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a b s t r a c t

Exploring new irradiation resistant materials requires understanding their mechanical responses to
irradiation. Resistance to helium bubble formation and understanding bubble effects on the mechanical
response of candidate materials are crucial factors to qualify materials as irradiation resistant. Here, we
explore the effect of spherical and facetted helium bubbles on the mechanical response of copper via
in-situ micromechanical tensile testing at room temperature. Bubble formation and shape effects on
strength and ductility, and their behavior on grain boundaries are discussed and compared to literature.
Loading Cu with helium bubbles is shown here to increase strength but decrease ductility.

Published by Elsevier Ltd.
1. Introduction

Nuclear reactor structural materials are exposed to extreme
onditions and have stringent requirements on performance,
afety, and stability for the duration of service life [1]. The quest
o develop nuclear materials that can withstand the severe en-
ironmental conditions in future nuclear systems is an industry
riority. New candidate materials should possess high resistance
o morphology changes and mechanical property degradation re-
ulting from irradiation. Among various microstructural changes,
elium (He) bubble formation arising from transmutation and
mplantation is a prominently observed feature. These He bubbles
ere shown to form in irradiated materials at various condi-
ions that affect bubble morphology and distribution in different
ays [2,3]. While they can have uniform distributions in sin-
le crystalline materials, they were shown to decorate grain
oundaries (GBs) in polycrystalline materials at conditions where
e-vacancy defect complexes can migrate [4]. For nanoscale
rain sizes, high density facetted bubbles were mainly shown
o decorate GBs at relevant temperatures due to He-vacancy
omplex migration [5]. Furthermore, depending on the ratio of He
o generated vacancies and the He pressures in the generated He
ubbles, the bubble shape changes from spherical to faceted [6].
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He bubbles were shown to affect the material’s mechanical prop-
erties [7–11]. It is commonly believed that He bubbles can cause
high temperature embrittlement in nuclear materials [11]. How-
ever, recent studies on He bubble effects on mechanical prop-
erties reveal conflicting messages. Dispersed barrier hardening
and associated models correlated with nanoindentation results
have demonstrated that He bubbles are moderate strength bar-
riers that impede dislocations during deformation and cause
hardening [12–14]. Ding et al. via in-situ transmission electron
microscopy (TEM)-mechanical testing of single crystalline copper
(Cu) loaded with pressurized sub-10 nm He bubbles, demon-
strated that He bubbles act as dislocation sources and shearable
obstacles and enhance plasticity and ductility [15]. Cunningham
et al. demonstrated large softening behavior of bubble loaded ul-
trafine and nanocrystalline tungsten where He bubbles decorated
the GBs [10]. In addition, it was recently shown that the effect
of He on GBs depends on the stress state, where a decrease in
yield strength was observed under tensile stress but the oppo-
site behavior is observed under shear stress. Certain GB types
might be susceptible to weakening for particular combinations of
bubble morphology, bubble pressure, and/or loading conditions,
and might dominate the overall mechanical response [9]. It is
therefore evident that He bubble effects depend on several mor-
phological factors including grain size due to the transition from
dislocation mediated plasticity (large grain sizes) to GB mediated
plasticity (grain sizes in the nanocrystalline regime) [16]. Other

factors that have not been considered include bubble shape,
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Fig. 1. Bright-field transmission electron microscope (TEM) micrographs showing Fresnel images for 500 ◦C and RT implanted He on Cu. He distribution profile is
superimposed on the 500 ◦C micrograph and white arrows indicate borders of the implanted regions.
where round versus facetted bubbles may have an effect on
possible He bubble shearing processes and interaction with dislo-
cations, and the characterization methodology where nanoinden-
tation versus micromechanical testing result in different stress
states that can also affect the interpretation of results.

In this paper, we explore some of the outstanding ques-
tions on this topic. We examine the effects of bubble shape
on mechanical properties using micromechanical tests on Cu
samples with spherical and facetted bubbles. We use polycrys-
talline Cu as a model material to examine whether ductility
enhancement/reduction occurs and the type of failure mode
(intergranular vs intragranular) when the material is loaded with
spherical or facetted He bubbles.

