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Abstract: A first-principles study of the atomic structure and electron density distribution at the
Zr/Nb interface under the influence of helium impurities and helium–vacancy complexes was
performed using the optimised Vanderbilt pseudopotential method. For the determination of the
preferred positions of the helium atom, the vacancy and the helium–vacancy complex at the interface,
the formation energy of the Zr-Nb-He system has been calculated. The preferred positions of the
helium atoms are in the first two atomic layers of Zr at the interface, where helium–vacancy complexes
form. This leads to a noticeable increase in the size of the reduced electron density areas induced by
vacancies in the first Zr layers at the interface. The formation of the helium–vacancy complex reduces
the size of the reduced electron density areas in the third Zr and Nb layers as well as in the Zr and Nb
bulk. Vacancies in the first niobium layer near the interface attract the nearest zirconium atoms and
partially replenish the electron density. This may indicate a possible self-healing of this type of defect.

Keywords: nanoscale multilayer coatings; helium; vacancy; zirconium/niobium interface; density
functional theory

1. Introduction

The impact of high-energy particles such as protons, neutrons, helium and lithium
ions on metals leads to intense structural changes caused by the displacement of atoms
with the formation of primary radiation defects. At sufficient concentrations, primary
radiation defects can form more complex defects, such as dislocation loops, stacking faults,
interstitials and vacancy clusters [1]. In the presence of hard-soluble gases, clusters can
develop into stable pores and promote the formation of gas bubbles. All of these defects
cause radiation swelling and embrittlement, which significantly degrade the material
properties [2]. This problem is particularly acute in the nuclear industry, where structural
materials are exposed to high temperatures, high mechanical loads, chemically aggressive
coolants and intense radiation fluxes.

Obviously, a reduction of the primary radiation defects will suppress further devel-
opment of the defect structure. A high level of radiation resistance in materials can be
achieved by using free surfaces, grain boundaries and heterophase interfaces as efficient ra-
diation defect sink sites [3,4]. Nanoscale multilayer metallic systems have gained particular
interest because of the possibility of varying the metallic components to form different types
of interfaces with exceptional physical and mechanical properties. Interface coherence
and metal miscibility are the main factors that determine the efficiency and stability of a
multilayer system under irradiation.

The effectiveness of the interface as a sink for defects is determined by the interface
coherence, which is dependent on the crystal type, structure type and the lattice parameter
difference. An incoherent or semi-coherent interface is an efficient sink for defects, due
to the presence of a large number of mismatched dislocations. Since intense exposure
to high-energy particles can result in metal mixing and interface destruction, the layer’s

Materials 2023, 16, 3742. https://doi.org/10.3390/ma16103742 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma16103742
https://doi.org/10.3390/ma16103742
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-8544-031X
https://orcid.org/0000-0001-5682-6264
https://orcid.org/0000-0001-5248-2839
https://doi.org/10.3390/ma16103742
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16103742?type=check_update&version=1


Materials 2023, 16, 3742 2 of 11

miscibility mainly determines the morphological stability of the system. Thus, incoherent
or semi-coherent systems with low layer miscibility will be the most promising [5–14].
One of the most suitable systems is a system based on zirconium and niobium, since these
materials are widely used in the nuclear industry due to good mechanical and corrosion
properties, as well as low thermal neutron capture cross-section [15]. Zirconium and
niobium can form various types of interfaces due to the different crystal lattices (hcp and
bcc) and positive mixing enthalpy (4 kJ/mol) [16]. The high radiation tolerance of nanoscale
multilayer Zr/Nb systems has been demonstrated in recent studies, including helium ion
irradiation [17–25]. Helium atoms are produced in materials as a result of nuclear reactions
(n, α) [26] and tend to accumulate in vacancies and interstitials with the formation of helium
bubbles, leading to changes in the macroscopic properties of the irradiated material [27–33].
However, the accumulation of helium atoms at the Zr/Nb interface and their effect on the
atomic and electronic structure of metals remain incompletely understood. Moreover, since
vacancies are effective trapping centres for helium atoms, it is also necessary to consider
the formation of helium–vacancy complexes at the Zr/Nb interface.

