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Understanding the response of nanovoids to irradiation damage advances our capability to design radiation
tolerant materials. Recent in situ studies reveal the shrinkage of hexagon-shaped nanovoids in (110) textured Cu.
However, the evolution of voids with irregular geometries under irradiation is less well understood. Here, in situ
Kr ion irradiation was performed at 100 °C on single-crystal Cu (112) that possesses nanovoids with high aspect
ratio. In situ studies show these elongated voids fragment into smaller voids and shrink gradually with increasing

dose. Phase field simulations confirm that fragmentation of the void is governed by the competing kinetics
between atoms diffusing toward and away from the elongated nanovoid. Post irradiation analysis reveals the
formation of high-density defect clusters.

1. Introduction

High-energy particle irradiation generates large numbers of point
defects, which then diffuse and react with each other to form defect
clusters, including dislocation loops, stacking fault tetrahedrons (SFTs),
and cavities (voids and bubbles) [1-5]. As a consequence, prominent
microstructure evolution occurs, accompanied by dimensional changes
due to swelling and significant degradations of physical and mechanical
properties [5-8]. For example, the formation and growth of voids usu-
ally embrittle the irradiated materials, and shorten their service life time
[1,9,10]. Extensive efforts have been devoted to understanding void
swelling mechanisms [11-14]. The formation of voids is associated with
surplus of vacancies due to the preferential absorption of interstitials by
biased defect sinks. Previous studies unraveled the temperature depen-
dence of void swelling behavior, characterized by the peak swelling at
intermediate radiation temperatures due to the maximized vacancy su-
persaturation [12,15-17]. Hence, a general guideline to disrupt void
growth is to reduce the vacancy supersaturation and limit vacancy flux
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to voids.

Recent in situ heavy ion irradiation studies on metals with high
density nanopores or nanovoids reveal free surfaces interact and absorb
interstitial-type defects, and decrease the overall defect density
comparing to coarse-grained metallic materials [18-22]. Meanwhile,
the absorption of interstitial-type defects results in the continuous
shrinkage of nanopores and nanovoids during irradiation [18,19,23].
Furthermore, small nanovoids shrink more rapidly than larger voids and
small voids have higher efficiency to absorb interstitials [18-22,24].
Nevertheless, previous studies have focused on the evolution of nano-
pores and nanovoids with faceted and spherical morphologies, little is
known on how nanovoids with large aspect ratio (length/width) and
irregular shape evolve under irradiation. Here we present an in situ Kr
ion irradiation on Cu with lenticular and dumbbell shaped voids at
100 °C. Phase field simulations were performed to study the morpho-
logical evolution of interfaces and explain the underlying mechanisms of
void fragmentation and shrinkage.
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2. Experimental

Epitaxial Cu thin film with a total thickness of 1.8 ym and a 200 nm
thick Ag seed layer was deposited on HF etched Si (112) substrate by DC
magnetron sputtering at room temperature. The base pressure of the
vacuum chamber was better than 5 x 10~8 torr before deposition. X-ray
diffraction experiments were performed on a Panalytical Empyrean
system (Cu Ka radiation) at room temperature. To prepare the cross-
sectional (XTEM) samples, two pieces of Cu (112) films were bonded
together face to face using M-Bond 610 adhesive to make a sandwich
structure. Then the bonded interfaces were mechanically ground and
polished, followed by dimpling and low energy Ar ion milling by a Gatan
PIPS II system. For XTEM specimens, the out-of-plane direction is
< 110 >, which is parallel to the transmitted electron beam in TEM.
Plan-view TEM samples (with out-of-plane direction of <112 >) were
prepared by polishing and dimpling from the substrate side and then ion
milled using the same Gatan PIPS II system. TEM experiments were
performed on a ThermoFischer Scientific/FEI Talos 200X microscope
operated at 200 kV. In situ TEM irradiations were conducted in the In-
termediate Voltage Electron Microscope (IVEM) at Argonne National
Laboratory, where an ion accelerator is attached to a Hitachi-900 TEM.
A charged-coupled device (CCD) camera was used to capture the
microstructure evolution during radiation at 15 frames/second. The
specimen was pre-annealed at the irradiation temperature for 0.5 h and
then irradiated using 1 MeV Kr ion irradiation to a fluence of 2 x 10'*
ionsecm 2 with a dose rate of 1.25 x 102 ionsecm 2es~! at 100 °C. The
stopping and range of ions in matter (SRIM) simulation was performed
by using the Kinch-Pease method to estimate the radiation damage in
the unit of displacements-per-atom (dpa). The first 100 nm thick TEM
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foil was subjected to an average dose of ~1 dpa as shown in Fig. S1.
3. Results

