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Useful properties of structural materials generally depend on their bulk
microstructure. For centuries, improvements in structural materials relied
heavily on processing, which in turn determined the resulting microstructure
and properties. Materials sciences are entering an era in which specific
properties of a material are obtained not only from its processing but also by
controlling of the architecture of its constituents, often with sub-micron
dimensions. To utilize this newly achievable nanoscale engineering precision
in structural applications, it is imperative to quantify the deformation pro-
cesses at each relevant scale, with special attention focusing on the impor-
tance of internal and external heterogeneities, for example grain boundaries,
bi-material interfaces, phase boundaries, etc., on mechanical loading. It has
been shown for single crystals that yield (and fracture) strengths increase
with power-law dependence on sample size reduction when the micron scale is
reached, and therefore, can no longer be inferred from bulk response or from
the literature. Although these studies provide a powerful foundation for fun-
damental deformation processes operating at small scales, they are far from
representing real materials used in structural applications, whose micro-
structure is often complex, containing boundaries and interfaces. Both
homogeneous (i.e. grain and twin boundaries) and heterogeneous (i.e. phase
and precipitate—matrix boundaries) interfaces in size-limited features are
crucial aspects of the structural reliability of most modern materials. They are
also of particular importance to damage initiation. This article provides a
comprehensive overview of the state-of-the-art experimental and computa-
tional methods used to investigate mechanical behavior and microstructural
evolution in small-scale metallic systems, deformation of which depends on
intricate interactions of defects with internal interfaces and with free sur-
faces. Attention is focused on the effects of multiple grain boundaries spanning
the sample volume (nanocrystalline and polycrystalline metals). This over-
view sheds light on the relative importance of intrinsic versus extrinsic length
scale limitations on deformation mechanisms in nanostructured metals, which
has significant implications for the development of new materials with tunable
mechanical properties.

INTRODUCTION

A surprising increase in the tensile strength of
single-crystalline metallic whiskers with decreasing
diameter was first reported almost a century ago in
the pioneering work of Taylor in 1924'; this was
re-visited and confirmed some 30 years later by
Brenner.?® Their research sent a clear message
that the mechanical properties of metals strongly
depend on their microstructure, and on the size of
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the tested sample. In the last decade, there has been
a revival of experimental investigations on the
mechanical behavior of metals, especially at small
scales—where not only the internal sample dimen-
sions, i.e. grain size and inter-particle spacing, but
also the external dimensions, i.e. diameter and
length, are at the nanometer or micron level. Such a
combination of limited external and internal char-
acteristic length scales contributes to the overall
mechanical response of the material, although the
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individual contribution of each mechanism remains
unclear.

In macroscopic samples, a material’s stress—
strain response (e.g., of polycrystalline metals) can
be linked uniquely to the material’s microstructure.
Here, the characteristic property-governing scale is
of the order of the grain structure. Since the seminal
work of Hall* and Petch® in the 1950s, experimental
evidence has confirmed a material-induced intrinsic
size effect: a square root-type dependence of yield
strength on average grain diameter,®” exhibiting:
smaller is stronger. Bulk nano-crystalline metals®
with grain sizes above ~30 nm are, essentially,
stronger than their lar§er-grained and single crys-
talline counterparts.” T Over the last two decades,
an inverse effect has been observed for grain sizes
below ~10-20 nm'%!3 which was explained by a
change in the deformation mechanisms,®'* trading
conventional intra-grain dislocation activity for
inter-grainular mechanisms, for example grain
boundary (GB) sliding, rotation, migration, and
shear.

