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For small-scale metallic single crystals, systematic studies have established that external sample size (/) has an obvious inﬂuence
on the apparent strength, following a “smaller is stronger” fashion. In the present nanocrystalline (NC) Zr micropillars, deformation
crossover leads to the strongest external size emerging at a critical /  400 nm, similar to that of bulk-scaled NC metals. Above the
critical external size the NC Zr pillars failed via highly inhomogeneous single-shear oﬀset, below which they deformed via relative
homogeneous shear.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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According to conventional solid mechanics, the
strength of a bulk scale metal only depends on its internal structure or feature size, which in turn is controlled
by the processing steps chosen for its fabrication [1,2].
However, this view is based on being able to select a representative volume element (RVE) of the solid that
incorporates all of the microstructural characteristics
of a correspondingly larger volume element, since the
plastic properties of a metal are governed by the characteristic length scale of a particular microstructure, thereby dictating the bulk material’s strength as a function of,
for example, grain or precipitate size, twin or layer
thickness, or dislocation density [2–4]. Once the external
sample size is signiﬁcantly greater than the largest of
these length scales, one observes sample-size-independent plastic behavior. In conventional bulk polycrystalline metals, grain boundaries (GBs) obscure the passage
of the gliding dislocations, providing eﬀective barriers to
transmission of dislocations from one grain to the next,
rendering the strength dependent on grain size via the
well-known Hall–Petch mechanism [4,5]. When the
grain size (d) falls below a critical value (at the nanoscale
15–20 nm), the role of the GBs shifts toward dislocation and absorption sites and sometimes to the deformation path itself [4,6,7], which renders the inverse size
eﬀect, i.e. the so-called “inverse Hall–Petch relation” in
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nanocrystalline (NC) metals [8,9]. The deformation
crossover from dislocation-mediated mechanism to
GB-mediated mechanism leads to the strongest grain
size [10,11].
However, in the past decade, the vast majority of uniaxial deformation experiments on small-scale metallic
structures have unambiguously demonstrated that at
the micron and sub-micron scales, the view that external
size-independent plastic deformation occurs in bulk
scale metals no longer holds true. In fact, it has been
shown that the strength of single crystals scales with
their external size in a power-law fashion, even
approaching a signiﬁcant fraction of the material’s ideal
strength, and exhibiting the well-known phenomenon
“smaller is stronger” [1–4,6,12–14]. While signiﬁcant effort has been dedicated to studying the mechanical
behavior of single crystals at small scales, the eﬀect of
internal interfaces contained within nanometer-sized
samples on strength and plastic deformation has not
been studied to the same extent. Since both the internal
(i.e. microstructure) characteristic size and external sample dimension (i.e. sample size) play a non-trivial role in
the mechanical properties and material deformation
mechanisms, it is critical to develop an understanding
of their interplay and mutual eﬀects on the mechanical
properties and material deformation, especially in
small-scale structures.
In this work, we investigated the compressive plastic
ﬂow of NC Zr micropillars with internal grain size (d)
35 ± 15 nm and external sample size (/) spanning
from 250 to 1200 nm by using microcompression
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methodology. It is revealed that the strongest external
sample size emerges at 400 nm, at which the NC Zr pillars exhibit uniform barreling. Above the critical size the
NC Zr pillars exhibit localized major single shear oﬀset;
below this size the Zr pillars exhibit relatively homogeneous deformation.
Silicon-supported 1.2 lm thick Zr thin ﬁlm was
synthesized by means of direct current magnetron sputtering at room temperature. The X-ray diﬀraction pattern of the as-deposited NC Zr thin ﬁlms revealed h1010i, h0 0 0 2i and h10-11i peaks, indicative of random
orientations. The focused ion beam (FIB) machined
micropillars, with / spanning from 250 to 1200 nm, fabricated from the NC Zr thin, ﬁlms were then uniaxially
compressed in a Hystron Ti 950 triboindenter with a
10 lm side ﬂat quadrilateral cross-section diamond indenter at a constant strain rate of 2  104 s1 up to
15–30% strain. More details on the fabrication procedure of the NC Zr micropillars can be found elsewhere
[15,16]. Force–displacement data were continuously recorded, and the initial geometry of the micropillar was
measured from scanning electron microscopy (SEM)
images (see Fig. 1). The cross-sectional area at half
height of the pillar (A0) and the initial height (L0) were
used for calculations. Following our previous works
[15,16]. True stress–strain curves were used to characterize the deformation behaviors. After consideration of
the substrate eﬀect and correcting for taper, the true
strain eT and true stress rT are simply expressed as [17]:
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Figure 1. Typical FIB/SEM images of NC Zr micropillars with four
diﬀerent diameters (/) after the uniaxial compression tests. (a)
/ ¼ 250 nm micropillars show relatively homogeneous shear at the
upper part of the micropillar; (b) / ¼ 420 nm micropillars show
uniform barreling of at strain 15%; (c) / ¼ 600 nm and (d)
/ ¼ 800 nm micropillars showing a single shear oﬀset of the NC Zr
micropillars. Inset is the corresponding FIB/SEM images of the asmilled NC Zr micropillar.
