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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The hetero phase interfaces act as defect 
sinks, facilitating annihilation and 
recombination in nanoscale multilayer 
film.

• The bubbles tend to distribute along 
Type 1 (K-S: (011‾)BCC || (11‾1)FCC, 
[1‾11]BCC || [011]FCC) interface in Cu 
layers.

• The average segregation energy is lower 
in Type 1 (− 2.8 eV) than those in Type 2 
(− 2 eV), thus leading to the aggregation 
of vacancies.
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A B S T R A C T

Irradiation induced helium damage is harmful in nuclear energy, thus irradiation resistant materials are highly 
desirable. Nanostructuring is an advanced strategy to mitigate the helium damage with pre-exist defects. In this 
work, we have investigated the irradiation effects in Cu/(Ta50Nb25Mo25) medium-entropy multilayer films using 
experiments accompanied with molecular dynamics simulations. The multilayers with modulation period of 5 
and 50 nm have been irradiated with 60 keV He ions at 300 and 400 ◦C, respectively, with total fluence of 1021 

ions/m2. The multilayers exhibit commendable microstructural stability, with the four constituent elements 
maintaining their intended modulation distribution after irradiation. A diverse range of bubble sizes is observed 
within the Cu layers, with sizes peaking at 3 to 5 nm in the region of maximal damage. However, bubbles with a 
diameter around 1 nm are detected in the Ta50Nb25Mo25 layers, indicating that the bubbles are in the nucleation 
phase. The 50 nm multilayer shows two types of layer interfaces, i.e., (011)BCC || (111)FCC, [111]BCC || [011]FCC 

(Type 1, K-S relationship), and (011)BCC || (110)FCC, [111]BCC || [001]FCC (Type 2). Bubbles tend to distribute 
along the Type 1 interface, molecular dynamics results suggest that the average formation energy of vacancy 
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clusters in Type 1 is lower than that in Type 2, which is consistent with the trend of the monovacancy. As a result, 
the swelling rate of the medium-entropy multilayers is significantly decelerated compared with the bimetal 
multilayers.

1. Introduction

Helium ion irradiation would facilitate the formation of He bubbles 
in metals due to their minimal solubility within the metal matrix. The 
formation of these bubbles has been linked to structural swelling, sur
face exfoliation, embrittlement, and dimensional instabilities [1–3], 
leading to a notable deterioration in the physical and mechanical 
properties of alloys [4–6]. Therefore, mitigating the adverse effects of 
He irradiation-induced defects on the performance of structural mate
rials poses a significant challenge in the application of nuclear energy.

The abundance of grain boundaries and interfaces in metals offers 
trapping sites for He, thereby delaying the nucleation and growth of He 
bubbles [7–9]. Nanoscale materials are promising candidates for nuclear 
applications except that they usually exhibit poor thermal stability, i.e., 
the grains may grow easily after high temperature irradiation. In 
contrast to nanocrystalline materials, multilayer films composed of 
immiscible elements in adjacent layers demonstrate superior thermal 
stability, characterized by negligible solid solubility of the components 
at elevated temperatures [10–13]. Additionally, these materials exhibit 
enhanced irradiation resistance due to the high-density layer interfaces 
that effectively trap and neutralize irradiation-induced defects. The 
various crystal structure combinations of multilayer films, including 
FCC/FCC, BCC/BCC, FCC/HCP, and BCC/HCP etc., demonstrate inter
esting characteristics compared to bulk metals. Especially, the FCC/BCC 
multilayers with discontinuous slip systems and immiscible interfaces 
can effectively serve as strong barriers to the transmission of disloca
tions, keeping excellent structural stability during high temperature and 
irradiation. Misra et al. [14–16] found that the Cu/Nb multilayer film 
showed thermal stable interfaces, and the interfaces of immiscible 
sublayers deferred the growth of the He bubbles. Zhang et al. [17,18] 
discovered that the interfaces of the immiscible Cu/V multilayers were 
capable of absorbing and reducing the concentration of 
irradiation-induced point defects effectively.

These reported efforts predominantly focused on multilayers 
composed of two pure metals. On the other hand, the swift advancement 
of multi-component alloys encompassing medium-entropy alloys and 
high-entropy alloys ((MEAs, HEAs) [19,20] provides an opportunity for 
developing novel multilayer films. Notably, multi-component alloys 
usually exhibit exceptional properties, including high thermal stability 
[21,22], superior corrosion resistance [23,24], excellent 
high-temperature strength and hardness [25], and outstanding irradia
tion resistance [26–30]. Therefore, combining the material design of 
multilayers and HEAs/MEAs holds great promise for applications in the 
nuclear energy.