2. Methods

Cu samples prepared via large strain extrusion machining
were recrystallized by annealing at 200 ◦C for 30 min. Irradia-
tions were performed with He ions at room temperature (RT)
and 500 ◦C. Flat-profile irradiations on recrystallized Cu at two
different conditions were performed to produce uniform bubble
distributions of round (RT) and facetted bubbles (500 ◦C). The
details of the flat-profile irradiation conditions and methodology
are described in the supplemental. The He depth and concen-
tration were determined using the Stopping Range of Ions in
Matter (SRIM) Monte Carlo computer code1 (version 2013) [17]
and 30 eV was used as a displacement energy. Femtosecond
laser machining was used to remove part of the sample such
that tensile specimens were fabricated with the gauge width and
length parallel to the ion incident surface to ensure a uniform dis-
tribution of He throughout the tensile gauge thickness [18]. Micro

1 Certain commercial equipment, instruments, or materials are identified in
his paper in order to specify the experimental procedure adequately. Such
dentification is not intended to imply recommendation or endorsement by
IST, nor is it intended to imply that the materials or equipment identified
re necessarily the best available for the purpose.
2

tensile specimens were fabricated using a ThermoFisher Helios
Nanolab 600 (ThermoFisher Scientific, USA) equipped with a Ga
source operated at 30 kV. Successively decreasing currents from
60 nA to 5 nA were used to etch the tensile bar. A final polish was
achieved using a 1 nA beam current. The nominal dimensions of
the samples were 3 µm (width) × 3 µm (thickness) × 12 µm
(length). Samples were characterized with a ThermoFisher Apreo
scanning electron microscope (SEM) equipped with an EDAX Ve-
locity electron backscatter detector (EBSD). Orientation mapping
of all tensile specimens were characterized with EBSD, before and
after testing, with 20 keV electrons and 25 nm step size.

The in-house built system, equipped with a PI-841 piezoactua-
tor (Physik Instrumente, Germany) and a 10 mN load cell (FUTEK,
USA), was used to simultaneously apply load to the tensile spec-
imens and measure displacement. The measured displacement
was corrected to a sample displacement by removing the frame
compliance. All tensile data reported as engineering stress and
engineering strain.

The tensile specimens were pulled at a constant displacement
rate of 25 nm/s for a nominal starting strain rate lower than
2 × 10−2 1/s. Schmid factors of the grains in the gauge lengths of
the samples were calculated for the (111) [110] slip systems (slip
systems in face-centered cubic (FCC) materials). All in-situ testing
videos are found in the supplemental resources (note that SEM
shows only 2D videos of the front of the samples).

3. Results

The morphologies of the irradiated samples are shown in Fig. 1
and the flat-profile He distribution is superimposed on the 500 ◦C
morphology image. While bubbles were round and uniform for RT
irradiation, the high temperature irradiation case resulted in large
facetted bubbles, and the GBs were decorated with a high density
of these faceted bubbles. The density and size of the bubbles
were 0.23 ± 0.01 nm−2 and 1.8 ± 0.35 nm, respectively, for the
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Table 1
Yield strength, ductility, Schmid factors, and fracture type in tested samples.
Sample Yield strength (MPa)

(0.2% offset)
Change in length Schmid factors Fracture

500 ◦C sample A 120 ≈0.53 Grain 1 (0.5)
Grain 2 (0.49)

Slip traces occurred in grain 1&2. Fracture
occurred in grain 2 (intragranular)

500 ◦C sample B 130 ≈0.4 Grain 1 (0.5)
Grain 2 (0.47)

Fracture occurred in grain 1 (intragranular)

500 ◦C sample C 165 ≈0.4 Grain 1 (0.5)
Grain 2 (0.47)

Fracture occurred in grain 1 (intragranular)

RT sample A 120 ≈0.4 Grain 1 (0.42)
Grain 2 (0.48)
Grain 3 (0.47)

Fracture occurred in grain 1 (intragranular)

RT sample B 90 ≈0.4 Grain 1 (0.47)
Grain 2 (0.47)

Fracture occurred in grain 1 (intragranular)

Un-implanted sample A 85 ≈0.52 Grain 1 (0.43)
Grain 2 (0.44)
Grain 3 (0.37)
Grain 4 (0.47)

Fracture occurred in grain 1 (intragranular)

Un-implanted sample B 80 ≈0.43 Grain 1 (0.47)
Grain 2 (0.42)
Grain 3 (0.41)

Fracture occurred close to the vicinity of the
grain boundary of grain 1&2
Fig. 2. Scanning electron microscopy micrographs of the tested tensile samples prior-and post-testing.
RT sample, while for the 500 ◦C sample the density and size of
he bubbles were 0.0003 ± 0.0002 nm−2 and 32.7 ± 18 nm,
espectively.

