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a b s t r a c t

The three-dimensional porous architecture of graphene foam combines extraordinary mechanical
properties of graphene with a unique structural organization to produce a strong, lightweight material.
In this study, mechanisms for energy dissipation in graphene foam are investigated by localized nano-
scale dynamic mechanical testing. Mechanical response of the material subjected to cyclic loading-
unloading is captured as loss tangent (tan d), characterizing the energy dissipation. Indentation tips
with different geometries and dimensions (from 100 nm to 100 mm) are employed, which translate into
variable stress-states with mechanical stresses ranging from a few kilo-Pascals to a few giga-Pascals.
Formation of dynamic ripples, flattening of intrinsic corrugations, kink band formation, inter-layer van
der Waals spring-like action, and membrane vibration are proposed as the key energy dissipation
mechanisms in graphene foam. The relative contribution of these mechanisms towards energy dissi-
pation is compared and quantified, with tan d values varying from about 0.1 to 0.45. The energy dissi-
pation behavior of the material is found to be highly stable, as the loss tangent values are retained for as
high as 50,000 cycles. The fundamental understanding of intrinsic mechanics will enable engineering of
impact-tolerable foam structure with desirable and predictable mechanical performance.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Two-dimensional graphene, with sp2 hybrid bonded C atoms,
has the remarkable in-plane mechanical strength (130 GPa) and
stiffness (1 TPa) [1]. Its impressive mechanical properties have
inspired the development of free-standing three-dimensional
macro-architecture of graphene, to be able to harness its extraor-
dinary electrical and thermal transport properties for wide-ranging
potential applications such as sensing [2,3], stretchable electronics
[4], energy conversion and storage [5], radiation shielding [6], tis-
sue engineering [7], and as sorbent materials [8]. One of the highly
desirable attributes of 2D graphene is its very high surface area,
facilitating the superior transfer of stress, electrons, and phonons
[9]. Aggregation of 2D graphene to form a porous foam results in a
3D architecture, while at the same time preserving the intrinsic 2D
structure and high surface area [10]. Graphene foam has interesting
anatomy, consisting of hollow branches and node junctions formed
by multiple layers of graphene. This interconnected network
provides seamless pathways for stress transfer upon mechanical
loading. A combination of intrinsic mechanical properties of gra-
phene and the effect of the 3D architecture makes their mechanics
unique. In situ tensile deformation of graphene foam revealed
rotation and alignment of branches so that the in-plane properties
of graphene are exploited for superior load bearing and failure
prevention. During compressive loading of graphene foam, bending
and elastic compression of branch walls takes place [11]. Meso-
scopic modeling of tensile deformation revealed a transition of
stress-state from non-concentrated to highly-concentrated with
the increase in mechanical strain. As a result, graphene foam
stretches while retaining its structural integrity for low strain
values but exhibits opening tearing at higher strains [12]. Wang and
co-workers reported microstructure rearrangement, such as self-
folding and rotation of graphene flakes constituting the foam dur-
ing deformation. The foam has near-zero Poisson's ratio, which is
attributed to microstructure compaction, as the flakes fill the space
during deformation and enhance the load bearing capability [13].
3D cellular graphene monolith is reported to be highly superelastic,
capable of recovering frommore than 80% compression [14]. These
3D graphene structures can withstand loads greater than 50,000
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Fig. 1. (a) Scanning electron micrograph of a macroporous three-dimensional gra-
phene architecture, (b) a cyclic dynamic loading-unloading profile during nano-
indentation (location of indentation is shown in the inset), and (c) schematic
representation of the geometries of nanoindentation tips used for the dynamic me-
chanical study. Area functions corresponding to these tips are mentioned in the figure.
(A colour version of this figure can be viewed online.)
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times of their weight without collapsing!
The porosity of these foams approach 99%, and they are

