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This article reviews recent studies
on the mechanical properties of cylin-
drical metallic nanopillars subjected
to uniaxial deformation. Remarkable
strengths and very different mechanical
properties arise due to the activation of
unique deformation mechanisms oper-
ating in these nanoscale volumes. Ef-
fects of both size and microstructure
are discussed.

INTRODUCTION

Beyond classical strengthening
methodologies utilized by engineers
for centuries, it was recently shown that
at the micrometer and sub-micrometer
scales, sample size can dramatically in-
crease crystalline strength, as revealed
by room-temperature uniaxial com-
pression experiments on a wide range
of single-crystalline metallic nanopil-
lars with non-zero initial dislocation
densities. In these studies, cylindrical
nanopillars were fabricated by focused
ion beam (FIB) and, remarkably, the
results of all of these reports indicate
a power-law dependence between the
flow stress and sample size, implying
that this scaling might be universal.
On the other hand, the classical copper
wire tension experiments performed by
Brenner et al. in the 1950s, as well as a
few recent works indicate that when the
FIB is not involved in the sample fab-
rication, similar-sized features in some
of the same metals attain close-to-theo-
retical strengths with no observed size
effects. The sample fabrication meth-
ods used in these studies, however,
result in a pristine microstructure, with
no initial defects, allowing the mate-
rial to attain ideal strengths. Therefore,
there are some deeper outstanding
questions, with the main one being: to
what extent is the size effect in met-
als, which manifests itself as “smaller

is stronger” for single crystals, driven
by the sample size vs. by the initial
microstructure. Understanding plastic
response in single crystals provides a
solid foundation for identifying de-
formation mechanisms operating in
more complex material systems, the
knowledge of which is essential for the
creation and property control of new,
revolutionary materials.

How would you...

...describe the overall significance
of this paper?

This article offers a review of some
of the latest advances in ex- and in-
situ nanoscale mechanical testing
of single crystals, which have been
found to exhibit significantly higher
strengths when their dimensions

are reduced to the sub-micrometer
scale.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Uniaxial deformation of nanoscale
metallic nanopillars offer a
powerful platform to study
mechanical properties of materials
in small volumes. It is no longer
feasible to infer the bulk values of
these materials from literature since
they have been found to significantly
deviate from bulk and need to be
assessed at the appropriate scale.

...describe this work to a
layperson?

Common materials like metals
appear to have unique and
interesting properties when reduced
to nanoscale. One example is that
they become significantly stronger,
exhibiting strengths an order

of magnitude higher than bulk.
Understanding material strength at
the appropriate scale is crucial in
the design and reliable functioning
of devices comprised of these
materials.
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SIZE EFFECTS IN
CRYSTALLINE PLASTICITY

Until recently, mechanical deforma-
tion has largely been carried out in thin
films on stiff substrates—for example,
silicon, sapphire, and MgO—via nano-
indentation, in which a sharp diamond
tip is applied into the material and the
load on the indenter tip is measured as
a function of its displacement into the
surface.! Some of the mechanisms re-
sponsible for strengthening in thin films
are well understood and can be attribut-
ed to grain size hardening,? the confine-
ment of dislocations within the film by
the substrate,’ or the presence of strong
strain gradients.* Where strain gradi-
ents are present (i.e., nanoindentation),
the size effect in single crystals is com-
monly attributed to the density of so-
called geometrically necessary disloca-
tions (GNDs), which form to accom-
modate the permanent shape change.
The relationship between GNDs and
the plastic strain gradient is the key
concept behind many strain-gradient
plasticity theories.>'! These size effects
arise from the constraining effects of the
surrounding layers, from inhomogene-
ity of the deformation, or from specific
microstructures present in these thin
films. Unlike these “extrinsic” size ef-
fects, a significant increase in strength
has recently been reported when single
crystals are deformed in small, uncon-
strained volumes. To study mechani-
cal deformation of crystals in small
volumes without introducing strain
gradients, Uchic et al.’> developed a
uniaxial compression methodology for
FIB-machined nickel-based alloys via
a modification of the nanoindentation
technique. Building on this methodol-
ogy, Greer and Nix were first to extend
this type of experiment into the na-
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noscale regime, where they discovered
very different plasticity mechanisms
operating in single-crystalline gold
nanopillars with diameters below 1 pm.
Influenced by this testing methodology,
several groups explored size effects in
plasticity by investigating mechanical
behavior of single-crystalline micropil-
lars. In these studies, uniaxial compres-
sion tests were performed on Ni and
Ni-based superalloys,'*** Au,"**® Cu,"
Mo, ?2! and Al??> micro- and nanopillars
having diameters from 100 nm to tens of
micrometers, with aspect ratio (length/
diameter) in the range between 2:1 and
5:1. These experiments revealed a re-
markable dependence of the attained
flow strength on the diameter, most
likely due to the presence of unique de-
formation mechanisms in plasticity at
nanoscale (see Figure 1).2 The results
of these studies convincingly showed
that the yield and flow stresses increase
significantly with reduced size, with the
smallest specimens of ~200 nm some-
times attaining a flow stress an order
of magnitude higher than bulk materi-
als 15172324 Apother common obser-
vation in these types of experiments is
that unlike Taylor hardening, the flow
strength does not appear to scale with
the evolving dislocation density. While
compression experiments are gaining
momentum, performing tensile experi-
ments has been much more challenging
since it requires a custom-made in-situ
mechanical deformation system, and

