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A B S T R A C T   

Stacking fault tetrahedrons (SFTs) are commonly observed in irradiated face-centered-cubic metals with low-to- 
medium stacking fault energies. Several mechanisms were previously proposed for the removal of SFTs in 
irradiated solids, including high temperature annealing, interactions with interstitial atoms, dislocations, and 
twin boundaries, and transformation to dislocation loop under compressive stress. We propose a previously 
unreported mechanism for the removal of SFT in irradiated copper, supported by experiments and atomistic 
simulations. In situ experiments showed that helium bubble density increased at the expense of SFT density 
following the initial phase of dual 1 MeV Kr/12 keV He ion irradiation, suggesting a possible conversion of SFTs 
to helium bubbles. Atomistic simulations of the interactions of helium atoms with SFTs confirmed this possibility 
and revealed the collective effects of helium-induced shear stress that deformed the atomic planes of Cu leading 
to the destruction of the SFT and leaving behind helium atoms in vacancy clusters (bubbles).   

1. Introduction 

Stacking Fault Tetrahedrons (SFTs) are typical three-dimensional 
vacancy clusters observed in quenched, irradiated, or plastically 
deformed FCC metals with low stacking fault energies [1–10]. SFTs also 
formed in aluminum which has high stacking fault energy due to 
interaction with high energy particles [11]. SFTs have stacking faults on 
each of their four faces with stair rod dislocations as their edges resulting 
from a certain “collapse” of a frank loop. As SFTs can significantly affect 
the mechanical and radiation resistance of metallic materials [12–15], 
extensive research has been performed to understand the formation 
mechanisms of SFTs in metals. A well-known SFT formation mechanism 
from Frank dislocation loops, collapsed vacancy clusters, is the Silcox- 
Hirsch mechanism [6], whereby Frank partials dissociate into stair-rod 
dislocation and Shockley partials, followed by the glide of Shockley 
partials along the close-packed planes of FCC metals, creating stacking 
faults on the SFT faces. Alternative SFT formation mechanisms involve 
the direct transformation from voids [16,17], vacancy cluster diffusion 
and aggregation [18], cross-slip of partial dislocations [19], and the 
annihilation of edge dislocation dipoles [20]. Until recently, SFTs were 
identified as sessile defects; however, molecular dynamics simulations 
showed small SFTs constituted of less than 21 vacancies could migrate at 

diffusivities of magnitude three-orders larger than vacancy diffusivity at 
low temperatures [21]. The latter discovery led to another mechanism 
for SFT growth, apart from the vacancy absorption and growth through 
ledge mechanism [22], wherein the small SFTs migrate and combine 
[21]. SFTs can be annihilated through various mechanisms: high- 
temperature annealing; interaction with self-interstitial atoms (SIAs) 
[23], mobile dislocations [14,24,25], and coherent twin boundaries in 
FCC metals [26]. Also, SFTs can collapse into Frank loops under 
compressive stresses [27]. 

It is well-known that helium impurities are common in materials in 
the nuclear fission and fusion environments [28]. High helium con
centrations arise in these environments through their respective trans
mutation reactions [29]. Being insoluble in the solids, helium diffuses in 
the matrix and gets trapped at various trapping sites in the microstruc
ture [28,30]. These trapping sites are commonly structural defects in the 
solid. For example, helium strongly binds with a vacancy to form a stable 
complex defect at a substitutional site in the lattice [31,32]. It accu
mulates in these sites forming tiny vacancy clusters, which could act as 
nucleation sites for voids [33] and He bubbles [34–36]. In the past, the 
dual-beam (heavy inert gas ion and helium) in situ studies focused pri
marily on bubble formation and its impact on the mechanical properties 
[37–39] and devoted less attention to its effects on the stability of SFTs. 
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The strong bonding of helium atoms with vacancies forming the com
plex defects could explain the rare appearance of SFTs in the dual-beam 
irradiated samples. In the absence of helium, vacancy clusters could 
diffuse and aggregate to develop into SFTs, but the presence of helium 
prevents the vacancy clusters from transforming into SFTs, preferring to 
form bubbles. Nonetheless, it remains unclear how helium might 
interact with a pre-existing SFT formed by radiation damage. 