In our previous work, we found that the Cu/(Ta50Nb25Mo25) MEA 
multilayer film exhibits immiscible layer interfaces [31]. Specifically, 
the 5 nm and 50 nm multicomponent multilayers demonstrate superior 
strength and plasticity compared to their bimetallic counterparts of 
equivalent layer thicknesses, which is attributed to the synergistic 
strengthening effect of solid solutions within the multicomponent 
layers. These distinctive properties render it promising for applications 
in the nuclear field. Based on this, the present study prepared 
Cu/(Ta50Nb25Mo25) MEA via DC magnetron sputtering and investigated 
its response to helium irradiation. The distribution of He bubbles along 
layer interfaces was examined to elucidate their interaction with 
irradiation-induced defects. The elemental diffusion after irradiation 
was detected to reveal microstructural stability. Additional nano
indentation studies were carried out to assess irradiation hardening 
induced by helium implantation. The nucleation and evolution of He 
bubbles and their interaction with layer interfaces were analyzed using 

molecular dynamics (MD) simulations. These findings are expected to 
provide insights into controlling the irradiation-induced defects in 
multilayer film materials.

2. Experimental

2.1. Synthesis and experimental procedures

Cu/(Ta50Nb25Mo25) multilayer film was deposited on Si substrates 
by magnetron co-sputtering technique [31]. The elemental proportion in 
Ta50Nb25Mo25 MEA refers to the atomic percentage. Ta50Nb25Mo25 
layer was abbreviated as TaNbMo in the following text. Four targets 
with Cu, Ta, Nb, Mo pure metal were used for deposition. Ta, Nb, Mo 
targets worked together during deposition, which were opened inter
mittently with Cu target. The purity of each target was higher than 99.9 
wt. % and the size of each target was Φ50.8 × 6.35 mm. Direct current 
(DC) magnetron sputtering was used to prepare the MEA multilayer 
films. The chamber was evacuated to 3.6 × 10− 6 Pa before deposition 
and then maintained at 1 Pa by ventilating with argon during deposi
tion. Each multilayer film contains modulation period of 5 and 50 nm, 
respectively. The total film thickness was approximately 1 μm. The MEA 
multilayer films show a superior uniformity, with a low surface rough
ness and uniform microstructure, the SEM images taken on the film 
surface can be seen in Fig. S1. Irradiation experiments were carried out 
at 300 and 400 ◦C, respectively, using a He ion beam with an irradiation 
energy of 60 keV and the fluence of 1 × 1021 ions/m2 by accelerator at 
Xiamen Facility. The SRIM (Stopping and Ranges of Ions in Matter) 
software was used to estimate the irradiation damage during 60 keV He+

irradiation, employing the quick Kinchin-Pease option [32]. The 
displacement energy (Ed) of all atoms was fixed as 40 eV [33].

The cross-sectional TEM samples were meticulously prepared using 
the FIB lift-out technique on an FEI Helios Nanolab workstation. 
Irradiation-induced defects were characterized using TEM (Cs-corrected 
JEOL 2100F). Helium bubbles were visualized using through-focus im
aging technology. The helium bubble density was calculated based on 
the number of per unit volume. The sample thickness was measured 
using electron energy loss spectroscopy (EELS). ImageJ software was 
used to count the sizes and numbers of the cavities in the microstruc
tures. The densities of the cavities were calculated using the following 
equation: ρ = N/(A ×δ), where N denotes the numbers of the cavities in 
the measured area; A denotes the statistical area; δ denotes the sample 
thickness. The elemental composition analysis was conducted using 
energy dispersive spectroscopy (EDS) detectors. The hardness was 
measured using a Bruker Hysitron TI950 Triboindenter equipped with a 
Berkovich probe. Each indentation test was performed on the top surface 
of the film under displacement control mode, with the maximum 
displacement set to 150 nm to minimize the substrate effect. The 
maximum load for each sample was determined based on the properties 
of the films. For each sample, a minimum of 10 indentations were 
conducted to ensure the reliability of the measurements.

2.2. Molecular dynamics simulations

For the simulation, Ta metal is employed as a proxy for the ternary 
TaNbMo alloy. First, the valence electron concentration of Ta closely 
matches the weighted average of the ternary alloy, ensuring that the 
electronic interaction characteristics at the Cu/MEA interfaces remain 
representative. Second, the monovacancy formation energies of Ta (2.82 
eV), Nb (2.77 eV), and Mo (2.74 eV) exhibit minimal variation, in 
contrast to the significantly lower value for Cu (1.09 eV) [34]. This 
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difference provides a mechanistic explanation for the experimentally 
observed preferential nucleation of helium bubbles in Cu layers. Third, 
the similar mechanical properties and crystal structures of Ta, Nb, and 
Mo play a dominant role in interfacial dislocation and bubble in
teractions. Consequently, as the lack of available quaternary interatomic 
potentials, this simplified approach retains the essential interfacial 
physics. The atomistic Ta/Cu interface structures were constructed. MD 
calculations were carried out by LAMMPS package [35]. The Ta-Cu 
forcefield [36] was adopted to describe the interatomic interactions. 
Interface energies, vacancy formation energies, and segregation en
ergies were determined. The detailed orientations of Ta/Cu interfaces 
are shown in Table 1. The boundary conditions with periodicity were 
employed along all the three-dimensions. An interface separation of 5 
nm was maintained to preclude interface-image interactions. The in
terfaces were annealed for 10 ps under NPT ensemble (iso
thermal-isobaric ensemble) at 1000 K with pressure maintained at 0 Pa 
and uniformly cooled down to 0 K for another 10 ps under the same 