As modern fabrication techniques enable resolu-
tion of exhibiting device components at unprece-
dentedly small scales, material applications arise in
which the characteristic length scale of the material
microstructure approaches the size of individual
structural members. Recently, our team has devel-
oped an ultra-light metallic micro-truss with a
combined high stiffness (E ~ p?) and extremely low
density (0.9 mg/cm?®).'® These micro-trusses are
examples of multi-scale-designed materials because
the sample itself has the lateral dimensions of sev-
eral inches; the unit cells, which populate the lat-
tice, are on the order of millimeters; the individual
truss members are 1-4 mm long with hollow tube
diameters of hundreds of microns; and the wall
thickness can be varied between tens of nanometers
and several microns. These walls are comprised of
nano-crystalline nickel (with some residual phos-
phorus from the processing route), whose average
grain size is on the order of 10 nm. The images and
schematics of this hierarchy at each relevant
material scale within this “meta-material” are
shown in Fig. 1. To understand and predict the
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mechanical response of such structures during life-
time operation, it is critical to elucidate properties
such as yield strength, fracture toughness, defor-
mability, and stiffness at the appropriate material
length scale with the structural response, which is
dictated by the cellular architecture. Separating the
structural deformation response—i.e. that of the
lattice—from the material-induced one—i.e. arising
from the material’s microstructure—is necessary for
creation of predictive modeling tools. For example,
continuum models that include the size-dependent
mechanical properties of nano-crystalline Ni—P
have shown promise in describing and optimizing
the hollow-tube lattice architecture.”

Such ultra-light yet stiff and strong materials are
desirable for many applications, for example in
insulation and damping layers, as battery elec-
trodes, and as components in aircraft and space-
craft. With the advent of nano-scale fabrication and
patterning techniques, we—as a society—have
begun to contemplate material systems in which
feature size is comparable with the characteristic
material microstructure dimensions. As a conse-
quence, structural and material effects are no
longer independent; instead, new and entirely
uninvestigated deformation mechanisms arise from
their competition. The very high surface-to-volume
ratios of nanostructures introduce a new competing
length scale that leads to the strong size effects in
larger structures, which contain nanometer-sized
constituents.'®'® As society moves toward using
architecture to create new materials with previ-
ously unexplored properties, the critical length
scales of individual structural members and of the
material microstructure become comparable with
one another. Leaps, not strides, need to be taken to
understand the deformation mechanisms which
affect such material systems at each relevant length
scale in a truly across-the-scales fashion.

Our recent work on the deformation of individual
truss members within a nanocrystalline Ni micro-
truss revealed clear examples of a material-induced
size-dependent properties.!” In that work, individ-
ual vertically oriented hollow Ni cylinders with
6.6 nm grains and sub-micron-sized wall thick-
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Fig. 1. Cellular architecture and size scales in micro-lattices.'®
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nesses were subjected to severe in-situ uniaxial
compression. These experiments revealed that their
deformation was a strong function of both sample
dimensions (i.e. wall thickness) and material
microstructure (i.e. grain size and the presence of
impurities). Distinct differences were observed
between the collapse of the 500 nm-thick (i.e.
“thick”) and 150 nm-thick (i.e. “thin”) nanocrystal-
line Ni cylinders, which were nominally identical
except for the wall thickness. The thick samples
collapsed in a brittle manner at 2% strain, via a
single strain burst, whereas the thin samples
underwent a gradual collapse, via a series of small

discrete strain bursts, as shown in Figs. 2 and 3.7
Further, the critical buckling stress of the thick
samples was ~60 times higher than that of the thin
samples, whose compressive strength was also
99.2% lower than that predicted by the shell buck-
ling theory. The much lower compressive strengths
observed for the thin samples were probably
because of localized buckling and fracturing observed
during the in-situ compression experiments, which
did not occur in the thicker samples. These peculiar
differences between the deformation of nominally
identical hollow nanocrystalline Ni “shells”, differing
only in the wall thickness, cannot be explained by
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Fig. 2. Sudden collapse of 500 nm-thick hollow Ni cylinder under uniaxial compression with SEM images of before and after states and
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Fig. 3. Time progression during in-situ uniaxial compression of 150 nm-thick hollow Ni cylinder, which shows gradual deformability and localized
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geometry effects alone. They were probably caused
by the size-induced material mechanical behavior,
specifically arising from the combination of the
intrinsic and extrinsic material size effects.

