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A 3D macroporous graphene foam based ultra-lightweight, stiff and fatigue-resistant mechanical met-
amaterial is developed in this study. In-situ indentation of the 3D graphene framework reveals an
extraordinary spring constant of ~15 N/m and an upward of 70% recoverable deformation. The brilliant
stiffness and superelasticity of graphene foam is exploited to fabricate Aluminum-based Graphene/Metal
Metamaterial by electron beam evaporation. In-situ cyclic indentation inside SEM up to 50 cycles
revealed long-distance stress-transfer due to the interconnected network of branches, having spring-like
mechanical energy storage ability. The structure is highly fatigue-resistant, with more than 98% of
displacement recovery at the end of each loading/unloading cycle. In-situ tensile investigation reveals
shearing-type failure with dual-strengthening mechanisms, where stress transfer from Aluminum layer
to graphene scaffold enhances the overall load bearing ability and the Aluminum deposit on graphene
foam provides a structural backbone that restricts brittle failure. A modified scaling law is proposed for
modeling the mechanical strength of cellular metamaterials that takes into consideration the hollow
anatomy of graphene frameworks, thereby bridging the current gap in theoretical and experimental
foam mechanics. The 3D metamaterial developed in this study can be a game-changing candidate for
developing flyweight metallic structures with unprecedented elasticity, stiffness and fatigue-resistance.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, controlled and rational design of material ar-
chitectures has taken a center stage in materials science as a
strategy to achieve desired functionalities in metamaterials [1—5].
These metamaterials comprise of repeating unit cells and their
properties are strongly correlated to their structure rather than the
composition. Mechanical metamaterials have gained traction for
developing lightweight, stable and strong structures by carefully
controlling the architecture [6,7]. From structural application
standpoint, low density cellular or porous architectures are highly
preferable. ‘Free-standing’ mechanical metamaterials are able to
effectively translate excellent material properties at nanoscale to
achieve desirable mechanical attributes at macroscale [8,9].
Combining the metamaterial design approach with excellent
‘intrinsic’ material properties can be a highly effective strategy for
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engineering structural materials with brilliant mechanical proper-
ties. Nano-structured materials, such as nanocrystals, nanofibers,
nanoparticles, nanotubes and nanosheets display remarkable me-
chanical stiffness and strength and hence, have attracted attention
as filler materials for lightweight structural metals to augment their
mechanical properties [10—12]. However, this approach does not
provide desired microstructure control and introduces structural
defects, resulting in unwarranted variability in properties and
performance. To overcome this challenge, carefully designed met-
amaterials made from the desired nano-structured materials can be
employed as fillers for obtaining homogeneous material micro-
structures. Graphene is a well-known two-dimensional nano-
material, with an excellent in-plane elastic modulus as high as
1TPa and a tensile strength of 130 GPa [13]. These mechanical
properties of graphene make it a promising material candidate for
developing cellular mechanical metamaterials [14].

There has been tremendous interest in 3D frameworks of gra-
phene in recent years. Some of the examples of popular graphene
architectures from application standpoint are hydrogel, aerogel,
cork, macroporous foam, and nanoporous sponge [15]. These


mailto:agarwala@fiu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2018.05.063&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2018.05.063
https://doi.org/10.1016/j.carbon.2018.05.063
https://doi.org/10.1016/j.carbon.2018.05.063

