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The plastic deformation of a solid generally conserves the local mass/volume of the sample. Here, we show that
under elevated temperature and low strain rate, this may not hold for the widely used compression test geometry
with self-supported aluminum pillars in the submicron range. Plastic flow can instead proceed with continuous
shortening, while the overall diameter and shape remain constant. This apparent non-conservation results from a
rarely-reported interface-diffusion-mediated deformation, when interface diffusion between the metal and the
native oxide layer is rejuvenated to mediate mass relocation spreading over an interfacial area far exceeding the

dimensions of the self-supported pillar, thus providing large continuous plastic strain.

1. Introduction

In recent decades, the increasingly widespread applications of
micro-/nano- electromechanical systems and miniaturized devices have
spurred the investigation of plastic deformation behavior in small-
volume materials. For materials with dimensions in the micron- and
sub-micron regimes, the specimen size can strongly alter the mechanical
property, as best exemplified by the famous tenet of “smaller is stronger”
[1,2]. Smaller can also be much weaker at even smaller sample sizes [3,
4]. Fundamentally, such a strong size dependence originates from the
interplay between two basic plasticity mechanisms, i.e., the displacive
plasticity and the diffusional plasticity [4]. The displacive plasticity, also
known as low-temperature plasticity, is mediated by dislocation glide
and deformation twinning, where the atomic registries change in a
collective and semi-deterministic manner, whereas in diffusional plas-
ticity, such as Coble creep or Nabarro-Herring creep [5], atoms change
their registries individually in a randomized manner to form a diffu-
sional flow. In experimental studies of small-scale deformation mecha-
nisms, self-supported pillars [6] have been widely employed, where
both types of plasticity come into play, as exemplified either by the slip
step on the sample surface caused by dislocation slip [1,7,8] or by
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mushrooming of a compressed pillar due to stress-gradient-driven
diffusion near the loading site [9-11]. In other words, during mechan-
ical deformation of these self-supported samples, atoms exchange posi-
tions within the pillar-shaped sample, while the total sample
volume/mass is conserved. In what follows, we show that atoms can
travel a long distance, at least tens of times farther than sample di-
mensions, via diffusion along an interface, in contrast to more
commonly seen diffusional deformation where atoms only travel a dis-
tance limited by the external dimensions of the sample [12]. Actually,
similar long-distance diffusional deformation has been hinted in previ-
ous observations of tin or cadmium whisker formation [13], with
frequent observations that after days of natural aging, the internal stress
in deposited films can drive massive diffusion of atoms, possibly along
the dislocations/grain boundaries/interfaces, to energetically favorable
surface sites that are tens or hundreds of micrometers away, leading to
the growth of whiskers [14-16]. Compared with bulk materials, small
volume materials have much higher surface/interface area to volume
ratio, thereby making such defect-mediated long-distance diffusion
easier to happen, and such diffusion can readily exceed the small
external geometrical sizes. When a self-supported sample is deformed
via this long-distance diffusional plasticity, conservation of local sample
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volume would seem to break down, rendering the deformation mode
abnormal in contrast to the well-known small-scale plastic deformations
with conserved local volume.

In this work, we examine interface-diffusion-mediated liquid-like
plasticity by mimicking the condition of Sn whisker growth [13,14,16],
which requires a high homologous temperature (>0.5TM, TM is the bulk
melting temperature) and slow deformation rate. Therefore, we choose
compression tests of sub-micron sized single-crystalline aluminum pil-
lars under increasing homologous temperatures (up to 0.72TM) and
decreasing strain rates (down to 103 s~ 1. We select aluminum as the
experimental material for several reasons: Firstly, aluminum naturally
possesses a compact native oxide layer that is strongly adhered to the
metal matrix and remains chemically stable even under high vacuum,
high temperature and mechanical deformation [17,18]. Therefore, this
oxide layer provides a unchanged pathway for interface diffusion along
the metal/oxide interface. Additionally, the thin oxide layer is also
known to be ductile and able to follow the deformation of the metal
substrate to a high strain without breakup [18-20].

