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Anomalous elasticity and damping in covalently
cross-linked graphene aerogels
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Jiří Červenka 1✉

Elasticity in materials is a phenomenon that provides a basis for widespread practical

applications in engineering, medicine, and electronics. Most of the conventional materials can

withstand only small deformations within the elastic limit, typically below 5% of their original

size. Here, we report a graphene aerogel made of covalently cross-linked graphene sheets

that exhibits anomalous superelastic behavior up to 92% of compressive and 68% tensile

strain. We show that the graphene aerogel has a nonlinear stress-strain characteristic with

the compressive and tensile yield strength of 4.5 GPa and 0.6MPa, respectively. By con-

sidering the elastic bending of graphene sheets and buckle folding of pore walls, we develop a

quantitative origami model that describes the stress-strain behavior of the aerogel. In addi-

tion, we analyze the mechanical oscillations of the graphene aerogel, observing superfast

vibration damping within a time scale of 50–250 ns. Our study demonstrates the unusual

coexistence of superelasticity and superfast damping within a cellular material with atom-

ically thin pore walls, a phenomenon that does not occur in bulk elastic materials described by

Hook’s law.
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E lasticity is the ability of a deformed material to return to its
original shape and size when the forces causing the defor-
mation are removed. Materials capable of withstanding

large elastic strains and resisting permanent deformation during
load have a profound effect on day-to-day lives. They are used in
a plethora of applications, in the construction, automotive, bio-
medicine, electronics, and aerospace industries. These materials
enable the fabrication of tension/pressure-bearing components,
flexible electronic devices, sensors, advanced spring, contact
fatigue, and wear-resistant applications. In the continual quest for
better materials, researchers have been searching for stronger
elastic materials that can withstand larger mechanical loads with
minimal plastic deformation1,2. However, larger values of the
elastic modulus usually tend to lower the extensibility and com-
pressibility of a material3. To increase the resilience of materials,
different strategies for controlling the construction of elastic
materials on the atomic level and microstructure have been
intensively studied4–7. Recent developments have shown that a
clever architectural design in the construction of porous and
cellular materials can offer intriguing mechanical properties and
superelasticity1,8, providing an effective way to extend the elastic
strain range in compression beyond the small deformation limit.
However, the porous materials reported so far have suffered from
substantial degradation in tensile strength and modulus9. Highly
stretchable elastic materials based on polymeric and silicone
rubbers, on the other hand, demonstrate small yield strength in
compression10. Materials of high strength that would sustain both
large elastic deformation in compression and tension have not
been developed yet, despite such a mechanical behavior is dis-
played by biological materials3. This requires a smart material
design that integrates high porosity, high-strength, large-strain
elasticity, and variable density in a single material.

In recent years, 3D porous graphene aerogels and foams have
attracted significant attention because they demonstrate a rich
variety of physical properties, including superelasticity in
compression11, good electrical conductivity12, and piezoresistivity
under a mechanical strain13. These properties have been utilized
in the development of electromechanical sensors, which have
demonstrated exceptionally large elastic strain, sensitivity, and
fast response in compression14–16. However, the ultimate elastic
limit of graphene aerogels in compression has not been

determined yet17. Moreover, the 3D porous graphene materials
still suffer from a significant hysteresis and limited elasticity range
in tensile18,19. The highest tensile strain reported in 3D porous
graphene grown by chemical vapor deposition has been 17.5% at
a stress of 255 kPa19. The low tensile elasticity and strength of 3D
graphene materials are mainly caused by a weak coupling of
individual graphene sheets20 and a high number of defects21 in
these materials.

Here, we demonstrate that the covalent cross-linking of gra-
phene sheets in a 3D porous graphene aerogel enables achieving
both large compressive and tensile elasticity without significantly
degrading the specific strength of the material. The covalently
cross-linked graphene aerogels manifest the largest superelastic
range and specific compressive yield strength observed in a
material so far. We show that the anomalous superelastic beha-
vior of the 3D graphene aerogel is governed by the high bending
flexibility of graphene, which allows multiple buckle folding of
pore walls in the aerogel in a similar fashion to origami. As a
result, the graphene aerogel exhibits variable stiffness, density,
and electrical conductivity when gradually deformed. More sur-
prisingly, we find that the materials display unusual vibration
damping properties, which enable superfast damping and
response to nanosecond mechanical processes. These observa-
tions highlight the unique and rich electromechanical behavior of
3D graphene materials arranged in a cellular structure.

