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ABSTRACT
The unusual mechanical and radiation properties found in concentrated solid–solution alloys (CSAs)
make them promising candidatematerials in nuclear applications. In this work, He behavior in a typ-
ical CSA, NiCFeCr, is assessed by first-principles calculations. Our results suggest that the energy
difference of He in substitutional and interstitial sites is greatly reduced. The energy barriers of
He through both interstitial and substitutional diffusion are much higher than those in pure Ni,
indicating slower He dynamics in CSAs. The calculated activation energies show that the dissoci-
ation mechanism is more favorable in NiCoFeCr, which helps to suppress He growth as observed
experimentally.
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Concentrated solid–solution alloys (CSAs), which are
composed of several different metallic elements in
equimolar or near-equimolar fractions, have demon-
strated excellent mechanical properties and promising
radiation resistance [1–5]. These merits make CSAs
promising candidate structural materials applicable in
next-generation advanced nuclear systems. In the ser-
vice environment of nuclear reactors, helium (He) will
be inevitably introduced into the matrix by the (n, α)
nuclear transmutation reaction. Since He is insoluble in
metallic alloys, its diffusion and aggregation usually lead
toHe precipitation andHe bubbles, which ultimatelymay
cause material degradation because of He embrittlement
[6]. Therefore, it is of critical significance to understand
the behavior of He in CSAs before they can be used in
nuclear applications.
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Several He implantation experiments have been car-
ried out to explore the He resistance of selective CSAs
(predominantly in NiCoFeCr) [7–9]. In general, experi-
ments show that the NiCoFeCr CSA exhibits better resis-
tance to He bubble growth compared to both pure Ni
and steels, as evidenced by the observed smaller bub-
ble size and lower bubble density. The small He bubbles
in CSAs is reasoned as a result of the low He mobility
that influences the nucleation, migration and growth of
He bubbles [7,8]. It is argued that similar to the sluggish
self-diffusion which is a unique feature of high-entropy
alloys [10], diffusion ofHewill encounter significant local
traps and blocks in NiCoFeCr that leads to a high activa-
tion energy. However, the diffusion of vacancies, which is
believed to have a close relation to the He diffusion, actu-
ally possesses low migration barriers in NiCoFeCr [11].
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These results highlight the need to look into the detailed
diffusion mechanism of He in chemically-disordered
CSAs.

In this work, we perform first-principles calculations
to study He behavior in a typical CSA of NiCoFeCr. The
structure of the CSA is represented by a special quasiran-
dom structure (SQS). The formation andmigration ener-
gies of He in NiCoFeCr are obtained and compared to
those in Ni. Our results suggest that the formation ener-
gies of He in substitutional and interstitial sites are simi-
lar in NiCoFeCr, thus site preference is greatly reduced
due to the disordered states. The migration barriers of
He are found much higher than those in pure Ni, indi-
cating a slower He diffusion in CSAs. Based on activa-
tion energy analysis, we argue that the dissociation of
He-vacancy complex is favorable in NiCoFeCr, making
it difficult to nucleate He bubbles compared to that in
pure Ni.

The first-principles calculationswere performed using
the projector augmented wave (PAW) method [12]
as implemented in the VASP code [13]. Exchange
and correlation were treated by the parametrization
proposed by Perdew and Wang [14]. An improved
Vosko–Wilk–Nusair scheme [15] was used for spin inter-
polation of the correlation potential. The energy cutoff of
plane waves was 450 eV. Simulations were carried out in
a cubic 4× 4× 4 supercell containing 256 atoms with a
�-centered 2× 2× 2 k-point mesh. The disordered
structure of NiCoFeCr was represented by a SQS that
was constructed by optimizing the Warren–Cowley
short-range order parameters [16,17] based on a sim-
ulated annealing algorithm [18]. The optimal volume
of NiCoFeCr was first determined by calculating the
energy–volume curve; the volume was then frozen for all
the following calculations with additional He impurities.
Spin polarizations were considered with the elemental
magnetic moments initialized by our previous results
[11]. The formation energy of He defects is calculated by:

Ef = E − E0 ±
∑

X
nXE

ref
X (1)

where E and E0 are the total energies of defective and per-
fect supercells, nX is the number of added (−) or removed
(+) atoms, and ErefX is the reference energy of atom X.
Here, the reference energies of Ni, Co, Fe and Cr were
calculated as the energies per atom in their pure bulk
metals, i.e. ferromagnetic (FM) face-centered cubic (fcc)
Ni, hexagonal close-packed (hcp) FM Co, body-centered
cubic (bcc) FM Fe, and antiferromagnetic (AFM) bcc Cr.
For He, EHe is the energy of a single He atom, which is
calculated to be 0.013 eV/atom by putting a He in a cubic
box. Based on the formation energy, the binding energy

Table 1. Formation energies of a He defect in pure Ni (in
eV/atom). The energy barrier for Tetra–Octa–Tetra transition is
given in the last row.