The purpose of this work is to study by ab initio methods the atomic structure and
electron density distribution of metals at the Zr/Nb interface when a helium impurity is
introduced and a helium–vacancy complex is formed.

2. Methods and Details of Calculation

Ab initio calculations were carried out within density functional theory using the
optimised norm-conserving Vanderbilt pseudopotential method [34], as implemented in
the ABINIT code [35,36]. The generalised gradient approximation (GGA) in the form
proposed by Perdew, Burke and Ernzerhof [37] was used to describe the exchange and
correlation effects. In the structural optimisation, the cutoff energy for the plane wave
basis was set to 15 Ha. The atoms in the system were assumed to be in the equilibrium
configuration when the force on each atom was less than 10−3 Ha/Bohr.

In our previous work [38] the helium atom in the zirconium lattice was located in the
tetrahedral (T) and octahedral (O) sites, in the interstitial site of the basal plane (BO) and in
the vacancy (vac) with the defect concentration of 3 at.% (Figure 1a).
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The interstitial site BO and vacancy positions of the He atom were found to be the 
most stable configurations with the lowest formation energy. Due to its metastability in 
the Zr lattice, the O site was not further taken into consideration. In this work the pure Nb 
and Nb36He solid solutions with helium in tetrahedral or octahedral interstitial sites were 
considered (Figure 1b). To carry out the structural optimisation and relaxation of the 

Figure 1. The interstitial sites in the (a) zirconium and (b) niobium supercells. Tetrahedral sites are
green, octahedral sites are yellow. In hcp zirconium BO site is orange.

The interstitial site BO and vacancy positions of the He atom were found to be the
most stable configurations with the lowest formation energy. Due to its metastability in
the Zr lattice, the O site was not further taken into consideration. In this work the pure
Nb and Nb36He solid solutions with helium in tetrahedral or octahedral interstitial sites
were considered (Figure 1b). To carry out the structural optimisation and relaxation of the
considered system, a cell with 36 Nb atoms was adopted, and the k meshes were chosen to
be 3 × 3 × 3 for the bcc structure.

The present calculations were performed for Zr63Nb40 and Zr63Nb40He slabs (Figure 2).
The interface in the Zr63Nb40 slab was formed by Zr (002) and Nb (111) surfaces. There are
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7 and 10 atomic layers, respectively, in the Zr and Nb slabs. In our earlier work [23], we
described the features of the slab supercell structure and the relaxation of its atoms. In the
Zr63Nb40He system a He atom is located only in the tetrahedral (T) interstitial sites. For a
more convenient discussion of the results, the T sites are enumerated in Figure 2b,c. For
Zr63Nb40 multilayer structures, k meshes of 3 × 3 × 1 were chosen.
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Figure 2. The supercell of the Zr63Nb40 multilayer structures (a) and positions of the interstitial
sites considered in the Zr63Nb40 supercell: (b) in Nb layer, (c) in Zr layer. Zirconium atoms are red,
niobium atoms are blue, tetrahedral sites are green.

To estimate the structural stability of the above-mentioned systems, the formation
energy of the system with a helium atom, vacancy and helium–vacancy complex was
calculated:

Ef = E(ZrmNbnHe) − E(He) − E(ZrmNbn), (1)

Evac = E(Zrm−yNbn−x) + y×E(Zrm)/m + x×E(Nbn)/n − E(ZrmNbn), (2)

EHe-vac = E(Zrm−yNbn−xHe) + y×E(Zrm)/m + x×E(Nbn)/n − E(He) − E(ZrmNbn). (3)

Here, E(Zrm−yNbn−x) and E(ZrmNbn) are the total energies of the systems consisting
of m Zr and n Nb atoms with and without vacancies, respectively, x and y indicate the
number of vacancies in Nb and Zr, respectively, E(Zrm−yNbn−xHe) and E(ZrmNbnHe)
are the total energies of systems consisting of a He atom, m Zr and n Nb atoms with and
without vacancies, respectively, E(He) is the total energy of an isolated helium atom.

