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Radiation-induced grain-boundary helium bubbles are the cause of the significant helium embrittlement. How-
ever, the influence of grain-interior helium bubbles on the cracking behavior of metals has not been explored.
Here, we investigate the cracking propensity of helium-irradiated small-volume Cu single-crystals, and compare
with those of Cu single-crystals and Cu bicrystals. We found that the irradiation-induced helium bubbles only

slightly increased the cracking propensity of the single-crystal Cu, while the cracking resistance of the helium-ir-
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radiated Cu single-crystals was superior to that of the Cu bicrystals, both with and without helium bubbles.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Radiation damage plays a decisive role in determining the lifetime of
the key structural materials of both fission and fusion reactors [1-4].
Neutron bombardment not only produces a large number of radiation
defects, but also causes nuclear reactions, which may generates consid-
erable concentrations of foreign elements within the metals [1-4]. In
particular, the inert gas helium, which is the product of (n, o) reactions,
has an adverse effect on the mechanical properties of metals, even in
low concentrations [5-9)].

The detrimental effect of helium on the properties of materials has a
significant connection with the formation of helium bubbles [1-9].
Owing to its extremely low solubility in metals, helium co-precipitates
with radiation-induced vacancies to form nanobubbles almost immedi-
ately following its formation; this occurs via a nuclear reaction or ion
implantation [10,11]. One significantly harmful effect caused by helium
is high-temperature embrittlement. In general, high-temperature duc-
tility losses observed during tensile, creep, and fatigue tests are owing
to the presence of helium bubbles at grain boundaries (GB) [1-9]. At
high temperatures, these GB bubbles grow explosively under the pro-
motion of stress, and lead to intergranular fracture. This GB rupture oc-
curs owing to the enhanced initiation and/or growth of GB cracks due to
GB helium-bubble growth and coalescence [1,9].

In general, the roles of GB helium bubbles and matrix bubbles differ,
and should be studied separately. GB helium bubbles are usually larger
than matrix bubbles because of differences in the sink strength of GBs
and grain interiors [1,7]. Larger GB helium bubbles tend to initiate GB
cracks and cause premature brittle failure under stress [1-9]. In con-
trast, grain-interior bubbles function as internal dislocation sources
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and shearable precipitates, which are beneficial for the homogeneous
and stable plastic deformation of small-volume metals [12-18]. Howev-
er, owing to the premature intergranular failure of metals induced by
GB helium bubbles, the effect of grain-interior helium bubbles on
crack nucleation and propagation has not been fully explored. In this
study, we explore the cracking behavior of small-volume single-crystal
Cu with a high density of helium nanobubbles, and compare its crack
behavior with those of Cu single-crystals and Cu bi-crystals, both with
and without helium irradiation.

The Cu samples with helium bubbles were prepared by performing
helium implantation (200 keV ions) on well-annealed Cu at 450 °C,
with a fluence of 2 x 10'7 jons cm™—2[19]. The current implantation con-
ditions were designed to forming high density of helium bubbles in the
model materials of Cu and did not relevant to a real nuclear environ-
ment. Numerous helium bubbles with average size of 6.6 nm were pre-
cipitated inside the grains, and slightly larger helium bubbles (>10 nm)
were formed along the GBs [16-19]. These bubbles are expected to be
under near equilibrium conditions because of the slow cooling condi-
tions that followed high-temperature implantation. The radiation dam-
age (displacements per atom, DPA) and helium concentration of each
Cu sample were estimated using Monte Carlo simulations, the details
of which are found elsewhere [13,19]. All the notched cantilever sam-
ples intended for the in situ cracking tests were machined, from the re-
gion of the material (between 440 nm and 760 nm from the top surface
of implantation) with the helium concentration varying from 3 to 8 at.%
(more details can be found in [16,18]), using the focused ion beam (FIB)
technique. The density of helium bubbles is roughly the same across the
whole cantilever sample. The notched cantilever samples had a fixed
geometry and dimensions, as shown in Fig. 1a. All cantilever samples
had a thickness of 50 nm. The initial opening angle of the cantilever
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Fig. 1. Measurement of the crack propensity of a small-volume Cu single-crystal, with a compressive direction of [311]. (a) The geometry of the notched small-volume Cu cantilever used
for the cracking test. (b) The deformed small-volume Cu cantilever with an increased opening angle, and crack at the front of the notch. (c) The initial microstructure of the notch. (d)
Dislocation emission and thinning of the sample at the front of the notch, upon loading. (e) Crack beginning to nucleate at the groove formed on the edge of the notch, due to
dislocation emission. (f) Crack propagation under further loading, and crack surface forming along the (111) plane.