only a few groups in the world are ca-
pable of doing it. Recently, Kiener et
al. reported a new method to measure
tensile behavior of single crystals at the
micro- and nanoscales,? in which ten-
sion samples were fabricated using an
FIB, and uniaxial tensile testing was
performed inside a scanning electron
microscope (SEM) and a transmission
electron microscope (TEM).® These
authors also reported the presence of
a size effect, albeit less pronounced
than in compression, and found it to be
strongly dependent on the aspect ratio
of the sample.?” Size-dependent hard-
ening was attributed to the formation
of dislocation pile-ups due to the con-
strained glide of the dislocations in the
sample caused by the sample geometry
and gripping constraints. This team of
authors has also done extensive work
on investigating the effects of experi-
mental constraints—both due to sample
geometry and the loading mechanism—
during micro-compression and tension
experiments.?? In our recent work, we
have examined size effects in tension
vs. compression of two types of crys-
tals: gold (face-centered cubic, f.c.c.)
and molybdenum (body-centered cu-
bic, b.c.c.) and found that in the former
the size dependence between the two
loading directions is identical while in
the latter, there is a pronounced tension-
compression asymmetry.*

One notable exception to the com-
pression studies is the work of Bei et
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Figure 1. Representative stress-strain curves for compression of <001>-oriented gold
nanopillars; the numbers above each curve correspond to the pillar diameter. This plot
clearly shows the “smaller is stronger” phenomenon (graph is taken from Reference 23).

al.? who observed no size effects in
uniaxial compression of molybde-
num alloy micro-columns prepared by
chemically etching away the matrix of a
directionally solidified NiAl-Mo eutec-
tic, which attained theoretical strength
regardless of the sample size. Beyond
the classical work of Brenner et al.,*
who demonstrated the attainment of
theoretical strength in copper, iron, and
silver micro-wires subjected to uniaxial
tension, the lack of size effects was
also observed by Richter et al.** who
grew pristine (i.e., defect-free) single-
crystalline copper nano-whiskers and
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Figure 2. Scanning electron microscopy
images of mechanical testing samples
of different materials, geometries, and
sizes. (a) Nanocrystalline nickel pillar
with grain size of 60 nm, (b) 200-nm
diameter single-crystal niobium tension
sample, (c) molybdenum annulus with
inset showing platinum traces to identify
inner wall shape.
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demonstrated their fracture strength to
be close to the theoretical limit. All of
these studies employed sample fabrica-
tion methods that resulted in the cre-
ation of virtually defect-free initial mi-
crostructure, rendering the attainment
of theoretical strength not surprising.
An interesting feature of these and some
other works,>3* however, is that inten-
tional introduction of dislocation into
the structure by pre-straining weakens
these crystals, a finding in stark con-
trast to that of classical plasticity where
dislocation multiplication is the very
mechanism responsible for work-hard-
ening. These findings convincingly sug-
gest that besides the crystal dimensions,
a key parameter that might contribute to
the size effect is the initial dislocation
density in single crystals.