3. Results and Discussion

The formation energies of Zr36He and Nb36He solid solutions with interstitial helium
are equal to 2.699 and 2.433, 3.170 and 3.438 eV for the He atom in the T and BO sites of the
hcp Zr lattice and the T and O sites of the bcc Nb lattice, respectively. These results are in
good agreement with the results of other calculations [39–41]. Due to the large Zr lattice
distortions near the interface [23] and the significant difference between the Nb36HeT and
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Nb36HeO formation energies (0.268 eV) the only tetrahedral coordination of the He atom in
the Zr63Nb40He slab was considered (see Figure 2b,c).

The calculated vacancy formation energies for the hcp Zr and bcc Nb lattices are
2.069 и 2.687 eV, which are also in a good agreement with previous work [39,42–46]. In
the hcp Zr and bcc Nb lattices, helium–vacancy complex formation requires 3.320 eV and
4.329 eV, respectively. It should be noted that the difference between the vacancy formation
energy and the helium–vacancy complex formation energy gives the energy required to
place the helium atom into the pre-existing vacancy.

The calculated formation energies of the Zr63Nb40He system with interstitial helium
are given in Table 1. The significant variation in formation energy values is observed
for the position of the He atom in both the Zr and Nb atomic layers. For instance, the
formation energy in the first zirconium layer varies from 1.741 eV to 2.760 eV. For niobium
the variation of the formation energy value seems to be less, for example, for the first
niobium atomic layer the minimum of the formation energy is 1.754 eV and the maximum
is 2.452 eV. The detailed analysis of the electron density distribution in the Zr63Nb40 slab
showed that in the most energetically favourable position (position (4), (5) and (1)) in the
first Zr atomic layer the helium atom shifts due to relaxation to the area with the low value
of the electron density. This behaviour is explained by the fact that filled He 1s electron
states displace metal electrons from the region where the He atom is located, leading to a
noticeable redistribution of the electron density of the system. The same observations are
applied to the first Nb layer: the relaxation of the helium atom in the (1) site leads to its
shift to the nearest reduced electron density area. Due to the relaxation in the (1) position,
the helium atom was shifted from the niobium layer to the zirconium one, occupying the
(4) position in the first Zr layer. This explains the similar values of the formation energies
of the Zr63Nb40He system with the He atom in (4) site in the first Zr layer and (1) site in the
first Nb layer. The helium from (3) site in the second Nb layer also shifted into the interface
due to relaxation. It can be concluded that the helium occupation of zirconium sites is more
favourable than that of niobium sites. In addition, it should be noted that the helium atom
from (4) positions in the second and the third Zr layers is shifted to a layer closer to the
interface due to relaxation.

Table 1. The formation energy of the Zr63Nb40He system with interstitial helium.

No.

Ef (eV)

Zr Nb

in 1st
Atomic
Layer

in 2nd
Atomic
Layer

in 3rd
Atomic
Layer

in 1st
Atomic
Layer

in 2nd
Atomic
Layer

in 3rd
Atomic
Layer

1 1.911 2.486 2.371 1.754 3.480 3.379
2 2.392 2.331 2.759 2.451 2.457 3.321
3 2.760 2.996 2.820 2.452 1.957 2.749
4 1.741 1.909 1.990 - 2.456 3.395
5 1.764 2.379 2.561 - - -
6 2.125 2.530 2.863 - - -
7 2.559 - 2.777 - - -