samples was designed to have a constant value of 8 = 40" + 2°, as
displayed in Fig. 1a. Following apply a force on the left side of the
notched cantilever samples, the final opening angles were increased,
and had final values of 6 = 60" - 69’, as demonstrated in Fig. 1b. Upon
loading, cracks were formed at the front of the notches in the majority
of the tested samples; the length of each crack is denoted as L, as marked
in Fig. 1b. A parameter was used to determine the cracking propensity of
the cantilever samples. It is defined as the ratio between the cracking
length (L) and the net increase in the opening angle, Cpropensiy = ﬁ;
this parameter was used to qualitatively compare the cracking behav-
iors of the various types of small-volume Cu samples. All in situ mechan-
ical tests were performed using a Picolndentor (PI95) located inside a
transmission electron microscope (200 kV), with a loading rate of
5 nm/s. Four types of samples were investigated, namely a fully dense
Cu (FD-Cu) single-crystal; a Cu single-crystal with helium nanobubbles
(NB-Cu); a Cu bicrystal with a high-angle GB (FD-Cu bicrystal); and a Cu
bicrystal with a helium bubble-damaged GB (NB-Cu bi-crystal). More
than 20 in situ cantilever tests were performed to explore the influence
of the helium bubbles on the cracking behavior of the small-volume Cu
samples.

Fig. 1c to f shows images which display the cracking behavior of a
typical FD-Cu single-crystal cantilever sample, with loading along the
[311] direction. The notched area of the sample appears clean with
few linear dislocations, with the exception of some surface damage
that was generated during the FIB machining. Upon loading, the notch
opening angle increases gradually, and is accompanied by the profuse
emission of dislocations from the notch tip, as indicated by the U-
shape contrast contours located at the front of the notch, shown in Fig.
1d and Movie S1. The sample becomes increasingly thinner with the
emission of dislocations, and a groove-like feature develops gradually,
indicating the transition from homogeneous deformation to strain lo-
calization, as shown in Fig. 1e and Movie S1. The groove feature that
formed at the edge of the notch of the FD-Cu single-crystal represents

the precursor for crack nucleation. Upon further loading, the groove
gradually transforms into an edge crack (Fig. 1e). Subsequently, with
further deformation, the crack propagates along the groove, and forms
a fracture surface that is close to the (111) plane. The plastic deforma-
tion during cracking is mainly confined around the crack tip area, as
shown in Fig. 1 and Movie S1. Based on the results of the multiple crack-
ing tests performed, the cracking behavior of the FD-Cu single-crystals
could be categorized by three steps: dislocation emission with sample
thinning, strain localization with groove development, and crack nucle-
ation at the groove and further propagation under loading.

Fig. 2 displays the cracking behavior of a typical NB-Cu single-crystal
cantilever sample, with a high density of helium nanobubbles; the sam-
ple is loaded along the [100] direction. The helium nanobubbles are dis-
tributed homogeneously and have an average size of <d > = 6.6 nm, as
shown in Fig. 2a. The edge of the notch has a small bubble-free zone,
which is probably owing to the sharp reduction in the thickness of the
marginal region [18]. Upon loading, partial dislocations begin to activate
at the front of the notch, forming numerous stacking faults (SFs) that cut
through the helium nanobubbles [14,16], as shown in Fig. 2b and Movie
S2. Simultaneously, the mechanical loading induces tear deformation at
the notch front, which partially promotes an increase in the notch
length (Movie S2). With further deformation, a number of helium
nanobubbles at the notch tip begin to grow by absorbing the deforma-
tion-induced vacancies [1,14]. Subsequently, some of the helium bub-
bles, located along the sample-thickness direction, begin to coalesce
and form cavities/holes within the samples, as shown in Fig. 2b and c,
and Movie S2. The sizes of these perforations further increases as the
loading continues, and the spacing between gradually decreases. This fi-
nally leads to the link-up of multiple cavities, as shown in Fig. 2d and e,
and Movie S2. This is a critical step with regard to the formation of inter-
nal cracks within the NB-Cu single crystal. During the growth and prop-
agation of the internal cracks in the NB-Cu single-crystal sample,
numerous nano-bridges develop through the elongation of the nano-
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Fig. 2. Images of the cracking behavior of a NB-Cu single-crystal cantilever with a high density of helium bubbles, with a compressive direction of [100]. (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 coalescence, promoting the growth of cavities. (e)
Crack nucleation via the link-up of isolated cavities; (f) Nano-bridge formation during crack propagation.

walls that separate the helium nanobubbles, as shown in Fig. 2f and
Movie S2. During cracking, the bridging is able to delay the failure of
the NB-Cu samples [20]. Further cracking tests were performed on the
NB-Cu single-crystal, which demonstrated similar cracking behavior.
According to the results of these experimental investigations, the crack-
ing of the NB-Cu single crystal could be summarized by four steps: dis-
location emission with tearing, bubble growth and coalescence along
the sample thickness, crack nucleation via cavity growth and link-up,
and crack propagation with nano-bridging.