Fig. 1 shows the microstructure of as-deposited single-crystal Cu
(112) film. The plan-view TEM image taken at under-focus conditions
reveals the formation of faceted nanovoids with dark Fresnel fringes as
shown in Fig. 1a. The inset of selected area diffraction (SAD) pattern
confirms the (112) texture. The XTEM micrograph in Fig. 1b displays the
cylindrical and dumbbell morphology of nanovoids. Meanwhile, the
nanovoids oriented and elongated along the < 112 > film growth di-
rection. The film/substrate orientation relation is summarized in Fig. 1c.
The distributions of the average void length (along the growth direction)
and width (transverse to the growth direction) through the film thick-
ness are summarized in Fig. 1d. The average void length rises rapidly
from 12 nm near Ag seed layer, and reaches a peak value of 100 nm at
the half film thickness. Whereas, the average void width increases
slightly from 8 to 22 nm across the thickness of the film.

TEM micrographs in Fig. 2 reveal the temporal evolution of nanovoid
morphology. The dumbbell-shaped nanovoids underwent fragmentation
into smaller voids during irradiation. One typical example is illustrated
in Fig. 2a-e. The necking region of the dumbbell-shaped nanovoid in-
teracts with the surrounding defect clusters and its width gradually
decreased from 6.1 to 3.1 nm during 0.1-0.195 dpa, followed by the
rapid pinch-off initiated at the necking region at 0.196 dpa. The nano-
void then split into two smaller nanovoids. Fig. 2f-j reveals the micro-
structure evolution of the same region up to 1 dpa. With increasing dose,
all nanovoids shrank. A nanovoid with initial area of 404 nm? (outlined
by orange dashed line in Fig. 2f) shrank to 120 nm? at 0.5 dpa, and was
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Fig. 1. (a) Plan-view (PV) TEM micrograph of faceted nanovoids in as-deposited single-crystal Cu (112) film. (b) Cross-section TEM (XTEM) micrograph of cylin-
drical and dumbbell-shaped voids along film growth direction. (c) Illustration of growth direction and film orientation. The Ag seed layer thickness is 200 nm, and Cu
film thickness is 1.8 um. (d) Statistics on the variation of void length (along the growth direction) and void width through film thickness.
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Fig. 2. In situ irradiation XTEM snapshots showing the nanovoid morphology evolution under in situ Kr irradiation at 100 °C. (a-e) Fragmentation of dumbbell-
shaped voids into two smaller voids during 0.1-0.199 dpa. (f-i) Gradual shrinkage of voids during irradiation up to 1 dpa. The area of larger void decreased
from 1912 to 848 nm? at 1 dpa, while the smaller void with an initial area of 404 nm? was completely eliminated.

eliminated during subsequent radiation, while the larger nanovoid
survived with an area reduction from 1912 to 848 nm? after irradiation
to 1 dpa. More details regarding the radiation-induced void fragmen-
tation can be found in supplementary video SV1. The dose dependent
dimension variations of numerous nanovoids were monitored and
compiled in Fig. 3. As shown in Fig. 3a-b, the void length and width
decreased continuously with increasing dose at a reduction rate of
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28 nm/dpa and 11 nm/dpa, respectively.

Supplementary material related to this article can be found online at
doi:10.1016/j.mtcomm.2022.104418.