BACKGROUND

To date, the material-induced and microstruc-
ture-induced size effects have been investigated
independently, yet the combined effects of intrinsic
and extrinsic dimensional limitations on materials’
deformation behavior have not received as much
attention.'® In three-dimensionally designed mate-
rials, the combined effects of surfaces, internal
interfaces (GBs), and crystal defects inside the
parent solid collaboratively drive the overall hier-
archical material’s response. It is well-known that
in nanocrystalline metals with sufficiently small
grain sizes, intragrain dislocation activity gives way
to intergrain mechanisms, for example GB slidin%
and rotation,'® and stress-induced grain growth.?
Single-crystalline metals, which contain no grain
boundaries, have been widely shown to become
stronger with size reduction.'®?172°

Size Effects in Single Crystals

Over the last decade, room-temperature uniaxial
compression and tension experiments on a wide
range of single-crystalline metallic micro and nano-
pillars have advanced our fundamental under-
standing of dislocation-based deformation processes
at small scales.'®?'2® The uniaxial compression
methodology first introduced by Uchic et al.** was
extended to the nano-scale by Greer and Nix?! who
fabricated single-crystalline Au nano-pillars with
diameters below 1 ym by “top-down” focused ion
beam (FIB) methodology and discovered unprece-
dented strengths, up to 50 times higher than in
the bulk. Since then, numerous tests on cylindrical
face-centered and body-centered-cubic metallic
nano-pillars have demonstrated that, at micron and
sub-micron scales, sample size dramatically affects
crystalline strength, albeit differently for the dif-
ferent crystal symmetries.

Among others, Dou and Derby®* summarized
compressive-strength data for single-crystalline
Au, Al, Ni, and Cu (all fcc metals) and reported
the existence of a universal law of the form o,.s/u =
A(D/b)™ where u is the shear modulus, 6. is the
shear stress resolved onto the (110)/{111} slip
system, D is pillar diameter, and b is the Burgers
vector magnitude. A seemingly universal slope for
such size-induced strengthening in fcc metals,
m, was determined to be close to —0.6.1923:3°

To date, uniaxial micro-deformation studies
include but are not limited to the following fcc metals:
Ni and Ni-based superalloys,?231734" Ayu?1:35-38
Cu,?426:28:3944 3119 A1;**~*"bee metals: Mo and alloys
Nb, Ta, W, and V,**~°3 hep metals: Mg and Ti,54_Sé
tetragonal low-temperature metals: In, Sn, and Pb,%°
Gum metal,?® nanocrystalline metals,ﬁi’62 shape
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memory alloys,’*% and a variety of metallic glas-

ses.”" Most of these experiments revealed a strong
dependence of flow strength on sample diameter,
because of the activation of unique, defect-driven
deformation mechanisms in nano-scale plasticity,
often characterized by stochastic stress—strain
curves and size-dependent strengths (Fig. 4).

Intriguingly, in contrast with Taylor hardening,
the flow strengths of these small structures seem to
increase with reduction in the mobile-dislocation
density. It turns out that the size effect is an intri-
cate function of the initial material microstructure
(i.e. dislocation density),”‘79 strain rate, tempera-
ture,®>®! and experimental setup,?*?” in addition to
sample size. Some of the mechanisms responsible
for this elevation in strength with reduced dimen-
sions include dislocation starvation, which has been
shown to occur in very small, i.e. smaller than
~125 nm diameter, nano-pillars deformed at suffi-
ciently slow strain rates,?!32354580 gource trunca-
tion and subsequent exhaustion,’*77:8285
percolation-based weakest-link theories.*3 74848687
Some of these models also capture the experimen-
tally observed stochastic signature and reveal
marginal*®"*®® or no dislocation storage.3%3%44

Although the focus of this article is on the com-
bined effects of nanometer-sized internal and
external material dimensions, it is worth mention-
ing that our research group has extensively studied
plasticity in nano-sized single crystals, with some
recent work focusing on tension and compression of
Cu and Fe nano-pillars with diameters between
50 nm and 500 nm.3**34489-94 Thege samples were
fabricated by e-beam lithography and electroplating
to avoid the adverse effects of Ga*-ion damage,
which is inevitable in traditional FIB-based fabri-
cation.*?75:90:95-99 Regylts revealed an identical size
effect as the ubiquitously observed power-law for
FIB-fabricated fcc nano-pillars with an exponent
of ~—0.63, which demonstrated that it is the ini-
tial microstructure, i.e. the initial number and
arrangement of dislocations and their sources,
rather than fabrication methods that drives and
defines the size effect. The results of this research
also demonstrated that at the nano-scale not only do
the sample dimensions and the initial microstruc-
ture of the sample matter, but the strength becomes
highly sensitive to the quasi-static strain rate,
which is highly uncharacteristic for macroscopic fcc
metals.”! This emergence of strain-rate sensitivity
may serve as proof of thermal contribution to nano-
plasticity, suggesting that at these very small scales
surface nucleation of dislocations, a thermally dri-
ven process, may have a non-trivial effect, as was
predicted theoretically.®!

