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Di Zhang

State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai, People’s Republic of China

ABSTRACT
Micro-pillars with diameters varying from 0.5 to 3.5 µm were fabricated from bulk nanolaminated
graphene (in the form of reduced grapheme oxide, RGO)–Al composite. Upon uniaxial compression,
the pillar strengths exhibited no obvious size effect, and the pillars of larger diameters possessed
smoother stress–strain response, as opposed to the jerky deformation of their smaller counter-
parts. A corresponding transition in the deformation mode from Al layer extrusion to shear fracture
over decreasing pillar diameter was observed. These observations were explained by the compet-
ing effect of dislocation accumulation and annihilation, and a grain boundary-assisted deformation
mechanism.

IMPACT STATEMENT
The transition in the deformationmodeof graphene–Al compositemicro-pillars from localized shear
facture to Al layer extrusion over increasing pillar diameter is attributed to a grain boundary-assisted
deformation mechanism.
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The nanolaminated structure is widely adopted by hard
biological materials [1–3], which, by taking advan-
tage of the high strength of nano-scaled constituent
phases and the various toughening mechanisms pro-
vided by the laminated structure [3–5], is found to be
both strong and damage-tolerant. The excellent mechan-
ical properties and exquisite microstructure of hard
biological materials have inspired extensive studies on
developing advanced composites (particularly polymer-
based composites [6,7]) with a nanolaminated struc-
ture. In the case of metal matrix composites, how-
ever, because of the restriction rendered by available
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processing routes, such efforts have been mostly lim-
ited to proof-of-concept-typed and/or thin film-typed
specimens. For example, carbon nanotube–metal com-
posites with sandwiched structure were fabricated, where
improvements in mechanical strength and toughness
were reported [8–10]. By employing a molecular-level
mixing process, Hwang et al. [11] fabricated millimetre-
sized graphene–Cu composite samples and explained
the good strengthening effect of graphene by the strong
adhesion between graphene and Cu. However, the as-
fabricated composite still suffered from a random distri-
bution of graphene in the Cu matrix, and experimental
evidence and associated analysis on possible deforma-
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tion mechanism were lacking. By alternately evaporating
metal thin films and transferring monolayer or bilayer
graphene onto the metal-deposited substrate, Kim et al.
[12] fabricated graphene–Cu and graphene–Ni nanolam-
inated composite films and demonstrated a significant
strengthening effect of graphene in nanolayered compos-
ites by a dislocation obstruction mechanism.

Using a modified powder metallurgy fabrication tech-
nique, our research group developed bulk graphene (in
the form of reduced graphene oxide, RGO)–Al com-
posites with a bioinspired nanolaminated structure, and
macroscopic tensile test revealed that these composites
are both stronger and tougher than the pure Al matrix
fabricated by the same approach [13,14]. Feng et al. [15]
further extended this study by carrying out uniaxial com-
pression tests on micro-pillars fabricated from the bulk
RGO–Al composites with different RGO concentrations
and laminate orientations. It was found that the strength-
ening effect and efficiency of RGO can be enhanced by
either orienting the RGO layers parallel with the load-
ing direction or raising the RGO concentration, and
the robust RGO/Al interfaces provide a crack deflection
mechanism that toughens the composites.

