainless steel. This is most likely associated with the complex defects 
energy landscape in HEAs that affects defect kinetics [8]. Precisely, the 
mobility of interstitials in HEAs is essentially decreased, whereas the 
mobility of vacancies is increased. This reduces the mobility gap be
tween the Frenkel pairs and favors the recombination of defects [24,78]. 
Modeling efforts on chemically complex alloys have revealed wider 
distributions of defect energetics, and overlapping distributions of 

Fig. 11. TEM/BF micrograph of the HF-W-Ta-Cr-V sample with the superimposed He concentration distribution and corresponding SAED patterns (D1 and D2) and 
EDS elemental maps (M1 and M2). 
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formation and migration energies could potentially result in the 
improved recombination of interstitials and vacancies [79,80,81]. 
Moreover, sluggish diffusion and inefficient radiation heat conduction 
may also further enhance defect recombination [8,80]. As a result, fewer 
vacancies are available for the growth of the bubbles. Furthermore, the 
chemically complex environment around each atom reduces He diffu
sion and helps to trap He in small clusters [24,82]. Wang et al. [32] 
reported that the increasing chemical complexity of alloys helps sup
press bubble formation in HEA; however, certain alloying elements (e.g., 
Fe) demonstrate higher efficiency in suppressing bubble growth than 
their counterparts (e.g., Cr and Mn). 

The presented results indicate the high irradiation resistance of the 
newly developed equimolar W-Ta-Cr-V RHEA against He-induced defect 
formation. Although He+-ion irradiation led to the formation of the fine 
He bubbles within its microstructure, their size was smaller in com
parison to those observed in pure W, previously investigated HEAs, and 
conventional materials used in the nuclear industry that were irradiated 
with He+-ions at room temperature. Importantly, the He+-irradiation 
did not result in the extensive irradiation-hardening or the formation of 
any other defects except for the mentioned He bubbles. Taking all of this 
into account, the developed W-Ta-Cr-V RHEA appears to be a valuable 
candidate for future studies, potentially serving as a replacement for 
tungsten in critical structural components of forthcoming fusion re
actors, such as plasma-facing components. However, to assess the per
formance of this material in PFM operating conditions, the evolution of 
He bubbles at elevated temperatures must be investigated in more de
tails, which will be a subject of our future works. 

Summary 

In the present work, the microstructure, mechanical properties, and 
He+ irradiation resistance of new equimolar W-Ta-Cr-V HEA were sys
tematically investigated. The material was fabricated in the form of a 1 
µm thick layer deposited on a Si substrate using a magnetron sputtering 
method. It formed a single-phase BCC solid solution, without any sign of 
segregation or occurrence of secondary phases. The microstructure of 
the alloy consisted of micrometric domains that exhibited internal 
structure controlled by their crystal orientation relative to the surface. 
Results from complementary characterization techniques show that the 
{111} and {011}-oriented domains contain similarly oriented nano- 
columns elongated into the layer growth direction, whereas {001}- 
oriented ones were monocrystalline. The average nanohardness of W- 
Ta-Cr-V alloy of 13 ± 2 GPa significantly exceeds the hardness of 
nanocrystalline pure W. This resulted from a high solid-solution 
strengthening effect induced by considerable differences in the atomic 
radius of elements randomly distributed in the crystal structure of the 
alloy. 

In order to establish the irradiation resistance of the W-Ta-Cr-V HEA, 
the alloy was irradiated with 200 keV He+ ions at room temperature. We 
found that this resulted in the formation of a high density of extremely 
fine He bubbles that were uniformly distributed in the matrix. With the 
increase of He+ fluence from 1 × 1016 cm− 2 to 5 × 1016 cm− 2, the size of 
the bubbles remains almost unchanged, which taking into account the 
increased number of introduced He atoms, most probably leads to the 
increase of the bubbles density. This demonstrates that He accumulation 
proceeds by the nucleation of new He bubbles, rather than by their 
growth in size. This could be associated with enhanced defect recom
bination or reduced mobility of He in multicomponent alloys, in com
parison to the pure W, as reported previously in the literature. The 
results obtained within the scope of this work indicate the promising 
irradiation resistance of the new equimolar W-Ta-Cr-V HEA, considering 
the presence of fine, uniformly distributed He-bubbles, the absence of 
dislocation loops, and negligible irradiation hardening. This makes this 
material a valuable candidate for further study as a replacement of 
tungsten in key structural components in future fusion reactors, such as 
plasma-facing materials. 
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