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Correlating micro-pillar compression behavior with bulk mechanical
properties: Nanolaminated graphene-Al composite as a case study
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Uniaxial compression tests were carried out on nanolaminated graphene (reduced graphene oxide, RGO)-Al
composite micro-pillars of various diameters. It was found that, when the pillar diameter was an order of mag-
nitude larger than the internal microstructural length scale (Al lamella thickness), the pillars' mechanical behav-
ior resembled that of the corresponding bulk. When the external length scale approached the internal one,
however, both mechanical strength and deformation mode of the pillars significantly deviated from their bulk
behavior. These results may have implications for the dimensional design of the small scale test specimens fab-
ricated from bulk materials with a “real” microstructure.
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Recent development ofmicro-/nano-mechanical characterization on
small scale specimens provides powerful new tools for probing some of
the materials properties that were once unattainable by conventional
experimental methods [1,2]. In these studies, micro-/nano-scaled test
specimens are fabricated by focused ion beam (FIB) milling [2] or a
lithography-based method [3], and are then subject to uniaxial tension
or compression. The resulting stress vs. strain response, combined
with ex situ [3] or in situ [4] site-specific microstructral analysis, con-
tains important information for the rich interplay between various crys-
tal defects (such as dislocations) in the specimen interior and the
sample free surface. These measurements have been widely applied in
the study of single crystals [5], bi-crystals [6,7], polycrystals [8–10], al-
loys [11], amorphous metals [12], and engineering composites [13],
and are found to be especially useful for studying themechanical behav-
ior of thin film-typed samples whichwould otherwise solely rely on the
use of nanoindentation [14,15]. In addition, in micro-/nano-mechanical
tests, a single interface (or boundary) can be isolated in the test speci-
mens [7,16,17], so that the properties and effects of the particular
boundary can be pinpointed.

Despite the above-mentioned capability of micro-/nano-scaled me-
chanical characterization techniques, caution has to be exercised if one
attempts to interpret bulk materials properties using the micro-/nano-
mechanical data, as both mechanical strength and flow behavior may
show notable size effect when the dimension of thematerial is reduced
to small scales [18,19]. This is particularly true when both external and
internalmicrostructural length scales are present and are of comparable
magnitudes in the test specimens, for example in the case of

nanocrystalline [10,20] and nanolaminated [21–23] micro-/nano-pil-
lars, where the overall mechanical behavior of the pillars is determined
by the competition of the two length scales [18]. Therefore, to correctly
extrapolate bulk behavior from micro-/nano-mechanical test results
and offer insights for the deformation mechanism of real, engineering
materials, careful design on the specimen dimension is a necessity, so
that the micro-/nano-scaled sample is large enough to still properly re-
flect macroscopic materials properties, and is also small enough to be
processed within reasonable timeframe and experimental effort.

In this context, this study provides a thorough survey on the size-
dependent mechanical behavior of micro-/nano-pillars fabricated from
bulk nanolaminated graphene (reduced graphene oxide, RGO)-pure Al
composite [24], with the aim of correlating micro-/nano-mechanical
test data with the corresponding macroscopic material behavior. The
RGO-Al composite [13,24] serves as an idealmodelmaterial for this pur-
pose in the sense that it not only has excellent bulk tensile properties
which make them promising for structural applications, but also pos-
sesses an ordered nanolaminated structure that allows accurate control
over the microstructural features existing in the small scale test speci-
mens [13]. Specifically, in this study, the stress vs. strain response and
deformationmechanism of the pillars of varying diameters were exam-
ined. It was found that, above a certain size, the pillars' mechanical be-
havior resembled that of the corresponding bulk while in the smaller
pillar size group where the external length scale approached the inter-
nal one, both the mechanical strength and the deformation mode of
the pillars significantly deviated from their bulk behavior. These results
may have implications for the dimensional design of the small scale test
specimens fabricated from bulk materials with a “real” microstructure.

Bulk nanolaminated RGO-Al composite with 1.50 vol% RGO concen-
tration was fabricated by a modified powder metallurgy route [24,25].
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The resulting Al lamella thickness was around 200 nm, and the lamella
interface was comprised of a few (b10) RGO layers sandwiched be-
tween ~5 nm thick amorphous alumina layers grown on the surface of
two adjacent Al lamellas. These amorphous alumina layers were likely
to have formed during the fabrication process as a result of the easy ox-
idation of Al surface. Details of the fabrication of RGO-Al composites and
their microstructural characterization were described in Refs [24,25].