ensemble. The interface energy (γ) is defined as, 

γ =
EGB − nTaETa

c − nCuECu
c

2A
(1) 

where EGB is the total interface energy, nTa and nCu represent the 
numbers of Ta and Cu atoms in the box, respectively. ETa

c and ECu
c 

represent the cohesive energy of BCC Ta and FCC Cu, and A is the area of 
the interface. We focus on Type 1 and Type 2 interfaces in this work. The 
interface energies are consistent with previous works employed the 
same interaction potential [37,38] (Table 1).

To evaluate the formation energy of a vacancy, the monovacancy 
configuration was created by removing a Cu or Ta atom in the interface 
and relaxed until the external force reaches zero (< 10− 15 eV/Å). The 
growth of the vacancy cluster was simulated via deleting atoms with the 
highest potential energy among the neighbor atoms. The formation 
energy of a vacancy or vacancy cluster (Eα,β

f ) is calculated by, 

Eα,β
f = Eα,β

tot − Eβ
pft + nαEα

c (2) 

where Eα,β
tot represents the total energy of an α-type vacancy (α = Ta or 

Cu) in β configuration (β = Type1, Type2, FCC Cu, or BCC Ta), Eα
c rep

resents the cohesive energy of bulk α crystal, nα represents the vacancy 
number, and Eβ

pft is the total energy of the perfect β configuration 
without any defect. The segregation energy of a vacancy in the Ta/Cu 
interface (Eα,β

s ) can be evaluated by, 

Table 1 
The lattice orientation and interface energy of the Ta/Cu interfaces.

Interface bcc Ta fcc Cu γ (mJ/m2)

Type 1 X[110], Y[112],
Z[111]

X[111], Y[112],
Z[110]

922.49, 1023.10 
[39]

Type 2 X[110], Y[112],
Z[111]

X[110], Y[110],
Z[001]

980.74

K-S X[111], Y[112],
Z[110]

X[110], Y[112],
Z[111]

205.77, 206.97 [40]

Fig. 1. Cross-sectional BF-STEM micrographs, HRTEM micrographs and FFT patterns of the MEA multilayer films. (a, c) 50 nm multilayer film, showing two types of 
interface relationships. (b, d) 5 nm multilayer film, showing the incoherent characteristic of layer interface.
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Eα,β
s = Eα,β

f − Eα,bulk
f (3) 

where Eα,β
f represents the formation energy of a vacancy or vacancy 

cluster. Eα,bulk
f represents the vacancy formation energy in bulk Ta or Cu. 

In other words, the segregation energy was calculated by the formation 
energy difference of a vacancy in the interface with that in bulk crystal. 
The negative sign of the segregation energy indicated a thermodynamic 
stability of the defect. The average formation or segregation energy was 
calculated by the formation or segregation energy divided by the num
ber of vacancies, respectively.

3. Results and discussion

3.1. Microstructures of as-deposited multilayer films

The scanning TEM images of as-deposited Cu/TaNbMo multilayer 
films with modulation period of 50 and 5 nm are shown in Fig. 1(a) and 
(b), respectively. The selected-area diffraction patterns (SADP) confirm 
the mixed FCC and BCC structures with a polycrystalline texture in both 
films. The high-resolution TEM (HRTEM) images and corresponding 
Fast Fourier Transform (FFT) in Fig. 1(c) and (d) indicate that Cu layers 
illustrate an FCC structure, whereas the TaNbMo layers exhibit BCC 
structure. The 50 nm multilayer shows two types of interface: (011)BCC || 
(111)FCC, [111]BCC || [011]FCC (Kurdjumov-Sachs relationship: K-S), and 
(011)BCC || (110)FCC, [111]BCC || [001]FCC, respectively (see Fig. 1(c)). 
Fig. 1(d) illustrates a junction where three crystalline grains meet, dis
playing an incoherent interface characteristic, consistent with the 
behavior observed in bimetal multilayers with FCC/BCC layer interfaces 
[41].

3.2. Microstructural evolution

The implantation direction of He ions is perpendicular to the film 
surface. The damage and implanted ion concentration profiles of the Cu/ 
TaNbMo 50 nm multilayer film are shown in Fig. 2(a). The cross- 
sectional STEM image of sample irradiated at 400 ◦C is shown in 
Fig. 2(b). Results suggest that a concentration peak appears at the depth 
of about 150 to 200 nm underneath the free surface, corresponding to 
TaNbMo layer. However, from Fig. 2(b), no obvious bubbles can be 
observed in this area, indicating the excellent irradiation resistance of 
TaNbMo layer at this temperature compared to Cu layer. In addition, 
since the growth rate of He bubbles is related to the homologous tem
perature (Th) [42,43], Th = T/Tm (where Tm is thermodynamic melting 
temperature). Therefore, with the present implantation condition, 
bubbles prefer to grow in Cu (Th = 0.50) compared to TaNbMo (Th =

