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When microscopic and macroscopic specimens of metals are
subjected to cyclic loading, the creation, interaction, and accumu-
lation of defects lead to damage, cracking, and failure. Here we
demonstrate that when aluminum single crystals of submicrometer
dimensions are subjected to low-amplitude cyclic deformation at
room temperature, the density of preexisting dislocation lines
and loops can be dramatically reduced with virtually no change of
the overall sample geometry and essentially no permanent plastic
strain. This “cyclic healing” of the metal crystal leads to significant
strengthening through dramatic reductions in dislocation density,
in distinct contrast to conventional cyclic strain hardening mecha-
nisms arising from increases in dislocation density and interactions
among defects in microcrystalline and macrocrystalline metals and
alloys. Our real-time, in situ transmission electron microscopy ob-
servations of tensile tests reveal that pinned dislocation lines undergo
shakedown during cyclic straining, with the extent of dislocation
unpinning dependent on the amplitude, sequence, and number of
strain cycles. Those unpinned mobile dislocations moving close
enough to the free surface of the thin specimens as a result of such
repeated straining are then further attracted to the surface by image
forces that facilitate their egress from the crystal. These results point
to a versatile pathway for controlled mechanical annealing and defect
engineering in submicrometer-sized metal crystals, thereby obviating
the need for thermal annealing or significant plastic deformation that
could cause change in shape and/or dimensions of the specimen.
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etal single crystals of submicrometer dimensions with very

low initial defect density often exhibit ultrahigh strength
(1, 2) and large elastic strain, which offer opportunities for
obtaining unprecedented physical and chemical characteristics by
elastic strain engineering (3). High-temperature crystal growth (4,
5) or thermal annealing to eliminate structural defects such as
dislocations (6) serves as a traditional route to produce such nearly
pristine materials that are essentially free of defects.

Research in recent years has shown that monotonic loading
can reduce or even eliminate dislocations in submicroscale single
crystals (1, 7, 8). Such “mechanical annealing,” however, comes
at the expense of severe plastic deformation and significant
changes in shape and/or dimensions of the crystal (9-12). Me-
chanical annealing could potentially serve as an attractive path-
way for tailoring the properties of nanoscale devices in such
applications as nanoprint embossing (13, 14) and electronics (15,
16), if defects could be eliminated by recourse to nondestructive
means that do not introduce changes in crystal shape and/or
dimensions.

A dislocation in the vicinity of a free surface experiences an
image force that tends to draw the defect toward the surface,
with the magnitude of the force increasing as the dislocation
moves closer to the free surface with an attendant reduction in
its stored elastic energy (17). Here we hypothesize that one
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possible route to achieve mechanical healing in a metal single
crystal would, therefore, entail the application of an external
stress that is large enough to induce preexisting dislocations to
move from their initial positions so that the image forces from
the free surfaces of the small crystal could then attract them to
the surface to facilitate their egress from the crystal. At the same
time, we also envision that the externally imposed stress should
not be large enough to introduce new dislocations either by
heterogeneous surface nucleation or by dislocation interactions.
The challenge in addressing these competing effects stems from
the fact that the configuration of the preexisting dislocations
could be extremely complex and that the critical stress necessary
to activate or annihilate them may be high enough to generate
new dislocations. Inspired by the common observation that it is
much easier to pull out a partly buried object by shaking it first,
we hypothesize that imposition of low amplitudes of cyclic
straining could serve as an effective means to disengage those
complex preexisting dislocation configurations in a crystal. Such
fatigue-induced mechanical annealing would entail repeated
low-stress amplitude loading that would cause “healing” by in-
ducing pinned dislocations to move by dislodging them to be
drawn toward the nearest free surface; the stress amplitude
should not be large enough to facilitate the nucleation of new
dislocations at surface heterogeneities or to foster the onset
and growth of fatigue cracks (18).