Here, we report an atomistic study focusing on the helium interac
tion with an SFT in conjunction with single-beam and dual-beam in situ 
studies on copper (Cu) at 350 ◦C. We show that the presence of helium 
destabilizes SFTs and can completely remove them after reaching a 
certain concentration, leaving behind He clusters that can act as nuclei 
for bubble formation as suggested by the experimental observation. An 
examination of the energetics of the system showed the existence of a 
thermodynamic helium count on the faces of SFT, above which bubbles 
are energetically more stable than SFTs with helium on their faces, 
indicating the destabilizing effect that helium has over the SFT. 
Furthermore, we identified a favorable trajectory for the destabilization 
and removal of SFTs during their interaction with helium. These findings 
indicate an overlooked mechanism for the removal of SFTs via conver
sion into small helium/vacancy clusters (bubble nuclei). 

2. Methodology 

Pure (~99.95 wt%) copper (Cu) film, ~1 μm thick, was deposited on 
HF-etched Si (112) substrate using direct current magnetron sputtering 
technique at room temperature. After deposition, we analyzed the film 
texture by X-ray spectroscopy with a Cu Kα1 source. The XRD spectrum 
in Fig. S3(a) suggests the epitaxial growth of as-deposited film with Cu 
〈110〉 // Si 〈112〉 along the growth direction. We fabricated plan-view 
TEM specimens from such Cu (110) film through polishing, dimpling, 
and low energy (3.5 keV) Ar ion milling. These specimens were subse
quently irradiated by 1 MeV Kr++ and 12 keV He+ in the Intermediate 
Voltage Electron Microscope (IVEM) at Argonne National Laboratory, 
where an ion accelerator was attached to a Hitachi-9000 TEM operated 
at 200 kV. Before irradiations, we annealed the specimens at 350 ◦C for 
~ 0.5 h. Fig. S3(b) represents a TEM micrograph for the annealed 
specimen that contains some growth dislocations and is oriented along 
with the Cu [011] zone axis, as demonstrated by the inset SAD pattern. 

The specimen thickness is computed based on the convergent beam 
electron diffraction (CBED) technique [40]. The foil thickness ~ 130 nm 
was determined from the parallel Kossel-Mollenstedt (K-M) fringes 
taken under two-beam conditions with (022) strongly excited, as shown 
in Fig. S4(a) and Fig. S4(b). Fig. S4(c) schematically illustrates the 
experimental setup for in situ heavy-ion TEM irradiations; the ion 
beams, including 12 keV He+ and 1 MeV Kr++, incident at ~ 30

◦

from 
the electron beam and ~ 15

◦

from the foil normal. We conducted two 
separate in-situ experiments to study the evolution of defects in pure Cu 
(110) films, both irradiated at 350 ◦C, one by a single beam of 1 MeV 
Kr++, and the other by a dual beam of 12 keV He+ and 1 MeV Kr++. In 
the single-beam irradiation, the specimen was irradiated by 1 MeV Kr++; 
in the dual-beam irradiation, the specimen was irradiated simulta
neously by 1 MeV Kr++ and 12 keV He+. For Kr++ beam, the dose rate 
was controlled at ~ 6.3 × 1011 ions cm-2s−1 and to a fluence of 2 × 1014 

ions cm−2; for He+ beam, the dose rate was controlled at ~ 1.9 × 1012 

ions cm-2s−1 and to a fluence of 6 × 1014 ions cm−2. Fig. S4(d) and 
Fig. S4(e) show the depth profiles of ion concentration and radiation 
dose, calculated by using the Stopping and Range of Ions in Matter 
(SRIM) [41]. The calculations show that most of the high-energy Kr++

ions transmitted through the TEM foils and induced considerable dam
age, ~1.1 dpa on an average. By contrast, most low energy He+ ions 
stopped inside the foils and provided ~ 500 ppm (0.05 at. %) He in 
concentration. We also performed the post-irradiation analysis in FEI 
Talos 200X TEM. 