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where A0 is the cross-sectional area at half the initial
height (L0) of the pillar; r0 is the radius at the top of
the pillar; Lp and Ap are the ﬁnal height and average
cross-sectional area, respectively; P is the load; EZr is
the true modulus of Zr pillars without tapers and
Emeasured is the measured modulus of the tapered Zr pillars; utot is the total displacement; mZr is the Poisson’s ratio of Zr (0.3); ASi and ESi are respectively the average
cross-sectional area and the modulus of the substrate Si
pillar. Note that the inﬂuence of taper (w) has been taken into account in the above equations [17].
Figure 1a–d and their insets present FIB/SEM micrographs of the NC Zr micropillars before and after the
test. It is clearly revealed that when the external size /
is smaller than 400 nm, the NC Zr micropillars exhibited relatively homogeneous deformation (pillar sheared
at the rounded top part [18,19]), at which the Zr micropillars uniformly deformed (barreling) at plastic strain
<15%. Above the critical external size 400 nm, the
NC Zr micropillars failed via localized inhomogeneous
shear deformation (the pillar sheared with a major shear
oﬀset, i.e. a single shear oﬀset is observed to initiate at
the side surface and run across the entire pillar). In other
words, there is an apparent transition in shearing mode
from highly inhomogeneous shear to relatively homogeneous shear as the external size decreases. This transition of deformation modes caused by the external size
limitation has been observed in amorphous micropillars
[18–20], nanolayered crystalline Cu/Zr [15,16] and crystalline/amorphous Cu/Cu–Zr [17,21,22] micropillars.
These observations support the notion that reduction
in external size may shift the deformation mode to that
typical of much smaller internal sized and amorphous
metallic systems, regardless of the underlying deformation mechanism. In fact, in submicron-sized NC pillars
the presence of free surfaces activates these GB-mediated processes, such as GB sliding and grain rotation,
at much larger grain sizes than observed in the bulkscaled NC materials [23], as is consistent with the molecular dynamics (MD) simulations results in NC Pt nanopillars [24]. Under ultrahigh external mechanical stress,
once a mesoscopic glide plane is formed, localized sliding shear can result in macroscopic sliding over the
dimensions of many grains and eventually lead to a large
strain based on the GB sliding mechanism [15,25], without signiﬁcant oscillatory or intermittent burst of the
stress–strain curve (see Fig. 2a). Such a mechanism also
operates in nanolayered crystalline Cu/Zr micropillars
[15,16], triggering shear failure. In contrast, the catastrophic shear failure associated with the burst in the
stress–strain curve frequently occurred in glassy materials via the activation of shear transformation zones
(STZs) [17,21,22,26]. However, due to the constraining
eﬀect of strong NC Cu layers on glassy Cu–Zr layers
the catastrophic shear failure observed in monolithic
amorphous materials can be suppressed in crystalline
Cu/amorphous Cu–Zr micropillars/nanolaminates,
which is supported by their smooth compressive/tensile
stress–strain curves [17,21,22,26]. Speciﬁcally, Zhang
et al. [17] recently revealed that shear deformation can
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Figure 2. (a) True stress–strain plot for NC Zr micropillars with
various /. (b) The dependence of strength on pillar diameter. For
comparison, results from other reports on the diameter /-dependent
strength of NC Zr [30], Ni–W [23], Pt [24] and Rh [28] micropillars are
also included in this ﬁgure. The lines are visual guides.

still be observed in crystalline/amorphous Cu/Cu–Zr
micropillars at smaller intrinsic layer thickness
(<20 nm), which also exhibited the transition from inhomogeneous shear to relatively homogeneous shear with
reducing extrinsic sample dimension. Although at such
small thicknesses, <20 nm, the glassy layers can exhibit
homogeneous deformability [21,22], the fracture of
glassy layers under external stress (greater than their
ideal strength) can cause shear failure of the whole crystalline/amorphous micropillars [17].
Figure 2a presents typical true stress–strain curves of
four NC Zr pillars with / ¼ 300; 420; 600 and 800 nm.