Size Effects in Nanocrystalline Metals
and Combined Size Effects

When polycrystalline metals are strained, the
mobile dislocations inside the grains tend to pile-up
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Fig. 4. Representative compressive and tensile stress—strain curves for single-crystalline Mo in two different orientations.2® Numbers next to

curves denote pillar diameters.

at grain boundaries (GBs), requiring the application
of higher stresses to further propagate dislocations
and plastically deform. In nanocrystalline metals,
however, this Hall-Petch relationship*® breaks
down: materials become weaker at smaller grain
sizes, a phenomenon often referred to as inverse
Hall-Petch.®'°° This grain-size-dependent transi-
tion in strengthening is shown schematically in
Fig. 5. The specific deformation mechanisms
responsible for the grain-size-dependent mechanical
properties in nanocrystalline metals are still being
debated, with some of the prominent proposed ones
being grain rotation,'®~%* GB sliding,'°*'% partial
dislocation emission and absorption at GBs,'6107
diffusional creep,'°"1% and GB migration followed
by grain growth.

The deviations from bulk-level mechanisms arise
not only because of the small characteristic length
scales but also because of surface proximity to the
pertinent microstructural features. For example,
molecular dynamics (MD) studies on polycrystalline
nano-wires have reported strong GB—surface inter-
actions and clear dependence of the stress—strain
response on grain size and wire length-to-thickness
ratio.”

“Inverse” Hall-Petch
GB-mediated deformation
{Grain rotation, GB migration, GB sliding)

a continuous transition
(v Ko di o0 to GB

l Crossover regime

Normal Hall-Petch
Dislocation-mediated plasticity

(Classical deformation mechanism)

Strength

Super-strength

™ Possible Su per-deformability

20 dc 30~100 Grain size (nm)

Fig. 5. Dependence of the strength of polycrystalline metals on grain
size. For large grain sizes, strength is inversely proportional to grain
size, i.e. smaller-grained metals are stronger (region labeled “Hall-
Petch” on the plot). The strength of nanocrystalline metals, with grain
sizes of ~20 nm and below, scales with grain size, i.e. smaller-
grained metals are weaker (region labeled “inverse Hall-Petch” on
the plot). The center region, in which strength is maximum, may
occur for metals with grain sizes between 20 nm and 30 nm (illus-
tration adapted from Ref. 19).
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Fig. 6. Normalized stress as a function of both grain size, d, and
pillar diameter, D (from Ref. 19).

These computations revealed that the weak GB—
surface junctions formed preferential sites for nano-
crack initiation, which accommodated large
strains.' Although most computational studies so
far have been limited to unrealistically small sam-
ple sizes and extremely high deformation rates, they
have been useful in elucidating some of the atomic-
level detail affecting mechanisms of nano-scale
plasticity. Experimentally, Yang et al.''® showed
that the yield stress in polycrystalline copper micro
wires was a strong function of the wire diameter-to-
grain size ratio, and Jang et al.’® demonstrated that
nanocrystalline Ni nano-pillars had the “smaller is
weaker” trend at pillar diameter-to-grain size ratios
below ~10.

Accurately modeling the deformation of nano-
sized structural members is challenging because:

1 the limitations in size and viable strain rates
render traditional MD simulations limiting;''!
and

2 sample dimensions of only several tens of nano-
meters are well outside the realm of the contin-
uum hypothesis of engineering models.