Figure 3 displays the lowest value of formation energy for both metals, layer by layer
near the interface. This allows us to consider the most energetically favourable interstitial
positions for the helium atom. It can be seen that the minimum layer-by-layer formation
energy increases significantly in niobium compared to zirconium. It can be expected that
for the layers far from the interface this formation energy should diverge towards the
formation energy value in the solid material. This is more obvious for the niobium: in the
third Nb layer the minimal formation energy is 2.750 eV while the same formation energy
in the Nb bulk is 3.170 eV. For zirconium, however, this assumption is not appropriate
due to the large intralayer variation which depends on the atomic relaxation and chemical
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bonds. However, considering the formation energies in the third atomic layer of Zr, it can
be seen that most of these formation energy values (see Table 1) are comparable to the value
for the bulk.
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Figure 3. The dependence of the minimal values of the formation energy of the Zr63Nb40He system
with interstitial helium (a), the vacancy formation energy (green squares) and the helium–vacancy
complex formation energy (red dots) (b) on the atomic layer number. The dark blue dotted line
indicates the value of the formation energy in T sites and the dark green dotted line indicates the
value of the vacancy formation energy for both pure Zr and Nb.

The calculated vacancy formation energies for the Zr63Nb40 slab are shown in Table 2.
The vacancy formation energy is affected by the size of the formed region with a reduced
electron density. Thus, the larger the value of the vacancy formation energy, the larger
the size of the formed void with a lack of electrons. From the table it can be seen that the
variation of the vacancy formation energy is insignificant. Therefore, the void volumes are
almost the same. It should be noted that in general no vacancy shift is observed for (1),
(2) and (3) vacancy positions. However, in the case of (4) vacancy position, atoms from
the upper layers are directed towards this vacancy to fill it. The variation of the formation
energy from 0.980 eV to 2.586 eV in the second Zr layer is observed. During relaxation,
the vacancy in (8) position moved from the second Zr layer to the first Zr layer. In the
remaining cases the vacancies remain static, i.e., they remain in the positions where they
were formed. In the first Zr layer for the most energetically favourable (13) vacancy position
the nearest neighbours from the second Zr layer and the first Nb layer rushed towards the
vacancy. For the remaining cases in this layer no relaxation features are observed. Finally,
the atom from the first layer tends to fill a vacancy in the second layer. When a vacancy
is formed in the third layer, the atoms from the overlying layers are displaced towards
the vacancy.

Table 2. The vacancy formation energy for the Zr63Nb40 slab.

Vacancy
Number

Evac
(eV)

Vacancy
Number

Evac
(eV)

Vacancy
Number

Evac
(eV)

Vacancy
Number

Evac
(eV)

Vacancy
Number

Evac
(eV)

Vacancy
Number

Evac
(eV)

Vacancy in Zr Vacancy in Nb

1st Layer 2nd Layer 3rd Layer 1st Layer 2nd Layer 3rd Layer

10 2.543 5 2.130 1 1.953 14 0.976 16 2.029 18 3.026
11 1.760 6 0.980 2 1.958 15 0.532 17 1.317 19 2.883
12 1.074 7 2.586 3 1.873 - - - - - -
13 1.074 8 0.936 4 1.705 - - - - - -
- - 9 1.713 - - - - - - - -
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As for the vacancy positions in the first and second Nb layers, the reduced electron
density area formed by the vacancy combines with the reduced electron density area in the
first zirconium layers or interface region. Vacancy formation in the third Nb layer leads to
large void formation. However, it should be noted that for the most energetically favourable
(15) vacancy position in the first Nb layer the nearest Zr atoms from the first layer are
shifted (by 1.788 Å) towards the formed vacancy. Thus, the significant influence of the
interface on the vacancy formation energy is limited to the first two layers of zirconium and
niobium. In the third zirconium or niobium layer from the interface the vacancy formation
energies are already comparable to the bulk values. This means that it is energetically more
advantageous for the vacancies to be in the vicinity of the interface, where their effect on
the atomic structure is suppressed by the interface. These results are indirectly confirmed
by experimental studies of the microstructure of Zr/Nb nanoscale multilayer coatings
irradiated with helium ions [25], which revealed different microstrains and distortions in
the Zr and Nb layers and a different localisation of the implanted ions within the interfaces
without redundant radiation defect accumulation.