extremely light (with densities less than 5mg/cm3). The extraor-
dinary specific tensile strength (sT/r) and Young's modulus (E/r) of
3D graphene foams make them highly suited for protection against
impact and absorption of mechanical shock [15]. This is evidenced
by high energy loss coefficients (in the range of 67e87%) obtained
during cyclic compression [14]. These values surpass loss co-
efficients for conventional foams based on carbon, metals, and
polymers. Therefore, graphene foam is an extremely promising
material with unmatched capability for energy dissipation appli-
cations. Damping capability of graphene foam has potential appli-
cations in aircraft and automobile bodies, precision systems,
turbomachinery, sensors, acoustic devices, robotic components,
grippers, and nano/micro-electromechanical systems. Our group
exploited this property of graphene foam to induce superior
damping in polyimide nanocomposite. An improvement in loss
tangent as high as 300% was reported due to merely 1.5wt. %
graphene foam addition to the polyimide [16].

It is noteworthy that the energy dissipation in graphene foam
would be dependent on its structural organization. Three-
dimensional graphene frameworks have been synthesized by
numerous approaches, such as chemical vapor deposition [10],
hydrothermal reduction [17], freeze-drying [18], solution-
processing [19], 3D printing [20], powder metallurgy [21], hard-
templating [22] and sol-gel reaction [23]. These approaches result
in the different arrangement of graphene flakes, the nature of
bonding/interactions between them, the porosity of the foam and
the pore size. To be able to control the processing for obtaining
graphene foam with desirable and predictable energy loss charac-
teristics, it is important to gain insight into the fundamental me-
chanics of energy dissipation in the material. While cyclic
compression studies reported in the literature provide an under-
standing of overall energy dissipation by a bulk structure [14], in-
vestigations of localized dynamic mechanical response will provide
an insight into the constitutive mechanisms that produce such
excellent impact absorption capability in graphene foam.

In this study, dynamic mechanical properties of 3D graphene
foam are investigated by nanoindentation technique. Nano-
indentation probes with different geometries and diameters vary-
ing from 100 nm to 10 mm are employed to induce a wide range of
stresses (from a few kPa to a few GPa) in graphene foam. The tests
capture the effect of contact volume, contact geometry, and nature
of stresses induced by the tips on the dynamic mechanical response
of the material. The objective is to study the evolution of damping
mechanisms in different stress-regimes. These dynamic mechani-
cal investigations were conducted for 50,000 cycles to develop an
understanding of energy dissipation by graphene foam over a large
number of cycles.

2. Experimental

The free-standing 3D graphene foam material received from
Graphene Supermarket (Calverton, NY, USA) is characterized by a
density of 4mg/cm3 and pore size of ~580 mm (Fig. 1a). The
branches of the graphene foam are hollow, with a diameter of
~50 mm. Damping behavior of graphene foam was investigated
using the nanoscale dynamic mechanical analysis (nano-DMA)
module of the Hysitron Triboindenter TI-900 (Minneapolis, USA). In
nano-dynamic testing, a static load is applied first by the indenter
tip, on top of which a cyclic dynamic load is applied with a certain
frequency (Fig. 1b). These dynamic indentation tests were per-
formed on the branches of the graphene foam (schematically
shown in the inset of Fig. 1b). In this study, the static and dynamic
indentation loads of 5 mN and ±500 nN are used, respectively.
Typical environment sources produce vibrations in the range of
~60e200Hz [24]. The performance of nano-devices and structures
can be significantly affected/disturbed by the environmental fac-
tors. Therefore, the dynamic mechanical tests were carried out at
two constant frequencies towards the upper limit of this range:
150 Hz and 210 Hz, to examine the effectiveness of graphene foam
in mitigating environmental vibrations. These tests were per-
formed using three different tip geometries and tip dimensions: a
Berkovich tip of 100 nm diameter, a Conospherical tip of 1 mm
diameter and a cylindrical flat punch of 10 mm diameter (Fig. 1c).
The testswere performed for 50,000 dynamic cycles to examine the
long-term damping capability. At least 20 dynamic indentation
tests were conducted in different regions of the specimen for each
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test condition to validate the repeatability of the experiments. The
dynamic mechanical response from the material was recorded and
analyzed as loss tangent (tan d).