P. Nautiyal et al. / Carbon 137 (2018) 502—510 503

graphene assemblies are capable of withstanding > 50,000 times
their weight and are characterized by an outstanding recovery from
80% compressed state [16]. Due to their superior specific tensile
strength and Young's modulus, 3D graphene monoliths are capable
of energy dissipation with reported energy loss coefficients as high
as 87%. Freestanding 3D graphene foam with macroporous archi-
tecture has been demonstrated to be an excellent candidate for
applications in structural materials [ 17], supercapacitors [ 18], strain
sensors [19], electromagnetic interference shielding [20], tissue
engineering [21], damping [22], de-icing [23] and thermal interface
material [24]. The interconnected network of hollow branches
makes the mechanics of graphene foam unique. During compres-
sive loading, the graphene foam undergoes a three-stage defor-
mation [25]. At very low strains (e<0.1), elastic bending of
graphitic ligaments takes place resulting in a linear stress-strain
regime. At intermediate strains, the plastic collapse of these liga-
ments results in a plateau in the stress-strain behavior, followed by
a steep rise in stress as a result of compaction of the fragmented
ligaments. Bending, self-folding, and rotation of graphene flakes are
proposed as the micromechanisms during plastic deformation [26].
These micromechanisms can be altered by controlling the stiffness
of foam branches, suggesting a tunable Poisson's ratio of 3D gra-
phene foam. Localized indentation loading of the foam causes the
bending of branches, followed by depression of the foam wall at
higher loads [27]. During indentation, the area of interaction be-
tween the indenter tip and the foam wall determines the nature of
deformation. Nieto and co-workers reported depression of foam
wall upon indentation by conospherical probe, which manifests as
an increase in slope of the load-displacement curve [27]. This
regime was absent when a flat punch was used to apply the loads
due to greater area and lower stress. Tensile deformation of gra-
phene foam causes the branches to align along the loading direc-
tion. Due to this alignment, the superior in-plane stiffness and
strength of graphene is utilized to provide enhanced load bearing
ability [27]. Due to its hierarchical structure, graphene foam ex-
hibits multi-scale energy dissipation/dispersion mechanisms, such
as formation of dynamic ripples, interlayer spring-like van der
Waals interactions, kink band formation and hollow wall vibration
effect [28].

These observations suggest that graphene foam architecture is
structurally robust and highly flexible. We envisage the application
of this unique 3D scaffold for engineering flexible graphene-metal
heterostructures. Lightweight metallic microlattices (with achiev-
able densities less than 10 mg/cm?) are characterized by efficient
load transfer, recoverable deformation and energy absorption ca-
pabilities [29,30]. It is reported that the mechanical properties of
metallic microlattices is greatly influenced by the properties of the
parent material [30]. Hence, we propose to employ 3D graphene
foam as a base structure on which Al is deposited, to augment the
stiffness and strength of the material. Firstly, this porous hetero-
structure will display excellent stiffness and strength due to the
brilliant intrinsic mechanical properties of 2D graphene, and sec-
ondly, the 3D architecture comprising of open cells and hollow
branches will provide remarkable flexibility and stress distribution
ability. Considering ultra-low density of graphene foam (<5 mg/
cm?®), such flexible metal-graphene heterostructures can be
promising metamaterial for engineering lightweight, robust and
flexible metal matrix composites. The promise of hetero-structured
metamaterials was recently demonstrated by Zhang and co-
workers by designing a graphene/ceramic metamaterial (GCM)
with honeycomb architecture [14]. This metamaterial was found to
exhibit flyweight density, high fatigue resistance and reversible
compressibility, overcoming the key shortcomings of conventional
ceramics. Inspired by these recent findings and extraordinary me-
chanical attributes of graphene foam, we have developed an ultra-

lightweight graphene/metal metamaterial (GMM) based on mac-
roporous 3D graphene foam and Aluminum in this study.

2. Experimental
2.1. Fabrication of 3D metamaterial

The free-standing macroporous 3D graphene foam used in this
study was obtained from Graphene Supermarket (Calverton, NY,
USA). 1 um thick layer of Al was deposited on graphene foam using
CHA SAP 600 e-Beam Evaporation system (California, USA). The
graphene foam was mounted on a quartz substrate and placed in
the evaporator. Prior to deposition, the system was evacuated to a
base pressure of 5 x 10~ Torr. 99.99% pure Al target was bom-
barded with an electron beam (10 kV, 330 mA) to achieve a depo-
sition rate of 1 nm/s at an operating pressure of 1 x 10~ Torr. The
thickness of the Al deposition was monitored using a quartz crystal
monitor.

2.2. In-situ mechanical investigations

For nanoindentation characterizations, the free-standing 3D
graphene foam (GrF) and Al/GrF metamaterial were mounted on
the stage of SEM Picoindenter (Hysitron PI 87, Minnesota, USA). The
stage was installed inside a dual beam JEOL JIB-4500 focused ion
beam/SEM system. A diamond Berkovich tip of 100 nm diameter
was used to apply localized loads and real-time deformation videos
were captured by the SEM. Quasi-static nanoindentation tests were
performed by programming the peak load of 2000 uN and the
loading/unloading rate of 25 uN/s. For fatigue tests, a total of 50
cycles were performed and the corresponding load-displacement-
time profiles were captured. In order to visualize the deformation
in the materials, microstructural strain analysis of the real-time
SEM videos was performed using VIC-2D digital image correlation
(DIC) software (Correlated Solutions, Irmo, USA). The resultant DIC
strain maps provide information about the dispersion/transfer of
deformation in the 3D architecture.