Post-irradiation TEM analysis was performed to identify the
radiation-induced defect clusters. The bright-field (BF) and corre-
sponding dark-field (DF) TEM micrographs in Fig. 6a-b were captured
close to < 110 > zone axes with gago strongly excited. The density of
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Fig. 3. (a-c) TEM micrographs comparing the nanovoid morphology, size and density evolution under Kr irradiation at 0 dpa, 0.5 dpa and 1 dpa. (c) Void width, (d)
length and (e) aspect ratio (length/width) evolution as a function of dose for numerous representative nanovoids. The average nanovoid length reduction rate is 28

+ 9 nm/dpa, and the average width reduction rate is 11 + 6 nm/dpa.
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defect cluster in Cu (112) irradiated to 1 dpa is 7.2 x 1022 nm 23 with an
average size of 5 nm. The high resolution TEM (HRTEM) image in Fig. 6¢
reveals the formation of SFTs after irradiation. The average edge length
of SFTs is 6 nm.

The fragmentation phenomenon under irradiation was further
investigated using phase field methodology. The phase field model for
studying the void evolution under irradiation was developed and re-
ported elsewhere [25]. The latter model has been extended to include
surface energy anisotropy based on another independent study [26]. A
dumbbell shaped void was selected as an initial configuration with di-
mensions shown in Fig. 4a. The simulation domain has a total of 151 x
201 grid points. We qualitatively studied the evolution of this void upon
irradiation and under thermal annealing at low temper-
atures—characterized by the ratio of diffusivities Di/Dy= 30. In earlier
studies [23,27], we successfully captured the temperature effects on
void evolution by varying the diffusivity ratio. In this work, we selected
a value for the ratio of diffusivities that is smaller than the case for the
lowest temperature, which is 60, but greater than the value chosen for
the highest temperature, which is 1.5. In those studies, the selected ra-
tios reflect the difference between the defect diffusivities being greater
at low temperatures than at high temperatures and the interstitial
diffusivity is always greater than vacancy diffusivity. In both the simu-
lations, we initialized the void at the center of the domain. To include
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the loss of mobile vacancies due to SFT formation, we have considered
biased sources. Moreover, to account for the experimentally observed
SFTs (that preferentially store vacancies), more interstitials were
introduced into the domain than vacancies through the source terms
because SFTs (observed in irradiated Cu) are three-dimensional defect
clusters that trap vacancies. Therefore, for every 100 interstitials, we
arbitrarily introduced 80 vacancies into the system through the source
terms. Although the introduced vacancies are fewer in count compared
to earlier works [23,27], it will not affect the model’s qualitative find-
ings. The simulation results are summarized in the Fig. 4. The temporal
evolution of the dumbbell void under irradiation is shown in Fig. 4b-d,
while Fig. 4e-g depicts the evolution under thermal annealing scenario.
As suggested in Fig. 4b-d, the dumbbell shape void continuously shrank
due to biased interstitial reaction and fragments into two voids upon
irradiation, while Fig. 4e-g shows the void spheroidization under ther-
mal annealing scenario. More details regarding the phase filed modeling
of void evolution can be found in supplementary video SV2 and SV3.
Supplementary material related to this article can be found online at
d0i:10.1016/j.mtcomm.2022.104418.

4. Discussion

Irradiation-induced void formation occurs via vacancy
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Fig. 4. Phase field simulations elucidating the void fragmentation phenomena in a dumbbell shaped void at low temperatures (D;/D, = 30). The figures depict the
initial configuration of the dumbbell shaped nanovoid (a) along with its temporal evolution upon irradiation (b-d) and during thermal annealing (e-g). The black line
traces the initial configuration of the dumbbell shaped void, see (a). Competing kinetics of atoms diffusing toward and away from the necked portion, as shown in the
inset in (e) and the inset in (g), respectively, control the aspect ratio of the void and decide the pinch-off of the void. In thermal annealing scenario, the dominant
kinetics of atoms diffusing away from the necked portion prevented the pinch-off of the void. However, under irradiation, a continual flux of interstitials maintains, if
not increases, the curvature at the center of the necked region until the free surfaces meet, leading to a pinch-off.