This
work

Hepburn
et al.[20]

Zu et al.
[21]

Connétable
et al. [22]

Sub 3.20 3.185 3.23 3.205
Octa 4.55 4.589 4.65 4.556
Tetra 4.40 4.460 4.50 4.393
T–O–T barrier 0.15 0.13 0.15 0.16

of a defect complex can be defined as:

Eb(A + B) = Ef (A) + Ef (B) − Ef (A + B) (2)

where Ef (A+B), Ef (A) and Ef (B) are the formation
energies of defect A+B, A, and B, respectively. To cal-
culate the energy barriers of He diffusion in Ni, a series
of nudged elastic band (NEB) [19] calculations were car-
ried out, using a single k-point in the 4× 4× 4 supercell.
The migration path and saddle structures were analyzed
in these NEB calculations, as provided in Supplementary
Materials. Once the saddle structures were determined,
we calculated the energy barrier by optimizing the corre-
sponding saddle configuration directly, as did in our pre-
vious work [11]. We have compared the results obtained
through these two different methods for pure Ni and the
differences in energy barriers are very small (<0.05 eV).
Therefore, we choose to do saddle structure optimization
to calculate energy barriers in concentrated NiCoFeCr
alloys.

For benchmark purpose, we first study the energetics
of He in pure Ni. The lattice constant of Ni is deter-
mined to be 3.522Å.Within this supercell, three possible
He positions are considered, namely substitutional (Sub),
tetrahedral (Tetra) and octahedral (Octa) positions. The
calculated energies are summarized in Table 1, together
with previous results for a comparison.

The results in Table 1 show that the substitutional
position is the most stable position for a He in pure
Ni, with the lowest formation energy of 3.20 eV. It can
be understood by the large free volume provided from
the missing lattice atom, resulting in smaller relaxation
compared to the tetrahedral and octahedral inter-
stitial positions. The tetrahedral position is slightly
energy preferable than the octahedral position, with an
energy difference of 0.15 eV. Consistent with previous
calculations [20], our results suggest that the most sta-
ble octahedral interstitial position of He is not symmetric
but off-center along the 〈110〉 direction in pure Ni. The
energy difference between the tetrahedral and octahe-
dral positions (T–O–T) corresponds to the migration
energy of an interstitial He in Ni (The migration path
is illustrated in Supplementary Materials). Note that the
experimental value of interstitial He diffusion in Ni is
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0.14± 0.03 eV [23]. These results indicate that themigra-
tion energy of an interstitial He and a self-interstitial
(0.11 eV [24]) in Ni is comparable.

The migration of a substitutional He generally pro-
ceeds through dissociative or vacancy mechanisms
[20,25,26], depending on vacancy concentrations. For the
dissociative mechanism, the substitutional He (can be
regarded as a He-Vacancy (HeV) complex) first dissoci-
ates, and then the He migrates through interstitial sites
until it becomes trapped by another vacancy. This pro-
cess is unlikely to happen because the energy barrier is
high through interstitial sites, as suggested by the large
formation energy difference between the substitutional
and interstitial sites in Table 1. The vacancy mechanism
is dominant by the migration of the HeV2 complex. We
have calculated the energy barrier for this process using
both NEB method and single configuration calculations.
The saddle point is found in the middle of the migra-
tion path of the moving He and lattice atoms. The whole
migration path is illustrated in Supplementary materi-
als. The energy barrier of this reaction is determined to
be 1.21 eV, in good agreement with previous values [20].
This value is 0.20 eV higher than the migration barrier
of a single vacancy [24], which can be interpreted as the
additional energy in order to move the He from its cen-
tral position in the HeV2 complex towards the lattice site
during migration.

Because of chemical disorder, He can have different
energy states in NiCoFeCr depending on the local envi-
ronment. Therefore, formation energies ofHe exhibit dis-
tributions, similar to those of vacancies and interstitials in
CSAs [24]. To characterize these energies, we have calcu-
lated the formation energies of aHe in different positions,
and the results are shown in Figure 1. For substitutional
positions, the energies obtained by substituting the four
different types of lattice atoms are distinguished. Gen-
erally, lower formation energies are observed when He
occupies Co and Cr vacancy sites, whereas He in Ni and
Fe sites exhibits higher energies. Compared to the results
in pure Ni (indicated by the dotted line in Figure 1), it
is found that the formation energies of He in NiCoFeCr
at substitutional sites are significantly higher, whereas He
at octahedral and tetrahedral sites show slightly lower
formation energies. This observation is similar to the for-
mation energies of intrinsic defects, i.e. interstitials show
lower whereas vacancies exhibit higher formation ener-
gies [24]. Consequently, the site preference of He is not
as significant as that in pure Ni. This is a result of the
decreased symmetry in the NiCoFeCr CSA due to disor-
der states. The higher formation energies at substitutional
sites shown in Figure 1(a) is consistent with the higher
vacancy formation energies in NiCoFeCr, compared to
that in Ni [11].