3. Results and discussion
3.1. In-situ mechanics of 3D graphene framework

The 3D graphene foam used in this study was obtained by
chemical vapor deposition of graphene on a Nickel foam. This was
followed by etching away of Ni, resulting in a free-standing cellular
graphene structure with a node-branch anatomy (Fig. 1a). The
nodes and branches of graphene foam are hollow due to etching
away of Ni (shown in the inset to Fig. 1a). The mechanical defor-
mation of graphene foam was studied by in situ nanoindentation in
a scanning electron microscope. The node of the graphene foam
was subjected to compressive force by a Berkovich indenter tip
(Fig. 1b). Supplementary Video V1 shows the indentation behavior
of graphene foam. A peak load of 2000 uN was applied so as to
induce large enough deformation to capture the response of the 3D
structure (interconnected nodes and branches), and not just
perform a local indentation. Unlike the conventional indentation of
materials, there is no prominent localized failure or penetration of
the tip into the material. Rather, the applied load is transmitted to
the adjacent branches, which can be seen from the SEM snapshot of
the foam at the peak applied load of 2000 uN (Fig. 1b). This effective
dispersion of stress over a large area prevents localized failure and
enhances graphene foam's damage tolerance. This is evidenced by
the post indentation SEM snapshot (Fig. 1b), showing that the
graphene foam recovers to its original configuration after unload-
ing. The corresponding load-displacement curve for the
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Fig. 1. (a) SEM micrograph of 3D graphene foam with open cell structure (inset shows the hollow branches of graphene foam), (b) real-time SEM snapshots during in-situ
nanoindentation of graphene foam before indentation, at peak load of 2000 uN and after unloading (the branches in the immediate vicinity of the tip are marked to show significant
flexing and subsequent recovery during the loading/unloading cycle), (c) indentation load-displacement curve with elastic work of indentation shaded (area under the unloading
curve), and (d) schematic illustration of spring-like action of graphene foam branches, imparting excellent stiffness and elasticity to the framework. (A colour version of this figure

can be viewed online.)

indentation is shown in Fig. 1c. While the maximum displacement
(hmax) at peak applied load is 66 um, the final residual displacement
(hf) of the foam after unloading is 17 pm. This excellent displace-
ment recovery (>70%) indicates the suitability of graphene foam as
a superelastic metamaterial. Therefore, the branches of graphene
foam can be modeled as springs-damper assembly (schematically
shown in Fig. 1d), where the spring-like action promotes the re-
covery towards the original state after the applied force is removed
(elastic component) and the damper causes the dissipation or loss
of energy during the loading-unloading cycle (loss component).
During indentation, the elastic work (Wg) can be computed by
determining the area under the unloading (F-h) curve: [31].

hy
W — /Fdh (1)

Binax

The elastic work of indentation (Wg) was computed to be 37.2 nJ.
Assuming spring-like behavior of graphene foam branches, the
elastic work can be considered to be stored as the potential energy.
During indentation, multiple branches are stretched/deformed (as
shown in Video V1). Assuming the net or effective spring constant
of the branches experiencing stress transfer to be Keff, the overall
spring potential energy can be modeled as:

_1
E=3

From the load-displacement curve, the net ‘elastic displace-
ment’ (hg) during indentation of graphene foam is hpax -

Wg = -Kegh? (2)

hf = 50 um. Substituting hg and WE to Eq. (2), Kefr is obtained to be
~15 N/m. The spring constant is a measure of stiffness of the ma-
terial; in other words, a material with superior spring constant can
bear greater loads without collapsing. The reported spring constant
for graphene layers is in the range of 1-5N/m [32]. It is quite
striking that 3D graphene foam exhibits at least 3 times the spring
constant of 2D graphene sheets, making it an extremely promising
mechanical metamaterial to impart superior strength and stiffness
for structural applications.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.05.063.

