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As one of the major irradiation defects, helium bubbles have a marked influ-
ence on the microstructures and mechanical properties of metals. In recent
decades, many experiments and simulations have focused on helium bubbles
to reveal their nucleation and growth mechanisms, dynamic evolution under
stimulations, and their effects on mechanical properties. With the quick
development of various in situ techniques, the abundant dynamic features of
helium bubbles have been revealed. In this review, we briefly explore the
related researches on the dynamic evolution of helium bubbles under simu-
lated service conditions, such as at high temperatures, under irradiation, and
upon mechanical loading. We also discuss the challenges and opportunities in
revealing the dynamics of helium bubbles using in situ technologies. This
short review intends to advance our understanding of the failure mechanisms
of helium-irradiated metals and the basic properties of irradiation-induced
helium bubbles.

INTRODUCTION

Helium ions, which can be produced by (n, a)
nuclear reactions in fast breeder reactors and fusion
devices or (p, a) reactions in cladding materials from
spallation neutron sources, are prone to precipitate
into bubbles because of their extremely low solubil-
ity in metals.1,2 Helium bubbles are typical radia-
tion defects that can lead to swelling,3,4 hardening,5

blistering,6 and macroscopic embrittlement,7–9 all of
which pose a significant threat to the stability and
reliability of structural materials in reactors. For
instance, the formation and coarsening of bubbles
are critical processes in radiation swelling and
surface blistering in metals.6 The growth and
coalescence of helium bubbles along grain bound-
aries under elevated temperatures are the funda-
mental reason for high-temperature helium
embrittlement, which is manifested as intergranu-
lar catastrophic failure.7–9 Metals and alloys serv-
ing in nuclear reactors experience thermal
annealing, continuous particle irradiation, and
mechanical loading; therefore, it is important to
investigate the dynamics of helium bubbles under
these service conditions.

In situ characterization techniques, which pro-
vide a direct, real-time view on microstructural
evolution in materials, play an increasing important
role in revealing the dynamics of helium bubbles
under thermal annealing, irradiation, and mechan-
ical loading. In the past decade, in situ techniques
have been widely used to study the dynamics of
helium bubbles, which provide abundant details
and novel behaviors of them under various compli-
cated service conditions.10–16 Figure 1 lists several
typical sample geometries used in in situ experi-
ments for studying the dynamics of helium bub-
bles.12–15 In situ nano-scale samples are fabricated
by focused ion beams, and it is convenient to
investigate the effect of helium bubbles on the
mechanical behavior using transmission electronic
microscopy (TEM). For micro-scale tensile samples,
in situ mechanical tests can be performed using
scanning electron microscopy.16 In addition, an
in situ helium ion microscope has been used to
study the blistering behavior on the surface of bulk
tungsten under in situ helium implantation.17 In
situ small-angle x-ray scattering has been adopted
to reveal the bubble evolution (helium density and
pressure) by analyzing the scattering profile
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contributed by a large bubble population.18

Recently, three-dimensional mapping has been con-
ducted to reveal the mechanism of bubble nucle-
ation and growth.19

In this review, we briefly overview the dynamic
evolution of helium bubbles under thermal anneal-
ing, irradiation, and mechanical loading in metals.
The critical mechanisms responsible for helium
bubble evolution in metals are summarized and
discussed. Finally, we also discuss the challenges
and opportunities in revealing the dynamics of
helium bubbles using in situ technologies.

DYNAMIC EVOLUTION OF HELIUM
BUBBLES UNDER STIMULATIONS

Dynamics of Helium Bubbles Under In Situ
Annealing

In situ tests have demonstrated that the dynam-
ics of helium bubbles under thermal annealing
consist of bubble migration, coarsening, and disap-
pearing.20–29 The evolution of helium bubbles differs

under various annealing temperatures and in dif-
ferent metals. Helium bubbles show random migra-
tion both in the interior of grains and along grain
boundaries.21–25 Figure 2 shows an example of
helium bubble migration and coalescence in the
interior of a grain in Fe at 1023 K. The bubble
indicated by an arrow moved from bottom to top
(Fig. 2). At 151 s, the bubble coalesced with a larger
one (Fig. 2c) and then disappeared at 154 s.25