https://doi.org/10.1016/j.mtcomm.2022.104418

T. Niu et al.

agglomeration and clustering [13,15,28]. These voids typically exhibit
spherical or faceted shape depending on the void size and internal
pressure [1,29]. The formation of spherical and faceted voids can
minimize the surface energy and is thereby energetically favorable. It is
rare to see irradiation-generated voids with elongated or irregular
shapes. Different from the voids generated by irradiation damage, the
nanovoids observed in the as-deposited films were introduced during
magnetron sputtering. Sputtering is a non-equilibrium deposition pro-
cess, and the nanovoids tend to adopt irregular shape with high aspect
ratio as shown in Fig. 1. Upon irradiation, the nanovoids are prone to
rearrangement into low energy configuration via spheroidization, frag-
mentation and shrinkage driven by the minimization of total surface
energy [30,31]. In situ TEM snapshots in Fig. 2a-e unravel the breakup of
a nanovoid with high aspect ratio into smaller voids. These perturba-
tions set off the Rayleigh instability as the nanovoids have sufficiently
high aspect ratio. The Rayleigh instability model was originally estab-
lished to understand the pinch-off of cylindrical fluids into separated
droplets induced by the reduction of total surface energy [32]. Extension
of the Rayleigh instability theory has been applied to address the
annealing induced layer structure breakdown of bimetallic nanolayer
composites with high aspect ratio grains, such as Cu/Nb multilayer [33].
It was found that the high aspect ratio grain structure would promote the
necking and layer pinch-off initiated within a single grain rather than at
grain boundaries or triple junctions. The time to breakup of the nano-
layer scales inversely with the aspect ratio of the grains. In the present
study, the necking region of the long nanovoid acts as the precursor of
pinch-offs [33]. The necking segment generates a chemical potential
gradient along the interface that drives the diffusion and consequent
reorganization of atoms into a low energy configuration. Meanwhile as
radiation proceeds, the interstitial loops attack the surface of the inter-
face segments between the two necking points of nanovoids, resulting in
the gradual reduction of the thickness of the channels as shown in
Fig. 2a-c. The concurrent reorganization of the void in the necking re-
gion and shrinkage due to biased interstitial reaction resulted in
pinch-off of the original long nanovoid into a row of ellipsoids as
revealed in Fig. 2e.

The phase field simulations clearly support the hypothesis stated in
the previous lines. The aspect ratio of the void governs the fragmenta-
tion of a single void into multiple smaller sized voids at a given tem-
perature. The aspect ratio is defined over the void in the necked portion.
The length and the average width of the necked portion is used for
computing the aspect ratio. The system will always choose a configu-
ration for the void(s) that minimizes the total surface area per unit
volume, thus minimizing the free energy. As a result, a driving force
exists for the morphological evolution of the void through the surface
diffusion of atoms. The fragmentation process is initiated due to the
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changes in void width originating from the two ends of the necked re-
gion owing to the local curvature variation. The change in the void
width is a result of the atom flow at the surface from the two ends of the
necked portion, as shown in the inset of Fig. 4e. The surface atom flow
reduces the curvature at the ends, thereby smoothing the transition and
reducing the surface area of the void, as shown in Fig. 4e and Fig. 4 f.
Meanwhile, due to the atom diffusion into the necked region the cur-
vature of the interface at the center of the necked portion rises and sets
off a new chemical potential gradient whereby atoms diffuse away from
the necked portion, as shown in the inset of Fig. 4 g. The competing
kinetics between atoms diffusing toward and away from the necked
region decide the pinch-off of the void. If the kinetics of atoms diffusing
toward the necked region dominate, then a pinch-off will ensue when
the two surfaces of the void meet which occurs in high-aspect ratio
voids. However, for the thermal annealing scenario, the dominant ki-
netics of atoms diffusing away from the necked portion prevented the
pinch-off of the void. Upon irradiation, the biased absorption of
interstitial-type defects leads to the continuous shrinkage of the nano-
voids. As a result, there is a gradual reduction in the width of the necked
portion that increases the aspect ratio, as shown in Fig. 5a, causing the
void to fragment when a critical value is reached agreeing with the
experimental observation (Fig. 5b). During irradiation, a continual
influx of interstitials maintains, if not increases, the curvature of the
interface at the center of the necked portion until the two free surfaces
meet, leading to a pinch-off. As opposed to the irradiation scenario, the
aspect ratio of the necked region continually decreases during the
thermal annealing because of the increase in the average width of the
void. The latter occurs due to the surface diffusion of atoms away from
the necked portion to reduce the overall surface area of the void.
Irradiation induced void formation and growth has been widely
observed in metallic materials that exhibit distinct temperature depen-
dence owing to the impact of point defect mobility and thermal emission
on vacancy supersaturation [11,13,14,17,34]. Contrary to the common
wisdom, we observed the continuous shrinkage of nanovoids throughout
the irradiation process. The shrinkage of nanovoids is a consequence of
void interaction with irradiation-induced defects [18-20]. Previous in
situ radiation studies show that in face-centered-cubic (FCC) metals with
low-to-medium stacking fault energy, such as Au, Ag and Cu, most va-
cancies are bundled in the form of sessile defect clusters, such as SFTs
[35-37]. SFTs have three-dimensional stacking fault configuration and
generally evolve from Frank loops or form directly within the
vacancy-rich cascade core [38-42]. When defect cluster size is small,
calculations show that SFTs have the most energetically favorable
configuration comparing to faulted and perfect loops [6,36]. The for-
mation of high density SFTs is evident from the post-irradiation analysis
shown in Fig. 4c. Furthermore, the vacancy mobility at such low
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Fig. 5. (a) Phase field simulation results on aspect ratio evolution of the necking region in the dumbbell shaped nanovoid under irradiation. The red line corresponds
to irradiation induced aspect ratio evolution, while the blue line is from thermal annealing. (b) Experimental observation of dose-dependent aspect ratio evolution of
the necking region in several dumbbell shaped nanovoids. The consistent increase of the aspect ratio agrees well with simulation results.
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~ 5nm