2. Experimental methods

Sample preparation. Single crystal aluminum (99.9995%) disks
were cut into 1.5 mm X 2 mm rectangular plates, which were me-
chanically polished to 100 pm in thickness and electrochemically thin-
ned to a few microns at one edge. Submicron-sized cylindrical pillars
and rectangular pillars were prepared by milling with a focus ion beam
(FIB, FEI Helios NanoLab 600, operating at 30keV) on the thinned edge.
The milling current used in the final step was as low as ~20 pA to
minimize geometrical tapering and irradiation damage caused by the
ion beam. The thickness of the surface-affected layer was about 5 nm,
according to the TEM observation. All pillars had an aspect ratio (top
diameter/length) of 1/2~1/3.5. The cylindrical pillars had a taper angle
of 2°~4°, while the rectangular pillars had a taper angle of less than 1°.

In situ annealing and thermomechanical tests. The in situ TEM
heating and compression tests were performed using a heater device
mounted onto a Bruker Hysitron PI95 Picolndenter holder in an envi-
ronmental TEM (Hitachi H9500, operating at 300kV and 0.5~4 pA
emission current). The crystal orientation of the pillar axis is <110> and
the electron-beam direction is <001> for all the tested pillars. The
heating and compression tests were carried out subsequently in vacuum
<10™* Pa. To minimize the influence of different configurations of
preexisting dislocations induced by FIB processing, all samples were pre-
annealed at 400 °C to a pristine state before the tests at various tem-
peratures and strain rates. The Hysitron PI95 holder comes with a dia-
mond punch connected to a MEMS transducer, which has a force
resolution of ~ 300 nN and displacement resolution of ~2 nm. We use
displacement control to apply a constant loading rate. The drift of the tip
and substrate were measured from the video using Matlab code and used
to rectify the original displacement data. The effect of the electron beam
on the specimen temperature is less than one degree Celsius [21-23],
and the engineering stress-strain curve without electron illumination
nearly overlaps with that under normal tests, indicating that the effect is
negligible [9].

3. Results and discussion
3.1. Compression of cylindrical pillars

Fig. 1 displays the deformation behavior of a set of aluminum pillars
with similar diameters of 168 to 220 nm, which were compressed at
similar strain rates of ~107° s~! but at different temperatures. The en-
gineering stress-strain curves shown in Fig. 1a indicate that as the testing
temperature rises, the plastic deformation becomes more and more
smooth and continuous, accompanied by the decrease of yield or flow-
stress. At 100 °C, the deformation assumes a distinctive displacive
character, starting with a stiff linear segment of elasticity until reaching
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Fig. 1. The effect of temperature on the compressive deformation of a
group of pillars with similar diameters~200 nm tested under a strain
rate~3~9x 1073 s, (a) Engineering stress-strain curves for four pillars tested
at different temperatures between 100 °C and 400 °C. (b-e) Comparison of
pillar morphology before and after compression test. The test temperatures are
marked with the same color as the corresponding engineering stress-strain
curve in (a).

a high strength of ~2.3 GPa, immediately followed by a huge strain
burst. When the testing temperature increases to 200 °C, we still observe
the elasticity and the strain burst, but with an extra continuous segment
in between. This continuous segment has been proven to be due to
diffusional plasticity in our previous work [9]. As the temperature
further increases to 275 °C, the strain burst disappears from the
stress-strain curve and is replaced by a few small serrations, indicating a
relatively mild displacive plasticity, possibly due to its much lower flow
stress insufficient to trigger the large-scale correlated dislocation emis-
sion. However, at 400 °C, even those small serrations vanish from the
engineering stress-strain curve throughout the whole strain range up to
50%. Unlike the three other curves with clear yield points, the engi-
neering stress-strain curve at 400 °C is quite smooth and continuous
without an obvious yield point, implying a rather blurred transition
from elasticity to plasticity at a low stress level. After ~10% strain, the
plastic flow proceeds almost steadily along a stress plateau at ~600
MPa, despite a weak “strain hardening” originating from the tapered
sample geometry, which dictates an increasingly larger diameter of
oxide shell at the ripple-forming site and also a bigger deformation
volumn of the internal metal crystal as the compression proceeds.