Significance

Producing strong and defect-free materials is an important objec-
tive in developing many new materials. Thermal treatments aimed
at defect elimination often lead to undesirable levels of strength
and other properties. Although monotonic loading can reduce or
even eliminate dislocations in submicroscale single crystals, such
“mechanical healing” causes severe plastic deformation and sig-
nificant shape changes. Inspired by observing an easier pullout of a
partly buried object after shaking it first, we demonstrate that
“cyclic healing” of the small-volume single crystals can indeed be
achieved through repeated low-amplitude straining. The cyclic
healing method points to versatile avenues for tailoring the defect
structure and strengthening of nanoscale metal crystals without
the need for thermal annealing or severe plastic deformation.
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We demonstrate the validity of our hypothesis here by pre-
senting unique experimental results of mechanical healing in
pure aluminum single crystals, which are subjected to low-
amplitude cyclic straining inside a transmission electron micro-
scope (TEM). The experimental setup is shown in Fig. 14, where
the diamond grip used to impose a tensile strain on the dog-
bone—shaped specimen is shown. Both the grip and the specimen
were fabricated using the focused ion beam (FIB) technique.
Two reference markers were purposely fabricated on the speci-
men to allow for accurate measurement of strain in the gauge
section of an aluminum single crystal, 300 nm thick and 500 nm
wide (Fig. 1 A-C). All of the tests were carried out at room
temperature, under displacement rate control at a cyclic fre-
quency of 0.45 cycle/s. The loading axis was along the [111]
crystallographic direction of the face-centered cubic (FCC) Al
crystal, and the beam direction was close to the [110] zone axis, as
confirmed by the selected area electron diffraction pattern. Two
types of dislocations were identified in the as-fabricated alumi-
num crystal: dislocation lines inherited from the bulk crystal or
generated during the fabrication process and Frank dislocation
loops introduced by ion beam irradiation during FIB cutting,
which usually occur in the regions close to the free surface (19).
The initial densities of dislocation lines and dislocation loops

A

Tensile Test

Fig. 1.

in the as-fabricated crystal specimen were measured to be
~2.0 x 10" m™ and 4.6 x 10" m~2, respectively (Fig. 1D).
Six groups of cyclic loading, G1-G6, were imposed on the
aluminum crystal, with images of the crystal before cyclic loading
and after completion of the G6 loading sequence shown in Fig. 1
B and C, respectively. The maximum nominal tensile strain ap-
plied on the crystal in this test was 0.006 (Table 1). By comparing
Fig. 1 B and C, it is seen that at the end of loading sequence Go6,
essentially all dislocations in the gauge length in between the two
markers were driven out of the crystal. This observation was also
confirmed by tilt examination in the TEM (details in SI Text,
Table S1, and Fig. S1). After about 700 loading cycles with a
maximum imposed nominal tensile strain of 0.006 + 0.002, the
total accumulated tensile plastic strain in the gauge length of the
specimen was assessed to be only 0.002 + 0.001. This demon-
strates that low-amplitude cyclic deformation can indeed result
in mechanical healing, consistent with our hypothesis. The last
(G6) loading led to failure outside the gauge section (at the lo-
cation marked by the red arrow in the bottom left corner of Fig.
1C), where abundant dislocation populations were preserved.
Note that the larger cross-section area outside of the gauge
section implies a lower nominal stress than within the gauge
section. The fact that plastic yielding is observed at the lower-
stress area outside the gauge section also supports the notion
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Cyclic mechanical healing of the aluminum single crystal. (A) Experimental setup for quantitative real-time observations of cyclic tensile loading of the

aluminum single crystal inside a TEM. (B and C) Dark-field TEM images of the single crystal before and after the cyclic mechanical healing treatment, re-
spectively. C shows an essentially dislocation-free crystal at the scale of observation, whereas B shows preexisting dislocations. (D) Changes in the density of

dislocation lines and dislocation loops after each cyclic straining sequence.
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Table 1. Details of cyclic loading sequence for the Al crystal shown in Fig. 1

