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High-performance intelligent protective materials are vital for nuclear energy systems exposed to extreme irradiation.
Among them, tungsten-based alloys demonstrate exceptional potential owing to their superior irradiation resistance. Recent
experimental studies have demonstrated that W–Ta–Cr–V alloys exhibit excellent irradiation resistance under helium (He)
ion irradiation. However, the underlying mechanisms, especially the migration behavior of He atoms, remain unclear.
In this work, the influences of uniaxial tensile and compressive strain on He migration in W–Ta–Cr–V complex alloys
have been systematically studied through first-principles calculations. Our results demonstrate that He atoms preferentially
occupy the tetrahedral interstitial sites, with interstitial formation energies significantly reduced compared to pure W. The
introduction of Ta, Cr, and V alloying elements markedly increases the He migration barriers, effectively suppressing He
diffusion. Compressive strain increases the migration barriers, inhibiting He bubbles nucleation and growth, while tensile
strain decreases the barriers, facilitating bubble formation. Compared to pure W, the W–Ta–Cr–V alloys exhibit both
lower He interstitial formation energies and higher migration barriers, with further enhancement under compressive strain.
Specifically, compressive strain of 6% increases the He migration barrier of the W–Ta–Cr–V alloy by 0.166 eV, which
further widens the difference relative to pure W. These findings provide a theoretical explanation for the superior irradiation
resistance of tungsten-based alloys observed experimentally and promote the understanding of irradiation damage in these
alloys under strain.

Keywords: He bubbles, migration barriers, tensile/compressive strain, W–Ta–Cr–V alloys, first-principles cal-
culations
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1. Introduction
The structural materials of nuclear reactors, particu-

larly the fuel cladding, are subjected to extreme condi-
tions during service, including high-flux neutron irradiation,
high-temperature oxidation, aggressive corrosion, and multi-
physical coupling stresses. Under such harsh conditions, the
materials inevitably undergo microstructural changes, such as
the accumulation of irradiation defects and phase transforma-
tion, which leads to macroscopic performance degradation and
affects the service life and operation safety of reactors.[1–4]

Notably, high-reliability and high-performance intelligent pro-
tective materials for such extreme environment applications
are among the current frontiers in materials research — par-
ticularly in advanced nuclear energy systems involving high-
energy particle irradiation, where the design and mechanism
study of new irradiation-resistant structural materials are of
great significance.[5] This demand becomes more urgent as the
service environment in the fourth-generation nuclear power
systems is even more severe, with an order-of-magnitude in-
crease in irradiation dose, higher temperature gradient, and
more complex stress conditions, making the damage to struc-

tural materials exacerbated.[6–9] Currently, irradiation-induced
material degradation has become a main bottleneck restricting
the development of the next-generation nuclear energy sys-
tems. Consequently, substantial scientific efforts have been
devoted to investigating the irradiation damage of candidate
structural materials, aiming to develop irradiation-resistant
materials for advanced nuclear applications.[10–14]

Tungsten (W) is regarded as a promising plasma-facing
material (PFM) for next-generation fusion reactors owing to its
exceptional combination of properties, including an extremely
high melting temperature, excellent thermal conductivity, re-
duced erosion from sputtering effects, and suppressed tritium
retention.[15–19] However, despite these favorable characteris-
tics, pure W is inherently brittle with poor ductility at ambi-
ent temperatures and has an elevated ductile-to-brittle tran-
sition temperature.[20,21] These limitations are further aggra-
vated by significant irradiation-induced hardening and em-
brittlement, particularly the formation of nanoscale He bub-
bles and low-density porous structures under irradiation,[22]

limiting the practical application of pure W in extreme fu-
sion environments.[23] To overcome these challenges, re-
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searchers have developed several modification strategies, such
as the addition of minor dopant elements,[24] microstructure
regulation,[25] preparation process optimization,[26,27] and sur-
face modification treatments.[28]