The graphene foam was also subjected to cyclic loading/
unloading to evaluate its nano-scale fatigue performance. The
indenter tip was used to apply a total of 50 cycles on the foam and
the deformation behavior was observed in real time under SEM
(Supplementary Video V2). The peak applied load during the nano-
fatigue tests was around ~1700 uN (Fig. 2a). The corresponding
displacements were also recorded. Strikingly, it was observed that
the deformation was predominantly elastic. About 98—99% of
displacement was recovered after every loading-unloading cycle,
with only ~1-2% enhancement of residual depth. This minimal
plastic deformation could be due to rotation, bending and folding of
graphene flakes constituting the 3D foam walls [26,27]. These
deformation mechanisms lead to some residual deformation
(indentation displacement) at the end of each cycle, which mani-
fests as a moderate increase in displacement over time (as seen in
Fig. 2a). Overall, the results indicate excellent fatigue resistance of
graphene foam. The supplementary video V2 shows that the
deformation is transmitted along the interconnected pathways
offered by the node-branch architecture of 3D foam. To assess the
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Fig. 2. (a) Cyclic loading-unloading profile and the corresponding displacement response during nanoindentation fatigue testing, (b) comparative strain maps obtained by digital
image correlation (DIC) analysis of first fatigue loading cycle at different instants (the corresponding applied loads are labelled in the maps), and (c) evolution of local strain values
under the indenter tip (black squares), 300 um away from the tip (red circles) and 500 um away from the tip (purple triangles) during the course of 50 fatigue cycles. (A colour

version of this figure can be viewed online.)

overall contribution of graphene foam microstructure towards load
bearing, the real-time SEM videos of the cyclic tests were used for
digital image correlation (DIC) analysis. DIC investigation provided
the information about strains developed in different regions of
graphene foam microstructure, by comparing the real-time snap-
shots (during deformation) with respect to the unloaded, reference
SEM image. Fig. 2b shows the relative-strain maps for graphene
foam subjected to cyclic testing at different points of the first
loading cycle. These maps provide information about strain evo-
lution in the microstructure over time, as a function of applied
indentation load. Different colored contours represent the variation
in strains experienced by different areas of graphene foam. The
indices on the right hand side of the maps quantify the strains in

different color coded contours. These maps show the strains in x-
direction, that is, perpendicular to the axis of indentation. It is to be
noted that the real-time SEM deformation video of the foam was
captured in a tilted orientation. Therefore, the strain contours ob-
tained by DIC provide an estimation of ‘relative-strains’ in the
microstructure, which is useful to develop insight into the defor-
mation of the 3D architecture as a function of applied loads.
However, these values cannot be construed as absolute values of
strains, which is why we do not use these for any local stress
computations. The evolution of positive and negative strain con-
tours indicates multi-directional stress transfer in graphene foam.
It is interesting to note that the z-direction, or axial displacement
induced by the indenter at the point of contact is transmitted along
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the non-axial directions throughout the sample, evident from the
planar strains (ex) developed in the foam during loading. This is
possible because of the interconnected network of graphene
branches (Fig. 1a). From the strain maps, it can be seen that as the
applied load increases, the magnitude of microstructural strain
increases (Fig. 2b). At 100 mN, the peak positive and negative
strains were found to be 0.18 and -0.202%, respectively. However, at
~1700 mN, the peak localized planar strains were as high as 2.18%.
To track the microstructure strain evolution during the entire fa-
tigue test, the localized strains at three different locations in the
foam are plotted in Fig. 2c. These three points were chosen such
that one of them was right under the indenter tip, the second point
was 300 um away from the indenter (towards the left) and the third
point was about 500 um away from the indenter tip (towards the
right). All the three points were in the same horizontal line as the
indenter tip for relative comparison, as plotted in Fig. 2c. The strain
plot confirms the excellent long-distance stress transfer in gra-
phene foam: while the indenter probe directly interacts with the
foam in a very localized zone (100 nm probe diameter), the defor-
mation is transmitted along the length scales which are 3 orders of
magnitude larger (several hundreds of pm) than the contact zone.
This unique ability of rapid momentum transfer along long dis-
tances provides graphene foam its excellent fatigue resistance.