Well-known nano-scale deformation mechanisms,
for example the formation of atom-thick chains in
nano-wires,'® nano-crystalline GB sliding followed
by intergranular, surface-assisted fracture,'®® and
the relaxation-and-recrystallization mechanism
observed in Pt wires,'®° provide evidence that the
existing atomistic models must be able to incorpo-
rate the mechanical response of nano-materials
with a particular characteristic length scale and
microstructure. Computational studies have pro-
vided essential details and uncovered physically
relevant nano-scale deformation mechanisms.
Although continuum and discrete dislocation mod-
els have efficiently described size effects in metals
on the macroscale, they have failed to accurately
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capture nano-scale deformation, in which the dis-
crete nature of the crystal dominates and the
continuum hypothesis breaks down. Nano-scale
mechanical problems have been addressed mainly
by MD,!? 118 which has provided indispensable
insight into deformation mechanisms, energetics,
and defect structures. For example, an early MD
simulation on single-crystalline nano-sized Ni
samples subjected to shear revealed size-de}l)en—
dence of yield stress on specimen dimensions.'® A
characteristic size scale based on the sample vol-
ume-to-surface-area ratio was postulated, which
compared favorably with the experimental yield-
stress data from indentation and torsion. MD sim-
ulations of Au nano-wires under tension at different
strain rates and for different wire sizes at room
temperature revealed yield strengths that increased
with decreasing wire cross-sectional area.'?° MD
simulations of nano-grained metals also helped
understand the microstructural deformation mech-
anisms:'* intergrain dislocation activity was
replaced by intragrain mechanisms of, e.g., GB
sliding and shear; grain interiors contained mainly
partial dislocations. Because of size limitations,
many MD simulations have focused on metal nano-
wireg!®9%:100,120-122 g4 have reported such char-
acteristic nano-scale mechanisms as the formation
of atom-thick chains prior to fracture,'® or the
atomic reconstruction—relaxation—recrystallization
mechanism giving rise to zig-zag stress—strain
behavior and abrupt slip localization on (111) planes
in Pt'% at low strain rates. Alternatively, nano-
scale mechanics have been studied by Monte-Carlo
methods; for example, simulations on single crystals
under uniaxial compression using the Lennard-
Jones potential in 2D confirmed a clear size effect
with smaller samples yielding at higher stresses.'?

IN-SITU STRAINING OF NANOCRYSTAL-
LINE NI ALLOY NANOSTRUCTURES

Few experimental and computational studies
have focused on the combined effects of polycrys-
talline or nanocrystalline microstructure and small
sample size 6170110124 g4 far the sought three-
dimensional strength space of stress versus D
(external diameter) and d (grain size) is sparsely
populated, as shown in the recently summarized
plot in Fig. 6 from Ref. 19. Earlier research in our
group focused on uniaxial tension and compression
experiments on nanocrystalline Ni-4%W nano-pil-
lars whose average grain size was held constant at
60 nm while sample dimensions were reduced from
1.6 um (~42 grains across) to 100 nm (~1.5 grains
across).%? These investigations revealed that the
strength of the nanocrystalline nickel decreased by
more than 30% as the pillar diameter was reduced
to 100 nm—from 1.47 GPa to 0.86 GPa for com-
pression and from 1.52 GPa to 0.98 GPa for tension.
Global and local size-dependent weakening was
observed, as manifested by both the lower yield
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stresses in smaller pillars and by the presence of
multiple undulations in the individual stress—strain
curves. Both compressive and tensile stress—strain
curves were not monotonic but composed of multiple
cycles of nearly elastic loading followed by convex
softening segments. The in-situ tests revealed that
these undulations correspond to the formation of
shear offsets, and in the cases when these offsets
formed along a single plane, an entire sample-
spanning shear band propagated across the cylin-
der. This deviation from the monotonic convex
response, and failure, were found to commence at
higher strains for larger nano-pillars than for
smaller ones. Unlike the metallic single crystals,
this was a demonstration of a “smaller is weaker”
trend in small-scale samples, whose external and
internal dimensions were concurrently reduced to
micron and sub-micron scales. These findings are
summarized in Fig. 7.