Three tensile samples were prepared from the 500 ◦C case, and
wo tensile samples were prepared from each of the RT irradiated
nd unirradiated sample cases. The morphology of the samples
rior- and post-mechanical testing are demonstrated in Fig. 2, and
he corresponding orientation maps showing the crystal direction
ormal to the sample and inverse pole figure maps showing both
3

the crystal direction perpendicular (upper) and parallel (lower)
to the tensile direction are shown in Fig. 3. The samples were
purposely prepared with GBs within the gauge length and some
samples had several boundaries to assess the effect of GBs on the
mechanical properties. Fig. 4 provides an overview of the engi-
neering stress strain curves of the different tensile specimens. The
yield strengths, total change in length (ductility) values, Schmid
factors of relevant grains, and fracture types are summarized in
Table 1.
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Fig. 3. EBSD orientation mapping and inverse pole figures (IPF) of the samples prior to testing. The orientation maps display the crystal direction in the sample
normal direction and the inverse pole figures display the crystal direction in the sample normal (upper IPF) and applied tensile stress directions (lower IPF).
4. Discussion

The main goal of this work is to provide further results and
discussion that would assist in answering several outstanding
questions regarding the effect of He bubbles on the mechanical
properties of materials and Cu is used as a ductile model material
to satisfy this purpose. The results are also compared to relevant
literature on bubble loaded materials. The goal was to answer the
following questions: (1) Does softening occur for a bubble-loaded
ductile material? (2) Can faceted bubbles lead to intergranular
fracture? (3) Is ductility enhanced via bubble shearing? (4) Does
the shape of the bubble affect the mechanical properties? (5) Do
mechanical testing procedures affect the results?

All 500 ◦C and RT implanted samples demonstrated intra-
granular fractures. Even when the bubbles were facetted (500 ◦C
implanted samples) and with an average size on the order of
10 nm, no GB fractures occurred. This contradicts behavior of
facetted bubbles on brittle materials where softening [10] and
embrittlement [11] is expected. Cunningham et al. demonstrated
softening in ultrafine-grained tungsten loaded with facetted He
bubbles [10]. He bubble formation on GBs is known to cause
He bubble embrittlement, and intergranular fracture in FCC and
body-centered cubic (BCC) materials, including steels [11]. The
GBs in the implanted samples in the present study were mostly
high angle twin boundaries, and are expected, in general, to act
as strong dislocation barriers although some screw dislocations
with preferred orientations can cross-slip [19]. The cross-slip
mechanism on Cu (under tensile stresses), however, depends
on the orientation of the dislocation, the twin surface and the
4

Burgers vector, and has indirect mechanisms that depends on the
reaction stress, where direct dislocation transformation requires a
reaction stress over 400 MPa [20]. This could increase the pile up
of dislocations and cause earlier fractures (mainly intergranular
fractures), which did not occur. In terms of overall change in
length, the implanted samples demonstrated lower values to the
un-implanted samples. Except for the 500 ◦C implanted A sample,
all other irradiated samples demonstrated 7 to 23% reduction in
change in length. In terms of yield strength, all of the implanted
samples demonstrated higher yield strength (up to 95% increase).
There are variations among the samples implanted at the same
temperature. While some of these variations can be dependent on
the grain and GB orientations (Schmid factors and slip systems)
and the relative GB to grain matrix ratios in these micro-sized
samples, other factors are related to the effect of He bubbles
in the samples. Using the dispersed barrier hardening (DBH)
and associated models [12–14], He bubbles are known to induce
material hardening due to bubbles acting as obstacles to dislo-
cations. On the other hand, bubbles on the GBs can contribute
to softening of the materials. Under tensile stresses, Martinez
et al. [9] demonstrated through a hybrid Molecular Dynamics-
Monte Carlo tool that He bubbles affect GB cohesion under tensile
stresses, causing a decrease in the yield strength. Under shear, the
opposite effect was observed. GBs that are inclined to the tensile
direction are more complicated and the He content in the bubbles
can also alter the hardening/softening behavior. The GBs in the
tensile samples are mostly twin boundaries and it was shown
that twin boundaries can cause strengthening or softening under
micropillar compression depending on the angle between the
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Fig. 4. Engineering stress — engineering strain curves from the microtensile tested samples.
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win boundary and the cross section of the pillar [21]. To discuss
his effect under micro-tension, 3D EBSD mapping may be neces-
ary to determine such angle. Therefore, it can be concluded that
everal competing hardening and softening mechanisms coexist.
he microtensile samples in this work possess a low number of
Bs, and thus, a complete polycrystalline effect (isotropic behav-
or) does not occur. In addition, the bubble behavior in different
aterials can be different. For example, bubbles in ultrafine W

brittle material) result in softening [10] but not for the present
ase in Cu. Cu is a ductile material and dislocation slip is expected.
n large grain Cu, dislocation plasticity is expected, and therefore,
he effect of bubbles on GBs may not alter the deformation
echanism, but pile-ups at GBs may play an important role on