COMPUTATIONAL RESULTS

As we discover more about the influ-
ence of sample size on the stress-strain
response, another distinction has re-
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cently been reported; namely, differ-
ent crystal structures appear to under-
go fundamentally different plasticity
mechanisms in uniaxial compression.
Greer et al.* and Brinckmann et al.?
showed that there is a significant differ-
ence in scaling slopes as well as in the
fraction of the attained ideal strength
between gold (f.c.c.) and molybdenum
(b.c.c.) crystals. Recent work of Wein-
berger and Cai using Parallel Disloca-
tion Simulation (ParaDis), dislocation
dynamics (DD), and molecular dynam-
ics (MD) simulations revealed that this
difference is likely due to the distinct
differences in dislocation loop behavior
inside of b.c.c. vs. f.c.c. pillars.*® Due to
a significant controversy in the phenom-
enological explanations for the higher
strengths attained by sub-micrometer
sized pillars subjected to uniaxial de-
formation, atomistic computer simula-
tions have been utilized as a means to
provide useful insights in understand-
ing the origins of deformation mecha-
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nisms responsible for the observed size
effect. For example, a number of two-
and three-dimensional DD simulations
have been performed. Deshpande et
al.¥’ conducted two-dimensional (2-D)
compression and tension DD simula-
tions of planar single crystal slabs by
incorporating a number of constitutive
rules and allowing two extreme cases
of boundary conditions for tensile axis
rotation: fully constrained or allowed to
rotate. Based on the small-strain analy-
sis, they reported a power-law strength
vs. size dependence with a somewhat
lower exponent than experimentally
observed at the time. Using a similar
approach, Benzerga and Shaver incor-
porated dislocation nucleation length
and time as model parameters and con-
cluded that the apparent strengthen-
ing is due to the generation of internal
stresses and to the dislocation source
length variation. Building upon this
work, Guruprasad and Benzerga® ef-
fectively created “2.5-D” simulations

| I
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Figure 3.(a) A shematic of fabrication
steps for FIB-less fabrication: EBL
patterning followed by electroplating.
(b) A 3x3 array of gold nanopillars
produced by this technique showing
the Kikuchi patterns indicating its
nano-crystalline microstructure. (c)
Electroplated copper nanopillar with
(likely) twin boundaries fabricated
by EBL patterning followed by the
depicted process. (d) An array of
intentionally over-plated copper
single-crystalline pillars for tension
testing. (e) Bright-field TEM image
and diffraction pattern showing
the single crystalline nature and
orientation of a copper nanopillar
fabricated by this process.
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Figure 4. SEMentor—the custom in-situ mechanical testing instrument built in our lab
comprised of SEM and nanoindenter. The inset shows tension-compression mechanical
testing grips as fabricated by FIB from a standard Berkovich indenter tip.

for high-initial-dislocation-density na-
noscale f.c.c. crystals and showed that
even at such high densities Taylor hard-
ening does not hold. They proposed that
the increased hardening rate of smaller
specimens is mainly due to the creation
of the localized internal strain gradients
even during homogeneous deformation.
While 2-D DD simulations provide
useful insight into nanoscale plastic-
ity, they are not capable of capturing
the effects of cross-slip, dislocation line
tension, and ad-hoc dislocation interac-
tions, which are key in crystalline plas-
ticity. The results of 2-D simulations
can be enriched when calibrated with
the results of 3-D MD and DD simu-
lations. Several groups performed 3-D
discrete dislocation dynamic simula-
tions (DDD). For example, Tang et al.*’
argued that the escape of mobile dislo-
cations in smaller samples occurs faster
than in larger ones, thereby demonstrat-
ing the reduction in mobile dislocation
density, leading to greater resistance to
plastic flow in smaller samples. On the
other hand, Parthasarathy et al.*! con-
cluded that the observed size effects
in 1-20 um diameter micro-pillars are
based on the statistical variation in the
dislocation source lengths as revealed
by simulations via ParaDis code.
Unfortunately, most DD simulations
intentionally introduce initial disloca-
tion pinning points, or Frank—Read
sources, into the crystal, which inevi-
tably causes dislocation multiplication,
rendering dislocation starvation im-

possible to attain since these sources
are not mobile. Very different results
were obtained by Espinosa et al.**4
who incorporated jogged “single-arm”
sources into a nanopillar using their
3-D PARANOID DDD code and dis-
covered that not only the mobile dislo-
cations but even the single-arm sources
eventually leave the crystals after they
carry plastic strain for some time in the
simulation. This leads to a dislocation-
starved state, consistent with nanopillar
(<1 um) experiments. More recently,
Weygand et al.¥** performed 3-D simu-
lations that accounted for traction free
boundary conditions using the finite
element method (FEM) and concluded
that plasticity of small-scale samples is
very sensitive to the underlying dislo-
cation microstructure and is subject to
statistical fluctuations. Due to the heavy
calculations and difficult geometries
needed to perform these simulations,
detailed analyses were limited. To over-
come such computational difficulties,
El-Awady et al.** developed a self-con-
sistent formulation of 3-D parametric
dislocation dynamics (PDD) with the
boundary element method (BEM) to
incorporate the influence of free and
internal interfaces on dislocation mo-
tion in order to describe micro-plastic
flow in finite volumes. They performed
large-scale simulations using this meth-
od and demonstrated that in contrast to
3-D models that ignore surface effects,
image fields arising from the finite
geometry of micro-pillars have an im-

portant effect on the dislocation micro-
structure, especially at the sub-microm-
eter dimensions.