The origin of this “smaller is weaker” trend, and
of the non-convex stress-signature, are particularly
intriguing because the same 60-nm-grained Ni-W
alloy with macroscopic dimensions has been
reported to deform via dislocation-driven plasticity,
as would be expected.!?>1%¢ Yet the transmission
electron microscopic (TEM) analysis of the same

material, but carved down to 100 nm-diameter and
compressed, demonstrated that grain rotation, GB
migration, and mechanical twinning took place as a
result of deformation. Observing these phenomena
in a nanocrystalline metal with grain sizes within
the traditional Hall-Petch region (d = 60 nm) was
surprising, especially because grain rotation and
GB migration in the same-composition metals were
previouslby observed only for grain sizes below
20 nm.'?>1%6 Qur observations of grain shape
alterations and grain boundary rotation in 100-nm
samples after straining—in concert with a nearly
30% reduction in strength—suggested that relaxing
the outer grains’ constraints by introducing the free
surfaces may have facilitated a transition in the
deformation mechanism.

Samples with sufficiently large D/d ratios
deformed via dislocation-driven plasticity, while
grain-boundary activity was probably carrying the
plastic strain in the smallest pillars, which had a
so-called “bamboo” structure, i.e. containing no
more than a single full grain across the diameter,
making each grain a surface grain. The requirement
of having a minimum number of grains within the
sample to activate plasticity via dislocation pile-up
against the grain boundaries, which leads to the
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well-known Hall-Petch strengthening, was reported
as early as the 1960s.'”!'2® Hansen et al.'®’
remarked that a size effect was observed in poly-
crystalline Al for specimens with D/d ratios below
~15, which corresponds to less than 10% volume
fraction of surface grains, i.e. for a fixed grain size,
samples with diameters smaller than that were also
weaker because of the effects of the surface grains.
This and earlier reports attributed such a concomi-
tant strength reduction with diameter to relaxation
of constraint-driven strengthening.'®®

Modeling the “Smaller is Weaker” Size
Effect in Nanocrystalline Ni-4%W
Nano-sized Samples

The mechanical properties of and deformation
mechanisms in nanocrystalline metals have been
well characterized.®71%14.90:105.125,129-135 Ty tengive
investigations by Asaro et al. on modeling the
deformation of nanocrystalline metals with macro-
scopic dimensions suggest that plastic strain in
60 nm-grained Ni alloys deformed at the strain
rates similar to the nano-pillar experiments in our
work is carried by first the emission of perfect, as
opposed to partial, dislocations from the grain
boundaries and their subsequent glide.'*®'" In
their model, the critical resolved shear stress,
7., required to produce and drive a full dislocation
across a grain of size d, was formulated as: * = %,
where u is the shear modulus and b is the magni-
tude of the Burgers vector.

In our work, nanocrystalline Ni samples were
shaped into nano-mechanical testing speci-
mens—nano-cylinders (or nano-pillars) for com-
pression and nano-dog-bone shapes for tension.
These geometries at the nanometer scale are char-
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acterized by the substantial surface-area-to-volume-
ratios, with greater effect of the outer surface grains
on the mechanical response and deformation of the
smaller-diameter samples. Such surface-dominated
structures relax the outer constraints on the surface
grains, and the mobile dislocations within these
grains probably experience a strong effect of the
image force during deformation. Upon mechanical
loading, once the critical resolved shear stress in
any of the outer surface grains has been reached,
the mobile dislocations within the grains start
gliding from, presumably, an adjacent inner grain
boundary toward the free surface in response to the
image force, as indicated by the simulations in
Ref. 138.

A simple two-dimensional depiction of this pro-
cess is shown in Fig. 8, which schematically outlines
an edge dislocation positioned on a slip plane within
a surface grain, as it glides from the grain boundary
in the pillar interior toward the free surface in
response to the image stress. To a first approxima-
tion, this image stress may be represented as:

_F ub
Timage — E = m (1

Here, F is the attractive image force per disloca-
tion unit length, and v is Poisson’s ratio. When
dislocation glide is not impeded by obstacles such as
impurities, point defects, or other dislocations, the
shear stress required to emit and drive a dislocation
across the surface grain is:

(a) (b)
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Fig. 8. (a) Schematic diagram showing dislocation emission and glide path, and the direction of the image force in a surface grain. (b) Schematic
diagram showing the configuration of an outer annulus and inner core, used in the model. (¢) Modeling results of yield strength as a function of