The changes of sample morphology before and after the compres-
sion, as shown in Fig. 1b-e, also demonstrate a similar transition of
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deformation mechanism with temperature. In these post-compression
images, dislocation-dominated displacive plasticity signified by slip
steps on the surface (Fig. 1b and 1c) occurs at relatively low tempera-
ture, while at relatively high temperature, diffusional plasticity [9] be-
comes increasingly obvious, as evidenced by the formation of a
mushroom-shaped top (Fig. 1c and 1d). At the intermediate tempera-
tures of 200 °C and 275 °C, the plasticity is of a mixed dis-
placive/diffusional type, displaying both the mushroomed top and slip
step. However, at 400 °C, the 50% compression strain did not result in
shear-off, mushrooming, or a uniform increase of the pillar diameter,
implying an abnormal plasticity mechanism. However, there were a few
wrinkles of the oxide shell at the top of the pillar (Fig. 1e), indicating
that some metal originally encased by this oxide shell had been emptied,
such that the volume may not have been conserved during deformation.
According to volume conservation, the pillar diameter should have
increased by 41% at a height reduction of 51%, but we did not observe a
significant increase in diameter, suggesting a dramatic reduction in
volume during compression. In conventional mushrooming process,
deformation mainly occurs in the upper segment of the pillar near the
loading site, described as short-distance diffusional plasticity. However,
in the 400 °C case, we will demonstrate that the abnormal plastic
deformation is mediated by long-distance diffusion over a much larger
area; it will thus be referred to as long-distance diffusional plasticity in
the later discussion.

This type of non-volume-conserved deformation can also be seen in
another sample observed with a higher TEM magnification (see Fig. 2
and Supplementary Movie 1). Aside from the similar engineering stress-
strain curve (Fig. 2a) and deformed morphology (Fig. 2b and 2c), we
also found no appreciable deformation-induced increase in the pillar
diameter, as evidenced by perfect overlay of the deformed pillar profile
with the white dashed line representing the original pillar profile. Our
further characterization shown in Fig. 2d-e indicates that after
compression, the pillar remains cylindrical with a clean and intact sur-
face oxide layer, thus precluding the possibility of compression-induced
extrusion or change of cross-section shape. We note here that the pillar is
connected to the substrate, and is in contact with the loading punch in
the experimental setup. Therefore, to ensure scientific rigor, we checked
whether Al could have been leaked to these connected objects. For this
purpose, these connected objects have been inspected and compared
before and after the compression test in a larger viewing field under SEM
(see Fig. 3). The comparison results show that both the loading punch
and the vicinity of the pillar exhibit nearly identical surface morphology
before and after the test, so that the possibility of mass leakage can be
excluded. Another evidence to preclude the occurrence of mass leakage
is shown in Fig. 4, where metal extrusion is observed during compres-
sion. In the engineering stress-strain curve in Fig. 4a, a sudden load drop
at about strain~17% can be observed, which can be correlated with the
unexpected rupture of the oxide shell. In the subsequent compression
test, the compression stress remained at a low level (<300 MPa at
£=~0.01 s’l), which can be attributed to the existence of this broken
hole in the oxide shell. However, in most compression tests, we didn’t
find such a load drop and subsequent plasticity at decreased stress level,
indicating that the oxide shell should have remained intact throughout
the compression test and thus no mass leakage though the oxide shell
occured.

In addition, we also performed experiments to check whether the
continous shortening of the pillar is due to the sink-in effect of the metal
core during compression. We compressed an aluminum pillar with
dispersed AlsSc particles, which can be used as reference markers to
characterize the movement of the pillar interior. As can be seen in Fig. 5,
the position of these precipitate particles remains unchanged during
compression, so that sinking of the pillar into the matrix can be
excluded. Uniform shortening of the pillar can also be ruled out by this
experimental result.

One obvious change observed during this apparent non-volume-
conserved deformation is the wrinkling of the oxide shell near the
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Fig. 2. Typical compressive deformation of a cylindrical pillar with
diameter D=186 nm at a high temperature of 400 °C and a low strain rate
£=0.002 s~ 1. See also Supplementary Movie 3. (a) The engineering stress-
strain curve. (b) and (c) are images of the pillar before and after the
compression, respectively. The profile of the pillar in (b) is indicated by a white
dash line, which is superimposed in (c). (d) and (e) are SEM images of the
deformed pillar, viewed from the top and from the side, respectively. (f)
Magnified view of the area indicated by the green box in (c) to show the
wrinkling of the native oxide layer, as indicated with black triangle markers. (g)
the change in projected width of the pillar with compression strain, extracted
with Matlab from the recorded video (Supplementary Movie 3) at 3 positions
indicated in (b).