As demonstrated in Feng et al. [15], when com-
bined with site-specific microstructural analysis, micro-
/nano-scaled mechanical characterization on small vol-
ume materials is a powerful tool in probing their defor-
mation mechanism, owing to its capability in capturing
the deformation characteristics across the entire gauge
length [15], and its flexibility in studying the mechanical
behaviour of materials with various crystallographic ori-
entations [16]. Nevertheless, caution has to be exercised
when one attempts to interpret bulkmaterials properties
using themicro-/nano-mechanical data, as bothmechan-
ical strength and flow behaviour may show notable size
effect when the dimension of the material is reduced
to small scales [17–19]. In order to correctly extrapo-
late bulk behaviour from micro-/nano-mechanical test
results, careful design on the specimen dimension is a
necessity, because the micro-/nano-scaled sample should
be large enough to still properly reflectmacroscopicmate-
rials properties, while it also has to be small enough so
that it can be fabricated and processed within reasonable
timeframe and experimental effort. Under this context,
in the present paper, we used the bulk nanolaminated
RGO–Al composite as a model material, and studied the
size-dependent mechanical behaviour of micro-/nano-
pillars with varying pillar diameters, fabricated from the
bulk composite. It was found that the strength of the
composite micro-pillars exhibited no obvious size effect.
While, with increasing pillar diameter, the stress–strain
curves got smoother, and there was a transition in the
deformation mode from brittle to ductile behaviour.

These observations were explained by the competing
effect of dislocation accumulation and annihilation, and
a grain boundary-assisted deformation mechanism.

Bulk 0.5 vol.% RGO–Al composites were fabricated
via the modified powder metallurgy fabrication route
[13,14]. Reduced graphene oxide (RGO, 99%purity,Nan-
jing XFNano Material Tech Co. Ltd., China) was added
to an effective non-ionic surfactant TNWDIS (Chengdu
Organic Chemical Co. Ltd., China) solution, and subse-
quently sonicated by an ultrasonic homogenizer in ice
base, leading to the formation of RGO suspension. Spher-
ical Al powders (99.99% purity, 10 μm average particle
size, Henan Yuanyang Co. Ltd., China) were ball milled
at a speed of 352 rpm in ethanol for 4 h to obtain flake
Al powders. The as-obtained Al flakes were stirred with
the RGO suspension in ethanol at a speed of 400 rpm for
30min and then vacuum-dried at 333K for 24 h to obtain
RGO–Al composite powders with uniformly absorbed
RGO nanosheets (Supporting Information, Figure S1).
The RGO–Al composite powders were compacted under
500MPa at room temperature and then hot pressed
under 600MPa at 500°C for 1 h to obtain bulk RGO–Al
composites. Finally, hot rolling at 350°C by 50% reduc-
tion in thickness were employed to obtain fully densi-
fied RGO–Al composites with a nanolaminated struc-
ture. Raman spectroscopic characterization showed that
the intensity ratio between D and G peaks (ID/IG) of
RGO was reduced from ∼0.80 in its raw powder form
to ∼0.72 in the as-fabricated composite, indicating that
the various composite processing steps did not damage
the quality of RGO but resulted in its further reduction
(Supporting Information, Figure S2).

Cylindrical pillars with diameters ranging from 0.5 to
3.5 μmwith an aspect ratios of ∼4:1were fabricated from
the polished rolling surface of the bulk sample using a
dual beam focused ion beam system (FIB, FEI Scios),
which also allows scanning electron microscopy (SEM)
imaging. The nanolaminates were oriented perpendicu-
lar to the pillar axis (‘90° pillars’, Figure 2(a) inset). The
vertical taper of all pillars was controlled within 2° to
ensure reliable interpretation of the mechanical test data
[20]. Uniaxial compression tests on the pillars were con-
ducted using an Agilent G200 Nanoindenter equipped
with a 15 μm-diameter flat punch diamond tip at room
temperature, and at a nominally constant strain rate of
0.005 s−1. Continuous stiffness measurement with 75Hz
in harmonic vibration frequency and 2 nm in ampli-
tude was applied to monitor the variation of contact
stiffness during compression, and the initial diameter at
half height of the pillar (D0) and the initial height (L0)
were measured from SEM images of as-fabricated pillars.
True stress–strain curves were employed to characterize
the deformation behaviour following the methodology
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developed by Greer et al [17]. At least 10 pillars were
tested to get the statistics. The morphology of the pre-
and post-compression pillars was examined by SEM, and
their microstructural features were characterized by site-
specific TEM analysis where the TEM specimens were
prepared by the lift-out method using FIB [21].