0.22).
The dose peaks appear at a depth of about 100 to 150 nm, and 200 to 

250 nm, respectively, corresponding to Cu layers. Meanwhile, the He 
concentration in the area of 200 to 250 nm is relatively high. The 
average bubble size and density distributions along the irradiation depth 
of the 400 ◦C irradiated sample are shown in Fig. 2(c), from which it can 
be seen that bubbles in the area described above display a large size. The 
sample after 300 ◦C irradiation displays the same tendency, as shown in 
Fig. 2(d). It is observed that as the irradiation temperature increases, the 
bubble size increases at the same depth. In the area of 100–150 nm and 
200–250 nm, the bubble size increases from 2.5 to 3.4 nm and 3.8 to 4.4 
nm, respectively, when increasing irradiation temperature from 300 to 
400 ◦C. However, increasing irradiation temperature leads to the 
decreased bubble density at the same depth, attributing that the bubbles 
in Cu layers are easier to migrate and coalesce at higher temperature. 
For Cu layers, in the area of 100–150 nm, the bubble density decreases 
from 16.9 to 13.3 × 1022 /m3 when increasing irradiation temperature 

Fig. 2. Theoretical He concentration and practical He bubble distribution. (a) Depth profiles of damage and implanted He concentration calculated for Cu/TaNbMo 
50 nm multilayer films after irradiated with 60 keV He+ to fluence of 1 × 1021 ions/cm2. (b) Cross-sectional bubble distribution of sample irradiated at 400 ◦C. (c, d) 
Average density and size of helium bubbles along irradiation depth of samples irradiated 400 ◦C and 300 ◦C, respectively.
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from 300 to 400 ◦C, and in the area of 200–250 nm, the bubble density 
decreases from 18.0 to 16.7 × 1022 /m3, respectively, as shown in Fig. 2
(c and d).

However, in both samples irradiated at 300 ◦C and 400 ◦C, the 
bubble size of the TaNbMo layers is maintained around 1 nm indepen
dent of irradiation depth, which indicates that the bubbles are in the 
stage of nucleation. But in the range of helium concentration peak, i.e., 
150–200 nm depth, the bubble density is even higher, which can reach 
55.8 × 1022 /m3 and 60.3 × 1022 /m3, respectively for the samples 
irradiated at 300 ◦C and 400 ◦C. Since the high helium concentration 
promotes the bubble nucleation, yet the bubble mobility is insufficient 
to facilitate their coalescence and growth.

To assess the microstructural stability of the 50 nm multilayer, an 
EDS mapping analysis was conducted across the peak damage zone and 
the peak helium concentration zone on the 300 ◦C irradiated samples 
(Fig. 3(a)). The analysis reveals that the elements are distributed as per 
the intended modulation, with the exception of Cu, which exhibits slight 
diffusion into adjacent layers. Overall, the 50 nm multilayers display a 
good microstructural stability under irradiation. The magnified micro
structures of 100–150 nm and 200–250 nm depth of 50 nm multilayer 

film irradiated at 300 ◦C are shown in Fig. 3(b) and (c), respectively. The 
tendency of bubbles aligning along grain boundaries in the Cu layer is 
confirmed in Fig. 3(b). The magnified image of framed area in Fig. 3(b) 
is shown in Fig. 3(d), which displays faceted bubbles in Cu layer, sug
gesting more vacancies are absorbed by the bubbles.

The faceted bubble is still the main feature in the depth of 200–250 
nm (Fig. 3(e)). Owing to the periodicity of the lattice, cavities exhibit 
faceting, with their facets aligned along close-packed planes. However, 
if the surface energy is modified by gas adsorption or if the gas pressure 
reaches a sufficiently high threshold, the cavities will adopt a spherical 
geometry. Notably, very large voids also tend toward a spherical shape, 
as the contribution of faceting diminishes with increasing void radius 
[44]. The facet planes appear to be (100)Cu and (111)Cu because of the 
low energy of free surface, i.e., 1.13 J/m2 and 1.06 J/m2, respectively 
[45–47]. In the depth range of 200–250 nm, with increasing He con
centration, the average bubble size increases to 4.5 nm compared with 
that of 3.8 nm in depth of 100–150 nm. Considering TaNbMo layers, the 
small bubbles with average size of 0.9 nm in depth of 50–100 nm and 1.0 
nm in depth of 150–200 nm can be seen in Fig. 3(f) and (g). The ob
servations highlight a pronounced asymmetry in He bubble morphology 

Fig. 3. Cross-sectional TEM images of 50 nm Cu/ TaNbMo multilayer films after He irradiation at 300 ◦C. (a) TEM image and EDS mapping, showing the elements 
are distributed as per the intended modulation, indicating the excellent microstructural stability. (b, c) Cu layer, 100–150 nm and 200–250 nm depth, respectively, 
showing the tendency of bubbles aligning along grain boundaries in the Cu layer. (d, e) The magnified images of the framed areas in b and c, respectively, displaying 
faceted bubbles in Cu layer, suggesting more vacancies are being absorbed by the bubbles. (f, g) TaNbMo layer, 50–100 nm and 150–200 nm depth, respectively, 
showing bubbles with 1 nm diameter distributing evenly.
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and distribution between the Cu and TaNbMo layers after He implan
tation at elevated temperatures: a wide range of bubble sizes is observed 
in Cu layers, while the TaNbMo layers contain bubbles with diameters 
averaging around 1 nm. This is because the bubbles in the TaNbMo 
layers are predominantly in the nucleation stage.