Similar migration behavior was also observed for
helium bubbles along the grain boundary in Al at
833 K: bubble A-1 with a diameter of 2.6 nm
migrated downwards along the grain boundary,
while bubble A-2 with a diameter of 2.3 nm moved
in the opposite direction along the same boundary
(Fig. 2d–f).22 The mean square of the bubble migra-
tion distance is proportional to the annealing time,
indicating a Brownian-type motion.21–25 The migra-
tion of helium bubbles along the grain boundary and
interface can be accelerated compared with the
grain interior.20 The degree of acceleration depends
on the boundary or phase interface’s orientation

Fig. 1. Typical sample geometries used in in situ investigations. (a) Micro-scale tensile sample (reprinted with permission from Ref. 13); (b)
nano-scale pillar for compression (reprinted with permission from Ref. 14); (c) notched cantilever for in situ cracking observation (reprinted with
permission from Ref. 15); (d) PTP sample designed for high-resolution in situ microstructures observation (reprinted with permission from Ref.
12).
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relationship and atomic structures.24,25 During
annealing, the bubble adjacent to the grain bound-
ary first moved randomly, then fell into the grain
boundary sink during the random movement, and
finally moved rapidly along the boundary.20 The
bubble diffusivity reflects the mobility of helium
bubbles and depends on the adjacent chemical
composition, bubble size, bubble shape, and anneal-
ing temperature, among other factors.21–25 For
instance, Cr segregation on the helium bubble
surface decreases the bubble diffusivities because
of the decrease in the surface diffusion of the helium
bubbles.24,25 In addition, larger bubbles (> 15 nm)
are hard to move, but helium bubbles with a
size< 8 nm have high mobility.29 In general, spher-
ical helium bubbles migrate more easily and fre-
quently than faceted helium bubbles because of the
anchoring effect of sessile dislocations along the
edges.30 At lower temperatures, the dynamic motion
of helium bubbles during annealing is not obvious
because of their low bulk and surface diffusivity.
Only those tiny helium bubbles with a diame-
ter< 2 nm disappeared during annealing.29

Two main well-known mechanisms, Ostwald
ripening (OR) and migration and coarsening (MC),
are responsible for bubble growth and coarsen-
ing.31–34 Previous characterization found that
helium bubble coarsening is a common phenomenon

in the post-annealing of helium-irradiated sam-
ples.35 By in situ observation during annealing,
the variation of the bubble shape and size can be
monitored; thus, the coarsening mechanism of the
helium bubble can be captured. At 918 K, the
smaller helium bubbles in Al move randomly, and
once they touch the larger ones, they coalesce into
one bubble within a couple of seconds.21,23 The main
growth mechanism for faceted helium bubbles is
MC, which depends on the diffusion of matrix atoms
or ledge nucleation,36 while OR is driven by the
differences in the bubble pressure.27 Both mecha-
nisms were associated with the annealing temper-
ature: i.e., MC preferred to occur at lower
temperatures, while OR dominated at higher tem-
peratures.37 The in situ observation demonstrated
that the size of the helium bubbles increased slowly
with the elevation of temperatures< 923 K for a
Zr-Sn-Nb-Fe–Cr alloy during in situ heating; how-
ever, the size of the helium bubbles evolved dra-
matically once above this critical temperature,38

which resulted from a different coarsening mecha-
nism. The coarsening of helium bubbles inside a
grain is always dominated by bubble coalescence;
however, the coarsening process of helium bubbles
at grain boundaries behaved like a pancake28

(Fig. 3). A neck is produced when two bubble tips
contact each other., and the underlying mechanism

Fig. 2. (a)–(c) A sequence of images showing helium bubble motion inside a grain in Fe at 1023 K (reprinted with permission from Ref. 25). The
arrowed bubble (diameter, 10 nm) moves toward to the larger one and merges into the larger bubble at 154 s. (d)–(f) A sequence of images
showing helium bubble motion along a grain boundary in Al at 833 K (reprinted with permission from Ref. 22). Bubble A-1 (diameter, 2.6 nm) has
moved downwards along the boundary, while bubble A-2 (diameter, 2.3 nm) has moved upwards along the boundary. Bubble A-2 finally
coalesced with bubble C at 285 s.
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of the pancake shaped evolution in the growth
process is mediated by the coupling of the metal
matrix interface diffusion and non-zero grain
boundary fluxes.28 The coarsening by larger bubbles
swallowing smaller bubbles can also be observed
because of the pressure gradient between the two
bubbles (Fig. 3).