Result and discussion
Synthesis. The graphene aerogel is fabricated using a hydro-
thermal synthesis from a graphene oxide powder followed by
freeze-drying (Fig. 1a)22. The as-prepared aerogel has a 3D por-
ous structure with micrometer-sized pores composed of few-layer
graphene (Fig. 1b). The chemical analysis using X-ray photo-
electron spectroscopy (XPS) shows that the graphene oxide is
only partly reduced after the hydrothermal synthesis (Fig. 1c).
The chemically reduced graphene oxide aerogel contains 82% of
carbon and 18% of oxygen. To remove the remaining oxygen
from the aerogels, we used high-temperature annealing at 1300 °C
in a vacuum for 30 min. Such a high annealing temperature has
been selected because it exceeds the desorption temperature of all
known oxygen species in graphene, which have been reported to

Fig. 1 Structure and chemical composition of graphene aerogels. a Schematics of the fabrication process of the cross-linked graphene aerogel. b Scanning
electron micrograph of the porous structure of graphene aerogel. c X-ray photoelectron spectroscopy O 1s spectra of a reduced graphene oxide aerogel
(RGOA) and the annealed graphene aerogel (GA). d Raman spectra of the graphene aerogels before and after the annealing.
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desorb at temperatures of 1100 °C or below23–26. The high-
temperature annealing has deoxidized the graphene aerogel and
improved its crystallinity, as confirmed by XPS and Raman
spectroscopy (Fig. 1c, d and Supplementary Table 1). The level of
oxygen in the annealed aerogels is below the resolution limit of
the XPS technique (<0.6%). The porous structure of the aerogel
has not been affected by the annealing as observed by scanning
electron microscopy (SEM) (Supplementary Fig. 1). More inter-
estingly, the high-temperature annealing has led to the covalent
cross-linking of the graphene sheets in the aerogel. We anticipate
that the broken C–O bonds have been transferred to C–C bonds
at the overlap of two graphene sheets in a pyrolytic process
similar to the pyrolysis of carbon fiber reinforced polymers27,28.
The formation of the C–C covalent cross-linking in the graphene
aerogels is confirmed below by a significant improvement of
the mechanical strength27 and an increase of the electrical
conductivity12 after the annealing.

Mechanical properties. Figure 2 shows the mechanical and
electrical properties of the cross-linked graphene aerogels as a
function of compressive and tensile strain. The positive and

negative strain is used to distinguish between elongation and
compression, respectively. The negative values of stress indicate
tension (the opposite direction to the pressure). The static com-
pression testing was done on a millimeter-sized sample using a
mechanical press (low pressures - Supplementary Fig. 2) and a
diamond anvil cell (high pressures - Supplementary Fig. 2). The
strain was determined using an optical microscope (Supplemen-
tary Method 2). The elasticity at high pressures was determined
from the reversibility of the Raman G band (Supplementary Fig. 3
and Supplementary Table 3). The tensile test was performed on a
graphene aerogel specimen with reduced volume in the center and
two edge-glued joints (Supplementary Figs. 4–6 and Supplemen-
tary Movies 1, 2). The stress-strain curve of the graphene aerogel
subjected to the compression-tension test (Fig. 2b) shows a
complex nonlinear behavior with a steep rise at high pressures (<
−60% strain). The electrical conductivity of the sample exhibits a
similar trend to the stress-strain characteristics. The conductivity
changes by two orders of magnitude over the whole measured
strain range, enabling detection of the mechanical strain of all
biological materials3,29. The mechanical behavior of the graphene
aerogel is highly reversible, demonstrating superelasticity over a
wide deformation range of −92% compressive and 68% tensile

Fig. 2 Mechanical and electrical properties of graphene aerogels. a Optical image of macroscopic samples under compressive (−78%) and tensile
(60%) strain. The positive and negative strain is used to distinguish between tensile and compressive deformation, respectively. b Compressive and tensile
stress-strain curves of graphene aerogel. The negative stress depicts the opposite direction to the applied pressure. Each point represents an average of
N= 10 experiments. Error bars are smaller than the symbol size, see Methods Mechanical testing for full statistics. c Electrical conductivity as a function of
compressive (negative) and tensile (positive) strain. d, e Comparison of compressive44–49 (d) and tensile50–55 (e) specific yield strength of different
materials (graphene aerogels (GA)17,19, binary carbon aerogels (bCA)29, graphene45,51, diamond46,52, CNT47,53, stainless steel48,54, polymers49,55, and
elastomers36,50) as a function of the maximum elastic strain.
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strain. After removing the load, the aerogel exhibits an instant and
complete recovery of the sample size and shape. The reversibility
has been observed even after 5000 compressive loading cycles
(Supplementary Method 4, Supplementary Fig. 7 and Supple-
mentary Movies 3, 4). The maximum elastic yield strength of the
graphene aerogel is 4.5 GPa in compression and 0.6MPa in ten-
sile. The comparison of compressive and tensile yield strength of
our material to different graphene-based aerogels is in Supple-
mentary Note 1. If we relate the measured compressive yield
strength relative to the density of the graphene aerogel, we get the
specific strength of 770 GPa cm3 g−1. This specific strength is
several orders of magnitude larger than the specific compressive
strength of the conventional construction materials and other
carbon allotropes (Fig. 2d and Supplementary Table 2). The
observed strength and elastic range also exceed the previous
records reported for highly compressible graphene aerogels
(GA)17,19 and binary carbon aerogels (bCA)29. The range of
elasticity and specific strength of our graphene aerogel in tensile
are also significantly larger than in previous porous graphene
materials (Fig. 2e and Supplementary Table 2)17,30. In tensile, the
specific strength of the graphene aerogel is 0.1 GPa cm3 g−1

