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By adopting in situ nano-mechanical testing in transmission electron microscope, we reveal that nanoscale
helium bubbles can simultaneously enhance strength and ductility in small-volume single-crystal Al-4Cu pillars,
which breaks the paradox of trade-off between strength and ductility. Nanoscale helium bubbles serve as internal
dislocation sources and shearable obstacles, which promote dislocation nucleation and storage, and give rise to

higher flow stress, controllable plasticity and larger uniform deformation in Al-4Cu pillars. Nanoscale helium
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bubbles are rather stable under plastic straining. Bubble coarsening and coalescence are only observed at final
localized deformation regime.
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Small-volume materials play an increasing important role in the
development of micro- and nano-technology in the past decades [1,2].
Since the dimensions of small-volume materials are comparable to the
dislocation mean free path, abundant dislocations tend to glide to the
free surface and annihilate quickly during straining, leading to stochas-
tic plasticity, limited uniform deformability and zero strain hardening
etc. [1-5]. These unfavorable deformation characters plague the me-
chanical performance of small-volume materials. Various strategies
have been proposed to eliminate these unfavorable deformation charac-
ters. For example, interfaces [6,7], precipitates [8,9] and artificially
deposited thin shell [10,11] were introduced to improve the plasticity
of small-volume metals. However, lacking of dislocation storage,
frequent strain bursts and limited strain hardening are still identified
as unfavorable deformation characters in small-volume metals [6-11].
Therefore, how to achieve the controlled plasticity in small-volume
metals still remains a concern.

Tuning dislocation behaviors, such as enhancing dislocation nucle-
ation, reducing dislocation mean free path, promoting dislocation
storage are three key aspects to enhance the mechanically properties
of small-volume metals [3-11]. Our early work [12,13] demonstrated
that the native ultrathin oxide shell in nanoscale Al samples exerts a
strong back stress on dislocations during straining, which enhances
dislocation storage, and gives rise to the ultrahigh strength and tough-
ness, while the ductility is still limited. In order to further improve
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their deformability, it is necessary to introduce other microstructures
to further improve dislocation nucleation and dislocation storage.
Fortunately, ion beam processing provides a potential mean to realize
this goal. lon beam processing has long been neglected in tuning
strength and ductility due to the adverse effects of radiation damage
on materials [14,15]. In general, radiation damage leads to hardening
and embrittlement of bulk metals [14,15]. For example, helium bubbles,
as a typical radiation defects, are always segregating along grain bound-
aries in irradiated metals, leading to intergranular brittle fracture
[14,15]. However, here we reveal that nanoscale helium bubbles can
improve deformability of small-volume single-crystal Al alloy pillars.
Nanoscale helium bubbles serving as dislocation nucleation sites and
shearable obstacles can dramatically enhance dislocation nucleation,
reduce dislocation mean free path, promote dislocation storage, and
contribute to high flow stress, controllable plasticity and enhanced
uniform deformability in small-volume single-crystal Al-4Cu alloy.

We choose peak-aged Al-4Cu alloy as our model material. The Al-
4Cu sample is irradiated using 400 keV helium ions at 473 K to a dose
of 2 x 10'7 jons cm™2. As shown in Fig. 1(a), the variation of radiation
damage (the red curve, displacement per atom-dpa) and helium con-
centration (the blue curve, at.%) along depth is estimated using the
Stopping and Range of lons in Matter (SRIM) simulation using full cas-
cade damage mode and an average displacement energy of 25 eV [16].
The helium concentration increases with the increasing of depth,
reaching the peak value of about 12 at.% at the depth of about 1.5 pm,
and then decreases rapidly. The predicted concentration of helium con-
centration matches well with helium bubble distribution, as shown in
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Fig. 1. Microstructure of helium irradiated Al-4Cu alloy. (a) The variation of damage and helium concentration along depth; (b)-(d) Morphology of helium bubbles at various locations.