RepresentativeTEM image of the as-fabricated 0.5 vol.%
RGO–Al composite is shown in Figure 1(a). The sam-
ple was shown to have a nanolaminated structure, where
each lamella contained predominantly a single Al grain
through its thickness in the normal direction (ND), and
elongated grains were shown to align along the rolling
direction (RD). The grain size of the Al matrix in par-
allel with and perpendicular to the rolling direction
were found to be around ∼800 nm (dL) and ∼200 nm
(dT), respectively [14]. High-resolution TEM (HRTEM)
characterization performed at the RGO/Al interface
(Figure 1(b)) shows that the lamella interface was com-
prised of a few RGO layers (<15 layers, about ∼5 nm
thick) sandwiched between ∼5 nm thick amorphous
alumina layers on the surface of two adjacent Al lamel-
las. These amorphous alumina layers were likely to have

Figure 1. (a) Representative TEM image of the as-fabricated
0.5 vol.%RGO–Al nanolaminated composite,where thediscontin-
uous RGO was marked out; (b) HRTEM image taken at the RGO/Al
interface, where the various constituents were marked out and
indicated by arrows.

formed during the fabrication process as a result of the
easy oxidation of Al surface in air [14].

Figure 2(a) shows the representative true stress–strain
curves for nanolaminated RGO–Al composite micro-
pillars with diameters ranging from 0.5 to 3.5 μm. The
yield strengths of 0.5-, 1.5-, 2.5- and 3.5 μm-diameter
pillars were 254±25, 250±12, 253±8 and 250±10MPa,
respectively, indicating that the variation in extrinsic size
had no obvious effect on the mechanical strength of
RGO–Al composite pillars. The yield strength (σ y, as
arrowed in Figure 2(a)), was defined as the stress value at
the first discrete displacement burst that occurred post-
1% strain in each curve, and a threshold of �ε ≥ 0.002
was used to identify the burst events [22]. On com-
parison, different observations were made in Mayer
et al. [23], where higher compressive strengths were
observed in smaller metal-ceramic nanolaminated com-
posites micro-pillars, as justified by a lower probabil-
ity of flaws using Weibull statistics. This discrepancy
may be the result of the different fabrication process in
these two studies, where no obvious flaws were observed
in our RGO–Al nanolaminated composite micro-pillars,
regardless of smaller or larger micro-pillars, due to the
improvement of the interfacial adhesion between the
RGO layers and the Al matrix through the rigorous con-
trol of the densification process in the fabrication of
bulk RGO–Al composites. The observation that the pil-
lar diameter did not affect its strength may indicate that
when both internal and external length scales are present,
the smaller of the two (in this case the lamella thickness of
∼200 nm) would determine the sample strength, a pro-
posal in agreement with previously reported results from
multi-layered [24,25] and nanocrystalline [26] micro-
pillars.