Fig. 4 shows the microstructure of 50 nm Cu/TaNbMo multilayer 
film irradiated at 400 ◦C. Fig. 4(a) captured at an irradiation depth of 
approximately 100–250 nm, reveals a bubble distribution pattern akin 
to that observed at 300 ◦C, characterized by larger bubbles in the Cu 
layer and smaller ones in the TaNbMo layer. Based on reported studies 
on bimetallic multilayer films and MEA multilayer films [12,16–18], 
both the MEA component itself and the interlayer interfaces contribute 
to enhancing irradiation resistance. It has been established that lattice 
distortion and chemical complexity in MEAs significantly reduce the 
mean free path of electrons, phonons, and magnons; this effect can alter 
defect formation energies and migration barriers, thereby facilitating 
defect recombination and regulating defect migration [2]. Meanwhile, 
interlayer interfaces promote the recombination of opposite types of 
point defects, which in turn reduces the accumulated defect density [7].

Accordingly, the layer interface characteristics of Cu/MEA are 
investigated. In each MEA layer, the nanocrystals with average width of 
35 nm are observed and the grain boundaries are marked by blue lines in 
Fig. 4(a), which leads to different crystallographic orientation re
lationships along the layer interfaces. From the FFT patterns, interface 
with relationship of (011)BCC || (111)FCC, [111]BCC || [011]FCC (Type 1, 
K-S relationship) marked by yellow, and (011)BCC || (110)FCC, [111]BCC 
|| [001]FCC (Type 2) marked by red, have been confirmed. Meanwhile, 
bubbles are more likely to form in front of the layer interfaces marked by 
yellow circles, whereas fewer bubbles are observed in front of those 
marked by red circles. Thus, it is plausible to hypothesize that the 
crystallographic orientation relationships of the FCC and BCC layer in
terfaces influence the bubble distribution. The magnified TEM image in 

Fig. 4(b) shows that the bubbles aggregate and grow in front of the K-S 
layer interface. Fig. 4(c) displays an obvious difference that a bubble 
appears in front of the K-S layer, however, no bubbles can be observed in 
front of the interface with the orientation relationship of (011)BCC || 
(110)FCC, [111]BCC || [001]FCC. The schematic diagram of the bubble 
distribution tendency with the interface orientation relationship is 
shown in Fig. 4(d). Li et al. [48–52] have proposed that He atoms tend to 
be trapped by vacancies because of the low solubility of He in host 
materials. Therefore, the nucleation positions of the bubbles are signif
icantly affected by the vacancy distribution. For the present MEA 
multilayer film, the energy variation associated with a vacancy 
migrating to various layer interfaces can provide insights into the bubble 
distribution tendency. The bubble morphology and distribution in the 
multi-principal alloys differentiate with most bimetal multilayers, and 
the irradiation resistance is also improved. The detailed mechanism of 
irradiation resistance is discussed in Supplementary 2.

In addition, the grain boundaries in each layer significantly influence 
the irradiation behavior. Notably, bubbles with relatively larger size are 
preferentially distributed along the Cu grain boundaries, as indicated by 
the pink arrows in Fig. 4(a). A similar phenomenon is observed in the 
Cu/Nb multilayer, where bubbles prefer to align along either the 
interface or a grain boundary. This spatial arrangement is attributed to 
the minimization of interfacial and grain boundary energy [43]. In 
contrast, within the TaNbMo layers, the irradiation temperature remains 
insufficient to facilitate complete vacancy diffusion, resulting in no 
discernible difference in bubble distribution between grain boundaries 
and grain interiors.

The dynamics of helium in the 5 nm Cu/TaNbMo multilayer were 
examined through the observation of helium bubble evolution. Fig. 5(a) 
presents a cross-sectional STEM image of the sample irradiated at 400 
◦C. Bubbles are observed to be distributed along the interfaces of all Cu 
layers, driven by the reduction of interface energy. Notably, no 