CyCliC Ioading sequence group no. N €max €min Omaxs MPa Omin, MPa Ptype s 10" m™2 Ptype s 102 m™ Image
As fabricated 0 20.4 46.1 Fig. 1B
G1 80 — — 38 12 14.8 425

G2 175 — — 44 -23 111 38.8

G3 80 — — 170 16 8.5 39.5

G4 65 — — 90 0 8.7 37.0

G5 300 0.004 + 0.002 — 250 -92 4.1 0.13

G6 1 0.006 + 0.002 — 420 14 1.1 0.13 Fig. 1C

Note that the maximum strain values for G1-G4 and the minimum strain values for all six loading sequences were too small to be measured. They are

indicated here as “—"'.

that the gauge length of the crystal has developed a higher
strength due to mechanical healing through defect removal.
Dislocation lines in the crystal behaved differently from dis-
location loops under repeated cyclic straining, as shown in Fig.
1D where the dislocation density is plotted as a function of
loading sequence through the six groups of low-amplitude fa-
tigue. The density of dislocation lines (shown by red bars in Fig.
1D) decreased gradually with cyclic straining. Here, change from
one loading sequence to another, from G1 to G6, resulted in
transient effects that were “shaken down” to a lower density state
at the conclusion of each loading group except G4. The extent of
dislocation density drop in response to each loading group is
determined by the peak stress differential with respect to the
previous loading group. For example, if the nominal maximum
tensile stress at the beginning of a loading sequence in a group
was higher than that at the previous group (e.g., G1 to G2, G2 to
G3, G4 to G5, and G5 to G6), extensive dislocation escape oc-
curred at the free surface that gradually stabilized to a lower
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dislocation density by the time the end of the loading sequence in
that group was reached. However, if the maximum stress level
was lowered compared with that in the previous loading group
(e.g., G3 to G4), little change could be detected in the density of
dislocation lines. Specifically, when the stress was lowered from
170 MPa (loading sequence G3) to 90 MPa (loading sequence
G4), the density of dislocation lines remain unchanged (Table 1).
This indicates that the critical stress for dislocation lines to be
activated occurs over a stress range of tens of megapascals to a
few hundred megapascals. By contrast, for the first four loading
sequences, G1-G4, the density of dislocation loops (Fig. 1D, blue
bars) decreased only slightly. However, when the nominal stress
was increased to 250 MPa, from G4 to G5, the density of dis-
location loops dropped dramatically. This suggests that the
nominal value of critical stress necessary to annihilate the dis-
location loops is between 170 MPa and 250 MPa for the par-
ticular geometrical conditions of the experiment.

C

Fig. 2. Abrupt depinning and destabilization of a dislocation line due to repeated cyclic loading. (A) Evolution of nominal tensile stress during two selected
cycles: 10 and 11 in loading sequence G4, described in Table 1. (B—F) Still frames extracted from Movie S1 that corresponds to the stress state marked in A. The
direction of tensile straining is indicated by the arrows in C and E. (Scale bars in B-F, 200 nm.)
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Detailed analysis of real-time, in situ video images from the
TEM experiments revealed that in response to cyclic loading,
pinned dislocation lines first experienced oligodynamic motion
over many cycles before exhibiting a sudden and dramatic
change in morphology. One typical example is shown in Fig. 2.
The highlighted dislocation line in Fig. 2 is the same one framed
by the white rectangle in Fig. 1B. The nominal engineering stress
of cycles 10 and 11 in loading sequence G4 is shown in Fig. 24.
The still frames extracted from Movie S1 corresponding to the
stress states marked b—f in Fig. 24 are shown in Fig. 2 B-F, re-
spectively. The profile of the curved dislocation chosen in this
illustrative example is delineated in turn with white (Fig. 2B), red
(Fig. 2C), light blue (Fig. 2D), green (Fig. 2E), and brown (Fig.
2F) dashed lines, with a different color chosen to represent the
(changing) dislocation positions corresponding to those points
marked in Fig. 24. At the end of loading cycle 10, denoted as
position d (Fig. 24), the profile of the curved dislocation was
only slightly different from that at the start of this loading cycle,
denoted as b (Fig. 2D). A similar scenario was observed during
the loading cycles before cycle 10 in loading sequence G4.
However, the dislocation broke away from its original pinned
position during loading cycle 11 (Fig. 2E) and changed its profile
significantly from d to f (compare Fig. 2 D and F). Our observa-
tions from video images reveal that dislocation loops frequently
served as pinning points for dislocation lines. Incremental changes