This review clearly demonstrates a
demand for an experimentally validated
enrichment in the field that spans mul-
tiple length scales and microstructures.
To accomplish this, several challenges
remain in both computational and ex-
perimental approaches, with the main
one being the lack of a direct compari-
son between them due to the discrepan-
cies in the length and temporal scales. In
this review, the attention is focused on
the studying size effects arising during
uniform deformation (i.e., tension and
compression) because, at least in the
case of single crystals, the material is
not expected to strengthen through one
of the known mechanisms like strain
gradient plasticity, dislocation confine-
ment, or initial lack of dislocations.
This type of deformation also lends
itself well to the calculation of stress-
es and strains, a much more powerful
piece of information compared with
load-displacement, for example. The
demand for uncovering unique plastic-
ity mechanisms operating in nano-scale
volumes is imminent as the individual
interactions between various types of
defects have significant consequences
on the materials’ structural integrity,
failure predictions, and ability to with-
stand harsh environments.

SAMPLE FABRICATION

Focused lon Beam Approach

In the last decade or so, the FIB has
become one of the most widely used
tools for sample fabrication, testing,
and imaging. This multidisciplinary
tool is applicable to a broad range of
projects like fabrication and testing
of microelectromechanical systems
(MEMS), nanoelectromechanical sys-
tems (NEMS), sensors, microactuators,
and optoelectronic devices. The FIB
can be utilized in the fabrication and
analysis of intricate 3-D structures by
both etching of the starting material and
deposition of metals from gas phase.
Figure 2 shows some of the represen-
tative mechanical testing specimens
fabricated in our lab by using FEI Nova
200 Nanolab instrument with FIB at
30kV/10pA as the final etching condi-
tion: a free-standing nanocrystalline
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nickel cylindrical nanopillar (Figure
2a), a single-crystalline 200-nm nio-
bium tension sample (Figure 2b), and
a single-crystalline molybdenum “hol-
low” pillar with cross section shown
in inset (Figure 2c). To ensure homo-
geneous deformation, we intentionally
maintain the aspect ratio (height/diam-
eter) of the compression pillars at 4~5
and the tensile sample heights vary
between 3 and 5 um regardless of the
diameter to ensure proper gripping.

Electron-beam Lithography and
Electroplating Approach

Although the FIB-based nanoma-
chining technique is capable of success-
ful fabrication of microcompression
and tension specimens, it has three dis-
tinct disadvantages: first, the minimum
realistically attainable pillar diameter is
~150 nm, second, the degree to which
ion bombardment on the surface struc-
ture translates to nanopillar mechani-
cal performance remains a point of
contention, and finally, it requires a
large amount of time to manufacture
individual samples, which significantly
reduces the throughput. Therefore, we
developed a nanomechanical sample
fabrication methodology that does not
utilize the damaging ion bombardment
by using electron-beam lithography

1,400

(EBL), and whose capability to produce
small circular features on the order of
10 nm has been well documented. Elec-
tron-beam lithography is a top-down
lithographic fabrication technique that
employs a focused beam of high-en-
ergy electrons to expose a poly(methyl
methacrylate) (PMMA) resist. The in-
teraction of the electrons within PMMA
solubilizes the exposed regions by sev-
ering chemical bonds and, after devel-
oping the resist in a chemical bath, the
desired pattern is transferred onto the
underlying seed metal film to enable
further processing. Following the work
of Mallouk et al.* we then deposit vari-
ous metals within the open pores tem-
plated by EBL via electrochemical de-
position where a metal ion salt solution
is potentiostatically or galvanostatically
reduced at the film surface, thus plating
the desired metal. The specific fabrica-
tion details can be found in Reference
46. Figure 3 shows (a) a schematic of
the fabrication procedure, (b) an array
of nanocrystalline gold nanopillars, (c)
a twinned candy-cane-like microstruc-
ture of a copper nanopillar, (d) an array
of single-crystalline copper nanopillars
with intentional overplates for tensile
testing, and (e) a TEM image revealing
the single-crystalline microstructure
and close-to-<111> crystallographic
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orientation. Mechanical testing results
indicate that these nanopillars exhibit
a size effect virtually identical to the
FIB’d pillars and will be reported in a
separate manuscript.¥’