(Fig. 2e), which is similar to the specific strength of stainless steel
but at an order of magnitude larger elastic strain. This is because
the graphene aerogel has a significantly larger modulus of resi-
lience, which is 2.3 × 107 J m−3 in tensile and 3.2 × 109 J m−3 in
compression.

The observed high tensile strength of the graphene aerogel
provides direct evidence of our hypothesis of the covalent cross-
linking of graphene sheets in the material30,31. Non-covalently
bonded aerogel would not withstand such high forces, mainly due
to the extremely low sliding resistance of graphene flakes stacked
one on top of each other32, which should result in permanent
deformation of the aerogels at relatively small loads. The same
argument can be used for the high-pressure experiments, where it
is very unlikely that a weakly bonded graphene aerogel would
return to its original size and shape after compressing it to
4.5 GPa. By assuming the typical rupture force (Fi) of a single
covalent C–C (or C=C) bond of the length of 1.54 nm (1.33 nm)
under stretching 4.1 nN (7.3 nN)33 and the tensile strength (σT) of
the graphene aerogel with a surface area of 0.45 mm2 (S), we
estimate that the amount of carbon cross-linking nC�C ¼ σT ´ S

Fi
in

the aerogels is ~1.5 × 108 per mm2 (nC=C= 3.7 × 107 per mm2).
This estimate suggests that the amount of the C–C cross-linking in
the material is still relatively small (<0.3%) and can be significantly
improved. In the ideal situation, the specific tensile strength of a
completely cross-linked 3D graphene aerogel might approach the
tensile strength of 2D graphene (573 GPa cm3 g−1)34. It is also
expected that a higher amount of covalent cross-linking in the
aerogels could diminish the occurrence of defects in the porous
structure35. Local defects and cracks in the graphene aerogels have
been found susceptible to local stress concentration and crack
extension in the tensile testing, resulting in significant degradation
of the tensile strength of the materials (Supplementary Table 4 and
Supplementary Fig. 6).

Analytical model of compression. To understand the unusual
mechanical behavior, we investigated the deformation of indivi-
dual pores in the graphene aerogels under compression using
in situ scanning electron microscopy (Fig. 3a). It was observed
that the pores get gradually deformed until a point (~50% strain)
when they undergo a collapse into two pores (Supplementary
Fig. 8). Based on this observation we propose a modular origami
bending/folding model that can fit the measured stress-strain
curves (Fig. 2b and Supplementary Discussion 1) and the density-
strain change of the graphene aerogels under compression

(Fig. 3b). Our model is fundamentally different from the density
scaling model of open cellular materials reported before19, which
predicts power scaling of the elastic modulus and yield strength
with specific density. The density scaling model cannot be applied
in our system because it is based on linear stress-strain behavior.
The observed steep nonlinear stress-strain characteristics of
the covalently cross-linked graphene aerogels cannot also be
explained by any previous graphene network models2.

Our modular origami model is based on an array of
interconnected spherical springs (Supplementary Fig. 8), which
elastically bend and undergo multiple buckle folds as the pressure
is increasing (Fig. 3c). We assume that the spring corresponds to
an average pore in the aerogel with a mean diameter of 1 µm and
a thin wall consisting of few-layer graphene. The sphere buckles
elastically under the applied pressure (Fig. 3b) at the critical
pressure (pc) of buckling36

pC ¼ 2nE
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 1� γ2
� �

q

h
R

� �2

;

where E is the Young modulus of few-layer graphene (0.5 TPa)37,
n is a relative Young modulus constant which is used as a first
fitting parameter, h is the thickness of the pore (1.5 nm), R is the
average pore’s radius (1 µm as determined from SEM), and γ is the
Poisson’s ratio (0.03 as determined from optical measurements).
The model assumes that the sum of the surface area of the
graphene walls of the original pore remains unchanged after all
consequential pore collapses. Hence, the radius of the original
pore (R) needs to satisfy R2= (R1m)2= (R2m2)2=…= (RHmH)2,
where m is a second fitting parameter determining the number of
the created pores after the buckling, and RH is the minimum
elastic bending radius of graphene. The stress (σ) and strain (ε)
model of graphene aerogel can be expressed as (Supporting
Information)