Recent studies have demonstrated that W-based high-
entropy alloys (HEAs) exhibit superior mechanical behaviors
and enhanced irradiation resistance.[29–32] First-principles cal-
culations by Qin et al. revealed that the addition of Ta and V
significantly enhances the ductility of pure W, and the B/G
ratio (Pugh’s ratio) of W–Ta–Cr–V alloy exceeds 1.75, ef-
fectively reducing the intrinsic brittleness of W.[29] Kalita et
al. observed the formation of uniformly dispersed nanoscale
He bubbles in equimolar W–Ta–Cr–V HEAs irradiated with
200 keV He ions, with no dislocation loops or significant ir-
radiation hardening observed.[30] Similarly, El-Atwani et al.
reported comparable irradiation tolerance in non-equimolar
W38Ta36Cr15V11 HEAs. After irradiation with 1 MeV Kr2+

ions up to 8 dpa, no irradiation-induced dislocation loop was
observed.[31] Additionally, Shi et al. demonstrated that W–
Ta–Cr–V complex concentrated alloys (CCAs) exhibit smaller
He bubbles with shallower distributions compared to pure
W under the irradiation of He plasma with 100 eV (2.02×
1025 He/m2).[32] While these findings highlight the superior
irradiation resistance of W-based complex alloys, the mecha-
nisms of irradiation damage, particularly the migration behav-
ior of He in W–Ta–Cr–V alloys and the role of local atomic
environments, remain unclear.

In practical service environments, W-based alloys are ex-
posed not only to neutron irradiation but also to complex exter-
nal stress, including tensile/compressive and thermal stresses.
These stress fields exert a significant influence on the He atom
migration, the He cluster formation, and the subsequent nucle-
ation and growth of He bubbles. Notably, additional stress can
alter the preferential occupation sites of He atoms and mod-
ify their migration pathways.[33] Therefore, it is crucial to in-
vestigate the effect of stress on the He atom migration in W-
based complex alloys to elucidate the underlying mechanisms
of irradiation-induced damage.

In this work, the influences of both tensile and com-
pressive stresses on the He migration behavior in W–Ta–Cr–
V complex alloys were systematically investigated through
first-principles calculations. A comprehensive examination
of He interstitial occupation, diffusion mechanisms, strain-
dependent effects, and correlations with local chemical envi-
ronment was presented by comparative analyses of He atom
behavior in pure W. These results not only fill a critical knowl-
edge gap regarding external stress effects on the migration be-
havior of He atoms, but also provide valuable theoretical in-
sights into mechanisms of irradiation damage in W-based al-
loys.

2. Methodology
2.1. DFT calculation details

All calculations were performed by first-principles cal-
culations based on density functional theory (DFT), as
implemented in the Vienna Ab initio Simulation Package
(VASP).[34,35] The exchange–correlation interactions were
described by the Perdew–Burke–Ernzerhof (PBE) general-
ized gradient approximation (GGA),[36,37] and the electron–
ion interactions were modeled with projector augmented-
wave (PAW) pseudopotentials. A plane-wave cutoff energy
of 400 eV was employed, with convergence thresholds of
0.02 eV/Å and 10−5 eV for Hellmann–Feynman forces and
electronic self-consistent energy during geometric optimiza-
tion. For the 4× 4× 2 supercells (W48Ta4Cr8V4 alloy), Bril-
louin zone integration employed a Γ -centered 3× 3× 5 grid
to ensure equivalent k-point sampling density. This specific
composition was selected as it lies within the BCC solid-
solution region of the W–Ta–Cr–V system, thereby captur-
ing the characteristic chemical disorder and lattice distortion
of these complex alloys. Moreover, the atomic ratio enables
a relatively uniform distribution of alloying elements, facil-
itating effective sampling of diverse local chemical environ-
ments within the finite supercell. Following the above param-
eter standards, the tungsten lattice constant was computed as
3.165 Å, which shows good agreement with the experimental
value (3.164 Å),[38] thereby verifying the reliability of the cal-
culation method. The schematic diagram for the crystal struc-
ture of the W–Ta–Cr–V complex alloy is displayed in Fig. 1(a).