We carried out the atomistic simulations using the LAMMPS Code 
[42]. We modeled the interactions between the copper atoms using the 

embedded atom method (EAM) potential [43] and the Cu-He and He-He 
interactions through Lennard-Jones (LJ) potential [44,45]. A compara
tive study is conducted, wherein we compared the results generated by 
the potential functions used in this work against the potential developed 
by Kashinath et al. [46]. The results show that the potentials used are 
adequately accurate (see Fig. S8). To model the helium effects on the 
SFT, we created a simulation cell of 30a × 75b × 45c, where a, b, and c 
refer to the lattice spacing along [111], [110] and [112], respectively, 
containing 607,500 atoms and employed periodic boundary conditions 
in the three orthogonal directions. We created SFTs of different sizes 
from the Frank loops by performing conjugate gradient energy mini
mization of the simulation cell. In this study, we studied six different 
SFTs with vacancy count in them being 28, 55, 78, 120, 171, and 231. 
Here, the size of SFT refers to the number of vacancies contained in the 
Frank loop that transformed into SFT. Later, we randomly distributed 
the helium atoms on the faces of SFT. We created bubbles of different 
sizes by scooping out atoms in a spherical shape and inserted helium into 
the voids. Conjugate gradient energy minimization is performed for all 
the configurations of bubbles and SFTs with helium. For simulating the 
dynamics at 623 K, we started by performing energy minimization of the 
cell for a few timesteps to adjust helium atom positions, followed by two 
stages of equilibration of the cell for about 50 ps at 623 K. During the 
equilibration of the cell, we controlled the temperature at 623 K and 
maintained the external pressure of the cell at zero using the Nose- 
Hoover thermostat and barostat (NPT ensemble). By setting the 
external pressure to zero, we allowed the simulation cell to relax, ac
commodating the inherent change in free volume due to the introduc
tion of helium. Dynamic equilibrations took place in two stages. In the 
first, the helium atoms alone were relaxed for 0.5 ps. In the second, the 
whole system was equilibrated for 50 ps. The timesteps used in the two 
stages were 0.2 and 0.5 fs, respectively. To study the pressure map of the 
atoms in and around the SFT, we calculated the per-atom stress com
ponents of the Copper atoms. All post-processing and visualization were 
done in OVITO [47,48] 

We used the NPT equilibrated defect structures to compute the free 
energy of the SFT and bubble configurations relative to a reference 
configuration in which the He atoms and vacancies are randomly 
distributed in the matrix. The Gibbs free energy change relative to the 
reference configuration, ΔG = ΔU − TΔS, was computed at a constant 
zero-pressure and temperature. Here, ΔU and ΔS are the changes in the 
internal energy (enthalpy at zero pressure) and entropy relative to the 
reference configuration. In our calculations, ΔU is found as an average 
over a sequence of configurations after equilibrium has been reached. 
We assume that entropy changes in going from the reference configu
ration to the SFT or bubble configurations have two contributions that 
can be assigned to Cu and helium atoms separately. Under isothermal 
scenarios, the entropy change of Cu atoms, ΔSCu, is related to the change 
in the volume occupied by the Cu atoms, ΔVCu, between the reference 
state and the SFT or bubble state, which is expressed in the form: ΔSCu =

αBΔVCu [49]. In the latter form, α is the volumetric coefficient of ther
mal expansion and B is the bulk modulus. The change in volume occu
pied by atoms, ΔVCu, at 623 K is calculated from the volume change at 0 
K 

(
ΔV0K

Cu
)

through the relation ΔVCu = (1 + αΔT)ΔV0K
Cu . The quenched 

configuration of the NPT equilibrated structure is obtained by per
forming energy minimization under zero-pressure boundary condition. 
In this work, we considered α = 5.56 × 10−5 K−1 and B = 1.42 × 1012 

dyn cm−2 as reported in [16] at the zero temperature and zero pressure. 
The contribution from helium is approximated with a standard relation 
for the entropy change of an ideal gas at a constant temperature, which 

is ΔS1→2
He = NHekBln

(
V2
V1

)
, where NHe is the number of helium atoms, kB is 

the Boltzmann constant, and V1 and V2 represent the volume occupied 
by the helium in the final and initial states, respectively. We assume that 
the volume occupied by helium atoms in the SFT and the random con
figurations to be the same, and equal to one atom volume of copper, Ω. 
In the bubble configuration, however, helium atoms occupy the volume 
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of the entire bubble. Therefore, ΔSSFT
He = 0 and ΔSBubble

He = NHekBln
(Vbubble

Ω
)
.

The free energies of the SFT and bubble structures relative to the random 
configuration are thus approximately determined up to the approxi
mations made in the entropy part. A more accurate atomistic calculation 
of the free energies may be achieved using the histogram methods but 
they require time consuming MD simulations (1 − 2 μs) [50]. 