Dynamics of Helium Bubbles Under In Situ
Irradiation

Helium bubbles undergo migration, coalescence,
coarsening, and shrinkage under in situ irradiation.
However, the underlying mechanisms differ from
that of helium bubbles under thermal anneal-
ing.39–41 Due to high-energy ion irradiation, bubble
coalescence occurs as a result of the net displace-
ment of matrix atoms out of the volume between two
bubbles or as a result of the cascade-induced
migration of the bubbles.42,43 Helium bubbles also
displayed Brownian motion under high-energy ion
beam irradiation.39–41 The bubble motion at higher-
temperature annealing is driven by thermal motion,
which is far larger than the thermal spike effects
caused by cascades.30 The demonstrated mobility of
helium bubbles increased or decreased under in situ
irradiation.30,39–41 The retardation of helium bubble
migration was associated with the increasing of
bubble diameter because of the incorporation of
excess vacancies under in situ irradiation.21–23 In
contrast, there are three main reasons for the
acceleration of bubble movement under in situ
irradiation. First, irradiation introduces profuse
point defects, dislocation lines, and dislocation
loops. Helium bubbles on those defects may prefer-
entially absorb self-interstitial atoms, resulting in
an increase in the internal pressure, which makes
them spherical.39 These spherical bubbles move
more easily and faster at lower temperatures than
the non-spherical bubbles.29,30 This mechanism can
also explain the observation of intermittent bubble

motion along dislocation lines or loops.30,39–41

Second, a chemical gradient is produced near a
dislocation loop or line due to different concentra-
tions of point defects, which causes bubble motion.41

Third, irradiation changes the migration of helium
bubbles from Brownian motion to a long-distance
rectilinear motion. Figure 4 shows the rapid motion
of a helium bubble across 10 nm under in situ
irradiation (marked by a white arrow).41 This kind
of rapid motion has nothing to do with bubble sizes.
The helium bubbles only had random motion under
the beam-off condition, while showing a rapid long-
distance rectilinear motion under in situ irradia-
tion.39–41 Helium bubbles near the specimen surface
or away from the cascade-rich region shrink by the
absorption of the interstitial atoms produced by
irradiation.44 In addition, the helium atoms in the
bubble are likely to be knocked out by a direct
collision, which is accompanied by the emission of
vacancies.30,44 The retrapping of the emitted vacan-
cies and helium atoms formed into small satellite
bubbles close to the original larger bubbles.43

Dynamics of Helium Bubbles Under In Situ
Mechanical Loading

The helium bubbles demonstrate migration,
coarsening, elongation, and cleavage under mechan-
ical loading.10–12,45–48 Generally, the migration of
helium bubbles under mechanical loading is driven
by stress gradients, such as around the crack tip,
grain boundary, or in a strain-localized region.47 In
addition, helium bubbles with sizes of 20–40 nm can
be dragged by moving dislocations.45 When driven
by the stress gradient, the bubble diameter
increases through bubble migration and coalescence
as well as the absorption vacancies induced by
dislocation slips and their interactions. In the
coalescence processes, neighboring bubbles with
similar sizes can coalesce into a long bubble, which
further becomes spherical with the assistance of

Fig. 3. Sequence of snapshots showing the dynamical growth and coalescence of intergranular helium bubbles (reprinted with permission from
Ref. 28). (a) Bubble growth along grain boundaries as indicated by the arrows after heating for 941.4 s at 400�C; (b) further growth and touching
of bubbles B1; (c)–(e) coalescence of B1 and B2; (f)–(i) growth and coalescence of B3 and B4 located at the grain boundary triple junction.
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local internal surface diffusion.48 This results in a
decrease in the helium bubble density and an
increase in their spacing, which suppresses further
coalescence of the bubbles and reduces the bubble-
coarsening rate.18,47