Fig. 1(a). The size and density of helium bubbles at different helium con-
centration were characterized using a transmission electron microscope
(JEOL 2100F, TEM). For regions near the free surface, the concentration
of helium is pretty low, and small spherical helium bubbles can be
observed with under-focused imaging for depth ranging from 200
to 500 nm (Fig. 1(b)). With increasing depth, slightly larger and
denser bubbles form and distribute homogeneously in the range of
600-900 nm, as shown in Fig. 1(c). The concentration of helium
increases sharply with further increasing depth. Dense bubbles with
diameter of tens of nanometers are formed at the depth ranging from
1200 to 1500 nm. Notably, these large bubbles show facets along
{001} matrix plane, which are similar to the faceted bubbles observed
in other metals [17]. Three thin samples were lifted out for TEM charac-
terization. All these samples have similar helium bubble distribution
and bubble morphologies.

We first conducted in situ compressive tests on small-volume
single-crystal Al-4Cu pillars with and without helium bubbles. All
pillars for compressive tests were fabricated by focused ion beam
(FIB) micromachining and tested under displacement control mode
using Hysitron Picolndentor (PI95) in TEM. To obtain pillars contain-
ing helium bubbles with proper size and density, all small-volume
single-crystal helium-bubbled Al-4Cu pillars were fabricated at
the depth of about 600 to 900 nm. The cross-section of the samples
for in situ testing is D~280 nm. Dense helium bubbles with a
diameter of about 4 nm can be observed in this region (Fig. 1(c)).
The volume fraction of helium bubbles in this region is 0.9%. Fig. 2
(a)-(c) show typical compression behaviors of small-volume
single-crystal Al-4Cu pillar and helium-bubbled Al-4Cu pillar. The
Al-4Cu pillar delivers a yield strength of about 0.48 GPa, followed
by a serrated plastic deformation behavior. Large strain bursts are
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Fig. 2. Compressive tests on small-volume single-crystal Al-4Cu with and without helium bubbles. (a) Typical stress-strain curves of Al-4Cu pillars; (b) Deformation morphology of Al-4Cu

pillar; (c) Deformation morphology of Al-4Cu pillar with helium bubbles.



114 S.-H. Li et al. / Scripta Materialia 165 (2019) 112-116

frequently observed, as shown in Fig. 2(a) and Movie S1. In addition,
localized deformation can be identified, which corresponds to the
strain bursts. However, the helium-bubbled Al-4Cu pillar with simi-
lar sample dimension and the same loading orientation delivers
quite different deformation behavior. The helium-bubbled pillar
yields at about 0.58 GPa, followed by a stable and continuous
stress-strain response, as shown in Fig. 2(a) and Movie S2. Compared
with the bubble-free pillar, the helium-bubbled pillar exhibits higher
flow stress and controllable plasticity. Contrary to sharp slip steps
observed in the Al-4Cu pillar, the helium-bubbled pillar shows
homogeneous plasticity after yielding without obvious localized de-
formation, as shown in Fig. 2(c). Notably, the Al-4Cu pillar and the
helium-bubbled Al-4Cu pillar deliver similar elastic modulus. This
indicates that helium bubbles have negligible effects on the elastic
properties due to relatively low volume fraction of helium bubbles
(Fig. 1(a) and (c)). From the comparison of the Al-4Cu pillar and
helium-bubbled Al-4Cu pillar, it is evident that nanoscale helium
bubbles play a critical role in promoting dislocation storage, leading
to higher flow stress and controllable plasticity in small-volume
single-crystal Al-4Cu alloy.

We subsequently performed in situ tensile tests on small-volume
single-crystal Al-4Cu pillars with and without helium bubbles. To guar-
antee the same bubble distribution, all helium-bubbled Al-4Cu pillars
for tensile tests were fabricated at the same depth as pillars for com-
pressive tests. Tensile tests were conducted under displacement control
mode using Hysitron PI95. Fig. 3(a) displays typical true stress-strain
curves of both Al-4Cu pillar and helium-bubbled Al-4Cu pillar. As
shown in Fig. 3(a) and Movie S3, both the Al-4Cu pillar and the
helium-bubbled Al-4Cu pillar deliver stable deformation until localized
deformation happens, this agrees well with our previous work [13]. The
Al-4Cu pillar with [112] orientation yields at about 0.55 GPa (defined as
the flow stress at 0.2% plastic strain), followed by a short-time stable
uniform deformation stage before localized deformation. As shown in
Fig. 3(a), the plastic uniform elongation is 1.6%. Notably, a remarkable
stable uniform deformation stage in helium-bubbled pillar can be iden-
tified after yielding. The plastic uniform elongation is approximately
2.9%, which is nearly twice of Al-4Cu pillar. Contrary to helium embrit-
tlement caused by bubble/void coalescence in polycrystalline metals
[14,15], helium-bubbled single-crystal Al-4Cu pillar delivers higher
strength and larger uniform ductility.