3. Results 

3.1. Defect evolution in single-beam and dual-beam irradiation 
experiments at 623 K 

The phenomenon of SFT annihilation upon helium irradiation was 
observed by two in-situ irradiation experiments (single-beam Kr++ ra
diation and dual-beam Kr++, He+ irradiation) examining the evolution 
of defects in irradiated (pure) Cu (110) films. In-focus TEM micrographs 
in Fig. 1 show the formation of defect clusters in the single-beam irra
diated (Fig. 1a-e) and dual-beam irradiated samples (Fig. 1f-j). The black 
spots in the micrographs represent the radiation-induced defect clusters. 
The presence of SFTs, the triangular-shaped defect clusters (Fig. 1c and 
Fig. 1h insets) and dislocation loops (Fig. 1h) was noted in both samples. 
In the dual-beam irradiated sample, bubbles form at a radiation dose of 
0.25 dpa and around 125 ppm helium. An under-focus TEM micrograph 
revealed the nucleation and growth of bubbles with increasing helium 
concentration and radiation dose, as shown in Fig. 2. The post- 
irradiation analyses of the samples (Supplementary Fig. S1) confirmed 
that the single-beam and dual-beam irradiated samples contained pri
marily SFTs and helium bubbles, respectively. 

Fig. 3 shows the density evolution of the defect clusters measured 
against radiation dose and helium concentration in single-beam and 
dual-beam irradiated samples. The defect evolution can be characterized 
into three stages. In a single-beam irradiated sample, a rapid rise in the 
densities of SFTs and loops occurs in stage I (0–0.1 dpa), saturating in 
stages II (0.1–0.3 dpa) and III [23]. In contrast, the densities of SFTs and 
loops increase rapidly in stage I during dual-beam irradiation but 
gradually decrease in stages II and III due to simultaneous formation of 
bubbles. Meanwhile, the density of bubbles rapidly grows in stage II 
while saturating in stage III. The increase in the bubble density at the 
cost of SFTs suggests that helium may be destabilizing the SFTs. 

3.2. Relative thermodynamic stability of bubbles and SFTs with helium at 
623 K 

Comparing the free energies of configurations of helium in copper 
will allow us to examine regimes where the system may favor SFTs with 
helium over bubbles. In this regard, we compare the SFT and bubble 
configurations with the reference configuration mentioned earlier, 
which contain the same number of vacancies and He atoms. In the case 
of SFT, He atoms were randomly placed on one or all of its faces. The 
difference in free energy between the random configuration and either 
SFT or bubble configuration represents the amount of energy released 
via the clustering of point defects, which is referred to as the clustering 
free energy. 

Fig. 4 and Supplementary Fig. S1 show the clustering free energy 
(normalized by the number of vacancies) for the SFT and bubble con
figurations. Fig. 4 reports the normalized clustering free energy for 
different SFT and bubble sizes containing varying numbers of helium 
atoms for the case where the helium atoms are distributed over more 
than one face of an SFT. In the absence of helium, SFT formation is 
energetically favorable over a void, in agreement with earlier studies 
[51]. For all SFT sizes studied, a helium count is observed above which 
bubbles are energetically more stable than SFTs. We refer to such a 
specific helium count as the “thermodynamic helium count.” An in
crease in the number of helium atoms beyond the thermodynamic he
lium count increases the driving force for transforming SFT to bubbles 
(Fig. 4). The slope of the curves represents the increase in normalized 
clustering free energy per single helium atom added. This increase in 
clustering free energy is largely dependent on the distribution of helium 
on the faces. 

In Supplementary Fig. S1, we reported the clustering free energy per 
vacancy of the defects when helium is distributed only on the (111)

plane of the SFTs. Note that the SFT clustering free energy curve differs 
from the case of Fig. 4 because of the initial distribution of helium atoms. 
Also, we reported the clustering energy of the defect structures at 0 K in 
Fig. S6 and Fig. S7 for the scenarios where helium is distributed over all 
faces and one face of SFT, respectively. The thermodynamic helium 
counts determined from the curves at 623 K and 0 K do not vary 
significantly as the internal energy largely influences it, but not the 
entropy. For the vacancy counts of SFTs studied in this work, we see that 
the initial distribution of helium has a weak influence over the ther
modynamic helium count; however, a statistical analysis is required to 
accurately determine the influence of helium over the critical count. 
Furthermore, we define a quantitative measure called “thermodynamic 