In-situ Mechanical Testing

For the mechanical testing experi-
ments we utilize a custom-built piece
of equipment, SEMentor, composed of
two individual instruments: SEM and
the nanoindenter, shown in Figure 4.
The latter offers a precise control and
high resolution of load and displace-
ment (and their rates) as well as of
contact stiffness during the experiment
while the former allows for visualiza-
tion of the process. We also fabricated
tensile grips out of the standard indent-
er tip in a configuration that allows per-
forming both tension and compression
testing with the same tip (inset in Figure
4). This technique allows us to correlate
the macroscopic stress—strain behavior
with the microstructural changes tak-
ing place during the deformation by di-
rect observation of the evolving surface
morphology like slip lines and strain lo-
calization. In addition to the SEMentor
experiments, we also perform the uni-
axial compression experiments in the
Nanoindenter G200 (Agilent Technolo-
gies) with a custom-made flat punch

00 ——
0 50 100 150 200 250 300 350 400
Length Change (nm)

[
3 um 500 nm

Figure 5. (a) Representative stress—strain curves of niobium nanopillars with different diameters clearly showing the stochastic nature of
plasticity at the nano-scale even in b.c.c. metals. (b) Post-compression niobium nanopillar with pronounced slip offsets. (c) Load-displacement
curve for a tension test of <001>-oriented gold sample. (d) Sequence of images during the tensile test.
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Figure 6. (a) Transmission electron microscopy lamella with platinum-coated pillar on top
attached to the Omniprobe prior to severing the final attachment to the “parent” sample.
(b) Same lamella after FIB thinning on TEM grid clearly revealing the pillar cross section.
A TEM image of (c) undeformed and (d) deformed 100 nm-diameter niobium nanopillar
compressed directly on TEM grid in SEMentor and revealing the formation of an intricate
dislocation structure with multiple slip planes activated. Images from Reference 51.

indenter tip. To eliminate the additional
complexity of strain rate effects within a
single material class, all tests were per-
formed at a constant nominal displace-
ment rate (0.5 to 8 nm s™') controlled
by a custom-written feedback-loop
algorithm, resulting in nominal strain
rates between 1.0 x 10 and 1.0 x 107
s, Specimen-only response is isolated
from the load frame, the support spring,
and the substrate compliances, and
stresses and strains are calculated based
on the raw load-displacement data and
the initial sample geometry as described
in detail in Reference 21.

Size-dependent Strength as a
Function of Microstructure

With the unique nanoscale fabrication
and mechanical testing capabilities, we
have been actively involved in studying
plasticity in single crystals, specifically
in b.c.c. structures like Mo, Nb, Ta, and
W since their deformation appears to be
more complex than that in f.c.c. crystals
like Au. Several representative stress—
strain curves of niobium nanopillars

with different diameters clearly show
the stochastic nature of plasticity at the
nanoscale even in b.c.c. metals (Figure
5a). The image in Figure 5b shows a
post-compression niobium nanopillar
with pronounced slip offsets, while Fig-
ure 5c,d shows the load-displacement
curve as well as a sequence of images
during tensile testing of a gold nano-
pillar. The slip contours correspond to
the locations of dislocation avalanches
exiting the crystal at the free surfaces,
as evidenced by the correlation between
the discrete burst-like segments in the
load-displacement curve and the forma-
tion of slip lines during the in situ ex-
periments.

We find that both types of crystals,
f.c.c. and b.c.c., exhibit a strong size ef-
fect, with the former significantly more
pronounced than in all but niobium b.c.c.
metals over the same diameter range.!’
The proposed hypothesis explaining this
discrepancy is that it is due to the pres-
ence of the Peierls stress in b.c.c. met-
als and to the fundamental differences
in dislocation behavior between the two