To understand the enhanced flow stress and uniform deformability
in Al-4Cu pillar containing helium bubbles, we investigate the details
of deformation process of a helium-bubbled Al-4Cu pillar with loading
direction along [221]. Fig. 3(b) shows TEM images extracted from Movie
S3 that records the tensile behavior of helium-bubbled Al-4Cu pillar.
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High-density of helium bubbles (white dots) distribute homogeneously
across the whole pillar. Before straining, the interior of the pillar is roughly
clean besides some contrast from dislocations located at the left part of
the pillar (Fig. 3(b)-I). With gradually increasing strain, numerous
dislocations began to nucleate homogeneously in the sample, as labeled
in Fig. 3(b)-II and Movie S3. The strain hardening stage is identified
after yielding and the whole pillar delivers stable, continuous and uniform
deformation behavior. Notably, instead of typical dislocation avalanche in
other small-volume pillars [1-5], dense dislocations nucleate and accu-
mulate continuously and uniformly across the whole sample (as labeled
in Fig. 3(b)-II and -III), which prevents localized deformation and gives
rise to the enhanced uniform deformability in helium-bubbled Al-4Cu
pillar. During the uniform deformation stage, helium bubbles are stable
and no obvious bubble coarsening or coalescence happens. With loading
proceeds, localized deformation appears after a considerable uniform
deformation. Finally, localized deformation is identified at the left part
of the pillar. The necking region is getting thinner and thinner with
increasing of stain, which provide us an opportunity to investigate bubble
evolution processes under straining.

Fig. 4(a)-(e) and Movie S4 reveal helium bubble evolution process
under straining in detail. With increasing strain, helium bubbles coars-
ening is identified and several large helium bubbles form at the necking
region, as labeled in Fig. 4(b). These coarsened bubbles are subsequently
elongated severely along the loading direction. As shown in Fig. 4(c),
spherical bubbles gradually transform into rodlike bubbles with large
aspect ratio. Interestingly, further localized deformation split these
elongated bubbles into several small bubbles [18,19], as marked in
Fig. 4(d). Small bubbles subsequently develop into large bubbles with
further straining (Movie S4). Finally, these bubbles coalesce with
adjacent bubbles, and cause the final fracture. Our tensile tests indicate
that bubble coarsening and coalescence play a critical role in the final
fracture of Al-4Cu pillar with helium bubbles.

Our in situ mechanical tests demonstrate that small-volume single-
crystal helium-bubbled Al-4Cu alloy deliver higher flow stress, control-
lable plasticity and enhanced uniform deformability. Given the common
strength-ductility trade-off in metals [20,21], it seems quite unique that
helium bubbles can enhance the strength and ductility of Al-4Cu pillars
simultaneously. The role of helium bubbles in plastic deformation
can be described as follows. First, compared to the corner/surface of
nanopillar, helium bubbles are preferential dislocation nucleation sites
[18]. Dislocation emission from the helium bubbles was observed in
the bending tests of Cu containing helium bubbles [18]. Simulations
show that the activation energy for dislocation nucleation at helium
bubbles is lower than that of at the corner/surface of nanopillar, thus a
much higher dislocation nucleation frequency at helium bubbles [18].
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Fig. 3. Tensile tests on small-volume single-crystal Al-4Cu pillars with and without helium bubbles. (a) True stress-strain curves of small-volume Al-4Cu pillars; (b) Strain contrast

variation during tensile of Al-4Cu pillars with helium bubbles.
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Fig. 4. Helium bubble evolution during necking stage. (a) Dense helium bubbles in necking region; (b) Coarsening of helium bubbles with increasing strain; (c) Severe elongation of helium
bubbles along loading direction; (d) Cleavage of helium bubble (e) Helium bubble coalescence leads to final fracture.