Localized deformation has been demonstrated to
significantly enhance bubble coarsening, followed
by bubble elongation and cleavage.10–12 Figure 5
presents snapshots that record the bubble elonga-
tion and cleavage under mechanical loading. With
increasing strain, the helium bubbles elongated
nearly along the loading direction and formed into
a rod-like shape with a high aspect ratio.12 The
spherical bubbles that evolved into cylinder-shaped
bubbles were also observed in helium-irradiated Al
foils.11 With further localization and necking defor-
mation, the helium bubbles were stretched into
dumbbell shapes. By dislocation cutting or Rayleigh
instability-controlled processes, the elongated
helium bubbles split into several small helium
bubbles.10–12 Similar helium bubble cleavage was
also observed in helium-irradiated Al-4Cu.11 Upon
tension, the equilibrium pressure of helium bubbles
P = 2c/r decreases as a result of stress-induced
vacancy absorption and bubble size growth.49 The
elongated bubbles with low internal pressure are
cut through more easily by dislocations. In addition,
the foil sample used in TEM became thinner and
thinner, which led to the transformation of large
helium bubbles into cracks or surface flaws in the
stress-concentration region.45–48

EFFECT OF HELIUM BUBBLES ON PLASTIC
DEFORMATION

Extensive experimental and modeling studies
have focused on the effects of helium bubbles on
the mechanical behaviors of metals.50–52 Dislocation
gliding and deformation twinning are two of the
main mechanisms mediating the plasticity of met-
als. Bubble–dislocation interactions and bubble–
twin interactions can dramatically alter the

deformation mode of metals and alloys. In situ
nano-mechanical testing provides a powerful
method for shedding light on the dynamic mecha-
nism of helium bubbles on the plastic deformation in
irradiated metals.

Helium Bubbles as Internal Dislocation
Sources and Obstacles

During plastic deformation, helium bubbles in
submicron-scale metals (Cu, Al-4Cu, and Zr) play
the role of internal dislocation sources, which
promote dislocation nucleation instead of only
depending on surface sources.10–13 In addition,
helium bubbles also serve as shearable obstacles,
impede full dislocation motion, and promote dislo-
cation–dislocation interactions. Therefore, they
reduce the dislocation mean free path and the
dislocation mobility, which increases dislocation
storage and leads to strong strain-hardening, high
flow stress, and stable deformation in small-volume
metals.10–13,52–55

The unique roles of helium bubbles in deforma-
tion also promote the recovery of super-elasticity in
small-volume shape memory alloys.56–58 Under the
strain of the shape memory alloy pillar, radiation-
induced helium bubbles play the role of martensite
nucleation sites.56 Furthermore, many helium bub-
bles create a large area of internal surface inside a
small-volume pillar, which compensates for the
surface-energy contribution to the total free energy
of the martensitic phase transformation. In addi-
tion, the pressurized helium bubbles are strong
obstacles for dislocation slips; therefore, they stop
shear localization and avoid the earlier failure of the
sample. Due to the combined roles of helium bubbles
described above, the helium-irradiated small-vol-
ume shape memory alloys still possess excellent
super-elasticity.56

Helium bubbles also assist in detwinning due to
the strong dislocation–bubble interaction producing
back stress.59 Successive Shockley partial emissions

Fig. 4. A series of video frames showing the motion of helium bubbles in Cu under 400 keV Cu + irradiation at 823 K (reprinted with permission
from Ref. 41).
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produce deformation twins in helium-irradiated
Cu.59 The interactions between these Shockley
partials and helium bubbles induce hardening dur-
ing twinning. Notably, the back stresses generated
by dislocation–bubble interactions elicit partial
detwinning of the deformation twins. The accumu-
lated back stress-induced detwinning is also
observed in other metals.60–62 Figure 6 demon-
strates the processes of twinning and detwinning
in helium-bubbled (NB) Cu pillars under strain.59

The NB-Cu pillar has a growth twin with its twin
boundaries almost perpendicular to the loading
axis. Upon loading, the sample yields at a stress of
0.75 GPa. The nucleation of twins induces a sudden
strain jump, as marked in the stress–strain curve in
Fig. 6k. With further straining, two new twins (T2,
T3) nucleated and grew sluggishly during tension
(Fig. 6c–e). With the assistance of accumulated back
stress, partial detwinning took place at a lower

stress when the strains were relaxed due to fracture
or when the loading direction was reversed (Fig. 6f–
k). Furthermore, the twinning stress exhibited
asymmetry in tension and compression during
cyclic loading due to the accumulated back stress
produced by dislocation–bubble interactions.59