D/d and D (points represent experimental data from Ref. 62).
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The additional contribution from the image force,
which pulls the dislocations out of the crystal,
probably modifies the strength of the outer grains as
compared with the inner ones. It is reasonable,
therefore, to represent the overall compressive
strength of the nanocrystalline pillar as a combi-
nation of an outer-grained annulus and an inner-
grained cylindrical core, as illustrated in Fig. 8.
Following the approach of Meyers et al.® we repre-
sent the overall yield strength of the pillar, o,, as
the weighted sum of its constituents:

Ainner Aouter

oy = Oinner T 5 Oouter 3)
7 Atotal ¢ Atotal oute
(D—Zd)2 (D—2(D—2d)2)

Oy = ——=5— Oinner 1 Oouter (4)

y D2 D2

d\?* d\\?
Oy = (1 - 25) Oinner + (1 - (1 - 25)) Oouter

5)

where D is the pillar diameter, A; ner and Aqyier are
the cross sectional areas of the inner core and the
outer annulus, respectively, and their sum is the
total cross-sectional area of the pillar, Aiyial. Ginner
and oyuier are the yield strengths of the inner core
and the outer annulus, respectively. These axial
strengths can be related to the resolved shear
stresses by multiplying by the appropriate Taylor
factors mouter and Mjnper, such that oouter = MouterTa
and Gouter = MouterTe. >~ We argue that a distinction
between the outer and inner Taylor factors must be
made to account for the strain compatibility along
the GBs assumption, which is reasonable for macro-
scale samples but is unlikely for the less constrained
outer grains.'?® We estimate riquter to be close to 2,
as has been reported for bamboo-structured met-
als.'?®

It is likely that this factor is underestimated
because the reduction in the outer constraint is
more pronounced for bamboo structures than for the
annulus, whose inside wall remains constrained by
the matrix. The Taylor factor for the grains deeply
inside the pillar, m;,ner Was taken to be ~3, a typical
value for face-centered cubic polycrystals.'
Substituting physically relevant values for Ni into
this model: y=76GPa,v~1%, and b =0.249 nm,
and using the value of o;,,.- Obtained experimen-
tally for the bulk sample, from which the pillars
were made, the model predicts lowering of the yield
strength with D/d ratio, as shown in Fig. 8(c). This
phenomenological model is simple and 2-dimen-
sional, and therefore does not capture many of the
physical phenomena that may be attributed to size-
induced effects, or to intriguing deformation mech-
anisms. For example, it clearly overestimates the

yield strength for the samples between D/d ~10 and
20. Also, the active slip planes would be inclined at
an angle to the surface, as opposed to being oriented
perpendicular, as modeled here. This type of a geo-
metrical effect is expected to affect the absolute
magnitude rather than the overall trend. Most
likely, plasticity in the nanocrystalline metallic
nano-samples is driven by a combination of dislo-
cation-driven mechanisms and grain boundary
activity; the model developed here only accounts for
dislocation plasticity. Despite these limitations, this
phenomenological framework incorporates the
effect of the softer outer core on the overall strength
by accounting for the effects of the image stress and
of the reduced Taylor factor for nanocrystalline
nanostructures, and seems to explain the weaken-
ing trend well.

We subsequently discovered that for smaller
grain sizes of ~10 nm in 50-nm-diameter nickel
pillars, strength was similar to that of bulk nano-
crystalline Ni at the same grain size.'*°