It is very remarkable that in both quasi-static indentation as well
as fatigue testing, the applied loads are as high as 2000 uN, yet
there was no signature of crack propagation or delamination of
graphene flakes. In conventional bulk materials, the fracture
strength is expressed as:

of :% 3)

where K is the fracture strength and a is the initial flaw size in the
material. The strength is inversely proportional to the size of
structural flaws or defects in the material. However, in nano-
structured materials, the probability of finding the defects or flaws
is significantly reduced [31], and the failure initiation in these
materials is typically explained by Weibull statistics. Weibull
analysis predicts the fracture strength to be inversely related to the
material volume (V):

of (%)”m (4)

where m is the Weibull modulus and the higher value of m is
desirable as it indicates that the physical flaws in the material are
not clustered inconsistently. For the hollow graphene foam wall,
V ~ A x t, where A is the surface area and t is the wall thickness.
The graphene foam walls comprise of a few layers of graphene and
are typically <10 nm in thickness. This translates into excellent
strength and load bearing ability of 3D graphene foam. As the
thickness of the wall would decrease, the strength would go up
until it reaches a critical thickness (ts) at which the material's
strength would be bound by a theoretical upper limit given by: [33].

E
f
Olimit = 57 (5)

where E is the in-plane elastic modulus of the material and this
limit strength characterizes the dimension-independent atomic
bond strength. In graphene foam, the theoretical peak stress
experienced by the foam branch walls is computed to be remark-
ably high, around 150 GPa (based on Eq. (5)). This explains the
remarkable ability of graphene foam structure to bear loads
without cracking or collapsing. The findings in this section clearly

demonstrate excellent mechanical attributes of graphene foam,
making it a suitable candidate for developing novel lightweight
metamaterials.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.05.063.

3.2. 3D graphene/metal metamaterial

Excellent ability of graphene foam to sustain stresses without
failing was exploited to develop lightweight and ultra-flexible
graphene/metal metamaterial. Aluminum metal was deposited on
graphene foam by electron beam evaporation technique to obtain a
‘free-standing’ and structurally stable metamaterial (schematically
shown in Fig. 3a). A 1 pm thick layer of Al metal was deposited on
the foam branches to obtain 3D Aluminum-Graphene foam archi-
tecture (henceforth referred to as Al/GrF). Electron beam evapora-
tion technique is capable of achieving deposition rates anywhere
from 1 nm/min up to a few pm/min, and therefore, is a competent
technique for scaling up nano-structured metamaterials. For
instance, the 3D foam wall thickness was scaled up by 2 orders of
magnitude in this study (from initial ~10 nm—1000 nm), which is
crucial for practical applications. The mechanics of Al/GrF was
investigated by in-situ nanoindentation inside the SEM chamber.
The real time video of the test is provided as Supplementary Video
V3. The foam was subjected to a maximum load of 2000 uN
(Fig. 3b). The overall displacement was greatly restricted in Al-GrF
(hmax<23um) as compared to pristine graphene foam
(hmax ~ 66 um). Similar to graphene foam, Al/GrF is also observed to
be flexible and there were no signs of local failure (Video V3). In
addition, Al layer provides a structural backbone to the bare and
slender graphene foam walls. However, only 10 pm (or 45%) of the
displacement was recovered when the applied load was removed,
as against pristine graphene foam which was characterized by
>75% recoverable displacement during quasi-static indentation.
Since the indenter probe contacts with the Al layer first, some de-
gree of material removal (or plastic deformation) is anticipated,
unlike ultra-thin graphene foam wall which resists failure (Weibull
statistical theory). It is well known that local stresses can induce
de-bonding of the deposit from the substrate surface [34]. There-
fore, there is the possibility of energy loss due to relative sliding at
the interface of foam wall and Al layer, resulting in low recoverable
elastic displacement (hg =10 um). As a result, the elastic work of
indentation, Wg for Al/GrF was computed to be 5.67 n] (based on
Eq. (1)), which is much lower than the elastic work obtained for
pristine graphene foam (37.19 nJ). Substituting these values of Wg
and hg to Eq. (2), the effective spring constant (Kesr) of Al/GrF het-
erostructure was computed to be ~1.13 N/m. Kef for Al/GrF heter-
ostructure is lower than pristine graphene foam (15N/m);
nevertheless, this value is still comparable to the spring constant
reported for 2D graphene layers (1—5N/m) [32]. Pure Aluminum
has an elastic modulus of 70 GPa, which is more than an order of
magnitude lower than graphene (~1TPa). Since elastic modulus
and spring constant are correlated by geometric parameters
(E=KI/A, where | and A length and cross-sectional area of the
structure), the same order of magnitude difference is expected for
spring constant of pure Al and graphene. However, due to the 3D
architecture and intrinsic properties of graphene scaffold, the
spring constant of Al/GrF heterostructure is remarkably enhanced
compared to pure Al and matches the spring constant of 2D gra-
phene sheets. This evidences that 3D graphene foam induces
stiffening in the Al metal deposit, due to effective stress transfer
during mechanical loading of the heterostructure. Therefore, the 3D
graphene/metal framework developed in this study is an effective
metamaterial which can be a useful filler material for imparting
stiffness and flexibility to the lightweight structural materials.
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Fig. 3. (a) Schematic illustration of electron-beam evaporation process for developing stable, free-standing 3D Al/GrF metamaterial, (b) nanoindentation load-displacement curve
for Al/GrF heterostructure, (c) cyclic loading/unloading profile and corresponding displacement response from Al/GrF for 50 indentation cycles, and (d) evolution of local strains
under and around the indenter tip as a function of time obtained by DIC analysis of real-time SEM snapshots. (A colour version of this figure can be viewed online.)