in dislocation position and morphology in response to cyclic
straining were often followed by an abrupt change; this pattern
repeated until the dislocation was driven out of the crystal.

In the first set of experiments described thus far, protruding
markers were introduced in the single crystal, as noted earlier, to
delineate clearly the gauge length of the specimen within which
dislocation density and cyclic strain could be quantitatively de-
termined. Although the presence of these markers provided re-
producible trends in the overall mechanistic response, these
protrusions could also serve as local stress concentrators that
influence local dislocation density evolution (Movie S2). To
avoid this artifact and to demonstrate further that mechanical
healing occurs without the presence of these markers, aluminum
single-crystal specimens without markers were fabricated using
FIB processing.

In all, we tested three specimens without protruding markers
and six specimens with protruding markers. Fig. 1 provides a
typical example of results obtained for specimens with pro-
truding markers. All of the tests reported in this work were
carried out under displacement rate control. To avoid in-
troducing additional plastic deformation and transient cyclic
deformation behavior, we purposely started to load all of the
samples gradually from small displacement amplitudes. The
normal stress was calculated to be the engineering stress,
which is the readout force divided by the cross-sectional area.

As-fabricated
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Fig. 3. Changes in deformation characteristics of Al single crystal from mechanical healing. (A) Bright-field images of aluminum single crystal before (Top)
and after (Bottom) mechanical healing. (B) Detailed loading parameters and the stress vs. number of cycles. (C) The force vs. displacement curves during

different loading cycles, n = 77, n = 93, and n = 128.
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One typical example from a specimen without the protruding
reference markers is shown in Fig. 3, where the specimen was
350 nm in thickness and 387 nm wide. The loading axis was along
the [115] direction and the beam direction was close to the [110]
zone axis. Preexisting dislocations could be seen in the as-fabri-
cated sample (Fig. 34, Top). Three groups of cyclic straining
were carried out to eliminate defects in the specimen. The cor-
responding stress vs. number of cycles is plotted in Fig. 3B. The
nominal strain amplitudes used in these three groups of cyclic
loadings were 0.64% (black), 1.29% (red) and 1.29% (blue),
respectively. The abnormal stress evolution observed in the
second group of cyclic loading (between cycles 28 and 40) was
due to the uneven plastic deformation and a transient bending
load resulted from unsymmetrically escaped dislocations. After
repositioning the grip to compensate for the small tensile plastic
strain generated during the second group of cyclic straining (Fig.
S2), the third group of cyclic straining yielded an apparently
pristine crystal. As shown in Fig. 34, Bottom, no dislocations
could be detected in the gauge section after 128 loading cycles.
The specimen width was altered by less than 0.52% during cyclic
loading that resulted in mechanical healing. Fig. 3C shows a plot
of the nominal tensile stress as a function of the nominal tensile
displacement of the specimen in 77, 93, and 128 cycles. Note that
the area of the hysteresis loop exhibited by the stress—displace-
ment curve diminishes with increasing number of cycles, as the
crystal is mechanically healed through low-amplitude fatigue
loading by eliminating dislocations. For this set of experiments,
the dislocation density in the gauge section of the as-fabricated
specimen was measured to be 5.47 x 10'> m™2. After 77 cycles,
this dislocation density decreased to 6.49 x 10'> m™2. For n = 93
and n = 128, the density of visible dislocations dropped to es-
sentially zero. When the gauge section of the crystal visibly becomes
free of dislocations after 128 cycles, the associated stress—displace-
ment also becomes free of hysteresis, thereby indicating a nearly
fully reversible elastic deformation response during cyclic loading.
The negative nominal stress upon unloading (Fig. 3 B and C) and
the small mismatch between the loading and unloading segments
of the curve are a consequence of adhesion between the grip and
the specimen as well as plastic deformation outside of the gauge
section (SI Text and Fig. S2). Subsequent monotonic loading in the
strain-to-failure test demonstrated that this specimen yielded at a
stress as high as 800 MPa followed by an abrupt stress drop and a
large strain burst (red curve in Fig. 4).