After considering the vacancy position, the helium atom was placed in the positions
instead of Zr and Nb atoms where the vacancy formation energy is the lowest. The results
of the helium–vacancy complex formation energy for the most energetically favourable
vacancy configurations are presented in Figure 3. From the analysis of the results presented
in Figure 3, it follows that the vacancy formation and helium–vacancy complex formation
energies increase with distance from the interface in the Zr63Nb40 slab. However, it should
be noted that the growth rate of the formation energies in zirconium is much lower than
in niobium. It was established that helium is shifted from the first and second Nb layers
to the first layer of zirconium during relaxation. Small variations in the helium–vacancy
complex formation energy for the position of the helium atom in the first two layers of
zirconium and niobium are observed due to different sizes of voids with a lack of electrons
around the helium atom. Since the vacancies in zirconium are located one below the other,
the helium atom is shifted from the second zirconium layer to the first zirconium layer. We
can assume that the vacancy occupation by helium atoms in zirconium is more favourable
than that in niobium. It is shown that from the third layer of both zirconium and niobium
the helium atom is not shifted.

For qualitative analysis of the influence of a vacancy and a helium–vacancy complex
on the interaction between metal atoms at the Zr/Nb interface, the valence electron density
distribution in the Zr63Nb40 slab was calculated. From the analysis of the electron density
distribution in the Zr63Nb40He system with interstitial helium, it was found that the
presence of the helium atom in interstitial sites of the metal lattice leads to an insignificant
variation of the electron density. Therefore, the consideration of vacancies and helium–
vacancy complexes is of greater interest. The electron density distribution in the interface
vicinity in the Zr63Nb40 slab with a vacancy and a helium–vacancy complex in the most
energetically favourable position in the third and first Zr layers is shown in Figure 4.

The formation of the vacancy considered in both cases leads to the appearance of
the reduced electron density area (the electron density in these areas is less than 0.01
electrons/Bohr3). The addition of a He atom to the vacancy increases the size of this area in
the first Zr layer and decreases it in the third Zr layer (Figure 5). It should be noted that
the He atom is located at the periphery of the reduced electron density area formed by
vacancies. The same results were observed in Zr-He solid solution with a helium–vacancy
complex in our previous work [38]: the helium atom is located in the position shifted from
the vacancy along the hexagonal axis. Thus, the helium atom located in the vacancy in the
first Zr layer at the interface enhances the electron density redistribution region caused
by the vacancy formation. An increase in the size of the reduced electron density area
indirectly indicates a weakening of the bonds between the nearest metal atoms, which
may contribute to the self-healing properties of the interface due to the higher mobility of
weakly bound metal atoms.
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The electron density distribution at the interface of the Zr63Nb40 slab with a vacancy
in the third and first Nb layers and helium–vacancy complex in the third Nb layer is shown
in Figure 5. Since it has been previously established that a helium atom does not form the
helium–vacancy complex in the first Nb layer at the Zr/Nb interface, we have considered
only the electron density distribution caused by a vacancy in the first Nb layer of the
Zr63Nb40 slab.
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Zr layer at the interface enhances the electron density redistribution region caused by the 
vacancy formation. An increase in the size of the reduced electron density area indirectly 
indicates a weakening of the bonds between the nearest metal atoms, which may contrib-
ute to the self-healing properties of the interface due to the higher mobility of weakly 
bound metal atoms.  

Figure 4. The electron density distribution in the interface vicinity of the Zr63Nb40 slab with a vacancy
(a,b) and helium–vacancy complex (c,d) in the third (a,c) and first Zr layers (b,d). Zirconium atoms
are red, niobium atoms are blue, helium atom is purple. Black, green and grey isosurfaces correspond
to the electron density of 0.01, 0.02 and 0.05 electrons/Bohr3, respectively.
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Figure 5. The electron density distribution in the interface vicinity of the Zr63Nb40 slab with a vacancy
(a,c,d) and helium–vacancy complex (b) in the third (a) and first Nb layers (vacancy is formed in
(14) (c) and (15) (d) positions). Zirconium atoms are red, niobium atoms are blue, helium atom is
purple. Black, green and grey isosurfaces correspond to the electron density of 0.01, 0.02 and 0.05
electrons/Bohr3, respectively.