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.05.063.

The fatigue performance of Al/GrF was evaluated by
indentation-induced cyclic loading-unloading. The material was
subjected to ~1800 uN peak load and a total of 50 cycles (Fig. 3c).
The real time SEM video of the test is provided as Supplementary
Video V4. Similar to graphene foam, the Al/GrF heterostructure
shows a highly elastic behavior, with an upward of 98% displace-
ment recovered at the end of each cycle (Fig. 3c). The overall
resistance to deformation was enhanced by Al backbone, as the net
residual displacement at the end of 50 cycles was only ~20 um,
which is almost a third of residual deformation experienced by
pristine foam (Fig. 2a). The material did not collapse, attesting
excellent fatigue resistance of Al/GrF. DIC analysis of cyclic defor-
mation revealed that the maximum deformation took place near
the indenter tip (Fig. 3d). As the distance from the probe increased
(>100 um), the local strain was found to be very low, with |ex| < 5%,
compared to the immediate vicinity of the indenter where local
strains could be as high as +25% (plotted in Fig. 3d). This contrasts
with the behavior observed for pristine graphene foam, which was
found to exhibit marked deformation even at distances as high as

500 um from the point of loading (Fig. 2c). The arrested long-
distance deformation in Al/GrF is due to two reasons:

(i) The Al backbone restricts the deflection/compression of the
otherwise very thin foam walls, resulting in enhanced
resistance to deformation, and

(ii) Indentation loading can trigger small-scale local sliding be-
tween Al deposit and graphene foam wall at Al/GrF interface,
which will lead to higher strains localized around the
indenter but arrested long-distance stress transfer. The
interfacial sliding also provides energy dissipation ability,
which is desirable for damping and impact resistance in the
mechanical structures.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.05.063.

3.3. Load-bearing ability of the metamaterial under tension

Indentation is a highly localized mechanical phenomenon. In
order to assess the overall deformation behavior, Al/GrF was
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subjected to in-situ tensile test and the deformation was monitored
in real time under the SEM. The stress-strain plot for the tensile
deformation is shown in Fig. 4a. The Al/GrF heterostructure was
found to exhibit a tensile strength of ~75 kPa and a failure strain of
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~9%. It is noteworthy that the strength of Al/GrF framework ob-
tained here is more than 15 times the reported tensile strength for
pristine graphene foam (4.8 kPa) [27]. This attests that Al acts as the
structural backbone for 3D graphene framework by preventing
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Fig. 4. (a) Tensile stress-strain plot for Al/GrF heterostructure (inset shows the optical picture of the failed specimen), (b) real-time SEM image during failure showing 45° fracture
of 3D Al/GrF structure, (c) real-time SEM snapshot showing pull-out of graphene flakes at failure sites, (d) SEM micrograph showing tensile stress-induced cracking of foam branch
and catastrophic failure at brittle nodal points, and (e) high magnification SEM micrograph near the failure site showing delamination and flaking of Al deposit. (A colour version of

this figure can be viewed online.)
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opening tearing of the foam at high stress concentration [35]. It is
emphasized that the true cross-section area that bears the tensile
stresses is extremely small (as the material is a porous foam). The
intrinsic failure strength of the material is much higher than the
apparent ‘bulk’ strength reported here.