Figure 2. (a) Representative compressive true stress–strain curves for RGO–Al compositemicro-pillars with varying diameters. The inset
schematically demonstrates the microstructures of the composite pillars with different diameters, where the Al lamella shows a gradual
transition from single crystal to polycrystalline when the pillar diameter increases from 0.5 to 3.5 μm. (b) Variation of average stress burst
increment and strain hardening rate as a function of pillar diameter.
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It is also manifested in Figure 2(a) that the com-
posite pillars of larger diameters possessed smoother
stress–strain response, as opposed to the jerky deforma-
tion characteristic of their smaller counterparts. Previous
studies on the mechanical behaviour of micro-/nano-
pillars suggest that such intermittent plastic flow is cor-
related with the avalanche of dislocations in small-scale
crystals and their annihilation at the internal interfaces
and/or free sample surfaces [16–18]. A quantitative eval-
uation was done by measuring the size of the discrete
bursts on the stress–strain response as a function of pil-
lar diameter, and the result is summarized in Figure 2(b).
Since the stress burst increment in the ascending section
of each burst measures the load needed to trigger new
dislocation sources and subsequent dislocation motion
to sustain further plastic deformation, it was used here
as a more reliable gauge for the magnitude of the preced-
ing dislocation annihilation event [15]. The observation
that the burst size increased considerably with decreas-
ing pillar diameter may indicate that both dislocation
accumulation and annihilation were operating simulta-
neously in the composites, and their overall deforma-
tion behaviour was governed by the competition of the
two processes. Particularly, the RGO–Al nanolaminated
composite pillars with larger diameters contain free pil-
lar surfaces, heterogeneous inter-lamella interfaces and
grain boundaries. Free pillar surfaces are widely reported
to serve as effective dislocation sinks during the defor-
mation of micro-/nano-scaled pillars [27]. In the case of
heterogeneous RGO/Al inter-lamella interfaces, our pre-
vious study on the bulk RGO–Al composite indicates that
the plastic deformation of the composite is governed by
a competition between dislocation accumulation in the
Al grains and dislocation annihilation at the RGO/Al
interface [14]. On comparison, the interaction between
grain boundaries and dislocations is complex and highly
depends on the grain size, and specific type and configu-
ration of the grain boundaries. It was reported that grain
boundaries may act as dislocation sinks [16] and dislo-
cation nucleation sites [28] during deformation, similar
to the role played by free pillar surfaces [27,28]. How-
ever, these mechanisms were likely to only dominate
in nanocrystalline [29,30] and bi-crystal/polycrystalline
pillars containing grains of a few tens of nanometres
[28,31], and shouldn’t be the governingmechanism in the
RGO–Al composites reported in this work. Specifically,
the grain size of the Al matrix in parallel with the Al layer
direction was found to be around ∼800 nm, so grain
boundaries were likely to serve as the hindrance of dislo-
cation motion, causing the accumulation of dislocations
near the grain boundaries [32]. Therefore, for smaller pil-
lars (such as the 0.5 μm-diameter ones), the large surface
area and abundant inter-lamella interfaces were likely

to make dislocation annihilation/absorption the govern-
ing mechanism, leading to relatively large burst sizes.
With increasing pillar diameter, dislocation generation
and accumulation at grain interior and grain boundaries
gradually overtook its annihilation at RGO/Al interfaces
and free pillar surfaces, causing a diminishing trend in
burst sizes. This proposal can be further appreciated
by the evolution of strain hardening rate over varying
pillar diameters, which was obtained by linearly fitting
the peak stresses during each burst [16]. Figure 2(b)
demonstrates that, as expected, when the pillar diameter
increased from 1.5 to 3.5 μm, the strain hardening rate
was enhanced from 83± 30 to 732± 40MPa, indicating
progressively more pronounced dislocation build-ups in
the Al grains. An exceptional case is the 0.5 μm-diameter
pillars which showed the highest strain hardening rate
of 1088± 274MPa among all samples studied. These
smallest pillars only went through one burst event after
yielding (Figure 2(a)), and the strain hardening rate was
calculated based on two stress values (σ y and the peak
stress at the burst) for each pillar. At this length scale, the
plastic deformation was likely to be dislocation source-
controlled and the 0.5 μm-diameter pillars suffered from
amore dislocation ‘starved’ state than the larger ones due
to higher probability of mobile dislocations getting anni-
hilated at the internal-lamella interfaces and free pillar
surfaces [17,33]. As the as-fabricated composite had a
considerable initial dislocation density [14,15], the first
yielding event occurred at a relatively low stress value
(σ y), and upon further deformation the Al grains quickly
became depleted of mobile dislocations. This gave rise
to an elevated peak stress at the ensuing stress (strain)
burst to activate subsequent dislocation nucleation and
motion, rendering a high strain hardening rate for the
0.5 μm-diameter pillars.