Before compression

After compression

Fig. 3. Comparison of the surface morphology near the pillar and the
profile of the loading tip before and after the compression test. (a-d) are
SEM images of the pillar and the base viewed from the side direction (a-b) and
from ~45°off the top direction. (e-f) are TEM images of the tip viewed from
the side.

pillar top. As shown in Fig. 1e and Fig. 2¢c, e and f, the oxide shell near
the pillar top appears to be corrugated and form multiple wrinkles
stacked on top of each other during compression, similar to the
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Fig. 4. Extrusion of aluminum metal from the oxide shell observed during
a compression test. (a) the engineering stress-strain curve. (b-e) serial images
show the deformation at different moments as indicated in (a). Extrusion of
aluminum is shown in (d). White triangles in (e) indicate the oxide wrinkles at
the top of the pillar.

Fig. 5. Compression of an aluminum alloy pillar with embedded AlSc3
particles. (a-c) are the evolution of pillar profile with the compression strain,
which is indicated in the upper-right corner. Three white dashed lines are
drawn horizontally to indicate the initial position of three particles in (a),
which are marked with white arrows to verify whether these particles move
with the compressive deformation. All scale bars represent 100nm.

compression of a bellows. The type of wrinkle formation in a core/shell
cylinder can be attributed to surface instability, which occurs when the a
critical axial strain is exceeded [24]. During compression, as shown in
Supplementary Movie 1, wrinkles are generated one by one as the
compression proceeds. The generation of each oxide wrinkle requires an
increase in compression displacement of approximately 18 nm, which is
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roughly equal to the increase in oxide layer thickness at the wrinkled
part. This indicates that the original metal atoms inside the
wrinkle-forming oxide shell have been continuously removed, and the
resulting excess area of oxide shell is folding up to form the wrinkles. In
our experiments, the departing atoms have two choices in diffusion
path, either through the bulk or the metal/oxide interface. In general,
the diffusivity of aluminum at the surface/interface/grain boundary
diffusivity is at least 4 orders of magnitude higher than the diffusivity of
the bulk at a given temperature [25,26], and is therefore the preferred
choice. The wrinkling mechanism of the oxide shell observed in our
study differs from that observed in Yang’s work [20]. In their experi-
ments, surface wrinkles were also formed during pillar compression at
room temperature. However, unlike our study where wrinkles were
generated one by one as the compression proceeded, multiple wrinkles
appeared nearly at the same pace in Yang’s work. The formation
mechanism was attributed to mismatched deformation across the met-
al/oxide interface and did not involve significant diffusional plasticity.

In the textbook, deformation mediated by interface diffusion is
explained by Coble creep theory. When a cylindrical pillar is com-
pressed, a stress gradient Aoy, can build up along the interface from the
compressive region at the contact point to the adjacent stress-free re-
gion. This stress gradient can naturally induce interface diffusion,
driving diffusional plasticity. As the diffusing atoms leave the
compression site and squezz into interfaces to make their way forward, a
pressure/stress can be generated along the diffusion path that may cause
morphological changes, such as an increase in the diameter of the cy-
lindrical pillar. To determine if this is the case, we analyzed the recorded
deformation video to track the possible deviation of the measured
diameter from the initial value at three fixed positions, as labeled in
Fig. 2b. This digital measurement provides a high spatial resolution of
~0.5 nm, which corresponds to the thickness of two {111} surface
layers. It is therefore precise enough to detect the growth of one atomic
layer on either side or a tiny elastic deformation of the oxide shell (1%
stretch of oxide shell can cause ~1.4 nm increase of the overall diam-
eter). As can be seen from Fig. 2g, the overall diameters at all three
positions exhibit no increase within the measurement resolution, indi-
cating that the deformation of the oxide layer is far below its elastic
strain limit and that the oxide layer inflates outward by at most one
atomic layer. Such a small increase in the pillar diameter has important
implications. First, it suggests that the interfacial atomic flux responsible
for the observed plasticity exerts only a weak stress or pressure in most
interface regions. The deformation strain of the oxide shell along the
circumferential direction (e< 0.5nm/186nm= 0.26%) resulting from
such a weak internal stress is within the elastic regime. The elastic
deformation of the oxide shell can exert a pressure acting on the metal
core, the value of which can be derived from the classical hoop stress for
a core/shell cylinder equation in classical mechanics [27]:

AP = 6,,2t/D M

where oy is the hoop stress (=E,yig.#e¢=350GPax0.5nm/186nm=0.9
GPa), t and D are the thickness of the oxide shell and the diameter of the
tube/pillar (for the pillar in Fig. 2, t=5nm, D=186nm). Then, we can
estimate the maximum pressure difference AP across the oxide shell
generated by the interfacial atomic flux to be ~48 MPa. Given that the
pillar was tested under high vacuum, AP represents the maximum
stress/pressure carried by the atomic flux. Second, it means that the
inflowing aluminum atoms have not even formed a complete atomic
layer under the oxide shell of the pillar. However, for the neighboring
flat region where there is no hoop constraint as in the cylindrical pillar,
we can not rule out the possibility that the incoming atoms may form
new atomic layers that can lift up the entire oxide layer. However, if we
assume that the atoms from the original compression volume have
spread out as a monolayer disk in the flat region, we can have an op-
portunity to roughly estimate the diffusion range of interfacial atoms. By
simple geometric equivalence, the diameter of the resulting “monolayer
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disk” (Dy) can then be estimated using the following equation:

H-¢
—D 2
@ ()]

Dy, =

where D and H are the diameter and height of the pillar, ¢ is the
compression strain and dj is the thickness of the monolayer (dy=0.234
nm for a (111) monolayer of Al). Inserting the parameters for the three
pillars, the diameters of the corresponding monolayer disks are calcu-
lated to be 4~12 pm, which is tens of times of the pillar size. Given the
atoms spread along the interface sparsely, forming a “layer” with
thickness far less than a monolayer, the atoms leaving the deformation
volumn have traveled a diffusion range that is much larger than the
calculated diameters. Such a long diffusion range is in contrast to the
diffusion range within the pillar volumn in the well-known mush-
rooming-type diffusional plasticity. For this reason, the diffusion
responsible for the observed plasticity in our experiments can be
reasonably named as long-distance interface diffusion.

3.3. Compression-induced metal extrusion

The next step is to verify the existence of atomic flux at the interface
triggered by the pillar compression. Direct visualization of the atomic
flow along the interface and the subsequent redeposition at a weak site is
challenging using the current in situ TEM technique. As an alternative,
we performed another compression experiment using a cylindrical pillar
with a preset hole in the oxide shell, which could serve as a redeposition
site. The hole is created by scratching the loading tip at a location on the
cylindrical surface about 150 nm from the top surface, immediately
prior to the compressive loading to minimize oxidation of the newly
exposed metal. The compression results are shown in Fig. 6 and Sup-
plementary Movie 2. We observed that during the loading stage, Al
atoms leak out from the hole and redeposit to form a small hillock,

[22]
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Fig. 6. The compression test of an aluminum cylindrical pillar with a
preset hole at the side surface. See also Supplementary Movie 4. (a) The
engineering stress-strain curve of the pillar with a diameter D=384 nm at 400
°C and strain rate é=3.0x1072 s~L. (b) is the bright-field TEM image of the
pillar before compression test. (c-f) are the serial images of the area bounded by
the white-dashed box in (b), which are extracted from the video at moments
indicated in (a), to show the extrusion of metal from the preset hole during
compression test. The profile of the extruded metal is indicated by a white
dotted line, and the white arrows at the top of the images represent the moving
direction of the loading punch.
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which changes its shape with increasing size, possibly due to surface
reconstruction (Fig. 6d). In the subsequent unloading stage, the
extruded metal is immediately sucked back into the pillar. However, by
carefully correlating the stress-strain curve and the movie clip of the
“suck-back” process, we found that in the initial unloading stage with a
stress drop from the peak stress to zero, the metal hillock almost remains
unchanged, but in the subsequent tip-pillar separation stage, where a
“negative pressure” is generated by the adhesive pulling on the top of the
pillar, the hillock is quickly sucked into the pillar. Apparently, the
“negative pressure” enabled an backward flow of atoms along the
interface from the hillock to the metal/oxide interface at the top of the
pillar. Consequently, both the formation and the “suck-back” process of
the hillock observed in this experiment demonstrate that the stress
gradient can drive an atomic flux along the interface, where atoms seek
weak sites along the diffusion path to relocate themselves.