types of crystals, as also suggested by
atomistic simulations.'® The free surfac-
es in nanopillars impose an additional
so-called image force on the mobile
dislocations, facilitating their transport
toward the surface in f.c.c. crystals. In
order for plasticity to commence, addi-
tional dislocations need to be nucleated,
which requires the application of signif-
icantly higher stresses. To the contrary,
the screw dislocations in b.c.c. crystals,
which control their plasticity during me-
chanical loading, are likely to cross-slip,
often exhibiting non-Schmid behavior,
and travel in other, distinct crystal-
lographic planes, leading to a greater
chance of interacting with other disloca-
tion segments and with themselves, thus
forming forest-hardening-like network
inside the crystal. This suggests that in
b.c.c. pillars plasticity does not occur via
dislocation starvation at the diameters
we are studying, 100-900 nm. Interest-
ingly, while the strength vs. size power
law slope is —0.6 for most f.c.c. met-
als,* these slopes are different within
the b.c.c. family: —0.93 for Nb, which is
closer to that of Au (-0.9) rather than to
Mo, W, and Ta (-0.4).* Furthermore, in
studying the response of these crystals
to different loading conditions (tension
vs. compression), we find that while the
attained stresses are equivalent for gold,
there is a pronounced tension—compres-
sion asymmetry in all b.c.c. metals,
especially in molybdenum.* Transmis-
sion electron microscopy analysis and
atomistic simulations are underway to
try to understand the link between dis-
location behavior inside the pillars and
the observed mechanical properties.

TEM MICROSTRUCTURAL
ANALYSIS

We examine post-testing pillar mi-
crostructure evolved as a result of the
imposed deformation via transmission
electron microscopy (TEM, FEI Tec-
nai F30). Site-specific TEM sample
preparation at this scale is impossible
to accomplish with the conventional
technique due to the less-than-1-um
pillar sizes. For these cases, we rely on
the Omniprobe micromanipulator as-
sisted site-specific sample preparation
as described in detail in Reference 46.
Subsequently, the lamella is transferred
onto the TEM grid by bonding one of
its sides to the grid with platinum, lo-
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cally deposited via chemical vapor de-
position from a gas-injection source,
and severing the lamella’s connection
to the needle on the opposite side. Once
the lamella with the sample of interest
on top is securely attached to the grid,
the structure is thinned down to an elec-
tron-transparent thickness™ (Figure 6).
The major drawback of this tech-
nique is the inevitable sample damage
introduced by Ga* during the thinning
process, which affects the material sur-
face by creating large numbers of FIB-
induced dislocation loops and possibly
implanted gallium. To avoid the dam-
age induced by the thinning process,
the 100-nm-diameter pillars were fab-
ricated and compressed directly on the
lamella, thereby not requiring any ad-
ditional thinning after the deformation.
This technique allows us to analyze the
microstructure of the same pillar before
(Figure 6¢) and after (Figure 6d) the
deformation, ensuring that any changes
observed in the post-mortem pillar were
a result of the deformation process and
not of any sample preparation artifact.

CONCLUSION

This review conveys some of the
recent advances in studying uniaxial
deformation of small-scale metals and
clearly shows that their mechanical
properties, which determine the integ-
rity and functionality of the structures
they comprise, significantly depend on
their size and initial microstructure. Fo-
cused ion beam-fabricated single-crys-
talline f.c.c. nanopillars tend to exhibit
a unified power-law size dependence
with the exponent of ~ —0.6 indepen-
dent of orientation, rate control, and
loading path. On the other hand, b.c.c.
metals show less pronounced increase
in strength with reduced size and addi-
tional variation in the slope correlated
with the remaining effects of the Peierls
stress at room temperature. Further-
more, while f.c.c. nanoscale metals at-
tain equivalent stresses in compression
and tension, b.c.c. metals exhibit non-
trivial tension-compression asymme-
try, which is a function of the specific
metal, its crystallographic orientation,
and strain rate. The key difference be-
tween these findings and those based on
the deformation of metallic nanopillars
made by most non-FIB-based fabrica-
tion techniques is that the latter gen-

erally have a pristine microstructure,
with no initial dislocations, and, not
surprisingly, attain nearly theoretical
strengths during deformation. Our most
recent findings on the compression and
tension of FIB-lessly produced single
crystalline copper nanopillars yet with
non-zero initial dislocation densities re-
veal an identical size effect to the FIB-
fabricated ones, thereby validating the
size effect as an intrinsic material prop-
erty rather than an effect of a damaged
layer. While these and other prominent
advances in nano-scale mechanics pro-
vide a solid foundation for understand-
ing defect evolution, and therefore,
material properties at small scales, a
greater challenge of connecting the na-
noscale deformation mechanisms with
the macro-scale material properties re-
mains. A fundamental understanding of
these issues will be key in the synthesis
and development of multifunctional, re-
liable materials.
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