Figure 3(a–d) and their insets show the representa-
tive SEM images of pre- and post-compression RGO–Al
composite pillars of different diameters. It is clearly
manifested that localized shear fracture occurred in the
composite pillars with the diameter of 0.5 and 1.5 μm
(Figure 3(a,b)). In stark contrast, fairly uniform lateral
bulge/layer extrusion across the pillar gauge length was
evident in the 3.5 μm-diameter pillar, indicating that
these pillars experienced a lot of plastic deformation
upon compression (Figure 3(d)). At the intermediate
diameter of 2.5 μm, both lateral bulge/layer extrusion
and localized shear fracture were observed (Figure 3(c)),
suggesting that there was a gradual transition in the
deformation mode with varying pillar diameter. These
results are corroborated by post-mortem TEM analy-
sis, where Figure 4(a) and (b) exhibit the representative
images of deformed 0.5- and 3.5 μm-diameter compos-
ite pillars, respectively, two sizes that corresponded to the
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Figure 3. Typical SEM images of post-compression RGO–Al composite pillars with four different diameters (a) 0.5 μm, (b) 1.5 μm, (c)
2.5 μm and (d) 3.5 μm. The localized shear fracture is indicated by red arrows in (a), (b) and (c), while the extrusion of Al layer is indicated
by yellow arrows in (c) and (d). Illustrative shear angle (the angle between the shear fracture plane and the pillar cross-section) estimates
of post-compression pillar with local shear deformation are provided in (a)–(c). Insets show the corresponding SEM images of the RGO–Al
composite pillars before compression.

distinctly different deformation modes. Consistent with
the observations made in Figure 3, the morphology of
the 3.5 μm-diameter pillars was characterized by uniform
deformation and extrusion of the Al layers (Figure 4(b)),
while the 0.5 μm-diameter pillar was subject to localized
shear fracture (Figure 4(a)).

Interestingly, drastically different observations were
made in nanolaminated Cu/Zr pillars [25] and Al/SiC
micro-pillars [34,35], where the pillar diameter was
found to have a negligible effect on the deformation
mode. Such a discrepancy may be rationalized by the dif-
ferent roles that grain boundaries played in these two
studies. Unlike the Al/SiC micro-pillars [34,35] where
a single lamella contains multiple equiaxed nano-grains
(for the 1 μm-diameter pillar, there was about 16 nano-
grains in the direction parallel with the laminates), the
nanolaminated RGO–Al composite pillars fabricated in
this work had elongated Al grains, with grain sizes of
∼800 and ∼200 nm in parallel with and perpendicular
to the laminate, respectively. As a result, the decrease in
pillar diameter from 3.5 to 0.5 μm was associated with
a corresponding reduction in the average number of
grains across each lamella, where the larger (1.5-, 2.5- and
3.5 μm-diameter) pillars contained multiple (2–5) grains
in each Al layer while the 0.5 μm-diameter ones generally
had a single Al grain in an individual layer (Figure 2(a)
inset). For the smallest pillars (0.5 μm-diameter), each
layer was single grain and had the smallest aspect ratio
of the individual Al layers [(pillar diameter: repeat layer
spacing) = (∼500 nm: ∼200 nm) ≈ 2.5]. It was then
easier to find a slip system in which the dislocations

could escape through the free surface or sidewall of the
pillar, resulting in non-uniform shear fracture of the pil-
lars. On comparison, with increasing pillar diameter, the
aspect ratio of the individual Al layers increased and
correspondingly more grains were needed to coordinate
the deformation in one lamella. This was likely to make
deformation progressively more difficult and thus the
activation of multiple complex slip systems was required,
causing shear across the interface and the lateral bulging
of the pillars (Figure 3(c,d)).