3. Results

Application of dynamicmechanical load results in a phase lag (d)
between the applied load and the displacement response due to
energy dissipation mechanisms activated in graphene foam during
cyclic loading-unloading [25]. Due to this phase lag, modulus of the
material can be expressed as a combination of storage and loss
moduli: E*¼ E0þiE00 [26]. The storagemodulus (E0) is representative
of the material's capability to store potential energy, and loss
modulus (E00) is the component of energy dissipated during the
loading cycle [27]:

E0 ¼ s

ε

cos d  (1)

E
00 ¼ s

ε

sin d  (2)

The ratio of loss modulus to storage modulus is loss tangent
(tan d¼ E00/E0), which is a measure of damping or energy absorption
in a dynamic mechanical loading cycle [28]. The loss tangent values
as a function of tip geometries and dynamic loading frequencies are
plotted in Fig. 2. Small and sharp pyramidal tip (100 nm) induces
superior energy dissipation in graphene foam, as evidenced by the
loss tangent values as high as ~0.45. This is indicative of up to 45% of
mechanical energy dissipated by the material. As the tip size in-
creases, the loss tangent value drops. The flat cylindrical punch
with 10 mm diameter exhibits the lowest loss tangent (~0.05e0.15)
and conospherical tip with an intermediate value of tip diameter
(1 mm) shows loss tangent values in the range of ~0.15e0.30. The
loss tangent increases with increasing loading frequency (Fig. 2). It
is important to note that the graphene foam retained its damping
characteristics for as high as 50,000 cycles, evidenced by stable loss
tangent. This attests the suitability of graphene foam in dynamic
applications, especially where fatigue resistance is important. The
variation of loss tangent for different tips is due to different dy-
namic mechanisms activated under variable stress-states. The dif-
ference in stresses induced by the tips is as high as six orders of
Fig. 2. Loss tangent in nanodynamic mechanical testing for different indenter tips, as a
function of dynamic loading frequency. (A colour version of this figure can be viewed
online.)
magnitude (from 1.5 kPa to 4.63 GPa), summarized in Table 1. We
propose intrinsic, inter-layer and macro-architectural damping
mechanisms in graphene foam that make them highly damage-
tolerable. While ripple wave formation and propagation, and flat-
tening of intrinsic corrugations are the dynamic deformation
mechanisms intrinsic to 2D graphene, kink band formation, and
van der Waals spring-like action are activate between different
layers of graphene assembly. Also, the hollow graphene foam wall
vibration also contributes towards energy dissipation. We have
quantified, analyzed and categorized these mechanisms based on
the stress regimes that favor their activation in the subsequent
discussion in detail.
4. Discussion

4.1. Intrinsic 2D energy dissipation mechanisms

During dynamic nanoindentation, the indenter tip exerts
repulsive forces on the surface atoms, which is modeled as [29]:

FðrÞ ¼
�
�Kðr � RÞ2; r<R

0; r � R
(3)

where K is a force constant, R is the radius of the indenter and r is
the distance from the atom to the center of the indenter. This
repulsive interaction distorts surface atomic bonds. The distortion
of C-C bonds is believed to be responsible for ripple formation in
graphene [30]. The formation and propagation of ripples in gra-
phene during dynamic indentation loading leads to absorption of
energy [25]. 2D graphene crystal is characterized by the presence of
thermodynamically stable edge dislocations in the form of
pentagon-heptagon pairs [31,32]. It has been reported that dislo-
cation motion is responsible for stretching, rotation, and breaking
of C-C bonds in graphene [33]. Therefore, for the creation of ripples
in graphene, the applied indentation stress must exceed the Peierls
stress to initiate the dislocation motion, which is defined as the
maximum derivative of the misfit energy [34]:

sp ¼ max
�
1
b
dWðuÞ
du

�
¼ max

2
64� Kba0

2p2
xu�

x2 þ u2
�2

3
75 (4)