Fig. 1. Evolution of defect clusters in Kr single-beam and He+Kr dual-beam irradiated (110) single crystal Cu film at 623 K. (a-e) In-focus TEM micrographs 
examined along [011] zone axis showing the evolution of defect clusters with increasing dose in Kr ion single-beam irradiated samples. Abundant SFTs were observed 
in irradiated Cu as shown in (c). (f-j) The He+Kr dual-beam irradiation induces dislocation loops shown in (h) and He bubbles. 
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helium efficacy” to capture the effectiveness of a single helium atom in 
destabilizing the SFT and is defined as the ratio of SFT vacancy count 
and thermodynamic helium count. In Fig. 5, we reported the thermo
dynamic helium efficacy as a function of the SFT size for the case when 
helium is distributed on one or all faces. The thermodynamic helium 
efficacy improves with the size of the SFT, suggesting an increasing 
effectiveness of helium atom in destabilizing the SFT at 623 K. 

3.3. Dynamics of SFT with helium at 623 K 

A confirmation of the findings of the above thermodynamic studies 
can be obtained using molecular dynamics (MD), where the entropic 
effects are naturally accounted. Fig. 6 shows the configurations of SFTs 
consisting of 78 and 231 vacancies with the increase in helium on their 
(111) plane. It is clear from Fig. 6 that SFT size shrinks as the helium 
count increases on the face. The reduction in SFT size occurs gradually 

till the helium count on the face reaches a dynamic helium count. At the 
dynamic-helium count (which is significantly higher than the thermo
dynamic helium count), there is total annihilation of the SFT. The 
presence of helium at the (111) plane exerts pressure on the nearby 
copper atoms and displaces them away from the face. We showed the 
displaced atoms in golden-yellow spheres in Fig. 6a-d and Fig. 6f-i. The 
number of displaced atoms increases with helium count and reaches a 
maximum at the total annihilation of SFT. Also, the shrinkage in SFT size 
directly correlates with the number of displaced atoms (Fig. 6). More
over, helium atoms at the base of the SFT diffuse to form small clusters, 
which act as the nuclei for bubble formation. We show one such for
mation for the case of dynamic-helium count (Fig. 6e and Fig. 6j). These 
helium clusters are also observed when the helium count is less than the 
critical value, and they co-existed alongside truncated SFT (Fig. 6a-d and 
Fig. 6f-i). 

Fig. 7 shows a detailed examination of the annihilation mechanism 
of an SFT containing 78 vacancies for a helium count of fifty-five, 
although this mechanism applies to all the other sizes of SFT at or 
greater than the critical value of helium. The SFT removal originates at 
the site of helium atoms and proceeds towards the apex, opposite to the 
face containing helium (Supplementary movie M1). Helium is an inert 
element and therefore possesses a stable electron configuration. As a 
result, helium repels nearby copper atoms. Due to the prohibitively long 
timescales involved, we do not let the helium atoms diffuse to the sur
faces of SFT; instead, we place them directly on the face. As the dy
namics begin, the helium pushes all the nearby copper atoms away from 
itself (Fig. 7b). The atoms moving into the SFT displace the adjacent Cu 
layers, and in turn, they displace other adjacent planes of atoms, even
tually removing the SFT. The atoms displaced towards the SFT get 
accommodated because it is a vacancy-type defect cluster, whereas the 
copper atoms displaced away from the SFT are pushed back by the bulk 
atoms and thus settling back in their original positions (Fig. 7e-f). Like 
the thermodynamic helium efficacy, we define a dynamic-helium effi
cacy that quantifies the effectiveness of single helium in totally 
removing the SFT. In Fig. 9, alongside the thermodynamic helium effi
cacy, we also reported the “dynamic helium efficacy” in the case when 
helium is distributed on only (111) plane. The dynamic-helium efficacy 
is the ratio of the SFT vacancy count and the dynamic-helium count. 
Unlike thermodynamic helium efficacy, dynamic-helium efficacy de
creases with the size of SFTs. 