Itis difficult to capture the details of dislocation nucleation during in situ
straining. However, the near homogenous dislocation activities across
the whole sample (Fig. 3(b)-Il and Movie S3) indicates that dense and
uniform bubbles promote dislocation nucleation, in contrast to the lo-
calized deformation in bubble-free Al-4Cu pillars. Second, dense helium
bubbles are obstacles for dislocations in metals [22-29]. Dislocations are
forced to cut through dense bubbles to carry plastic strain, leading to no-
table strain hardening and controllable plasticity. Although bubble
coarsening and coalescence lead to the final fracture, the role of helium
bubbles here is quite different from the bubbles in grain boundaries
[30]. As mentioned above [14,15], bubble coarsening and coalescence
are easily activated along grain boundaries in polycrystalline metals,
which promote crack nucleation and intergranular fracture. However,
bubbles in single-crystal Al-4Cu pillars are quite stable under straining
(Fig. 3(b) and Movie S3). Bubble coarsening and coalescence are only
observed at the final necking stage (Fig. 4 and Movie S4). In general,
helium bubbles in Al-4Cu pillars are shearable obstacles due to their
low internal pressure (about 1.3 GPa). The internal pressure of equilib-
rium helium bubbles can be estimated as Ppyppe = 4Ys/d [18], where 7
(~1.3]/m?) is the surface energy of Al [31], and d (~4 nm) is the diame-
ter of helium bubbles.

Several studies have estimated the hardening induced by helium
bubbles in metals [22-28]. Bubble size, density, spacing and internal
pressure are critical factors to determine the magnitude of hardening.
Lucas [25] proposed that the obstacle strength parameter o can be
adopted to describe the interactions between dislocations and obstacles
in various metals. Generally, the obstacle strength o ranges from O to 1.
The obstacles are shear-resistant (strong obstacles) for « = 1 and
dislocations are forced to bow out and then bypass these obstacles.
The corresponding hardening induced by dislocations and obstacles
interactions can be evaluated using Orowan model [32]. Shearable
obstacles (weak obstacles) have o < 1, which means shearable obstacles
have weaker hardening effect [24,25]. Instead of bypassing these
obstacles, dislocations can cut through shearable obstacles at elevated
shear stress. The value of obstacle strength parameter for helium bubble
can be determined by [27]

a:%’ (1)

where AT is the net increase of shear strength by helium bubbles, [ is the
average spacing of bubbles (~30.5 nm), uis the shear modulus, b is the

Burgers vector. We obtain a value of «=0.18 for compressive tests
and a=0.15 for tensile tests in Al-4Cu pillar containing helium bubbles,
which is comparable to 0.2 proposed in Lucas's work [25]. The variation
of obstacle strength parameter value in tension and compression is
attributed to slightly different in the net increase of shear stress.
Therefore, the helium bubbles with low internal pressure can be
regarded as weak obstacles with low obstacle strength [24,25].

The strengthening induced by helium bubbles can be evaluated
using modified Orowan model [23,24]

_pb
A'r_m In

reosp) €050 )

where 1, b and | have the same meaning as in Eq. (1), r is the radius of
helium bubbles (~2 nm), ¢ is defined as half of the critical angle of a
bow-out dislocation and equals to ~60° for helium bubbles in Al-4Cu
pillars [24]. The estimated strengthening by helium bubbles is about
48 MPa. Taking the yield strength of Al-4Cu pillars as a reference, the
net increase of shear stress is 45 MPa for compressive tests and
36 MPa for tensile tests, respectively. Therefore, our experimental data
in general agree well with the estimation calculated using the modified
Orowan model.

In summary, dense nanoscale helium bubbles are formed in Al-4Cu
alloy after helium implantation. Helium implanted small-volume Al-4Cu
single-crystal pillars deliver higher flow stress, controllable plasticity
and larger uniform deformability than the full dense Al-4Cu pillar. Similar
to the helium bubbles in Cu, dense bubbles in Al-4Cu alloy also play a role
of active internal dislocation sources and shearable obstacles, which pro-
mote homogeneous dislocation nucleation and storage across the whole
sample. Helium bubbles are rather stable during uniform deformation
stage. Localized deformation dramatically accelerates bubble coarsening
and coalescence, leading to the final fracture of samples.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2019.02.025.
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