The cylindrical pillar used in the above experiment has a circular
cross-section, and thus exhibits strong hoop confinement. However,
because our estimated range of interface diffusion during compression
tests far exceeds the dimensions of the pillar sample, most of the atoms
must have diffused into the adjacent interface area, which is generally
flat and loosely confined. For this reason, we performed in situ nano-
indentation into the flat aluminum surface with a similar preset hole
about 300 nm away from the engagement site. As shown in Fig. 7 and
Supplementary Movie 3, metal extrusion and the suck-back action are
also observed during indentation and retraction, respectively.

Both the pillar compression result and the nanoindentation result
indicate that the metal atoms diffuse along the interface and seek weak
spots to re-deposit. In our previous experiments, we observed occasional
removal of aluminum atoms from the interior of the pillar and the for-
mation of cavities primarily at the corner site when we kept the pillar at
a high temperature for a long time (like 1 hour), and much more
frequently (nearly 100%) when the interface was weakened by
hydrogen [28]. The formation of cavities at high temperature indicates
that there are many empty sites at the interface for the incoming atoms
to deposit due to defects, internal stress, or local deformation near the
interface. However, in our experiments, the loading only takes a few tens
of seconds, which is much faster than the tens of minutes required for the
heating-induced cavitation process. Therefore, compressive loading still
played a major role in driving the diffusional deformation observed in
our experiments. Intrinsically, such interfacial atomic flow and rede-
position are driven by the difference in chemical potential associated
with the stress state. The potential difference can transmit a long dis-
tance with little attenuation, resulting in a slow yet steady atomic flux.

Based on the above experimental results, we suggest that non-
volume-conserved deformation is mediated by a mild interfacial
atomic flow tending to leave the area of compressive stress, not only
along strongly-confined interface such as cylindrical wall, but also along
loosely-confined interface such as the flat surface. The exiting atoms
travel along the metal/oxide interface until finding a redeposition site.
Potential redeposition sites are areas where extra space is available, such
as defects, voids or surface indents. Due to the strong elastic confine-
ment from the oxide shell, each redeposition site can only accommodate
a limited number of metal atoms, thus necessitating a large area to
provide an adequate number of redeposition sites to accommodate all
the atoms exiting from the compressed part. As a result, the oxide shell
only feels a small stress and deforms in the elastic regime, resulting in a
seemingly abnormal deformation without conserving the volume of the
local pillar. Since the deformation happens in a uniformly distributed
manner in an area much larger than the pillar itself, no appreciable
changes in size and shape of cross-section areas of the cylindrical pillar
are expected. The total mass/volume is actually conserved if one counts
all the Al spreading over the supporting substrate.

3.4. Effects of electron beam irradiation, pillar diameters and strain rates

Since the observed continuous shortening deformtion of the pillars is
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Fig. 7. Nanoindentation test at 400 °C into the surface of Al, which has a
preset hole about 300 nm away from the loading site. See also Supple-
mentary Movie s5. (a) the force-displacement curve of the indentation test. (b-
g) is a series of snapshots extracted from the movie at the moments as indicated
with arrows in (a). (b) is the profile of the sample before engaging the tungsten
indenter tip, with a preset hole indicated with an arrow. The white arrows in (c-
g) indicates the directions of the indenter motion. (b-d) is a loading session
showing the extrusion of metal from the hole, followed by the formation of a
hillock. The hillock underwent the Wulff reconstruction assuming two low-
index facets, as indicated with blue and red dashed lines in (d). The insert in
(d) is a diffraction pattern of the aluminum substrate indicating the zone axis is
[001] and loading direction [110]. The surface contour of the aluminum in (c)
is marked with the white dashed line and is superimposed in (d) as a reference.
(e-g) As the indenter retracted, the hillock sank into the metal and the surface of
the indent partly recovered, as indicated by the change from the white dashed
line to the white solid line in (f) and (g). All scale bars represent 200nm.

mediated by long-distance interface diffusion, the irradiation effect from
high voltage electron beam also need to be excluded [29,30]. Fig. 8
shows the results of the beam-on/off experiments. These results indicate
that under our experimental conditions, the beam effect was not
obvious. After turning off the electron beam, the aluminum pillar still
exhibits a long-distance diffusional plasticity, resulting in a similar
wrinkled shell at the pillar top.
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The effect of pillar size on the deformation mechanism is shown in
Fig. 9. The deformation of pillars with diameter less than 260 nm and
strain rates 0.002~0.02 s~ shows oxide wrinkles at the top of the pillar,
indicating the domination of long-distance diffusional plasticity. How-
ever, for the pillar with diameter=312 nm and strain rate=0.006 s
shown in Fig. 9e, we observed slight mushrooming rather than wrinkling
at the top of the pillar. This means that for tests at 400 °C and strain
rate~0.005 s}, the threshold diameter to activate the long-distance
diffusional plasticity is 257-312 nm.