Fig. 4. Microstructure of samples irradiated at 400 ◦C. (a) Microstructure around 100–250 nm depth, showing the crystallographic orientation relationships of the 
FCC and BCC layer interfaces influence the bubble distribution. (b, c) Magnified microstructures of the FCC and BCC layer boundaries, showing the bubbles prefer to 
distribute along K-S type layer boundaries. The yellow circle marked layer interfaces conform to the K-S orientation relationship, while the red circle marked in
terfaces are type 2. (d) Schematic diagram of the bubble distribution tendency with the interface orientation relationship.
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statistically significant difference in bubble distribution density and size 
is detected between grain boundary regions and grain interiors. The 
dose peak of Cu layers appears at around 200–250 nm depth, in which 
area the bubble size reaches the largest value. In the TaNbMo layers, no 
obvious bubbles are observed within 150 nm depth to the irradiation 
surface, as confirmed by Fig. 5(a) and HRTEM images in Supplementary 
3, suggesting that the helium concentration is insufficient for the 
nucleation cores to develop into stable bubbles. At a depth between 
150–300 nm, minute bubbles with diameter of approximately 1 nm are 
observed, distributing both along the layer interfaces and inside the 
layers. EDS mapping across the 200–250 nm depth reveals that irradi
ation induces Cu diffusion into neighboring layers, whereas Ta, Nb, and 
Mo exhibit only a slight diffusion tendency. This phenomenon is 
commonly observed in Cu/Fe [53], W/Ni [54] multilayers, since the 
large compactness of FCC structure of Cu layers inhibits the inward 
diffusion of elements from adjacent layers. In contrast, the TaNbMo 
layers with BCC structure exhibit larger interstitial spaces that facilitate 
inward diffusion. Additionally, the melting points of these metals 
significantly influence their diffusion behavior. Cu element, with a 
relatively low melting point (~1085 ◦C), contrasts with Ta (~3017 ◦C), 
Nb (~2477 ◦C), and Mo (~2610 ◦C), whose higher melting points are 
typically associated with lower atomic mobility. Moreover, the smaller 
atomic radius of Cu element (1.28 Å) compared to Ta (1.46 Å), Nb (1.46 
Å), and Mo (1.39 Å) enhances its diffusion and solubility when these 
metals intermix. The atomic size mismatch in the TaNbMo layers may, 
however, create additional barriers to diffusion for the heavier transition 
metals.

Bubbles within the Cu layers of samples irradiated at both 300 ◦C and 

400 ◦C are observed to distribute along the layer interfaces, a pattern 
consistent with previous findings in Cu/Mo and Cu/Co multilayer films 
[55–57]. Consequently, a high concentration of vacancies is produced at 
the interfaces, trapping helium atoms and facilitating bubble nucleation 
sites. As the irradiation temperature rises to 400 ◦C, the helium diffusion 
rate accelerates, resulting in more helium atoms being trapped by va
cancies and enhancing bubble nucleation.

The magnified microstructures of 5 nm multilayer film in depth of 
100–150 nm and 150–200 nm are shown in Fig. 6. At the depth of 
150–200 nm, some bubbles growing up throughout the entire thickness 
of the Cu layer can be observed. With increasing irradiation tempera
ture, both bubble size and density within the Cu layers at a given depth 
are increasing. The enhanced He diffusion ability facilitates their ab
sorption by vacancies, further promoting bubble nucleation. However, 
for the TaNbMo layers, irradiation temperature is insufficient for rapid 
bubble growth, thus the bubbles are in the early stages of nucleation. 
Consequently, across all irradiated areas, bubble size is around 1 nm 
independent of irradiation depth. Furthermore, an increase in irradia
tion temperature also results in a higher bubble density, a trend that 
aligns with observations in the Cu layers. The bubble size and density in 
the damage peak regions of films with different thicknesses and irradi
ation temperatures are concluded in Fig. 6e and f (Table 2).

3.3. Irradiation-induced hardening

Fig. 7(a) compares the average nano-indentation hardness of the Cu/ 
TaNbMo multilayer films with modulation period of 5 nm and 50 nm 
before and after irradiated at 300 ◦C and 400 ◦C. For the as-deposited 

Fig. 5. Microstructure and EDS results of the 5 nm Cu/TaNbMo multilayer film after irradiated at 400 ◦C. (a) Cross-sectional bubble distribution, showing bubbles 
with diameter of approximately 1 nm dispersing both along the layer interfaces and inside the layers. (b) EDS mapping obtained from the area framed in a, showing 
that Cu diffuses into adjacent layers, while the Ta, Nb and Mo elements just show slight diffusion tendency.
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multilayers, the hardness H is 4.9 and 6.8 GPa, corresponding to 50 and 
5 nm multilayers. The irradiation hardening in 50 and 5 nm multilayers 
is around 1 GPa and 0.4 GPa, respectively. The hardening effects are 
similar for samples irradiated at both 300 ◦C and 400 ◦C. The 
irradiation-induced hardening is gradually suppressed with decreasing 
modulation period, in agreement with prior studies on irradiated 
bimetallic multilayers [57]. This phenomenon can be attributed to the 
role of layer interfaces as efficient sinks for irradiation-induced defects, 
such as vacancies and interstitials. At reduced modulation period, the 
high interface density promotes the annihilation of most defects at in
terfaces prior to their stabilization into clusters. Consequently, fewer 
residual defects remain within the layer to impede dislocation motion, 
leading to a reduction in hardening. Moreover, the MEA multilayer films 
exhibit less irradiation-induced hardening compared to most bimetal 
multilayer films, as illustrated in the comparative image of Fig. 7(b).