where W(u) is the misfit energy over the slip plane, K is the
effective elastic constant, b is the Burgers vector, x is the core radius
of the dislocation and u is the dislocation translation distance. The
theoretical values of Peierls stresses (sP) obtained using Eq. (4)
exceeds 60 GPa [34]. Table 1 summarizes the penetration depths
and stresses for the three tips in the nanoindentation dynamic tests
conducted on graphene foam. It can be seen that only stresses
associated with Berkovich tip (~4.6 GPa) approach the order of
magnitude of the theoretical Peierls stress for graphene. It is
noteworthy that the actual Peierls stresses would be lower than the
theoretical value due to the presence of chemical impurities and
structural defects associated with the processing of graphene foam.
Therefore, ripple formation is expected to be an active loss mech-
anism for dynamic loading induced by Berkovich tip (100 nm)
which corresponds to very high localized stress, due to dislocation
motion. However, for other tips, the indentation stresses are several
orders of magnitude lower than the Peierls stress, and therefore,
dynamic ripple formation is highly unlikely.

In addition to the formation and propagation of dynamic ripples
due to dynamic loading, it is also noteworthy that graphene com-
prises of intrinsic corrugations/ripples which are quintessential to
stabilize a 2D graphene monolayer [35]. When these intrinsic



Table 1
Depth of penetration, area of contact and localized indentation stresses for Berkovich, Conospherical and Flat punch tips.

Tip geometry Depth nm Contact area nm2 Indentation stress

Berkovich (100 nm) 14.65 5.3� 103 4.63 GPa
Conospherical (1 mm) 13.2 1.1� 106 6.1MPa
Cylindrical flat punch (10 mm) 14.3 3.14� 108 1.5 kPa
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corrugations in graphene are subjected to compressive forces by
indentation, flattening of ripples might take place. Vargus and co-
workers reported the wavelength of the ripples in graphene to be
~70 nm [36]. Berkovich tip is a sharp tip, with 100 nm diameter.
Therefore, indentation by Berkovich would suppress hardly one
crest of the ripples. Contrary to this, indentation using a flat punch
(10 mm diameter) will compress more than 100 crests of the
intrinsic ripples (~diameter of tip/wavelength of ripple). Flattening
of ripples leads to absorption of impact energy [25]. This mecha-
nism is likely to be dominant for more substantial interfacial con-
tact and distributed stress condition. For sharp pyramidal tips,
flattening will not have any significant contribution towards energy
loss as the stress is highly localized.
4.2. Inter-layer energy loss mechanisms

Chemical vapor deposition technique produces a multilayer
foam, where the foam walls comprise of 5e10 layers of graphene.
The energy dissipation inmultilayer materials, such as graphite and
Ti3SiC2 is reported as stress-strain hysteresis and is ascribed to the
formation and annihilation of kink bands [37]. The formation of
kink bands is believed to be due to the nucleation and growth of the
pairs of dislocationwith opposite sign (Fig. 3). The localized stresses
required to form a dislocation pairzG/30, where G is the shear
modulus. The shear modulus of multi-layer graphene is reported to
be ~53 GPa [38]. Therefore, the localized indentation stresses
should exceed ~1.8 GPa to form a dislocation pair. From Table 1, only
stresses associated with Berkovich tip (100 nm) surpass this stress
Fig. 3. Schematic representation of energy dissipation in multilayer graphene foam
branch walls due to kink band formation. (A colour version of this figure can be viewed
online.)
value. Therefore, the kink formation and annihilation during dy-
namic loading is a likely mechanism for energy dissipation for
sharp pyramidal tips, which represent high-stress conditions.

Due to the very high surface area of graphene, there are strong
van der Waals interactions between the layers constituting the
walls of the foam [25]:

PVDW ¼ A
6pH3 (5)