2.2. He interstitial sites and local chemical environment

First-principles calculations identified three primary trap-
ping sites for isolated He atoms in pristine tungsten lattices,
namely substitutional (Sub), tetrahedral interstitial (Tetra), and
octahedral interstitial (Octa) sites.[39] Although previous stud-
ies have shown that the lowest energy site for a He atom in
pure W is the Sub site,[40] a He atom usually starts at the
interstitial site and then migrates until it occupies a vacancy.
Therefore, the interstitial site serves a vital function in facili-
tating He migration to Sub sites. Moreover, He atoms tend to
aggregate into clusters or bubbles in metals, and the formation
of these clusters often begins with the migration and aggrega-
tion of He interstitial atoms. Given the significantly smaller
atomic radius of He compared to W, Ta, Cr, and V atoms, the
present study primarily investigates their interstitial migration
behavior as the dominant diffusion mechanism for He in the
alloys.[41–43]

This work focuses on the influence of the local chemical
environment of W–Ta–Cr–V alloys on the formation energy
and migration energy of He interstitial atoms. Therefore, mul-
tiple atomic configurations of helium atoms were considered,
as shown in Figs. 1 and S1. To ensure statistical significance
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and comprehensively capture the chemical disorder, we sys-
tematically identified all geometrically distinct tetrahedral and
octahedral interstitial sites in the 4× 4× 2 supercell. The lo-
cal chemical environment of each site was analyzed based on
the species and arrangement of atoms within its first coordina-
tion shell to define its uniqueness. This procedure identified
exactly 73 distinct initial He configurations, each possessing a
unique local chemical environment. The ground-state configu-
ration was determined by systematically comparing the forma-
tion energies of all candidate structures after full geometry op-
timization at the DFT level, with ionic relaxations conducted
until the forces on each atom converged below 0.02 eV/Å.
The structure exhibiting the minimal formation energy was
subsequently chosen for further analysis, as it represents the
most thermodynamically stable configuration under equilib-
rium conditions.[41] This configuration served as the reference
state for investigating strain effects on helium behavior, par-
ticularly in determining formation energies under applied ten-
sile/compressive strains and evaluating migration energy bar-
riers through systematic first-principles calculations.

a
c

b

(b) (c)(a)

Fig. 1. (a) The schematic diagram for crystal structure of W–Ta–Cr–V
complex alloy. (b) Tetrahedral (Tetra) and (c) octahedral (Octa) intersti-
tial sites in body-centered cubic (BCC) crystal lattices. Distinct atomic
elements are color-coded as follows: tungsten (W, gray), tantalum (Ta,
yellow), chromium (Cr, blue), vanadium (V, red), and helium (He, pink).

2.3. Strain application and migration path calculation

To study the He migration behavior and stress effects,
both the W–Ta–Cr–V alloy and pure W systems were mod-
eled using 4×4×2 supercells with identical dimensions. The
He migration pathways were determined using the climbing
image-nudged elastic band (CI-NEB) method,[44] with conver-
gence thresholds of 10−5 eV for total energy and 0.03 eV/Å for
atomic forces during transition state searches. Importantly, the
initial and final tetrahedral sites for He migration shared iden-
tical local atomic environments (i.e., equivalent spatial distri-
butions of W, Ta, Cr, and V atoms around the interstitial sites),
ensuring that the calculated energy barriers solely reflect the
intrinsic migration process without interference from environ-
mental variations. Uniaxial strains ranging from −6% to +6%
were applied along the c-axis ([001] direction) to systemati-
cally evaluate strain effects. This range was selected to achieve
three objectives: to cover typical elastic strain levels under
service conditions, to ensure a physically meaningful lattice
response, and to maintain direct comparability with the pure

W study,[41] thereby isolating intrinsic alloying effects. Peri-
odic boundary conditions were maintained in all three crystal-
lographic directions (a, b, and c). The c-axis was selected for
detailed presentation because preliminary calculations on all
three principal axes indicated that it yielded the clearest and
most representative trends.

2.4. Formation energy calculation

The formation energy of interstitial He atoms (Ef
He) was

computed via the equation[45]

Ef
He = Esupercell+He −Esupercell −µHe − ∑

i=W,Ta,Cr,V
ni∆µi, (1)

where Esupercell+He and Esupercell are the total energies of the al-
loy supercell with and without He interstitial, respectively. µHe

is the chemical potential of He, calculated as the energy of an
isolated He atom in a 10 Å cubic box. ni represents the num-
ber of alloying elements involved in the defect process, and
for a pure interstitial defect like the case studied here, ni = 0,
thus the term ∑i=W,Ta,Cr,V ni∆µi vanishes. ∆µi accounts for
the chemical potential difference of element i between the al-
loy and its pure bulk phase. Lower formation energies indicate
that the He point defects are more likely to form in the alloys.