Fig. 6. Post-irradiation XTEM analysis showing the irradiation-induced defect clusters in Cu (112). (a-b) The BF and corresponding dark field (DF) TEM micrographs
were captured close to < 110 > zone axes with gz strongly excited. (c) High resolution TEM (HRTEM) image revealing the formation of stacking fault tetrahedrons

(SFTs) after irradiation.

temperature is expected to be much lower comparing to interstitials [6].
Therefore, more interstitials are expected to interact with and arrive at
the surfaces of nanovoids, leading to the biased interstitial flux to the
nanovoids. Meanwhile, the stress field analysis revealed the existence of
strong tensile stresses surrounding nanovoids, leading to the reduced
formation and migration energies of dislocation loops and thereby
attracting interstitial loops [19]. The absorption of these interstitials and
their clusters consequently results in the void shrinkage.

Fig. 3a-b suggests a disparity regarding the dimension reduction rate
along different crystallographic directions. It is noted that the lenticular-
shape nanovoids experienced higher reduction rate along the length
(<112 >) direction against the width (<111 >) of the nanovoids. Such
anisotropic shrinkage is tightly associated with the void curvature effect.
For the elongated nanovoids, their faceted {111} sides have little cur-
vature, while both ends of voids have larger curvature due to the small
radius. As a result, a lower equilibrium interstitial concentration and
consequently higher interstitial flux owing to the accelerated interstitial
diffusion are established in the vicinity of the two terminals, leading to
the faster shortening at the two ends and consequently a high reduction
rate along void length. Additionally, as the nanovoids are elongated
along < 112 > direction, the anisotropic void shrinkage rate could help
to preserve the aspect ratio of the nanovoids as shown in the statistical
tracking in Fig. Sc.

5. Conclusion

In situ radiation inside TEM microscope opens up opportunities to
understand the response of nanovoids with various size and morphol-
ogies to irradiation damage and provide guidelines on design of radia-
tion tolerant materials with great swelling resistance. In situ Kr ion
irradiation on single-crystal Cu (112) that possesses nanovoids with high
aspect ratio, performed at 100 °C, shows that the preexisting elongated
nanovoids fragment into smaller voids and shrink gradually with
increasing dose. The fragmentation of nanovoids with high aspect ratio
is a consequence of concurrent faceting and shrinkage of the necking
segments. Phase field simulations confirm that fragmentation of the void
is governed by the competing kinetics between the atoms diffusing to-
ward and away from the necked region.
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