The failure mechanisms in Al/GrF heterostructure were
observed in real time under SEM. The fracture was found to occur at
the plane ~45° to the tensile loading direction (Fig. 4b), suggesting
shearing-type failure. Due to its ductile nature, Aluminum is known
to deform by developing Liiders bands at ~45° to the direction of
loading [36]. This failure plane typically experiences the maximum
shear stress, Tmax = Y/2, where Y is the tensile yield stress of the
material. Aluminum has a lower yield strength (<11 MPa),
compared to ultra-strong graphene (which has an intrinsic 2D
crystal strength of 130 GPa [13]). Therefore, based on maximum
shear stress theory, the determination of the failure plane is ex-
pected to be governed by Aluminum. However, the shearing will be
complex due to interfacial stress transfer from Al to graphene. Stiff
graphene foam walls will bear significant stresses during tensile
loading, thereby augmenting the tmax required to form slip bands in
Al deposit. This is evidenced by the real-time SEM snapshot
showing pull-out of graphene flakes during failure (Fig. 4c). Addi-
tionally, the graphene structure experiencing tensile stresses here
is not monolayer graphene, but a 3D assembly. The failure is sus-
ceptible to the presence of defects/flaws in the structure, such as
pre-existing cracks. Al deposit on graphene foam walls provides
structural barrier to failure initiation at these defect sites. Nieto
et al. demonstrated by in-situ tensile investigations that pre-
existing cracks and points of discontinuity (in terms of graphene
sheet arrangement) in the 3D foam branches severely compromise
the load bearing ability [27]. Local failure mechanisms such as
branch fracture, dramatic bending (almost 90° angle) and sheet
sliding were observed at these defect sites. Deposition of Al layer
(~1 um thick) would restrict crack opening, fracture and delami-
nation of flakes. This explains the enhanced tensile strength of Al/
GrF compared to bare foam. Therefore, there are dual strengthening
mechanisms at play: stiffening of Al due to graphene and healing of
graphene foam flaws due to Al deposition. Intimate interfacial
contact between the graphene foam walls and metal deposit is key
to augment the mechanical properties of the 3D heterostructure.

During tensile stretching of the 3D assembly, the graphene foam
branches experience twisting and bending, to align along the
loading direction [27]. Nieto and co-workers reported that the
branches align by rotating at the rate of ~0.59°/s. The stresses
created during the rotation induces cracks in the branch, as shown
in Fig. 4d. The nodes undergo more drastic rotation at rates
exceeding 3°/s [27]. This abrupt alignment makes the brittle nodal
points highly susceptible to failure, as shown in Fig. 4d. High
magnification imaging of the failure points revealed that the crack
initiation is followed by delamination and flaking of Al layer
deposited on the foam (the outer flake marked in the SEM micro-
graph in Fig. 4e is Al, whereas the inner layers are graphene flakes).
These delamination phenomena were rather limited, suggesting
overall excellent bonding between the graphene foam walls and
the deposited Al layer. These multi-scale deformation mechanisms
in Al/GrF manifest as different regimes in the stress-strain plot
(marked in Fig. 4a). The linear regime (up to point A) corresponds to
the elastic stretching of 3D Al/GrF framework, with the elastic limit
of ~35KkPa. This regime follows Hooke's law (o=Ee) and the
deformation is recoverable. Beyond point A, the deformation is
plastic in nature. Due to its lower yield strength, the plastic
deformation is initially expected to be dominated by the develop-
ment of shear bands in Al. Therefore, region A to B corresponds to
the yielding of Al Thereafter, tensile stresses cause twisting and
bending of graphene foam branches to align along the loading

direction (regime B to C). Finally, there is stress-induced crack
initiation and failure of nodes and branches, leading to the ultimate
failure of the material (point D).