The initial observations indicate that the hardness and elastic 
modulus of MEA films increase after irradiation, attributing to the 

presence of these He bubbles. The classical Friedel–Kroupa–Hirsch 
(FKH) model [63] offers an approach to comprehend the interaction 
between dislocations and point defects, suggesting that the rise in yield 
strength (Δσy) is directly proportional to the increase in applied stress to 
move a dislocation line through an obstacle field. However, the appli
cation of FKH model to the irradiated MEA films reveals a significant 
discrepancy between the calculated and experimental hardness values. 
The calculated hardness increase is 0.12 GPa, which is far less than the 
experimentally obtained increase of 1 GPa. This discrepancy suggests 
that the FKH model may not fully account for the complex layer struc
ture of the MEA films.

To address this issue, Yu et al. [13] proposed a more sophisticated 
model that considering the interplay between the separation distance of 
He bubbles (L) and the layer thickness (h), expressed as below: 

Δτ⋅b⋅(h − d) = 2WL⋅n (4) 

Where n = h
L, is the number of dislocation segments within one layer. WL 

is the dislocation bowing energy induced by adjacent He bubbles. For a 
60◦ mixed dislocation, WL can by estimated as: 

WL =
μb2

16π

(
4 − υ
1 − υ

)

ln
hʹ

b
(5) 

Where υ is Poisson’s ratio (0.34) and h’ is the effective layer thickness. 
Therefore, Eq. (4) can be expressed as: 

Δτ =
μb
8π

(
4 − υ
1 − υ

)
1

(h − d)
⋅
h
L

⋅ln
hʹ

b
(6) 

This model posits that when the layer thickness is significantly larger 

Fig. 6. Cross-sectional TEM images and He bubble distribution of the 5 nm Cu/TaNbMo multilayer films after He irradiation. (a-d) Bubble distribution at 100–150 
and 150–200 nm depth after irradiated at 300 ◦C and 400 ◦C, respectively, a diverse range of bubble sizes is observed within the Cu layers depending on the 
irradiation temperature and depth, while bubbles around 1 nm are prominent in the TaNbMo layers. (e1-f2) Average density and size distribution of the bubbles after 
irradiated at 300 ◦C and 400 ◦C, respectively.

Table 2 
Bubble size and density of Cu layer and MEA layer in the damage peak regions 
including films with different thicknesses and irradiation temperatures.

5 nm 300 
◦C

5 nm 400 
◦C

50 nm 300 
◦C

50 nm 400 
◦C

Size (Cu, nm) 1.6 1.8 3.8 4.4
Density (Cu, 1022/ 

m3)
65.2 73.3 18.2 16.7

Size (MEA, nm) 0.9 1.1 0.9 1.1
Density (MEA, 1022/ 

m3)
28.1 48.0 55.8 60.3
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than the separation distance of the bubbles (h/L > 2), the additional 
shear stress (Δτ) required for dislocations to propagate through the 
bubble array can be calculated using a specific formula. The model 
specially considers the dislocation bowing energy induced by adjacent 
He bubbles, which is crucial for understanding the interaction between 
dislocations and bubbles.

The revised model, which incorporates the layer structure and the 
effect of He bubble separation, provides a hardness value of 1.097 GPa, 
which is in good agreement with experimental data, suggesting that the 
model is more effective in capturing the essence of irradiation hardening 
in MEA films.

However, when the layer thickness is <10 nm (or less than the 
separation distance of the bubbles), the hardening from He bubbles is 
estimated by: 

Δτ =
μb

8πL

(
4 − υ
1 − υ

)

ln
h
b

(7) 

The model predicts a hardness increment of 0.6 GPa, which is higher 
than the experimental results. This overestimation may arise from the 
assumption that He bubbles act as hard obstacles to dislocations. In 
reality, dislocations can penetrate through He bubbles and voids [64], 
which means that the assumption of hard obstacles may bring in errors, 
especially at high bubble densities.

While the FKH model provides a fundamental understanding of 

irradiation hardening, it might not fit for the MEA multilayer films. In 
this case, the layer structure and the actual interaction between dislo
cations and He bubbles should be explicitly modeled for a more accurate 
prediction of hardness changes in irradiated MEA films. The model 
proposed by Yu et al. is a significant advancement in this direction, of
fering a more nuanced approach to understand the complex interplay 
among the irradiation-induced defects.

3.4. Bubble distribution along layer interfaces

To elucidate the bubble distribution tendency, the formation en
ergies and the average segregation energy of a single vacancy near two 
types of Ta/Cu interfaces was calculated at first, with the results pre
sented in Fig. 8. The formation energies of vacancies in the bulk region 
of Ta and Cu were 3.06 eV and 1.27 eV, respectively, consistent with the 
previous works [65–67]. The substantially lower vacancy formation 
energy in Cu compared to Ta implies a higher propensity for vacancies 
or voids to form within Cu lattices, corroborating experimental obser
vations of predominantly Cu-based bubble formation.