Three key parameters dominate the healing effect: stress
amplitude, number of cycles, and the loading sequence. Fig. 4 is
a plot of the nominal maximum tensile stress as a function of
nominal plastic strain during the strain-to-failure test of four
specimens that were subjected to different mechanical fatigue
healing treatments. The red curve in Fig. 4 (specimen S1) shows
the data points for the specimen without protruding markers, for
which results are presented in Fig. 3. The other three sets of data
in Fig. 4 are from specimens that contained protruding markers.
Specimen S2 was cycled 150 times under 200 MPa and 150 times
under 550 MPa. Specimen S3 was cycled 50 times under 200 MPa
and 50 times under 425 MPa. Specimen S4 is the as-fabricated
specimen without any cyclic loading treatment. These results
indicate that the mechanical properties of submicron-sized
samples could be tailored through cyclic mechanical healing by
the appropriate selection of stress amplitude, number of cycles,
and the loading sequence.

These results conclusively show that mechanical healing by
defect elimination can be achieved by recourse to low-amplitude
cyclic deformation, which leads to significantly improved ap-
parent yield strength. The method demonstrated here thus offers
a unique means to tune mechanical properties of submicron-
sized metal crystals through cyclic loading while at the same time
preserving its overall geometry. Microscale and macroscale FCC
metal crystals subjected to low-amplitude cyclic loading generally
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exhibit easier nucleation and growth of fatigue cracks concomi-
tantly with the development of unique dislocation patterns (such
as edge dislocation dipoles forming vein-like structures as well as
ladder-like structures known as persistent slip bands) than mono-
tonic loading of the same maximum nominal tensile stress (18).
The continual increases in dislocation density during cyclic loading,
concomitantly with interactions among dislocations that produce
geometric patterns that are unique to fatigue deformation, are
known to be precursors for surface features such as intrusions and
extrusions. These surface features are known to be sites at which
fatigue cracks are formed in single-crystalline and polycrystalline
metals and alloys of microscopic and macroscopic dimensions.
These mechanisms of dislocation generation and rearrangement in
conventional fatigue processes also influence cyclic strain harden-
ing or cyclic strain softening in metals and alloys (18). However,
our results presented here show that submicroscale pure Al crys-
tals, when subjected to cyclic loading, exhibit strengthening through
elimination of preexisting dislocations under appropriate condi-
tions, without developing fatigue cracks.

Our experiments also indicate that even specimens that un-
dergo full mechanical healing exhibit posthealing yield strength
well below the theoretical strength. For example, the yield
strength of the crystal in Fig. 3 is only ~800 MPa after me-
chanical healing (red curve in Fig. 4), whereas its theoretical
strength is on the order of several gigapascals. This can be ra-
tionalized by noting that, although dislocations are removed
during cyclic loading, slip steps will be created on sample sur-
faces (20). Consequently, the specimen surfaces are still sus-
ceptible to dislocation nucleation compared with an atomically
smooth surface.