More specifically, dislocations accumulated in the
Al layers tended to pile-up at the internal boundaries
(inter-lamella interfaces and/or Al–Al grain boundaries),
because those boundaries were characterized by certain
activation energies and limited capacity for dislocation
absorption/storage [36,37]. Such dislocation pile-ups
inevitably caused local stress concentration, which had to
be accommodated by the emission of dislocations from
grain boundary [38], grain fragmentation [39] and/or
the formation of localized shear bands [40]. Therefore,
the multi-grains contained in each Al layer of the rela-
tively large pillars helped relieve stress concentration and
favoured uniform deformation. Figure 4(c) demonstrates
a magnified rendition of the severely deformed region
in the post-compression 3.5 μm-diameter (Figure 4(b)).
Compared to the relatively straight grain boundaries
and inter-lamella interfaces observed in the almost
intact, deformation-free zone at the bottom of the pillar
(Figure 4(d)), the deformed microstructure (Figure 4(c))
showed nearly equiaxed grains in a markedly distorted
arrangement, a clear evidence for grain fragmentation
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Figure 4. Representative TEM images of post-compression RGO–Al composite pillars. (a) and (b) show the morphologies of the entire
pillars with diameters of 0.5 and 3.5 μm, respectively. (c) and (d) are magnified renditions of the regions boxed in (b). The localized shear
fracture was indicated by red arrows in (a), while the extrusion of Al layer was indicated by yellow arrows in (b).

and a grain boundary-assisted deformation mechanism
(Figure 4(c)). With decreasing pillar diameter, however,
each Al lamella transitioned from polycrystalline to a
single crystal, so that the plastic deformation and sub-
sequent stress concentration could only be mediated in
the grain interior and by the interaction between disloca-
tions and the RGO/Al interfaces. This was likely to have
resulted in the shear fracture behaviour of the smaller pil-
lars. In particular, in the deformed 0.5 μm-diameter pillar
shown in Figure 4(a), it can be clearly observed that the
shear facture path was confined in the single crystalline
Al lamella, forming a shear angle (the angle between the
shear fracture plane and the pillar cross-section) of about
27.4°, which significantly deviated from the 45° orienta-
tion as predicted by the maximum resolved shear stress
criterion [15]. Although it was difficult to identify the
exact crack growth paths because of the Pt filling and/or
material re-deposition in the crack during TEM sample
preparation using FIB, shear fracture of the composite
pillars was likely to occur through crack propagation
across the Al layer in a transcrystalline mode. In this way,
by studying the post-compression morphology of more
than 10 pillars from each size group (Figure 3(a–c)), the
shear angles of the 0.5-, 1.5- and 2.5 μm-diameter com-
posite pillars were found to be 31.6± 5.8°, 28.3± 4.6°
and 25.8± 3.2°, respectively, showing a slight (if any)
decrease with increasing pillar diameter. These observa-
tions appear to suggest that, theAl/Al grain boundaries in
an individual Al lamella had an increasinglymore signifi-
cant crack deflection effect due to the larger aspect ratios
of the individual Al layers [pillar diameter: repeat layer

spacing] and the complex slip systems activated in larger
pillars. However, the crack deflection effect of Al/Al grain
boundaries was likely to be weaker than that of RGO/Al
interfaces [15].

In summary, micro-pillars with diameters varying
from 0.5 to 3.5 μm were fabricated from bulk nanolam-
inated RGO–Al composite. Upon uniaxial compression,
the pillar strengths exhibited no obvious size effect,
and were 254± 25, 250± 12, 253± 8 and 250± 10MPa
for 0.5-, 1.5-, 2.5- and 3.5 μm-diameter pillars, respec-
tively. The composite pillars of larger diameters possessed
smoother stress–strain response, as opposed to the jerky
deformation characteristic of their smaller counterparts.
Considering the evolution of burst increment and strain
hardening rate as a function of pillar size, we proposed
that dislocation accumulation (most likely in the interior
of elongated Al grains and Al/Al grain boundaries) and
annihilation (at the RGO/Al internal-lamella interfaces
and free pillar surfaces) were operating simultaneously
in the pillars, and their overall deformation behaviour
was governed by the competition of the two processes. A
corresponding transition in the deformation mode from
shear fracture of the smaller pillars, to uniform lateral
bulge/layer extrusion of the larger ones was observed,
which was likely to indicate a grain boundary-assisted
deformation mechanism.
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