To explore the differences between the cracking behaviors of the Cu
single-crystals and bicrystals, we performed further tests on the
samples with high-angle GBs, both with and without helium bubbles.
Fig. 3a to ¢ shows the cracking processes associated with the FD-Cu
bicrystal that has a high-angle GB located along the notch direction.
The GB is marked by a dashed line, as shown in Fig. 3a. Upon loading,
a crack with a length of almost 50 nm immediately nucleates at the in-
tersection point of the notch and GB. Subsequently, the crack directly
propagates along the GB; this is accompanied by dislocation emission,
as shown in Fig. 3c and Movie S3. Fig. 3d to f displays the cracking be-
havior of the NB-Cu bicrystal with a high-angle GB along the vertical di-
rection of the notch. Many helium bubbles with sizes larger than 15 nm
decorate the GB, as shown in Fig. 3d. Similar to the behavior observed
for the FD-Cu bicrystal, a crack rapidly nucleates at the intersection
point of the notch and GB, despite the GB's location being in an unfavor-
able direction for cracking, as shown in Fig. 3e and Movie S4. Notably, at
the point of crack nucleation at the edge, significant GB cleavage, due to
the connection of the GB helium bubbles, occurs immediately; feature
that resembles a tooth crack forms along the two edges of the helium-
damaged GB, as displayed in Fig. 3f and Movie S4. Crack nucleation
and propagation occur almost simultaneously in the case of the NB-Cu

bicrystal. This is indicative of the adverse influence of GB helium bub-
bles on the premature failure of metals [1-9]. Almost no dislocation
emission and nano-bridges are observed during the crack propagation
of the NB-Cu bicrystal; this significantly differs from the results of the
observations of the NB-Cu and FD-Cu single crystals.

Fig. 4 shows a qualitative comparison of the cracking propensity of
the aforementioned four types of Cu cantilever samples. The FD-Cu sin-
gle crystal samples with various orientations exhibit cracking rates of
0—5 nm/degree; the lowest among the four types of samples. The
NB-Cu single crystal samples with various orientations exhibit cracking
rates of 2 — 10 nm/degree (Fig. 4); this indicates that the high density of
irradiation-induced helium nanobubbles only slightly increases the
cracking propensity of the Cu single-crystals. The minimal difference
in the cracking propensity of NB-Cu and FD-Cu single crystals is due to
the forming of nanobridges in NB-Cu, which is a unique toughening
mechanism to enhance the crack resistance. However, the FD-Cu
bicrystal has a much greater cracking propensity than those of the Cu
single-crystals. In the case of the FD-Cu bicrystal with a high-angle GB
along the notch direction, the measured crack rate is approximately
12 nm/degree; this is almost twice that of the FD-Cu. Notably, the NB-
Cu bicrystal with a helium-bubble damaged high-angle GB displays a
considerably faster cracking rate, ~17 nm/degree, which is almost
twice that of the NB-Cu single-crystal. In this study, due to the difficult
of cutting small-volume bicrystal samples with well-aligned GB from a
polycrystalline Cu thin foil, we only tested two bicrystal cracking sam-
ples. When comparing the fracture behavior of bicrystal Cu with that
of the FD-Cu and the NB-Cu single-crystals, a trend is identified, as
shown in Fig. 4. It is clear that irradiation-induced helium bubbles
could only slightly increase the cracking propensity of the Cu single-
crystal, while the NB-Cu single-crystal demonstrates superior cracking
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Fig. 3. Typical examples of cracking along the grain boundaries of FD-Cu and NB-Cu bicrystals. (a)-(c) Cracking along a high-angle GB of a FD-Cu bicrystal. (d)-(f) Cracking along a helium

bubble-damaged high-angle GB of a NB-Cu bicrystal.

resistance to those of the FD-Cu and NB-Cu bicrystals. The NB-Cu
bicrystal demonstrates the highest cracking rate among the four types
of small-volume samples explored; this is indicative of the significant
adverse influence of the GB helium bubbles on the mechanical perfor-
mance of metals and alloys [1-8].

In summary, we investigated the cracking behavior of small-volume
Cu samples with a high density of irradiation-induced helium bubbles,
and compared their cracking propensities with those of single-crystal
Cu and Cu bicrystals, both with and without helium irradiation. We
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Fig. 4. Comparison of the cracking propensity of FD-Cu single-crystals, NB-Cu single-
crystals, FD-Cu bicrystals, and NB-Cu bicrystals.

observed that the radiation-induced helium bubbles could only slightly
increase the cracking propensity of the single-crystal Cu. However, the
cracking resistance of the NB-Cu single-crystal was determined to be su-
perior to those of the FD-Cu and NB-Cu bicrystals because of the forma-
tion of nano-bridges during crack propagation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2017.12.029.
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