Failure Induced by Helium Bubble
Coalescence and Fragmentation

Strain localization dramatically accelerates the
coarsening and coalescence of helium bubbles,
which causes the final failure of the samples.10,15

Figure 7 demonstrates the morphology of a fracture
surface in micro-scale Zr tensile samples with and
without helium bubbles (HB-Zr and FD-Zr).13 Com-
pared with the cleavage fracture surface of FD-Zr,
HB-Zr shows a fracture surface with many con-
nected holes, indicating that the bubbles coalesce in
the final stage of failure (Fig. 7).13 Furthermore,

Fig. 5. Fragmentation of a helium bubble into several tiny bubbles during severe straining (reprinted with permission from Ref. 12). (a) Slightly
elongated bubbles after stretch; (b) left part of the bubble shrunk down to � 1 nm in width with further deformation; (c) the severely elongated
bubble fragmented into three segments; (d) further fragmentation of the stretched bubbles into five tiny bubbles.
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due to the preferential growth of helium bubbles
along the basal plane, HB-Zr with the basal plane
on the maximum shear stress orientation displays a
near cleavage fracture, while FD-Zr with a similar
orientation shows a curved fracture front, which
indicates that the bubble coalescence in the basal
plane induced the final failure (Fig. 7c and d).13

Bubble coalescence is also widely observed in
regions with high localized strain. In situ experi-
ments demonstrated that spacing of bubbles

distributed in localized deformation regions reduce
with increasing strain, giving rise to coalescence of
adjacent bubbles.10,15 A transition from large
helium bubbles to cavities occur with the aid of
bubble coalescence and further coarsening by
absorbing plasticity-induced vacancies.15 Finally,
cavity coarsening, coalescence, and link-up lead to
fracture in the samples.11,12,15 Figure 8 shows the
bubble coalescence-induced crack propagation in
helium-irradiated Cu cantilever during loading.

Fig. 6. In situ tensile deformation of a growth twin embedded helium-irradiated Cu sample (reprinted with permission from Ref. 59). (a) Dark field
TEM image showing the growth twin in the tensile sample; (b) secondary twins nucleate inside the growth twin on loading; (c) more deformation
twins nucleate from the sample edges in the growth twin, with straining; (d) deformation twins interact with the boundaries of growth twin; (e)
stress concentration develops at the deformation twin-growth twin boundary interface; (f) crack nucleates from the stress concentration; (g)
partial detwinning of deformation twin occurs due to crack formation-induced strain relaxation; (h) magnified image of partially detwinned region in
(g); (i) magnified image of a cavity nucleated at the growth twin boundary–deformation twin interface, on unloading; (j) enlarged helium bubbles
seen at the fracture surface, indicating their coalescence; (k) engineering stress strain curve of the tensile test (points marked on the curve with
black arrows correspond to the image labels (b–g).
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With tearing, partial dislocations begin to operate in
the front of the notch (Fig. 8b).15 With further
deformation, several helium bubbles at the notch tip
begin to grow. Subsequently, some of the helium
bubbles located along the sample-thickness direc-
tion underwent coalescence to form cavities and
holes (Fig. 8c), then the connection of multiple
cavities/holes led to crack propagation (Fig. 8d,
e).15 During the growth and propagation of the
internal cracks, the walls between the helium
bubbles developed into nano-bridges.15 This bridg-
ing is a mechanism to delay the crack propagation
in NB-Cu.59,63

Besides the bubble coalescence, bubble fragmen-
tation is another novel micro-damaging mechanism
in helium-irradiated metals. Bubble fragmentation
is mediated by the combination of dislocation cut-
ting and internal surface diffusion, which is an
alternative micro-damaging mechanism in helium-
irradiated copper in addition to the bubble coales-
cence.12 Some of the bubbles were severely elon-
gated once necking started (Fig. 5). With further
tensile deformation, some bubbles rapidly narrowed
and evolved into a long rod-like bubble, while other

bubbles were only slightly elongated due to the
inhomogeneous local strain.12 Further deformation
split the long rod-like bubbles into three segments
(Fig. 5c). In the subsequent straining, the deforma-
tion was localized in the right section of the helium
bubble and led to a severe reduction of the bubble
width, which finally split into three parts (Fig. 5d).
A similar bubble fragmentation has also been
observed around the fracture tip in other metals.64