where PVDW is the van der Waals force per unit area, A is Hamaker's
coefficient, and H is the separation between the graphene layers.
Therefore, compression due to indentation results in a drop in
interlayer distance, H. This inter-layer compression triggers
opposing van der Waals forces. This spring-like reaction due to
graphene layer compression leads to absorption of indentation
impact energy. However, it is noteworthy that after excessive
compression, the van der Waals force PVDW approaches excep-
tionally high values due to very minimal interlayer separation
(based on Eq. (5)). Therefore, the in-plane stretching of C-C bonds
becomes more favorable than the interlayer compression. Since in-
plane deformation is elastic (involving sp2 C-C bonds), it won't
contribute towards energy dissipation. Therefore, the van der
Waals interactions contribute towards energy loss (tan d) at rela-
tively lower displacements. Vargas and coworkers determined the
in-plane breaking stress of graphene to be around 35GPa [36].
Berkovich tip-induced stresses on the graphene flakes are very high
~4 GPa (Table 1). Although the stresses are lower than the failure
stress of 35GPa, they are high enough to stretch and deform the
flakes. Contrary to this, stresses induced by other tips are orders of
magnitude lower: ~1.5 kPa for cylindrical punch and ~6MPa for the
conospherical tip. Therefore, energy dissipation due to out-of-plane
inter-layer van der Waals interactions is likely to dominate for the
conospherical tip and flat punch, since the associated contact
stresses are too low to induce in-plane deformation.
4.3. Stress transfer characteristics due to 3D anatomy

In addition to the intrinsic and inter-layer dynamic loss mech-
anisms, the unique node-branch anatomy of graphene foam also
aids in energy dissipation. Due to its hollow anatomy, the wall of
graphene foam branch can be considered to be a membrane sub-
jected to loading [39]. The mechanical behavior of the foam branch
can be treated using nonlinear Foppl membrane theory [40]. The
cubic polynomial function models the indentation load-
displacement relationship for such a system:

FðhÞ ¼ ps2Do hþ q3

a3
E2Dh

3 (6)

where s2Do is the membrane pre-tension, E2D is the two-
dimensional Young's modulus, a is the radius of the membrane
and q is a function of Poisson's ratio (q ~ 1.0491e0.1462y e

0.15827y2). Contact/interfacial stiffness is obtained by differenti-
ating this expression with respect to h [41]:



Fig. 4. Schematic representation of energy dissipation mechanisms in a 3D graphene foam that is triggered by variable stress-states. Their relative contribution towards mechanical
energy loss is also highlighted. (A colour version of this figure can be viewed online.)
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SðhÞ ¼ dF
dh

¼ ps2Do þ 3q3

a3
E2Dh

2 (7)

The contact stiffness for the foamwall varies as a second-degree
polynomial with respect to the indentation displacement, h.
Therefore, during rapid dynamic loading-unloading of the tip onto
the foam wall, the interfacial stiffness would vary significantly
(second power of tip displacement). Contact stiffness between the
two bodies is intrinsically associated with the covalent bonding in
the materials. Therefore, dynamic loading of the hollow foam wall
will cause remarkable C-C bond distortion, resulting in the dissi-
pation of vibration energy. This membrane effect for energy dissi-
pation is peculiar to a hollow graphene foam structure, providing it
extraordinary shock absorption capability.

The intrinsic energy dissipation mechanisms in graphene foam
are summarized in Fig. 4, for different stress states simulated by
nanoindentation technique.
5. Summary

Energy dissipation behavior of 3D graphene foam was studied
by nanoscale dynamic mechanical investigations. Indenter probes
with different geometries and diameters were employed to induce
a wide range of stresses (varying from a few kPa to a few GPa). The
mechanical response was captured as loss tangent (tan d), which is
a measure of energy dissipation by the material. Loss tangent
values varying from 0.1 to 0.45 were obtained for different stress
regimes and contact volumes during the dynamic testing. A com-
bination of ripple formation, suppression of intrinsic corrugations,
kink band formation, interlayer van der Waals interactions and
hollow-wall vibration effect result in extraordinary damping
capability of graphene foam. By dispersing the force of impact over
a wider area, damage localization is avoided in graphene foam,
making them impact tolerable. A fundamental understanding of
the mechanics of energy dissipation in graphene foam will enable
engineering of foam structure to tailor their dynamic mechanical
response and induce application-specific damping capability. This
study has implications for design and development of 3D
graphene-based advanced nanostructures for a wideerange of
applications requiring superior structural stability and ability to
absorb mechanical impact. A few of these potential applications are
scaffolds for tissue engineering, components in robotic devices,
sensors, artificial skin, batteries and supercapacitors, and aero-
space/automotive structures with vibration damping capability.
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