By calculating the He formation energies at Tetra and
Octa sites in W, it was found that the formation energy at the
Tetra site (6.44 eV) is lower than that at the Octa site (6.74 eV).
The energy difference between the two sites is 0.30 eV, which
indicates that He atom exhibits a stronger preference for the
Tetra site. The results show remarkable consistency with prior
investigations reported by Yang et al.,[46] Zhou et al.[41] and
Becquart et al.,[47] confirming the correctness of the model
and the method used in this work.

3. Results
3.1. Formation energy of He interstitial atom

Figures 2(a) and 2(b) exhibit the formation energies dis-
tribution of He in Tetra and Octa interstitial sites in W–Ta–
Cr–V alloys, respectively. It is observed that He interstitial
formation energies in W–Ta–Cr–V alloys are substantially re-
duced compared to pure W, while maintaining the same site
preference where tetrahedral positions remain energetically fa-
vorable. However, the site preference in W–Ta–Cr–V alloys is
less pronounced compared to pure W, which can be attributed
to the reduced symmetry caused by lattice distortion.[45] This
is confirmed by the smaller difference in the average formation
energy at Tetra sites (4.9 eV) and that at Octa sites (5.1 eV). In
addition, the formation energies of He atoms in W–Ta–Cr–V
alloys show stronger local dependence, with a significantly
wider distribution range. This indicates that the stability of He
atoms is highly sensitive to the local chemical environment.
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Fig. 2. Formation energy distribution of a single He interstitial atom in
W–Ta–Cr–V alloys: (a) Tetra site and (b) Octa site. The red dashed lines
in panels (a) and (b) denote the formation energies of He interstitial atoms
in pure W. The blue dashed lines in panels (a) and (b) show the average
He interstitial formation energies in W–Ta–Cr–V alloys.

(d)

(b)

(e)

(g)

(f)

(h) (i)

(c)(a)

a
c

b

Fig. 3. Structures of W–Ta–Cr–V alloys corresponding to different He
interstitial formation energies in Fig. 2: (a) 4.6 eV, (b) 4.7 eV, (c) 4.9 eV,
(d) 5.0 eV, (e) 5.1 eV, (f) 5.2 eV, (g) 5.3 eV, (h) 5.7 eV, and (i) 5.8 eV. The
W, Ta, Cr, V, and He atoms are represented by gray, yellow, blue, red, and
tiny pink spheres, respectively.

Figure 3 shows representative atomic configurations of W–Ta–
Cr–V alloy corresponding to the Tetra interstitial He formation

energies shown in Fig. 2. Among the 73 calculated configu-
rations, only one typical structure is presented for structures
with the same formation energy. The structures demonstrate
the diversities of local chemical environments in the W–Ta–
Cr–V alloys, where significant variations are observed in the
He-occupied Tetra sites across different atomic arrangements.
A quantitative analysis of the local chemical environments
(Table S1) and the final He positions (Table S2) reveals a clear
structure–property relationship. The stability of the He inter-
stitial is governed by a combination of local atomic size mis-
match and chemical bonding effects. For instance, the config-
uration with the lowest formation energy (4.6 eV, Fig. 3(a)) is
surrounded by a mix of large (Ta), medium (W, V), and small
(Cr) atoms. This significant size variation creates a highly dis-
torted lattice that accommodates the He atom more easily, low-
ering the formation energy. Concurrently, alloying elements
with electronic properties distinct from W (e.g., Ta) modify
the local charge distribution, potentially weakening He-host
repulsion. In contrast, a high formation energy configuration
(5.8 eV, Fig. 3(i)) is coordinated predominantly by W atoms,
resulting in a uniform, rigid environment with less inherent
distortion. This rigidity increases the energy cost of accom-
modating He, leading to stronger repulsion. It indicates that
the alloying elements (Ta, Cr, V) exert varying effects on the
formation energies of He atoms, arising from the pronounced
chemical disorder induced by differences in atomic radii and
electronic structures among Ta, Cr, and V atoms. Because
the average formation energy of He atoms at the Tetra sites in
W–Ta–Cr–V alloys is lower than that at the Octa sites, the fol-
lowing work is carried out for the Tetra site to examine strain
effects on the formation energies of He atoms, and focused
on the W–Ta–Cr–V alloy structure with the lowest formation
energy of He atoms at the Tetra sites (see Figs. 2(a) and 3(a)).
Figure 4 presents the effect of strain on the Tetra He forma-
tion energies in the W–Ta–Cr–V alloys. It is observed that the
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Fig. 4. Strain dependence of the formation energies for helium interstitial
atoms.
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formation energy rises with increasing compressive strain and
falls with increasing tensile strain. The phenomenon can be
explained by the lattice shrinkage and changes in the atomic
interaction distance. Under uniaxial compressive strain along
the c-axis, the W–Ta–Cr–V alloy undergoes lattice contraction
in the c-axis direction, with a decrease in the atomic spacing.
At the same time, the atomic spacing increases in the a- and
b-axis directions due to the Poisson effect,[48] leading to lat-
tice expansion along the direction normal to the c-axis. As
shown in Fig. 5(a), under 6% compressive strain along the c-
axis, the distances between the nearest-neighbor atoms around
the He interstitial atom increase to 3.268 Å along the a-axis
and 3.403 Å along the b-axis, compared with the unstrained