It is found that these smooth true stress–strain curves
are characterized by an initial segment of elastic loading
(approaching high stress) and subsequent rapid stress
drop (softening). This is similar to that of observed in
/ ¼ 140 nm glassy Cu50Zr50 pillars [27]. Unlike the
amorphous materials whose shear band formed via
shear transformation zone (STZ)-mediated activities
(STZ percolation/collection) [18–20], the major shear
oﬀset can form via GB-mediated processes such as GB
sliding and grain rotation in NC metallic materials. At
the same time, the operation of GB-mediated mechanisms, in general, cause softening behavior of metals,
as is supported by the true stress–strain curves (see
Fig. 2a).
Another striking feature is that as the deformation
modes transit from inhomogeneous to homogeneous
deformation, the strongest external size emerges at a
critical size / ¼ 400 nm with maximum strength (rmax)
4200 MPa, as shown in Figure 2b. Above the critical
value the NC Zr pillars exhibit the “smaller is stronger”
behaviour that can be described by a power law:
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r / /0:48 ; below this critical value the inverse external
size eﬀect, i.e. “smaller is weaker”, is observed. Similar
results are observed in NC Ni–W [23], Pt [24] and Rh
[28] micropillars as well as NC metals [4], regardless of
the intrinsic properties (e.g. grain size, crystalline structure and stacking fault energy) of the materials, see Figure 2b. Such a external size eﬀect only arises from the
surface-related operation of dislocation sources [29],
since the present NC Zr pillars should correspond to
samples large with respect to an RVE without a suitable
bulk source as discussed above. In such case, as / is reduced, the likelihood that these smaller volumes contain
any dislocation (source) is further reduced, which would
result in sample-size-dependent plastic behavior. Recently, Jang and Greer [23] observed a transition in
the deformation mechanism—from dislocation-driven
deformation in d  60 nm sized Ni–W pillars with diameters larger than 100 nm to GB-mediated deformation in
pillars of 100 nm and below, previously observed only in
grain sizes below 20 nm in materials of the same composition. They postulated that the presence of free surfaces
activates these GB-mediated deformation processes,
which appears to be facilitated by a reduction in external
sample size [23]. Recent MD simulations [24] also indicated that interior of the nanopillars underwent plastic
deformation via a mechanism involving dislocations
that nucleated from GB triple junctions, then rapidly
propagated across a grain and were absorbed by the
opposite GB, similar to that of observed in bulk NC
samples. Near the free surface, however, the deformation was found to be dominated by GB-mediated
processes owing to the weak constraining interaction
among grains, which results in the formation of small
surface steps (i.e. small shear oﬀsets) of the order of
the atomic spacings at some of the GB/surface intersections [24].
In present work, the “smaller is stronger” trend
excludes the possibility of GB-mediated softening or dislocation-driven softening caused by fewer GBs [28]
being the dominant mechanism in smaller-sized NC Zr
pillars at the initial stage. Instead, the GB dislocation
sources provide the plastic carriers—dislocations to sustain the plastic ﬂow. Speciﬁcally, Liu et al [30] observed
the deformation twins in the deformed Zr layers (with
thickness 880nm and grain size d 30 nm in amorphous Cu-Zr/crystalline Zr multilayered micropillars),
further supporting the MD prediction that the (partial)
dislocations nucleated from the GBs contribute to the
plastic deformation. In addition, the mutual constraining eﬀects of neighboring grains also hinder the GBmediated processes that switch on at high stress levels.
However, as the conﬁgurations of GBs are altered at
greater stress (or strain), the GB-mediated processes is
activated, triggering the softening behavior and shear
deformation. This is consistent with the SEM observations that uniform barreling is observed at small strains,
<15% (Fig. 1b), while a major shear oﬀset occurs at
large strains (Fig. 1c and d). In contrast, below the critical external size, the weaker constraining eﬀects of
neighboring grains render operation of the GB-mediated
processes much easier in smaller-sized NC Zr pillars. As
such, two competing processes may emerge simultaneously upon the introduction of internal interfaces into
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smaller NC Zr pillars: dislocation-driven (or Hall–
Petch-like) strengthening and GB-mediated weakening.
The deformation crossover from mechanisms dominated by dislocation-mediated processes to GB-mediated processes induces the strongest external sample
size in NC pillars, analogous to that of conventional
NC metals.
In summary, there appears to be a crossover in the
deformation mechanism that is facilitated by sample size
reduction—from strengthening dominated by dislocations in NC Zr micropillars with diameters greater than
400 nm to softening dominated by GBs in smaller
micropillars, for which (400 nm) the external size
conferring the greatest strength is observed. Above the
critical external size, the NC Zr pillar manifests itself
in a “smaller is stronger” fashion failure via inhomogeneous single shear oﬀset, while below the critical sample
size the Zr pillars show the inverse external size eﬀect
(“smaller is weaker”) accompanied by relatively homogeneous shear deformation.
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