Cylindrical pillars of varying diameters [diameter (D) = 0.5 μm, 1
μm, 1.5 μm, 2 μm, and 3 μm]with an aspect ratios of ~4:1 were fabricat-
ed from the polished rolling surface of the bulk composite sample using
a dual beam FIB system (FEI Scios), which also allows scanning electron
microscopy (SEM) imaging. The nanolaminates were oriented in paral-
lel with the pillar axis (“0° pillars”, Fig. 1b inset), in the same isostrain
configuration as the bulk composite specimens used in macroscopic
tensile test [13]. The vertical taper of pillars larger than 0.5 μm-
diameter was controlled within 2°, and the taper of the 0.5 μm-
diameter pillars may become as high as 3°. For each pillar size group,
N10 pillars were fabricated to get reliable statistics in the followingme-
chanical test. Uniaxial compression on the pillars were conducted using
an Agilent G200 nanoindenter equipped with a 15 μm-diameter flat
punch diamond tip at room temperature, at a nominally constant strain
rate of 0.005 s−1, and to a maximum strain of 10%. The diameters of the
as-fabricated pillars were measured from SEM images at half pillar
height. True stress–strain curves were employed to characterize the de-
formation behavior following the methodology developed by Greer
et al. [3]. The morphology of the pre- and post-compression pillars
was examined by SEM, and their microstructural features were charac-
terized by site-specific TEM analysis where the TEM specimens were
prepared using FIB.

Fig. 1(a) shows representative uniaxial compressive stress vs. strain
responses for RGO-Al micro-pillars of varying diameters. The yield
strengths (σy) of 1 μm-, 1.5 μm-, 2 μm-, and 3 μm-diameter were mea-
sured to be 425 ± 20 MPa, 431 ± 59 MPa, 395 ± 81 MPa and 415 ±
51MPa, respectively, showing little variation over pillar size. An abrupt
softening took place at the D= 0.5 μm pillar size, and σy was consider-
ably reduced to 275 ± 38 MPa. For pillars showing discontinuous flow
behavior (D = 0.5 μm, 1 μm, 1.5 μm, and 2 μm), σy [as arrowed in
Fig. 1(a)] was identified as the stress at the first discrete displacement
burst that occurred post-1% strain in each curve, and a threshold of Δε
≥ 0.002 was used to identify the burst events [26]. For pillars with
smooth stress vs. strain response (D = 3 μm), the conventional 0.2%
proof stress was used as σy. The size dependence of pillar strength can
be more clearly appreciated in Fig. 1(b), where the average yield

strength (~410 MPa) for pillars of D = 1 μm, 1.5 μm, 2 μm and 3 μm
was indicated by a dotted line.

Fig. 1(a) also demonstrates that the compressive flow behavior dif-
fers greatly for composite pillars of different sizes. In particular, pillars
of larger diameters possessed smoother stress vs. strain response, as op-
posed to the intermittent deformation characteristic of their smaller
counterparts. Previous studies on the mechanical behavior of micro-/
nano-pillars suggest that such jerky plastic flow is correlated with the
avalanche of dislocations in small-scale crystals and their annihilation
at the internal boundaries and/or free sample surfaces [5,27]. A quanti-
tative evaluation was done by measuring the size of the discrete burst
(using the stress burst increment in ascending section of each burst as
the benchmark [13,28]) on the stress vs. strain curves as a function of
pillar diameter. The results are documented in Table 1, where it is clear-
ly shown that the burst size decreased in a monotonic manner with in-
creasing pillar diameter, from 45 ± 16 MPa of the 0.5 μm-diameter
pillars to virtually 0 of the 3 μm-diameter ones. This suggests that
both dislocation accumulation and annihilationwere operating simulta-
neously in the composite pillars, and their overall flow behavior is
governed by the competition of the two. The smooth stress vs. strain re-
sponse of the largest pillar size group (D = 3 μm) suggests that at this
length scale the surface-dominated deformation mechanism was over-
come by ones corresponding to the bulk behavior.

Concomitant with the change in burst sizes over different pillar di-
ameters, the strain hardening rates alsomanifested substantial variation
among different pillar size groups, which were obtained by linearly
fitting the peak stresses during each burst [7]. The strain hardening
rate of the 0.5 μm-diameter pillars was found to be relatively low
(902.3 ± 519.2 MPa), while those of the 1 μm-, 1.5 μm- and 2 μm-
diameter pillars were much higher. An exceptional case is the 3 μm-
diameter pillars which suffered from quick strain softening after
yielding.

Fig. 2 shows the representative pre- and post-compression SEM im-
ages of the composite pillars with different diameters. Appreciable lat-
eral bulge was observed in all sample sets, indicating that the pillars
went through palpable plastic deformation upon compression. Local-
ized shear fracture was found to be the governing failure mechanism
of the smallest and largest size groups (0.5 μm- and 3 μm-diameter pil-
lars), while, in stark contrast, most (N70%) of the pillars having interme-
diate sizes (1 μm-, 1.5 μm- and 2 μm-diameter) tested in this study only
showed deformation that was preferentially concentrated at the pillar
top. This is in line with the observation in Fig. 1(a) that the compressive
flow of the 0.5 μm- and 3 μm-diameter pillars was subject to a

Fig. 1. (a) Representative compressive true stress–strain curves for RGO–Al nanolaminated micro-pillars with varying diameters; (b) Variation of pillars' yield strengths as a function of
their diameter. The average yield strengths for pillars of D = 1 μm, 1.5 μm, 2 μm and 3 μm (~410 MPa) is indicated by a dotted line. The inset schematically demonstrates the
microstructures of the composite pillars with different diameters.
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