state (see Fig. 5(b)). Furthermore, electron density analysis
reveals that the overlap of electron clouds between He and its
surrounding atoms increases under the 6% compressive strain
(see Fig. 6(a)). This enhanced overlap directly strengthens the
repulsive force between He and surrounding atoms. Specifi-
cally, greater electron cloud overlap leads to a higher concen-
tration of negative charge in the overlapping region, which in
turn amplifies this repulsive interaction. Conversely, reduced
overlap would lower the negative charge concentration in the
overlapping area, thereby weakening the repulsion. This in-
creased repulsion further causes a rise in the energy barrier at
the Tetra site, ultimately increasing the formation energy of
He interstitial atoms.

3.304 A3.377 A

3.250 A

(b) (c)

3.403 A

3.268 A

(a)

3.200 A

a

c

b

Fig. 5. Evolution of the nearest-neighbor atomic spacing around the He interstitial atoms in the W–Ta–Cr–V alloy under (a) compressive strain
(−6%), (b) no strain (0%), and (c) tensile strain (6%). The W, Ta, Cr, V, and He atoms are represented by gray, yellow, blue, red, and tiny pink
spheres, respectively. For clarity, the figure shows only the relevant local atomic environment around He interstitials, and does not display the
full 4×4×2 supercell.

(c)(a) (b)0.22 (e/A2)

0.01 (e/A2)

W

WW

VTa

W

Ta V

W

WW

VTa

W

Ta V

W
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VTa

W

Ta V

He He He

Fig. 6. Variation of the charge density under (a) compressive strain
(−6%), (b) no strain (0%), and (c) tensile strain (6%). The contour values
represent the magnitude of charge density, with higher values indicating
more significant electron cloud overlap. The smaller circles represent the
He interstitial atoms. For clarity, the figure shows only the relevant local
atomic environment around He interstitials, and does not display the full
4×4×2 supercell.

When the tensile strain is applied along the c-axis, the
lattice expands in the c-axis direction, which increases atomic
spacing. However, the spacing decreases along the a-axis and
b-axis, resulting in lattice contraction perpendicular to the ten-
sile direction. As depicted in Fig. 5(c), after applying 6% ten-
sile strain along the c-axis direction, the distances between the
two nearest-neighbor atoms around the He interstitial atom
shorten to 3.200 Å in the a-axis direction and 3.304 Å in
the b-axis direction, compared with the unstrained state (see
Fig. 5(b)). Moreover, the electron density analysis indicates
a significant decrease in overlap between He and surrounding
atoms under the 6% tensile strain (see Fig. 6(c)), which leads

to a weakening of the repulsive force between atoms and a de-
crease in the energy barrier for forming the He interstitial. The
finding indicates that the tensile strain promotes the formation
of He interstitial atoms. Furthermore, the He interstitial forma-
tion energies in W–Ta–Cr–V alloy under strain are lower than
those in pure W. This phenomenon is mainly attributed to the
multi-component nature, chemical disorder, and local lattice
distortions in the W–Ta–Cr–V alloy,[49,50] which make it more
prone to He interstitial formation under strain conditions.