3.4. Modeling the mechanics of 3D graphene foam and associated
metamaterials

To engineer 3D graphene-based metamaterials, ability to predict
and model their mechanical properties as a function of geometry/
architecture is very important. The scaling law for mechanical
properties of open-cell foam structure provides an estimate of the
strength of the material as a function of relative density: [9].

n

a2 (6)
oT, Ps

where ot and p are the tensile strength and mass density of foam
structure, respectively, or, and p; are the tensile strength and mass
density of solid material, respectively, and n is the scaling exponent.
Qin and co-workers determined the scaling exponent (n) for 3D
graphene frameworks to be 2.01+0.05 by molecular dynamic
simulations [37]. Substituting this value of n to Eq. (6), the tensile
strength of pristine graphene foam and Al/GrF heterostructure
should be ~0.37 MPa and 5.77 MPa, respectively. However, the true
experimental strength of graphene foam (0.0048 MPa) and Al/GrF
(0.075 MPa) are 2 orders of magnitude lower than the computed
strength. This discrepancy arises because the scaling law in Eq. (6)
and the computational simulations for 3D graphene structures
performed by Qin and co-workers only account for cellular archi-
tecture, but do not take into consideration the hollow structure of
graphene foam branches and nodes (as seen in the inset of Fig. 1a).
On comparing the theoretical and experimental strengths of pris-
tine graphene foam and Al/GrF heterostructure, we notice that the
theoretical strength (o) is ~77 times the experimental strength
(Oexp). The mismatch in properties is because of the fact that the
true cross section area that bears the load is much lower due to
hollow branches of graphene foam (in addition to the open cells).
To overcome this discrepancy between the theory and experiments,
a geometric correction factor (fg) needs to be introduced for esti-
mating the strength of graphene foam and derived architectures.
We propose a modified scaling law, with the correction factor fg, for
predicting the mechanical strength of cellular and hollow 3D gra-
phene frameworks:

ﬁ:l(ﬂ>2011005 (7)
or, fc\ps

Dividing the theoretical strength by the factor fg will correct the
overestimation of strength of the hollow-cellular foam. This factor
accounts for the reduced, true cross-section area that is available to
sustain the mechanical load. Based on the tensile investigations in
this study, the value of f; is found to be ~77 for the macroporous
graphene foam structure (using Eq. (7) above). This empirically
derived value of correction factor appears to hold true for both
pristine foam [27] as well as Al/GrF heterostructure. However, it
must be emphasized that any generalization regarding the value of
this correction factor should be preceded by rigorous experimental
and computational evaluation. Molecular dynamic simulations for
3D hollow and cellular foams can also be helpful for determining the
values of this geometric factor. The modified scaling law proposed
here will be a useful tool for engineering new metamaterials based
on 3D graphene foam framework. This scaling law can predict the
mechanics of graphene foam-based metallic, ceramic as well as
polymeric heterostructures, as the proposed equation depends only
on the geometry/architecture and relative densities of the materials.
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4. Conclusion

We have developed highly elastic, flexible and fatigue-resistant
3D Graphene/Metal Metamaterial (GMM) based on macroporous
graphene foam and lightweight Aluminum. In-situ mechanical in-
vestigations revealed that graphene foam exhibits at least 3 times
higher spring constant compared to 2D graphene sheets, making
the 3D Al/GrF metamaterial ultra-stiff. The interconnected network
of nodes and branches facilitates long-distance stress-transfer and
prevents localized failure. The structure is highly fatigue-resistant,
with more than 98% of displacement recovery at the end of each
loading/unloading cycle. In-situ tensile investigation revealed dual
strengthening mechanisms, where stress transfer from Al layer to
graphene scaffold enhances the load bearing ability and Al deposit
on graphene foam provides a ductile backbone that prevents brittle
failure. The mechanical properties of the proposed GMM can be
tailored by varying the thickness of the metal deposit on 3D gra-
phene scaffold. We proposed a modified scaling law for modeling
mechanical strength of hollow, cellular foams. The 3D metamaterial
developed in this study can be a game-changing candidate for
developing flyweight metallic structures with unprecedented
elasticity, stiffness and fatigue-resistance.
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