This study constructs two types of layer interfaces: the K-S rela
tionship, designated as Type 1, and the alternative orientation rela
tionship, designated as Type 2. Type 1 interfaces feature a greater 
number of sites with vacancy formation energies below zero compared 
to Type 2, and the interface width (~2 nm) that traps vacancies is wider 
for Type 1 (refer to Fig. 8(a-d)). Furthermore, both the formation energy 
and average segregation energy for Type 1 are lower than those for Type 
2 (refer to Fig. 8(e)). This suggests that Cu vacancies are thermody
namically favored to aggregate at Type 1 interfaces. Indeed, the K-S 
interface represents a typical semi-coherent interface characterized by 
misfit dislocations that originate from excess half-atomic planes [68]. 
Within the K-S interface, misfit dislocations induce localized lattice 
strain, and notably, vacancy formation at these dislocation sites can 
effectively relieve such strain—a process that in turn lowers the overall 
energy barrier for vacancy generation.

The average formation energy of Cu vacancy clusters at Type 1 and 
Type 2 interfaces is further calculated (Fig. 9), the results are analyzed 
comparing with that in bulk Cu. The average formation energy of va
cancy clusters (Ef) in Type 1 is lower than that in Type 2, which is 
consistent with the trend of the monovacancy, suggesting that vacancies 
tend to form at the Type 1 interface. Specifically, Ef in both Type 1 and 
Type 2 is lower than that in bulk, and the values increase with the 
number of vacancies. Ef in Type 2 is always higher than that in Type 1.

Interestingly, Ef in Type 1 is less than zero when the number of the 
vacancy <200. Conversely, for Type 2, Ef is relatively high (> 0.2 eV) 
before the number exceeds 200. However, the segregation behavior of 
vacancies near the interfaces, as illustrated in the subfigures of Fig. 9, 
reveals that large vacancy clusters first form near the Type 2 interface 
when the total number of vacancies reaches approximately 500 (see 
Fig. 9, Subfigure IV). In these subfigures, each yellow dot denotes a 
single vacancy. This suggests that Type 2 has reached a relative satu
ration in absorbing vacancies, and vacancies are precipitated in the bulk 
region near Cu because vacancies are forced into the simulation box. 
When the total vacancies exceed 500, the average formation energy of 
vacancies in Type 2 approaches that of the bulk vacancy clusters (~0.3 
eV). Vacancies will preferentially form in regions with lower formation 
energies and a higher number of trapping sites. From a thermodynamic 
standpoint, vacancies are more likely to segregate near Type 1 interfaces 
over Type 2, acting as precursors for bubble nucleation.

4. Conclusions

In summary, a systematic investigation of the microstructural and 
mechanical property evolution in Cu/TaNbMo medium-entropy multi
layer films following 60 keV He ion irradiation, employing both exper
imental and molecular dynamics simulation approaches is presented. 
The hetero phase interfaces between Cu and TaNbMo act as defect sinks, 

Fig. 7. Hardness and irradiation-induced hardening of the Cu/TaNbMo 
multilayer films. (a) Hardness before and after irradiation, indicating the 
irradiation hardening in 50 and 5 nm multilayers is around 1 GPa and 0.4 GPa. 
(b) Hardness increment after He ion irradiation, including bimetal multilayer 
Fe/W [58], Cu/Nb [59], Ag/Ni [60], Cu/Fe50Mn30Co10Cr10 [61], Cu/V [17], 
Cu/Mo [62], V/Ag [57]. MEA multilayer films exhibit less irradiation-induced 
hardening compared to most bimetal multilayer films.
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Fig. 8. Formation and segregation energies of a vacancy in Ta/Cu interfaces of Type 1 and Type 2. (a, b) Distribution of vacancy formation energy in Ta/Cu in
terfaces. (c, d) Vacancy formation energy varying with the displacement relative to the interfaces. (e) Vacancy segregation energy varying with the displacement to 
the interfaces. Scales along Z direction in (a-d) are identical.
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facilitating annihilation and recombination, resulting in enhanced 
irradiation tolerance for Cu/TaNbMo multilayers with 5 nm layer 
thickness, characterized by low bubble density and small size. The 
bubbles tend to distribute along Type 1 (K-S: (011)BCC || (111)FCC, 
[111]BCC || [011]FCC) interface in Cu layers. In the Type 1, there are 
more sites where the vacancy formation energy is less than zero 
compared to Type 2, and the width of the interface (~2 nm) that traps 
vacancies is broader than that of Type 2 (~1 nm). In addition, the 
average segregation energy is lower in Type 1 (− 2.8 eV) than those in 
Type 2 (− 2 eV), indicating that Cu vacancies are thermodynamically 
more inclined to aggregate at the Type 1 interface. These findings are 
expected to provide valuable insights into the control of irradiation- 
induced defects in multilayer film materials and offer a basis for 
expanding the design strategies of irradiation-resistant materials.
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