Figure 1. Formation energies of a single He in NiCoFeCr at differ-
ent positions: (a) substitutional, (b) octahedral, and (c) tetrahedral
positions.

As the substitutional He can be regarded as an intersti-
tial He binds to a vacancy defect, the binding energy can
be calculated by Eb(HeV)=Ef (HeI)+Ef (V)−Ef (HeV),
where Ef (HeV), Ef (HeI), and Ef (V) are formation ener-
gies of a HeV complex, a He interstitial, and a vacancy,
respectively. In pure Ni, this formula gives a binding
energy of 2.60 eV, indicating strong binding of the HeV
defect complex. In NiCoFeCr, the difference between
Ef (HeI) and Ef (HeV) decreases significantly, as shown in
Figure 1. Taking into consideration of the higher Ef (V)
in NiCoFeCr compared to that in Ni [11], the resultant
Eb(HeV) in NiCoFeCr is slightly lower than that in pure
Ni, suggesting a weaker binding between an interstitial
He and a vacancy in this case. In fact, in NiCoFeCr,
substitutional He becomes less favorable with respect to
other interstitial sites, as seen by their higher formation
energies.

For substitutional sites, the replacement of the original
lattice atom by a He only leads to slight relaxation of sur-
rounding neighbor atoms (less than 0.06Å). On the other
hand, He in interstitial sites induces larger relaxations. To
study this effect, we have calculated the nearest neighbor
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Figure 2. Dependence of the formation energy of a He in the
interstitial site of NiCoFeCr on the relaxation distance between the
He and its nearest neighbors.

distance between the interstitial He and its neighbors. In
a perfect fcc lattice structure, the octahedral interstitial
site has six nearest neighbors at a distance of 0.5a0 and
the tetrahedral interstitial site has four nearest neighbors
at 0.433a0, where a0 is the lattice constant. The averaged
distance in NiCoFeCr is shown in Figure 2, together with
the obtained formation energies. It can be seen that the
formation energies correlate well with the distance, sug-
gesting that larger relaxation around the He interstitial
helps to dissipate the energy, and thus lower its formation
energy.

Similar to Ni, we consider the migration of He in
NiCoFeCr through two different mechanisms, namely
interstitially and substitutionally. For diffusion of an
interstitial He between tetrahedral sites, the saddle con-
figuration is just the octahedral interstitial site between
them. The migration of substitutional He involves a
HeV2 complex, and the saddle structure is located at the
middle point of the path. We have calculated these bar-
riers through single point energy calculations by sam-
plingmigration paths at different local environments. An
analysis of the detailed local environments around the
migrating He is provided in the Supplementary materi-
als. The obtainedmigration energies are demonstrated in
Figure 3. It shows that the energy barriers for interstitial
diffusion increase significantly inNiCoFeCr compared to

Figure 3. Distributionof themigrationenergyof aHe inNiCoFeCr
through different mechanisms: (a) interstitial and (b) substitu-
tional diffusion. The dashed line denotes the results in pure Ni.

that in Ni. Note that there are some barriers with zero
energy due to disorder in concentratedNiCoFeCr, as also
observed for interstitials [24]. For substitutional diffu-
sion through the HeV2 complex, the energy barriers are
slightly higher than 1.21 eV, the value obtained in pure
Ni. Therefore, He is more difficult to diffuse both inter-
stitially and substitutionally in concentrated NiCoFeCr
alloys compared to pure Ni.

For these diffusion pathways, we have looked into
the local environment of the migrating He by analyz-
ing the distribution of the number of different elements
surrounding it within a 3Å cutoff radius. The results
are provided in Supplementary materials. Generally, we
find that the distribution of different elements is uni-
form, suggesting that our calculations are not biased and
can represent typical behavior of He diffusion through
these mechanisms. The relation between the calculated
energy barriers and the number changes of different ele-
ments in the neighbors of the migrating He indicates that
lower migration barriers are often observed when the
number of Ni neighbors increase and Fe/Cr neighbors
decrease. Therefore, increasing Fe/Cr in theHeneighbor-
hood may increase the migration energy barriers of He.
In practice, the preferential position and the dominant
migration mode of He are related to temperatures and
other defects, especially vacancies [27]. When radiation
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Figure 4. Distribution of formation energies of theHeV2 complex
in NiCoFeCr.

damage is negligible, diffusion of He proceeds intersti-
tially until it is trapped by thermal vacancies. When the
vacancy concentration is high (such as high tempera-
ture and irradiation conditions), vacancy mechanism in
which He diffuses through HeV2 complex start to play
important roles.