To verify whether slip steps at surfaces, of atomic spacing di-
mensions, of the aluminum crystal can lead to significant flow
strength reduction, we conducted atomistic simulations, using
quasistatic athermal loading to model athermal yield strength
and the free-end nudged elastic band (FENEB) method to assess
the activation energy of dislocation nucleation as a function of
applied stress level. See SI Text for details of the procedures used
to perform atomistic simulations. The results of atomistic simu-
lations of the mechanical behavior of pristine aluminum single
crystals without any surface steps and those with 15 height
(where b is the magnitude of the Burgers vector) surface steps
are shown in Fig. S3. These results provide a mechanistic rationale
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for the experimental observations that cyclically healed Al single
crystals exhibit flow strengths that are well below the theoretical
limit values.

In summary, the in situ experiments described here demon-
strate that cyclic healing of the small-volume Al single crystals
could be achieved through low-amplitude cyclic deformation. By
performing these unique experiments inside a TEM, we have
observed the forward and reverse movements of dislocations
during the loading and unloading cycles. The irreversibility of
such dislocation motion leads to the unpinning of a population of
dislocations that are pulled to the free surfaces of the crystal by
image forces, which induce the dislocations to exit the crystal.
The attendant drastic reduction in dislocation density of the
crystal causes cyclic healing, which, in turn, results in a marked
increase in the strength of the crystal.

These results of cyclic-strain-induced healing and strength-
ening of the nanoscale, small-volume single crystals are in dis-
tinct contrast to traditional processes associated with cyclic strain
hardening or softening of micrograined, large-volume metals and
alloys of monocrystalline and polycrystalline structures (18).
Consider, for example, the specific case of copper, where rapid
increases in cyclic yield strength are commonly observed as a
consequence of continuous generation and reorganization of
dislocation structures during cyclic loading, which lead to unique
geometric patterns such as dislocation vein structures, ladder
structures composed of edge dislocation dipoles, and persistent
slip bands (18). It is also known that specimens of copper with
high initial dislocation density, such as those initially subjected to
severe cold work, usually cyclically strain soften as the repeated
cycling of the crystal leads to rearrangements of dislocations that
seek a lower-energy equilibrium state (21, 22). Conversely, well-
annealed copper specimens with low initial dislocation density
cyclically strain harden as a result of fatigue-induced generation
of dislocations whose interactions significantly strengthen the
crystal and lead to an equilibrium state that remarkably has the
same steady-state strength characteristics as the initially cold-worked
copper subjected to cyclic loading (21, 22). Similar results were also
reported in macroscopic specimens of polycrystalline copper,
containing an initially low or high density of nanoscale twins,
which were subjected to repeated frictional sliding (23). In
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this case, copper specimens with both a high and a low density
of nanotwins eventually converged to a similar structure and
local strength characteristic after repeated tribological de-
formation (23).

The results presented in this paper, by contrast, point to a dif-
ferent and unique mechanism of healing of a submicroscale metal
crystal in response to cyclic deformation, whereby defect elimina-
tion and strengthening are achieved. Our work thus demonstrates
unique avenues for tailoring the defect structure and strengthening
of nanoscale metal crystals, thereby circumventing the need for
thermal treatments or large plastic deformation that could lead to
significant dimensional and shape changes.

Methods

Sample Preparation. The starting Al single crystal (>99.999% purity) had a
thickness of 200 pm and diameter of 3 mm with a <110> normal direction. It
was polished mechanically on both sides to a thickness of 50 pm. One side
was then subjected to twin-jet polishing in a chemical solution of methanol
with 5% (vol/vol) perchloric acid to obtain a thin region with a thickness of
several micrometers. Next, this sample was glued to a specially designed
copper support with its thin region facing out. Inside the thin region, thin
plates with dimensions of 500 nm (thickness) x 3 um (width) x 5 pm (length)
were fabricated by using a FIB. The long edge of this thin plate was carefully
aligned to be parallel to the loading axis. During this step, the beam current
was gradually decreased from 21 nA to 93 pA while the accelerating voltage
of the ion beam was kept at 30 KeV. Then T-shaped samples were FIBed into
the thin plate through a flexible-designed bitmap pattern and the beam
current used for this step was 28 pA. The middle region was thinned to
electron transparent with a beam current of 1.5 pA.