More recently, similarly to the study by Jang and
Greer,%? Yang et al.!'? also investigated the tensile
response of multiple grain boundary-containing
polycrystalline metallic wires via in-situ mechanical
testing inside an electron microscope. These sam-
ples had micron-sized dimensions of both the grains
and the wire geometry. These authors established
that the strength of the polycrystalline Cu wires
was a function of both the absolute grain size,
d, and the number of grains across the diameter, D.
A composite model was constructed in which the
authors surmised that the lowering of the yield
stress with decreasing D/d ratio in polycrystalline
metals was related to differences in the resistance of
dislocations piling up against the grain boundaries
in the interior of the sample versus those adjacent to
the surface.!'® This comprehensive study revealed
that the yield stress was significantly affected by
both the grain size d and the specimen thickness D
when the number of grains across the diameter was
less than 10. With the increasing number of grains
across the diameter, the Hall-Petch constants were
found to increase, resulting in higher yield stresses
for thicker samples for a given grain size. The
results of these experiments are consistent with the
aforementioned early metallurgical studies'?"1%®
with the possible discrepancy of the D/d ratio being
closer to 10 in the work of Yang et al. and to 15 in
the Cu samples. This difference may or may not be
significant, because the deviation from Hall-Petch
type strengthening was found to be material and
grain size-dependent. The weighted-average iso-
strain model developed in the work of Yang, et al. is
intended to capture the plastic response of the micro
rather than nano-grained Cu samples, which means
that plasticity was accommodated entirely by dis-
location activity. This model predicts a similar
“smaller is weaker” trend as a function of the sam-
ple diameter-to-grain size ratio, D/d, as for the
nanocrystalline Ni nano-sized samples.
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Our on-going work is focused on compressive and
tensile deformation of nanocrystalline platinum
nano-pillars and also reveals a transition from bulk-
level strengths to substantially weaker ones for
diameter-over-grain-size fractions of D/d ~5. These
nanocrystalline Pt nanopillars have sub-micron
diameters, D, and a single grain size of 12 nm,
d, such that the number of grains across the pillar
diameter is systematically varied from ~5 to 80.
These results are being prepared in a separate
manuscript, and so far we are discovering that the
strength of the nanocrystalline Pt does not deviate
significantly from the bulk yield strength down to
D/d ratios of 8, and the pronounced weakening
occurs only in the smallest samples with diameters
of 60 nm. We postulate that this lack of a size effect
arises because the deformation is initiated and
carried out mainly at the grain boundaries rather
than being controlled by the free surfaces.

Our preliminary MD simulations reveal that the
deformation may be controlled by either grain
boundary sliding or by dislocation—nucleation, or by
a combination of these mechanisms. In the cases
where the deformation is controlled by dislocation
nucleation, we observe two important limits:

— in single crystals the dislocation nucleation from
the free surface dominates (at larger diameters,
the pre-existing dislocations can be important
also); and

— in the nanocrystalline pillars with diameters of
more than a few grains, the nucleation of dislo-
cations occurs predominantly at the grain bound-
ary triple junctions that serve as stress
concentrations, which developed, in part, as a
result of grain boundary sliding.

Comparison of the experimental results for Ni and
Pt suggests that the transition from bulk-like to the
“smaller is weaker” regime depends on both the
grain size, d, and the ratio of pillar diameter to
grain size, D/d, and on the particular metal. It is
also interesting to note that when D/d is relatively
small, the fluctuations in the number of grains
across the diameter could also be important.

SUMMARY AND OUTLOOK

The variety of materials that are being investi-
gated in the context of size-dependent mechanical
properties, both in terms of external dimensions and
internal microstructure, has increased substantially
over the last decade. Advances in fabrication tech-
niques and sophisticated modeling capabilities
facilitate unprecedented material characterization
and exploration of new processing routes. Such a
combined approach, in which at least the length
scales between the experiments and the computa-
tions are within each other’s reach, result in a
powerful physical understanding of the emergent
nano-size induced phenomena for solids. Although

Greer, Jang, and Gu

all this progress is exciting, it is critical that the
researchers in this field take special care when
conducting these experiments and sample synthesis
because the data are significantly affected by
experimental artifacts, geometry, and purity, to list
a few. The community has now shown that size-
dependent material strengths in the small-scale
structures emerge because of both intrinsic and
extrinsic characteristic length scales. These size
effects are not universal, with the clear distinction
between the “smaller is stronger” effect for single
crystals and the “smaller is weaker” trend for nano-
crystalline nanosamples, shown here. The combined
effects of reduced dimensions must be actively
investigated, and the next task for us as a commu-
nity is to populate three-dimensional space with
material strength plotted on the vertical axes and
both the microstructural length scale (i.e. grain size,
twin boundary spacing, nanolaminates spacing,
phase boundary spacing, dislocation density) and
the external dimensions (i.e. pillar diameter, film
thickness, etc.) on both of the horizontal axes. When
such a full layout of size effects is created, the fea-
ture size will enable the creation of revolutionary
new materials with realistic technological applica-
tions.
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