he fracture site. However, in W, the deformation mechanism is
ontrolled by slow screw dislocations (screw dislocation medi-
ted plasticity), which causes fractures to initiate on GBs [22].
ence, the bubbles in the GBs can cause localized stresses, further
ecreasing the poor cohesive nature of the GBs in W due to
mpurities [23], resulting in another deformation mechanism (GB
oftening) that dominates the material’s failure.
Ding et al. [15] performed in-situ TEM-straining experiments

n single crystalline Cu. Bubbles were shown to act as shearable
bstacles and dislocation sources that enhance ductility in the
aterial. The experiments performed here are on bubble loaded
u samples containing GBs and with less significant surface ef-
ects than in the in-situ TEM experiments performed by Ding
5

et al. Our results do not indicate a ductility enhancement, but
rather a decrease in ductility occurred. Ding et al. described the
differences between their experiments and bulk experiments by
Weibull statistics and the probability of He bubbles to link up and
reach a critical size (flaw). The critical size is higher in an infinite
volume (bulk material), unlike a finite volume (submicron-sized
Cu single crystalline loaded with He bubbles) featured in the
experiments performed by Ding et al.

Both dislocations and GBs contribute to the mechanical prop-
erty results in our samples. Although He bubbles were shown
to shear under mechanical stresses [15], softening from GBs and
impeding dislocation motion and pile-ups near GBs can reduce
ductility. Some fractures did not occur in grains with the highest
Schmid factor indicating effects of GBs and dislocation pile-ups,
as well as GB plasticity, on the overall strength.

When comparing the 500 ◦C implanted samples to the RT
mplanted samples, higher yield strengths are observed in the
ormer. It is expected, via the DBH model, that the increase in
ardening is proportional to barrier strength, α, and

√
Nd (where

is defect density and d is defect size).
√
Nd is 0.31 nm−1/2 and

0.64 nm−1/2 for the 500 ◦C and RT implanted samples, respec-
tively (calculated from Fig. 1). Therefore, higher yield strengths
are expected in the RT samples, which is not the case, indicating
that α cannot be assumed to be constant if the DBH models are
valid in this case. The factors that affect the barrier strength α are
still not well understood [24]. This also indicates the limitation



O. El-Atwani, J.G. Gigax, H. Kim et al. Extreme Mechanics Letters 61 (2023) 102007

o
s
c
i
l
i

f the DBH model on complex systems where hardening and
oftening effects are competing. He bubbles sizes and He content
an also affect bubble shearing. Liu et al. [25] demonstrated
n alpha zirconium (hexagonal close-packed, HCP) that bubbles
arger than 8 nm caused bubble softening, which is not the case
n this work since the 500 ◦C had bubbles much larger than 8 nm
and hardening was still observed.

Ding et al. performed their experiments in single crystalline
samples where only dislocation plasticity is expected. In our
work, both dislocation and GB effects coexist. Modeling and ex-
perimental works have demonstrated differences in materials’
mechanical responses at different stress states. It is, therefore,
evident that the experimental setup and stress state affect the
conclusions deduced from these experiments. Future work should
focus on ductile nanocrystalline samples where GB plasticity is
expected to be the main factor affecting the material deformation
behavior.

We acknowledge that our work considered cavity defects only
and that dislocation loops were not considered. However, bubbles
are considered defects of moderate to strong barrier strengths
while dislocation loops are of weak barrier strengths [24,26,27].
Moreover, in high temperature implantation in Cu, loops are not
present due to enhanced interstitial-vacancy recombination [28],
and our high temperature and RT implantations demonstrated
similar sample ductility, while the yield strengths were larger in
the high temperature samples (where dislocation loops are not
expected to be present). Therefore, it is evident that bubbles were
the dominant factor affecting the mechanical behavior.

5. Conclusion

In conclusion, micromechanical tensile experiments were per-
formed on He implanted Cu to study the effect of He bubbles on
the material’s mechanical properties. The tests were performed at
RT and on samples with different bubble shapes. GBs existed in
the gauge lengths of the specimens. Facetted bubbles were shown
to produce larger hardening (yield strength) and the results are
elucidated based on the DBH model. No ductility enhancements
are observed. However, stronger Cu was obtained, when loaded
with He bubbles, with loss in ductility. The discrepancies in yield
strengths among the same temperature samples are elucidated
based on the competing effects of hardening due to He bubbles,
He bubble shearing and action as dislocation sources, and He bub-
ble softening at GBs. It is also evident that the effects of bubbles
are ambiguous due to the complex deconvolution of matrix and
GB contributions (competing effects of hardening in the grain
matrices and softening in the GBs) and the dependence on the
sample morphology, experimental setups, and stress states.
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