The effect of strain rate on the deformation mechanism is shown in
Fig. 10, which is plotted with results of compression tests for pillars with
simillar diameter D~180 nm at the same temperature=400 °C, but
under different strain rates from 0.002 to 0.5 s *. In Fig. 10, we can find
a threshold strain rate ~0.01 s~ across which the engineering stress-
strain curves change from smooth to serrated, and the deformed
morphology of these pillars from continuous shortening to shear-off.
These changes across the threshold strain rate clearly indicate the
transition in plastic defromation from the mechanism of displacive
plasticity to long-distance diffusional plasticity.

We present here only an example group of experiments to show the
effects of strain rates and pillar sizes. In real situations, the specific
plasticity mechanism of pillar deformation depends on three experi-
mental parameters, namely pillar size, temperature and strain rate. If we
set any two of the three experimental parameters to fixed values, we can
always find a threshold value for the third parameter at which the
plasticity mechanism transition occurs. With a sufficient number of
testing results, a deformation mechanism map (DMM) can be con-
structed showing the regimes of different deformation mechanisms and
the transition boundaries in between. An example of such a DMM is
shown in Fig. 11. In the diffusional plasticity region of this DMM, a
boundary between conventional diffusional plasticity and long-distance
diffusional plasticity can also be roughly visualized.

3.5. Compression of rectangular pillars

In cylindrical pillars, the interfacial atomic flux experiences not only
local confinement from the strong bonding to the compact oxide layer,
but also overall confinement from the circular cross-section of the pillar,
arising from the hoop stress against enlarging the enclosed area.
Therefore, if we change to a pillar with non-circular cross-section, the
overall confinement is expected to be much weaker, because the cross-
section shape can evolve towards a circle to help relieve the internal
pressure. To verify this prediction, two pillars with rectangular cross-
section and nearly the same equivalent diameter were compressed at
400 °C. Two different strain rates were applied to generate different
levels of internal pressure/stress. From the results shown in Fig. 12,
similar wrinkling phenomenon was observed at a slower strain rate
(~0.008 s’l), while at a relatively high strain rate (~0.03 s’l), mush-
rooming of the pillar top happened. However, there are several key
differences: first, both engineering stress-strain curves (Fig. 12a) contain
obvious serrations, which were not observed in those curves of cylin-
drical pillars shown in Fig. 1 and Fig. 2. Second, the wrinkles are larger
than those in deformed cylindrical pillars, leading to an increase of the
pillar width by over 50 nm, compared to ~18 nm in the cylindrical
pillar. As demonstrated in Fig. 12b-d and Supplementary Movie 4, the
70% compressive strain has generated about 10 wrinkles on the surface
(nearly ~40 nm displacement per wrinkle), which roughly matches the
number of serrations in the stress-strain curves, indicating an intermit-
tent nature in the yielding of the oxide shell. Obviously, it is the gen-
eration of larger wrinkles that has led to the serrations in the stress-
strain curve in rectangular pillars. Also, as more wrinkles stack
together, a larger extra stress is required to create a new wrinkle at a
location further away from the contact interface, thus resulting in the
strain hardening observed in the stress-strain curve. Third, in the high-
strain rate compression, as demonstrated in Fig. 12e-h and Supple-
mentary Movie 5, the deformation forefront of the shell, as marked with
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black triangles in Fig. 12f-g, can extend much farther than in the
compression of cylindrical pillars (see Fig. 1). This location of the
deformation front actually reflects the difference in overall confinement
between circular and rectangular cross-section. The cross-sectional area
of the rectangular pillar can be easily increased by transforming towards
a circular shape while maintaining a constant perimeter through local
yield at the four corners under stress/pressure. Fig. 12i and 12j provide
an example comparing cross-section shape before and after compression
of a rectangular pillar. In contrast, the cylindrical pillar requires global
yielding of the circular cross-section to increase the enclosed area,
requiring higher stress such that the deformation forefront locates closer
to the loading site.