To study the influence of the spatial distribution of helium on the 
stability of SFT structure, we examined dynamics on configurations 
where the helium was distributed on multiple faces. For example, Fig. 8 
shows the SFT containing 78 vacancies with 55 helium atoms distributed 
over two faces after running the dynamics for 50 ps, as shown in Fig. 8a. 
The equilibrated structure contains a remnant of SFT left behind. Note 
that the same 55 helium atoms completely removed the SFT when all 
helium atoms existed on one face. Helium’s presence on both faces 

Fig. 2. Nucleation and growth of He bubbles. (a-d) Under-focus (Δf ≈−1μm) TEM micrographs of dual-beam irradiated sample from 0.25 to 1.10 dpa with the 
helium concentration varying from 125 ppm to 500 ppm. The inset boxes are the magnified views showing the nucleation and growth of He bubbles. 

Fig. 3. Density evolution of defect clusters in single-beam and dual-beam 
irradiated Cu. For the single Kr ion beam irradiated Cu, the density of defect 
clusters (white diamonds) rises rapidly upon irradiation to 0.025 dpa and stays 
at a similar level in subsequent radiation. For the dual-beam irradiated samples, 
and density of SFTs and loops follow the similar path of single beam irradiation 
till 0.05 dpa, and then decreases gradually thereafter. Meanwhile, the density of 
Helium bubbles (red spheres) increases sharply when He concentration exceeds 
0.01 at.% and reaches a plateau soon after. 
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resulted in the displacement of copper atoms towards all the vertices of 
the SFT (Fig. 8b-d). Therefore, a lack in the coordinated motion of the 
copper atoms towards any vertex resulted in an unperturbed region 
where the remnant SFT resides. 

4. Discussion 

SFTs are vacancy defect clusters, and their continuous production 

occurs in the Cu (110) film due to heavy-ion bombardment. As 
mentioned earlier, they can get annihilated by absorption of self- 
interstitial atoms (SIAs) [23]. Nonetheless, the effect of SIAs on SFTs 
during irradiation appears to be minimal. Based on the post-irradiation 
analysis (Supplementary Fig. S2), the SFTs are around 3.5±1.1 nm in 
edge length and are composed approximately of 78 vacancies on an 
average. The post-irradiation analysis of single-beam irradiated samples 
in single-crystalline Cu revealed primarily the presence of SFTs, con
firming that a considerable amount of SIAs annihilated at the surface of 
the films [52]. Therefore, the density profile of defects (Fig. 3) provides 
evidence for the reduction in density of SFTs primarily due to the 
interaction of helium but not because of SIA interaction with SFTs. 

The mechanism reported in this study is distinctly different from that 
of the inverse Silcox-Hirsch mechanism. The Silcox-Hirsch mechanism 
[6] can be described in terms of the motion of atoms during the SFT 
formation process. The formation of SFTs involves layers of atoms pre
sent in the planes above the triangular Frank loop dropping down into 
the empty region of the loop. On average, the atoms in the SFT move ~ 
1.59 Å (one Burgers vector of the partial dislocation). Here, we 
considered an extreme case where all helium atoms approached the SFT 
through one of its faces, and the annihilation of SFT originated at the 
base of SFT. In an inverse Silcox-Hirsch mechanism, the removal of SFT 
should start from one of the vertices of the SFT. The atoms at the vertex 
would get displaced first, followed by the atoms in the successive layers. 
However, in the mechanism we report, the annihilation originates from 
one of the faces of SFT and proceeds towards the vertex opposite to the 
face, which is a novel mechanism for the removal of SFTs in FCC metals. 
Also, the SFT removal mechanism in the case of multi-face helium dis
tribution is apparent from Fig. 8. In the latter case, annihilation occurs 
when all the copper atoms move towards the nearest vertex of the SFT. 

In the simulations, we placed helium directly on the SFTs to study 
both the thermodynamics and dynamics of SFTs. We did so to avoid 
simulating the diffusion of helium towards SFT because of the prohibi
tive timescales associated and the irrelevance to the problem at hand, 
which is to determine the SFT removal mechanism. A helium atom could 
occupy different locations on SFT: faces, edges, and vertices of the SFTs. 
Depending on the concentration of helium in the copper, it could prefer 
either tetrahedral or octahedral sites [32]. However, in this study, we 

Fig. 4. Thermodynamic stability of SFTs and He bubbles when helium is distributed randomly on all SFT faces at 623 K. The simulations show the existence of 
critical helium count beyond which bubbles become relatively more stable than SFTs. 