In Situ Tensile Test. The in situ tensile experiments were carried out inside a
JEM 2100 field emission gun TEM (JEOL), using a Picolndenter (PI95) (Hysitron)
under displacement control mode. The corresponding microstructure evo-
lution was recorded using a Gatan 833 CCD camera (SC200).
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SI Text

Tilt Examination of Dislocations in the Transmission Electron Microscope.
Table S1 summarizes the visibility of dislocations with various
Burgers vectors when they are observed under dark-field imaging
mode with different reflection vectors. To confirm the depletion of
the dislocations in the gauge section, we purposely tilted the Al
sample shown in Fig. 1 to [334] zone axis (ZA) and imaged it under
[220] and [313] reflection vectors. As shown in Fig. S1 4 and B, few
dislocations can be detected in the gauge part, which confirms that
dislocation density was reduced dramatically in the gauge section of
the specimen after mechanical healing.

The Origin of the Compressive Stress upon Unloading. The com-
pressive (or negative) stress observed in our tests (e.g., Fig. 3 B
and C in the main text) upon unloading can be attributed to a
number of factors, as illustrated schematically in Fig. S2. The
grip was programmed to travel within the region marked by the
two red short lines, as shown in Fig. S2 4 and B. At the very
beginning, the minimum stress was zero. However, once the
sample deformed plastically because of the escaped dislocations
and/or the plastic fitting at the contact interface between the
sample and the diamond grip, its length increased by AL. Because
all of the tests were carried out under displacement-control mode,
the grip was set to keep its programmed travel range. Conse-
quently, the zero stress position was shifted by AL. Because of the
adhesion force between the grip and the sample, a compressive
stress would now be generated within the region framed by the
right red line position and the new zero stress position (vertical
dashed line), as shown in Fig. S2B.

Atomistic Simulations of the Mechanical Behavior of Pristine
Aluminum Pillars Without and With a Surface Step. Fig. S34 shows
the stress—strain curves from quasistatic athermal loading (QAL)
simulations for a perfect Al pillar with an atomically smooth
surface and for an Al pillar with a slip step of 16 height on a
cylindrical surface by the escape of one dislocation along the
{111} plane. Fig. S34, Inset shows the orientation of the crystal
for the loading simulation for these two cases. The results show
that even a one-Burgers-vector height step can significantly re-
duce the athermal flow strength, by as much as 50%. Further
calculations using the free-end nudged elastic band (FENEB)
method evaluated the activation energy of dislocation nucleation
as a function of applied stress level, as shown in Fig. S3B, which
reveals that at the same applied stress, the activation energy for
surface dislocation nucleation is decreased significantly (by an
order of magnitude) for a pillar with stepped surfaces compared
with that with an atomically smooth, perfect surface. The results in
Fig. S3B imply further significant flow strength reduction, in ad-
dition to that shown in Fig. S34, due to thermal energy activation.

For the atomistic computations, the large-scale molecular
dynamics package, LAMMPS (24) was used to simulate the re-
sponse of an Al single-crystal pillar of dimensions 23 x 11 X
11 nm. The axial orientation of the crystal was along [110] and
the side surfaces were (001) and (110). The empirical potentials
(25) used here, describing the interaction between Al atoms, were
developed using a large database of experimental and ab initio
data. The basic physical properties (e.g., lattice constants, elastic
constants, energy for vacancy formation and migration, stacking