3.2. Migration behavior of He interstitial atoms

Now, we focus on the migration behavior of He intersti-
tial atoms based on the structure with the minimum formation
energy at the Tetra site in the W–Ta–Cr–V alloy (see Fig. 3(a)).
Figure 7 shows the migration energy barriers for helium atoms
in pure W and W–Ta–Cr–V alloys calculated by CI-NEB with-
out the application of external strain. The results show that the
migration energy for a He interstitial atom from the initial to
the final states at tetrahedral sites in pure W is 0.080 eV, which
agrees well with the value of 0.081 eV reported by Gonza-
lez et al.[51] In the W–Ta–Cr–V alloy, the migration barrier is
0.379 eV, which is 0.299 eV higher than that in pure W. Fig-
ure 8 shows the strain dependence of migration energies in the
W–Ta–Cr–V alloy. It can be observed that the energy barrier
for atomic migration exhibits a monotonic increase with ap-
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plied compressive strain, while tensile strain reduces the mi-
gration energy. A similar trend is observed in pure W.
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Fig. 7. Migration energy barriers of He interstitial atoms in (a) pure W
and (b) W–Ta–Cr–V alloy. For clarity, the figure shows only the relevant
local atomic environment around He interstitials, and does not display the
full 4×4×2 supercell.
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4. Discussion
Through first-principles calculations, we have compre-

hensively studied the formation energies and migration behav-
iors of He interstitial atoms in W–Ta–Cr–V alloys under dif-
ferent strain conditions, and made detailed comparisons with
the pure W. Our results reveal distinct variations in He inter-

stitial stability, site preference, and strain response between
the two materials, particularly highlighting the crucial role of
alloying-induced lattice distortion and chemical disorder in al-
tering He behavior. These distinct features originate from the
local atomic environments and strain-modulated electronic in-
teractions, which will be thoroughly analyzed in terms of their
underlying mechanisms and implications for irradiation resis-
tance.

4.1. Alloying and strain effects on He migration behavior

The migration barrier of He interstitial atoms in W–
Ta–Cr–V alloy is 0.379 eV, significantly higher than that
(0.080 eV) of pure W (see Fig. 7). This difference is mainly
ascribed to the local lattice distortion and electronic struc-
ture changes caused by the incorporation of Ta, Cr, and V
elements. The presence of these alloying elements not only
enhances the lattice distortion but also redistributes the elec-
tron cloud through charge transfer effects (e.g., electronega-
tivity differences), thereby significantly increasing the energy
barrier for the migration of He atoms.[52] These findings sug-
gest that the incorporation of alloying elements changes the
local chemical environment, affecting He migration behavior.
Moreover, the migration path length of a He interstitial atom
in the W–Ta–Cr–V alloy from the initial state to the final state
is 1.636 Å (see Fig. 9(b)), compared to just 1.093 Å in pure
W (see Fig. 9(e)). Therefore, the introduction of alloying ele-
ments not only increases the migration barrier, but also elon-
gates the migration path of the He interstitial atom. This serves
to inhibit the diffusion and aggregation of He atoms, thereby
enhancing the irradiation resistance of W–Ta–Cr–V alloys to
He ion irradiation. Our computational results are consistent
with the experimental phenomena reported by Wang et al.[53]

In their study of an irradiated W–Ta–Cr–V alloy, they reported
a prominent non-directional distribution of much smaller he-
lium bubbles, contrasting the large, orderly-aligned bubbles
typically found in pure W. Our results thus identify suppressed
helium diffusion as the underlying atomistic mechanism re-
sponsible for this superior performance.

As illustrated in Fig. 8, the strain-induced migration
energy changes result from a significant reconstruction of
the local environment around the tetrahedral interstitial sites.
Specifically, the migration path length of He interstitial atoms
perpendicular to the c-axis increases from 1.636 Å to 1.757 Å
under compressive strain (see Figs. 9(a) and 9(b)). Conversely,
tensile strain along the c-axis leads to a reduction in the migra-
tion path length from 1.636 Å to 1.549 Å (see Figs. 9(b) and
9(c)). The pure W system exhibits similar migration behavior
of He atoms under strain, as shown in Figs. 9(d)–9(f). Under
compressive and tensile strains, the migration path lengths of
He atoms in pure W range from 1.093 Å to 1.289 Å, and from
1.093 Å to 0.821 Å, respectively.
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Fig. 9. Migration paths of He interstitial atoms in the W–Ta–Cr–V alloy (a)–(c) and pure W (d)–(f) under −6%, 0%, and 6% strains. For clarity,
the figure shows only the relevant local atomic environment around He interstitials, and does not display the full 4×4×2 supercell.