Fig. 5. Comparison of helium efficacy obtained from thermodynamics (T) and 
dynamics (D) results. Here, helium efficacy is a function of SFT size and mea
sures the effectiveness of a single helium atom in destabilizing/annihilating an 
SFT. Note that the blue and red curves overlap beyond the vacancy count 28. 
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placed the helium randomly in the interstices. The calculations of 
enthalpy of formation of helium in these sites will allow us to determine 
the most favorable locations among them. The enthalpy of formation of 
a helium defect contains not only the energy of the introduced helium 

atom, but also the work done against the environment to make space for 
its addition. As the internal energy of a helium atom is constant irre
spective of where we place it on the SFT, the pressure map of the atoms 
in and around the SFT provides us with a qualitative understanding of 
the enthalpy of helium formation. 

Fig. 9 shows the pressure map of the copper atoms in (Fig. 9a) and 
around (Fig. 9b) the SFT 231. We mapped out the pressure for only those 
atoms whose pressure is greater than 2200 MPa and smaller than −4000 
MPa. Negative pressure implies atoms under tension. In SFT, atoms on 
the edges are under compression, while the rest are under tension. We 
can understand this variation in the pressure field by looking at the 
displacement of the atoms when a triangular Frank loop transforms into 
an SFT (Supplementary Fig. S5). The atoms surrounding the SFT see a 
vacant space in the SFT to occupy and move into the SFTs. The atoms 
move in such a way that they get squeezed on the edges of SFT (Sup
plementary Fig. S5a), and the maximum compression occurs at the 
center of the edge, as shown in Fig. 9b. Meanwhile, the atoms inside the 
SFT are under tension. As the layer of atoms above the Frank loop drop- 
in, they also simultaneously get stretched in the plane (Supplementary 
Fig. S5b). These planes of atoms stretch because they now enter a vacant 
triangular region bigger than themselves. The outer atoms above the 
faces are also under tension as they get pulled into the SFT space, as 
shown in Fig. 9b. Around vertices of SFT, the atoms are under tension 
but with a magnitude lower than 4000 MPa and hence not shown in 
Fig. 9b. Therefore, the enthalpy of helium formation is maximum on the 
edges because of compression and least on the faces as they are under 
tension. 

The contrast between thermodynamic helium efficacy and dynamic- 
helium efficacy is evident because we computed the former from ther
modynamics and the latter in dynamics. If looked at the extreme case 
where we place all the helium on the (111) plane, beyond the thermo
dynamic helium count, SFT with helium is energetically unfavorable 
compared to the bubble, but it need not get annihilated when we run 
dynamics. The thermodynamics do not consider the work required to 
cross the migration barrier of all the copper atoms in the SFT. They only 
capture the energetics but not the kinetics of the transformation, thus 
explaining the apparent contrast between thermodynamics and dynamic 
simulation results. Moreover, unlike the thermodynamic helium count, 
it is difficult to determine the dynamic-helium count precisely. For 
example, in an SFT containing 78 vacancies, a helium count of 36 on the 
(111) plane completely removed the SFT after running dynamics for 50 
ps. However, at a helium count of 38, we observed a truncated SFT 
appear after 50 ps, and this appearance and disappearance of the SFT 
continued for other higher helium counts, and finally, the SFT gets 

Fig. 6. Impact of helium on the stability of an SFT. Equilibrated structures of SFT with helium, placed randomly on only one face, at 623 K after 50 ps. The 
schematics depict the shrinkage and removal of (a-d) an SFT with 78 vacancies and (f-i) SFT-231 with an increase in helium count. (e, j) Helium clusters act as nuclei 
for bubble growth on the (111) face of the SFT. The copper atoms shown in (a-j) are displaced by 1–2 Å. 