The analysis of the electron density distribution in Zr63Nb40 with a vacancy and a
helium–vacancy complex in the third Nb layer (Figure 5a,b) shows that the formation of a
vacancy and a helium–vacancy complex leads to the same results as described above for
the third Zr layer. However, in the Nb layer the He atom is located in the centre of the
vacancy. From Figure 5c,d it was established that the vacancy in the first niobium layer near
the interface attracts the nearest zirconium atoms partially refilling the electron density. It
prevents the formation of helium–vacancy complexes in the first layer of Nb, because it is
not energetically favourable for the helium atom to be in the high electron density region:
the helium atom has a filled 1s shell and its position in the interstitial region of the lattice
causes the electron density of the metal to be pushed out of its vicinity, increasing the total
energy of the system. This causes the helium atom to move from the vacancy in the first
layer of niobium to the zirconium layer.
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Thus, the radiation tolerance of the Zr/Nb nanoscale multilayers under helium ion
irradiation is provided by two effects: (1) vacancies formed in layers closest to the Zr/Nb
interface are subdued by substantial relaxation of metal atoms at the interface; (2) helium
atoms form helium–vacancy complexes predominantly in zirconium layers closest to the
interface, increasing the mobility of Zr atoms through bond weakening, which promotes
enhanced defect annihilation. These effects can lead to self-healing of defects formed due
to irradiation of nanoscale multilayered Zr/Nb layers.

4. Conclusions

A first-principles study of the atomic structure and electron density distribution of
metals at the Zr (200)/Nb (111) interface under the influence of helium impurities and
helium–vacancy complexes was performed. The optimized norm-conserving Vanderbilt
pseudopotential method was used for all calculations within density functional theory. The
formation energy of the Zr-Nb-He system was calculated to determine the energetically
favourable position of the helium atom, the vacancy and the helium–vacancy complex at
the Zr/Nb interface. The energetically more favourable helium atom positions were found
in the first two Zr atomic layers at the interface, where helium–vacancy complexes were
formed. It was revealed that a helium atom in the most considered cases is displaced from
the first two layers of Nb atoms to the first layer of Zr atoms, hence its position in this
Nb atomic layer is unstable. This leads to a noticeable increase in the size of the reduced
electron density areas induced by vacancies in the first Zr layers at the interface. In the
other Zr layers and in the third layer of Nb, helium–vacancy complex formation decreases
the size of the reduced electron density areas as in the Zr and Nb bulk.

The formation of a helium–vacancy complex leads to a considerable increase in the
size of the reduced electron density area (density is less than 0.01 electrons/Bohr3) induced
by vacancies in the first Zr layers at the interface. In the third Zr and Nb layers the helium-
vacancy complex formation decreases the size of the reduced electron density areas as in
the Zr and Nb bulk. It was shown that the vacancy in the first layer of niobium near the
interface attracts the nearest zirconium atoms and partially refills the electron density. It
prevents the formation of helium–vacancy complexes in the first Nb layer. Thus, only the
first two zirconium and niobium layers are significantly influenced by the interface for the
formation of vacancy and the helium–vacancy complex. In the third zirconium or niobium
layer the formation energy and electron density distribution are already at a level close to
the bulk values.

Author Contributions: L.S. and D.T. performed all the first-principles calculations of the electronic
structure. R.L. carried out the organisation and comprehensive analysis of the received data and
prepared the manuscript for publication. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by the Russian Science Foundation, research project No. 20-79-10343.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy reasons.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ullmaier, H. Radiation Damage in Metallic Materials. MRS Bull. 1997, 22, 14–21. [CrossRef]
2. Was, G.S.; Petti, D.; Ukai, S.; Zinkle, S. Materials for Future Nuclear Energy Systems. J. Nucl. Mater. 2019, 527, 151837. [CrossRef]
3. Yang, W.; Pang, J.; Zheng, S.; Wang, J.; Zhang, X.; Ma, X. Interface Effects on He Ion Irradiation in Nanostructured Materials.