4.2. Strain-modulated charge density distributions

Figure 10 shows the charge density distributions of the
transition state structures for He atom migration in the W–Ta–
Cr–V alloy under three strain states of −6%, 0%, and 6%. It
is observed that compression along the c-axis leads to a sig-
nificant increase in the overlap region of the electron cloud
between He and the surrounding atoms compared to the un-
strained case (see Figs. 10(a) and 10(b)), which results in a
stronger repulsive interaction between atoms. In contrast, the
tensile strain reduces the overlap region of the electron cloud,
as shown in Fig. 10(c), thereby weakening the repulsive inter-
action.

(c)(a) (b)
W
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Ta V
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WW
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W

Ta V
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0.01 (e/A2) 
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Fig. 10. Charge density distribution of the transition state structure under
(a) compressive strain (−6%), (b) no strain (0%), and (c) tensile strain
(6%). The contour values represent the magnitude of charge density,
with higher values indicating more significant electron cloud overlap. The
smaller circles represent the He interstitial atoms. For clarity, the figure
shows only the relevant local atomic environment around He interstitials,
and does not display the full 4×4×2 supercell.

The strain-induced changes in geometric structure and
electron cloud distribution elucidate the mechanism of varia-
tion in the He migration barrier. Specifically, the compressive
strain elevates the migration barrier by increasing the migra-
tion path length and enhancing the repulsive interaction, while
the tensile strain diminishes the migration barrier by reducing
the migration path length and weakening the repulsive inter-
action. The aforementioned results suggest that the migration

behavior of He interstitial atoms can be effectively regulated
by applying external stresses. Thus, the compressive strain can
inhibit He interstitial diffusion and delay the nucleation and
growth of He bubbles, significantly enhancing the irradiation
resistance of the W–Ta–Cr–V alloy, while the tensile strain can
promote the migration of He interstitial atoms and accelerate
the formation of He bubbles. Notably, the strain modulation
effect is more pronounced in W–Ta–Cr–V alloys than in pure
W, primarily due to the effect of local lattice distortions intro-
duced by the alloying elements, which affects the migration
behavior of He interstitial atoms.

5. Conclusion
This study employs first-principles calculations to sys-

tematically investigate how uniaxial tensile and compressive
strains affect He atom migration in W–Ta–Cr–V alloys. The
results show that the Tetra sites in W–Ta–Cr–V alloys are the
preferential occupation sites for He atoms. The formation en-
ergies of the He interstitial atoms in W–Ta–Cr–V alloys are
significantly lower than those in pure W. The introduction of
alloying elements increases the migration barrier for He in-
terstitials in W–Ta–Cr–V alloys compared to pure W. Strain
significantly influences He migration behavior. The compres-
sive strain enhances the He migration barrier and inhibits the
diffusion of He interstitials, thereby hindering the nucleation
and growth of He bubbles. Conversely, the tensile strain sig-
nificantly reduces the He migration barrier and promotes He
diffusion, thus accelerating the nucleation and growth of He
bubbles.

The above findings demonstrate that the He migration
behavior can be effectively modulated by applying exter-
nal strains, directly modifying He bubble nucleation and
growth. The increased migration barrier in W–Ta–Cr–V alloys

016102-7



Chin. Phys. B 35, 016102 (2026)

suggests superior irradiation resistance. Under compressive
strains, the formation of He bubbles is mitigated, enhancing
the irradiation resistance of the alloys. In contrast, pure W is
more prone to form He bubbles due to the lower He migration
barrier, leading to poorer irradiation resistance. These results
not only provide critical theoretical guidance for the applica-
tion of W–Ta–Cr–V high-entropy alloys in extreme conditions
(e.g., advanced nuclear energy systems) via strain-regulated
He migration, but also offer a critical theoretical basis and a
composition-strain synergistic design strategy for developing
new high-performance irradiation-resistant intelligent protec-
tive materials.
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