4. Summary

Based on the above findings, the deformation behavior of submicron-
sized aluminum with native oxide shell can be summarized as follows.
With increasing test temperature or decreasing strain rate, the sample
deformation can be successively dominated by four types of plasticity
mechanisms, i.e., the stochastic displacive plasticity, the diffusional-

displacive plasticity, the short-distance diffusional plasticity, and the
long-distance diffusional plasticity, as illustrated in Fig. 13. Displacive
plasticity mediated by dislocation slip or twinning usually generates slip
steps or deformation bands, resulting in poor deformation controlla-
bility for samples on micrometer scale. For the coupled diffusional-
displacive plasticity (Fig. 13b), the diffusional deformation happens at
relatively low stress level, followed by the activation of displacive
plasticity at stress concentration sites. Further increase in deformation
temperature or decreasing strain rates can lead to full diffusional plastic
deformation (Fig. 13c and 13d), which have two forms that differ by the
diffusion distance. At relatively lower testing temperatures or higher
strain rates, atoms flowing in the interface become jammed within a
small volumn near the contact zone, generating an internal pressure that
causes the oxide layer to bulge to form a mushroom-shaped pillar
(Fig. 13c). However, under relatively high testing temperature or low
strain rate, atoms can slowly diffuse to a much longer distance due to
exponentially higher diffusivity with T1, seeking easy sites to relocate
themselves with minimal energy expense. Potential relocation sites for
deposition of incoming atoms may include a surface hole, a preexisting
cavity in the interface, or other types of imperfections along the
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interface. With this type of long-distance diffusional plasticity, there is
no appreciable change in shape even near the loading site, and the
volume is not conserved within the pillar sample itself during the
deformation (Fig. 13d). Nevertheless, when taking a much larger area
into consideration, the volume and mass of the sample (including sub-
strate) are actually conserved; it is just that they are redistributed over a
distance far beyond the dimensional scales of the pillar. Similar behavior
of long-range transport and deposition of metal was seen in solid-state
lithium metal battery [31] where the local volume was not conserved.
In conclusion, we have systematically studied the deformation of

sub-micron sized aluminum pippars with a native oxide layer. The re-
sults demonstrate that by decreasing strain rate or increasing tempera-
ture, the deformation behavior of the pillar can change from a stochastic
type (displacive type), to a continuously mushrooming type (short-dis-
tance diffusional type), and ultimately, to a continuously-distributed
type (long-distance diffusional type). The latter two types of diffu-
sional plasticity can impart impressive reshaping capability of small-
volume materials due to the synergistic contribution from the high
surface/interface diffusivity and the small length scale of diffusion.
Upon choosing an appropriate deformation rate and temperature, the
small-volume metals may deform through a coupled plasticity mecha-
nism, providing superb deformability comparable to semi-solid metal
forming. Moreover, it is worth noting that the long-distance diffusional
deformation does not instigate obvious shape change near the loading
site, but instead relocates the exiting atoms across a much larger area by
filling up interfacial “holes”. These characteristics of the long-distance
diffusional deformation can be potentially exploited for strengthening
the metal/oxide interface near the loading site (within microns at least),
or for tuning the pillar length without obviously changing the surface
morphology or apparent size, which may be useful, for example, in
pillar-array-based optical applications [32-34].
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Fig. 12. Compression tests of aluminum pillars of similar
equivalent diameter of ~260 nm with rectangular cross-
section at 400 °C and different strain rates. (a) Engineer-
ing stress-strain curves of two pillars tested at a low strain rate
0f 0.008 s~* and a high strain rate of 0.03 s, respectively. (b)
and (c) are bright-field TEM images before and after low-
strain-rate compression. The area marked with a white
dashed box in (d) is enlarged and shown in (d). (e-h) are video
snapshots of sample deformation during high strain rate
compression. (e) and (h) were taken before and after the
compression, while (f) and (g) at moments labeled in (a). The
black triangle indicates the front line of the deformation. (i)
and (j) are SEM images taken from the top of a pillar (D~192
nm) before and after compression at 275 °C and strain rate of
0.008 s, to show the shape change of cross-section in the
deformed part.
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