For substitutional He diffusion, the activation energy
of the dissociation and vacancy mechanisms are related
to the binding energy of HeV and HeV2 defect
complex [20,26]. As discussed above, Eb(HeV) in
NiCoFeCr is slightly lower. For Eb(HeV2), it is given by
Ef (HeS)+Ef (V)−Ef (HeV2), where Ef (HeS), Ef (V), and
Ef (HeV2) are formation energies of a substitutional He, a
vacancy, and the HeV2 defect complex, respectively. In
a HeV2 defect complex, the He atom is located in the
midway between the two vacancies after relaxation. Actu-
ally, the He is located exactly at the center between the
two vacancies in pure Ni. However, in NiCoFeCr, the He
deviates the center position slightly, with a displacement
less than 0.3 Å depending on the local environment. For
pure Ni, Ef (HeV2) = 4.22 eV and Eb(HeV2) = 0.38 eV.
In NiCoFeCr, the formation energies of Ef (HeV2) com-
plex are shown in Figure 4. The results suggest that
Ef (HeV2) in NiCoFeCr is ∼0.6 eV higher than those in
pure Ni, almost the same order of the increase of Ef (V).
Hence, Eb(HeV2) will be higher in NiCoFeCr due to its
higher Ef (He). Knowing these binding energies, we have

calculated the activation energies for substitutional He
diffusion in both dissociation and vacancy mechanisms
at different vacancy concentrations [20,26]. The results
in Ni and NiCoFeCr are summarized in Table 2. It can be
seen that the activation energies in NiCoFeCr is widely
distributed. Based on the averaged values, it indicates that
dissociation mechanism is favorable in NiCoFeCr due to
the low Eb(HeV), which may help to suppress the growth
of large He bubbles. Since formation energies of single
vacancy and HeV2 defect complex are much higher in
NiCoFeCr, their concentrations will be lower and con-
tribute less to He diffusion. As a result, substitutional He
diffusion through vacancy mechanism will be restrained
in NiCoFeCr.

We have shown that He dissociation is themainmech-
anism for He diffusion in NiCoFeCr CSAs, due to the
reduced energy preference of substitutional He sites and
the high formation energies of vacancies. The first fac-
tor leads to a weak binding inside HeV complex, while
the latter causes a low concentration of vacancies. As a
result, the nucleation of He bubbles from vacancy sites
is greatly suppressed in NiCoFeCr CSAs. This result
explains the low number density of He bubble observed
experimentally [7,8]. However, with increasing irradi-
ation dose where vacancy supersaturation occurs, the
activation energy difference between NiCoFeCr and Ni
is very small, an indication of similar bubble size in this
case consistent with experimental observations [7]. The
results of this work elucidate the correlation between He
energetics and He bubble growth in typical CSAs, which
provides insight to the irradiation performance of chem-
ically complex alloys, including high-entropy alloys.

To conclude, we have revealed the growth mechanism
of He bubbles in a typical CSA of NiCoFeCr through
first-principles calculations. Our results indicate that the
binding energies of HeV complex decrease significantly
in NiCoFeCr, whereas the binding energies of HeV2
are higher. Accordingly, the dissociation mechanism is
dominant in NiCoFeCr at low vacancy concentrations,
leading to low He bubble densities. When vacancy con-
centration supersaturates, He bubble grows through the
vacancy mechanism. These results indicate that CSAs are
effective in resisting He bubble growth, especially at the
early stage.

Table 2. Activation energy (in eV) for substitutional He diffusion under two different conditions
[20,26].

Mechanisms Vacancy concentration Formulae Ni NiCoFeCr

Dissociation Thermal vacancy Em(HeI)+ Eb(HeV)− Ef (V) 1.35 0–2.40 (0.73)
Supersaturated vacancy Em(HeI)+ Eb(HeV) 2.75 0.95–3.95 (2.58)

Vacancy Thermal vacancy Em(HeV2)− Eb(HeS,V)+ Ef (V) 2.23 0.25–4.00 (2.40)
Supersaturated vacancy Em(HeV2)− Eb(Hes,V) 0.83 0–1.70 (0.56)

Note: For NiCoFeCr, the range is given, and arithmetic averaged values are provided in parentheses for reference.
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