Rows of bubbles were formed due to the extreme
elongation of bubbles under stress and their subse-
quent division into smaller pieces.64 The bubble
rows tend to form in parallel to the slip direction in
metals.64 The fragmentation of helium bubbles
causes the alignment of splitting bubbles along a
shear-deformation zone, which promotes the forma-
tion of a bubble-free channel and thus accelerates
strain localization and failure in helium-irradiated
metals.12,45 The role of a helium bubble-free channel
is similar to the defect-free channels frequently
observed in irradiated metals,65–67 which cause the
previously mentioned failure of structural compo-
nents in nuclear reactors.

Fig. 7. The morphology of the fracture surface of Zr samples with helium bubbles (HB-Zr) and without helium bubbles (FD-Zr) (reprinted with
permission from Ref. 13). (a) SEM image of Zr single crystal shows a cleavage fracture surface along the prismatic plane; (b) SEM image of
helium-bubbled Zr showing bubble coalescence-induced fracture; (c) TEM image of fully dense Zr with basal plane on the maximum shear stress
plane showing a curve fracture front; (d) TEM image of helium-bubbled Zr with basal plane on the maximum shear stress plane showing a near-
cleavage fracture along the basal.
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SUMMARY AND OUTLOOK

In this review, we briefly summarized the previ-
ous studies on in situ observation of the dynamics of
helium bubbles under thermal annealing, irradia-
tion, and mechanical loading. Upon annealing,
helium bubbles show a Brownian motion either in
grains or along the grain boundaries. The diffusivity
of the bubbles depends on the adjacent chemical
composition, bubble size, bubble shape, and anneal-
ing temperature. OR and MC are the mechanisms
for bubble growth and coarsening. Under in situ
irradiation, helium bubbles undergo migration,
coalescence, coarsening, and shrinkage, which are
mediated by cascade-induced thermal spikes and
radiation defects. Helium bubbles show migration,
coarsening, elongation, and cleavage under mechan-
ical loading. Helium bubbles migrate because of the
stress gradient. Dislocation cutting and internal
surface diffusion also assist the dynamic evolution
of helium bubbles under strain. Bubble–dislocation
interactions and bubble–twin interactions could
dramatically alter the deformation mode of metals
and alloys. During deformation, helium bubbles
play the combined role of shearable obstacles and
internal dislocation sources, which enhance
strength and improve deformability. Bubble

coalescence and fragmentation are micro-damaging
mechanisms inducing the final failure of helium-
irradiated metals.

As typical radiation-induced defects, helium bub-
bles demonstrate diverse evolutionary dynamics
under stimulation. However, some opportunities or
challenges remain in understanding the role of
helium bubbles in metals. First, face-centered cubic
(FCC) metals are simple model materials for study-
ing the dynamic evolution of helium bubbles.
Nonetheless, the dynamic behavior of helium bub-
bles in hexagonal close-packed (HCP) and body-
centered cubic (BCC) metals is of concern in prac-
tice. Therefore, revealing the dynamic deformation
behavior of BCC and HCP metals containing helium
bubbles by in situ tools should be the next step.
Second, bi-metal interfaces are well-known efficient
sinks for radiation-induced defects, which have
attracted great interest in recent decades. Although
helium bubbles were observed with Brownian
motion along the grain boundary in FCC metals,
the details of the interaction between helium bub-
bles and phase interface are lacking. Third, the
spatiotemporal resolution of imaging under in situ
stimulations needs to be improved to capture more
details of the dynamic evolution of helium bubbles.

Fig. 8. Images of the cracking behavior of a Cu single-crystal cantilever sample with high density of helium bubbles and loading along [100]
(reprinted with permission from Ref. 15). (a) The microstructure of the helium bubbles at the front of the notch prior to loading; (b) partial
dislocation emissions, leading to the formation of stacking faults (SFs) at the notched area; (c) coalescence of helium bubbles along the sample-
thickness direction, triggering the formation of large holes/cavities; (d) further in-plane bubble coalescences promote the growth of cavities; (e)
crack nucleation via the link-up of isolated cavities; (f) nano-bridge formation during crack propagation.
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