Fig. 7. Mechanism of SFT removal by He atoms. (a-f) Sequential snapshots of 
an SFT containing 78 vacancies with 55 helium atoms distributed on its face
—marked by an arrow in (a)—revealing the SFT annihilation mechanism. The 
removal of the SFT originates at the site of helium atoms (b) and quickly 
progresses towards the apex (c-f), opposite to the face where helium resides. 
The arrows indicate the displacement vector of Cu atoms (colored in gold) of 
magnitude greater than 1 Å but less than 2 Å. The pink colored segments 
represent the stair-rod dislocations of a SFT, while the green colored segments 
in (c, d) are Shockley partials. Helium atoms are not shown for clarity. 
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completely removed for helium counts above 47 (Supplementary movie 
M2). We chose the smallest helium count at which the SFT vanishes as 
the critical value. It is entirely possible to obtain a different dynamic- 
helium count for the SFTs when we sample different initial positions 
for the helium on the faces. In the case of multi-face helium distribution, 
determining the dynamic-helium count gets even more complicated 
because of the massive number of possibilities for selecting the helium 
atom’s initial positions. Therefore, in this study, we did not attempt to 
compute the dynamic-helium counts for SFTs in the latter case. 

Although this mechanism of SFT annihilation is probable in helium 

implanted thin films, its occurrence in the bulk material could be sur
prisingly low. Typically, helium production in these materials occurs 
through transmutation reactions. The helium then must diffuse in the 
bulk to approach the SFTs. However, point defects and other defects 
produced in the irradiation environment could trap the helium and 
prevent it from approaching the SFT. In the thin-film implantation 
process, we provide helium with sufficient kinetic energy that could 
direct it to the faces of SFT and thus increasing the probability of 
noticing the mechanism reported in this study. In bulk samples, there 
exists a greater chance for SIAs to remove the SFTs because, unlike thin 

Fig. 8. Effect of spatial distribution of He on SFT stability at 623 K. (a) Initial distribution of 55 helium atoms on two different faces of an SFT-78. (b-d) Snapshots of 
the equilibrated structure, after 50 ps, taken at different orientations revealing the presence of remnant SFT and displacement of Cu atoms towards the four vertices. 
Helium on both faces of SFT has resulted in displacement of Cu atoms towards all the vertices of the SFT. The arrows indicate the displacement of Cu atoms. 

Fig. 9. Pressure map of atoms in and around an SFT with 231 vacancies. (a) Pressure map of atoms lying on SFT with compression on the edges and tension on the 
surfaces. (b) Pressure map of atoms around the SFT with compression around the edges and tension around the faces. 
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films, there are not many sites available for SIAs to annihilate. 

5. Conclusion 

The transformation of the SFT to bubbles, under the presence of 
helium, has been systematically investigated using atomistic simula
tions. We present the following conclusions:  

1. We observed that helium irradiation of Cu resulted in a reduction of 
SFT density after an initial rise, accompanied by a subsequent rise in 
the bubble density from in situ TEM experiments. 

2. A thermodynamic helium count is observed in the atomistic simu
lations above which bubbles are energetically more stable than SFTs. 
An increase in helium count–beyond the thermodynamic helium 
count–increases the driving force for SFT transformation to bubbles. 
Also, a quantitative measure called thermodynamic helium efficacy 
is defined to capture the effectiveness of a single helium atom in 
destabilizing the SFT. The thermodynamic helium efficacy improves 
with the SFT size demonstrating the effectiveness of a single helium 
atom in destabilizing the SFT, which depends on the distribution of 
helium over its faces.  

3. MD simulations confirmed the transition of SFTs to bubbles in the 
presence of helium. The SFT size shrinks gradually as the helium 
count is increased on the faces of SFT and gets annihilated when the 
count reaches the dynamic-helium count. Moreover, helium on the 
faces diffuses and forms clusters that act as the nuclei for the bubble 
formation. Unlike thermodynamic helium efficacy, dynamic-helium 
efficacy decreases with the size of SFTs because thermodynamic 
simulations do not consider the work required to cross the migration 
barrier of all the copper atoms in the SFT. The thermodynamic 
simulations only capture the energetics but not the kinetics of the 
transformation process, thus explaining the apparent contrast be
tween thermodynamics and dynamic simulation results.  

4. Our simulations revealed a novel mechanism for the SFT removal, 
whereby the helium atoms displace the Cu atoms towards any of the 
vertices of the SFT and the count at which the SFT annihilates de
pends highly on the spatial distribution of helium on the faces.  

5. The simulations also revealed a favorable trajectory for the helium 
atoms to diffuse towards the SFT. The pressure map of the atoms 
qualitatively provided us with information regarding the formation 
energy of helium atom, revealing that the helium would prefer to 
diffuse more towards the faces of the SFTs than towards edges or 
corners of the SFT. 
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