Wang et al. www.pnas.org/cgi/content/short/1518200112

fault energy, equation of state to a large pressure range, etc.)
generated by this potential were found to be in good agreement
with experimental data. For QAL, the sample was first stretched
by uniformly scaling the axial coordinate of each atom to a small
strain and then kept at the current strain, and energy minimi-
zation was performed via the conjugate gradient method. This
loading mode was repeated until the athermal stress level for
surface dislocation nucleation was reached. The FENEB method
is a useful reaction pathway sampling technique for stress-driven
dislocation nucleation problems. Similar to the standard nudged
elastic band (NEB) method, first a trial reaction pathway was
generated by linearly interpolating the hyperspace coordinate
(13) ({x;} is the lattice vector of atom i) of the system between an
initial configuration and a final configuration. Usually, a finite
number of intermediate images/replicas of the system were chosen
from the trial reaction pathway, forming the so-called “band.”
These intermediate images/replicas generally are not exactly on the
minimum energy pathway (MEP). Therefore, a constrained energy
minimization procedure was performed to converge the band to the
MEP while maintaining equal spacing between neighboring rep-
licas. The constraint was applied by first adding an elastic force
along the band such that each intermediate replica experienced a
pulling/pushing force along the band, depending on their relative
distances between the neighboring replicas. The initial state usually
is not subjected to the elastic force (hence the term, “elastic band”).
In addition to this elastic force constraint, atoms in each replica
were subjected only to the potential energy force component per-
pendicular to the band. This forms the so-called “nudged elastic
band.” The overall effect is that the potential energy force com-
ponent perpendicular to the band relaxes the replicas to the MEP
while the elastic force along the band maintains an equal spacing
between neighboring replicas. For the FENEB, a special treatment
is applied to the final state; i.e., only elastic force along the band is
considered. This means that the potential energy of the final state
will remain constant and it is free to move on an isosurface of the
potential energy landscape where the same potential energy is
found. This is quite useful if the final state is not in a stable/
metastable state. The reason is that it allows us to choose only a
segment around the saddle point instead of using the whole band to
perform the calculation. For dislocation nucleation problems, usu-
ally the length of band beyond the saddle point is much longer than
that before the saddle point, so by the FENEB, we can reduce the
overall number of replicas used while maintaining a relatively
higher density of replicas around the saddle point, thus significantly
increasing the efficiency and accuracy. In the present study, we use
eight replicas for each individual calculation. The energies of the
final configurations are at least 0.1 eV lower than those of the initial
configurations. The specimen with a one-Burgers-vector height step
was relaxed at 300 K for 100 ps and then cooled down to low
temperature for FENEB calculation. The Quickmin algorithm (26),
which is a damped dynamics method for minimizing a system’s
energy, was used to update atomic positions during FENEB cal-
culation. The FENEB calculations were considered to be converged
when the force on each replica is below 0.001 eV/A or the cal-
culation step exceeds a significant large number (100,000
steps) such that the activation energy rarely changes with even
more calculation steps.
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Fig. S1. Dark-field TEM images of the Al sample shown in Fig. 1 after mechanical healing in the main text. (A) g = [220]; (B) g = [313]. (Scale bars, 500 nm.) Bold
text g denotes a reflection vector.
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Fig. S2. Schematic illustration of the origin of the compressive stress upon unloading. (A) Programmed specimen setup. (B) Once plastic deformation sets in,
the zero stress position would be shifted by a distance that is equal to the plastic elongation of the sample (AL).
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Fig. S3. Atomistic simulations of the mechanical behavior of pristine aluminum pillars without and with a surface step. (A) Strain-stress curves (from qua-
sistatic athermal loading) for a perfect pillar and a pillar with a 1b step. Inset shows the simulation setup for these two cases. (B) Activation energy as a function
of axial stress computed using the free-end nudged elastic band (FENEB) method.

Table S1. Visibility of dislocations with various Burgers vectors
(2b) under different reflection vectors (g) in the TEM

2b
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The symbols \/ and “x" denote visible and invisible, respectively. Bold
text indicates a vector.
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Movie S1. In situ TEM observation of oligodynamic motion of dislocation and abrupt depinning in response to the low-amplitude cyclic loading.
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Movie S2. In situ TEM observation of dislocation nucleation near the markers due to stress concentration.

Movie S1

Movie S2
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