Materials 2019, 12, 2639. [CrossRef] [PubMed]
4. Khanal, L.R.; Sundararajan, J.A.; Qiang, Y. Advanced Nanomaterials for Nuclear Energy and Nanotechnology. Energy Technol.

2019, 8, 1901070. [CrossRef]

https://doi.org/10.1557/S088376940003298X
https://doi.org/10.1016/j.jnucmat.2019.151837
https://doi.org/10.3390/ma12162639
https://www.ncbi.nlm.nih.gov/pubmed/31430959
https://doi.org/10.1002/ente.201901070


Materials 2023, 16, 3742 10 of 11

5. Xue, J.; Li, Y.; Gao, L.; Qian, D.; Song, Z.; Wang, X.; Zhu, X.; Chen, J. Effects of Periods on the Evolution of Microstructure and
Mechanical Properties of Multilayered Cu-W Films during Thermal Annealing. Surf. Coat. Technol. 2020, 381, 125179. [CrossRef]

6. Li, M.; Hou, Q.; Cui, J.; Qiu, M.; Yang, A.; Zhou, M. Atomistic Simulations of Helium Behavior at the Cu(111)/W(110) Interface. J.
Nucl. Mater. 2021, 555, 153157. [CrossRef]

7. Cui, Y.; Derby, B.; Li, N.; Misra, A. Fracture Resistance of Hierarchical Cu–Mo Nanocomposite Thin Films. Mater. Sci. Eng. A 2021,
799, 139891. [CrossRef]

8. Li, S.-H.; Li, J.-T.; Han, W.-Z. Radiation-Induced Helium Bubbles in Metals. Materials 2019, 12, 1036. [CrossRef]
9. Ni, J.; Li, J.; Jian, J.; He, J.; Chen, H.; Leng, X.; Liu, X. Recent Studies on the Fabrication of Multilayer Films by Magnetron

Sputtering and Their Irradiation Behaviors. Coatings 2021, 11, 1468. [CrossRef]
10. Su, Z.; Jiang, H.; Li, H.; Zhang, Y.; Chen, J.; Zhao, J.; Ma, Y. Recent Progress on Interfaces in Nanomaterials for Nuclear Radiation

Resistance. ChemNanoMat 2022, 9, e202200477. [CrossRef]
11. Qi, N.; Zhang, H.X.; Chen, Z.Q.; Ren, F.; Zhao, B.; Jiang, M.; Uedono, A. Selective Trapping of Positrons by Ag Nanolayers in a

V/Ag Multilayer System. AIP Adv. 2020, 10, 035012. [CrossRef]
12. Yang, Z.; Qiu, N.; Yang, H.; Chen, Q.; Wang, Y. Irradiation Tolerance Enhanced by Coherent Interfaces of FCC/BCC HEA

Multilayers. Surf. Coat. Technol. 2023, 457, 129338. [CrossRef]
13. Chen, H.; Du, J.; Liang, Y.; Wang, P.; Huang, J.; Zhang, J.; Zhao, Y.; Wang, X.; Zhang, X.; Wang, Y.; et al. Comparison of Vacancy

Sink Efficiency of Cu/V and Cu/Nb Interfaces by the Shared Cu Layer. Materials 2019, 12, 2628. [CrossRef]
14. Anwar Ali, H.P.; Radchenko, I.; Li, N.; Budiman, A. Effect of Multilayer Interface through in Situ Fracture of Cu/Nb and Al/Nb

Metallic Multilayers. J. Mater. Res. 2019, 34, 1564–1573. [CrossRef]
15. Jiang, G.; Xu, D.; Yang, W.; Liu, L.; Zhi, Y.; Yang, J. High-Temperature Corrosion of Zr–Nb Alloy for Nuclear Structural Materials.

Prog. Nucl. Energy 2022, 154, 104490. [CrossRef]
16. Debski, A.; Debski, R.; Gasior, W. New Features of Entall Database: Comparison of Experimental and Model Formation

Enthalpies/ Nowe Funkcje Bazy Danych Entall: Porównanie Doświadczalnych I Modelowych Entalpii Tworzenia. Arch. Metall.
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