σ ¼ σ lin þ σnon�lin ¼
l
A
ðklin þ knon�linÞε;

where the stress-strain behavior is following a linear relationship
(σlin) according to Hooke’s law in the first linear region until the
first critical pressure of pore buckling is reached, and a nonlinear
relationship (σnon–lin) in the second region due to the multiple
buckle folding of pores. In the linear region, klin denotes the total
spring constant of all interconnected pores, l is the length of the
sample, and A is the area of the sample under the pressure. Once
the buckling takes place the total spring constant changes to knon-lin
due to an increasing density of the aerogel caused by the division of
pores into a larger number of smaller buckled pores. The nonlinear
spring constant is a sum of multiple linear spring constants that are
representing the elasticity of the buckled pores in between two
critical pressures of the buckle folding, pc1, pc2, …, pc(H-1)
(Supplementary Discussion 1). As the buckling continues, the
density of pores increases in the aerogel as the pores elastically fold
into a smaller and smaller volume until reaching the minimum
elastic bending radius at the critical pressure. The fit of the
experimental data (Supplementary Fig. 9 and Supplementary
Table 5) using the origami model estimates that m is close to 2
and there are seven buckling collapses in the fully compressed
graphene aerogel with the minimum elastic bending radius of
12 nm at 4.5 GPa. This bending radius is still far from the
theoretical minimum elastic bending radius of monolayer graphene
(1 nm)38, which should result in nine buckling collapses. The model
determines that the critical buckling limit of the first collapse is at
53% strain, which is in line with the experimental observations.

The energy dissipated in the aerogel during one cycle of
loading and unloading up to the first pore buckling collapse is
very small (~3%), as demonstrated by a negligible hysteresis of
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the stress-strain curves (Fig. 3d). However, the two paths of
stress-strain curves diverge above the critical buckling limit
(>53% strain) (Fig. 3e). The energy loss after two buckling
collapses determined from the area between the stress-strain
curves at 88% strain is 42%. This result suggests that the sudden
sideways buckling of few-layer graphene requires additional
energy. However, this energy is stored chiefly in the system in the
form of strain energy, as demonstrated by a rapid response of the
aerogel upon the dynamic loading. It is important to mention that
the observed hysteresis in our stress-strain curves is significantly
smaller than in previous reports on graphene aerogels17,30, which
is attributed to the smaller oxygen content in our materials.

Damping. The dynamic deformation of graphene aerogel blocks
was studied using a bouncing ball stimulation by a high-speed
camera (Fig. 4a and Supplementary Movie 5). The graphene
aerogel reacted immediately at the measured framerate and fol-
lowed the path of the bouncing ball back to the original position
without any vibration after the impact. A similar observation of
the fast (millisecond) reaction of a graphene aerogel to a boun-
cing ball has been reported before1. However, the observed
dynamic response of graphene aerogel is different from the
dynamic response of common elastic stainless steel springs and
polymeric foams (Fig. 4a and Supplementary Movies 6, 7). A steel
spring also responded elastically to the bouncing ball but the
impact was followed by spring oscillations. A polymeric foam
demonstrated a typically plastic response, showing an incomplete
recovery after the impact and long-term shrinkage. As the fast
camera was not able to measure any vibration of the graphene
aerogel even at high deformation (>50% strain) in the millisecond
time range, we measured the vibrations of the sample from the
voltage change at a constant electrical current using an oscillo-
scope down to a nanosecond regime. The electrical detection of
the sample deformations was possible because the electrical
conductivity of the graphene aerogel is highly sensitive to
mechanical strain (Fig. 2c). The electrically determined

mechanical vibrations of mechanically excited graphene aerogel
samples have shown underdamped oscillations with a resonance
frequency (fR) and damping ratio (ζ) of the range of 20–150MHz
and 0.2–2.3 × 107, respectively (Fig. 4b–f and Supplementary
Table 6). The mechanical oscillations induced by a metal rod
impact were damped in a millimeter-sized graphene aerogel
sample below the amplitude of 1 µm within 50–250 ns (Fig. 4b
and Supplementary Fig. 10). Such a fast damping process has not
been observed in any macroscopic elastic material before. For
instance, micrometer-sized mechanical resonators based on a
freestanding few-layer graphene membrane have demonstrated a
significantly slower damping time of ~20 µs39.

To get insight into the origin of the nanosecond mechanical
damping in graphene aerogels, we examine how the resonant
frequency and damping ratio change as a function of the sample
size and external pressure (Fig. 4c–f). Results show that the
resonant frequency of the sample increases with decreasing
pressure. This is in line with the expected decrease of the drag
force exerted by the gasses on the moving sample in a vacuum.
However, the oscillations of the graphene aerogel are damped
faster at lower pressures, resulting in a higher damping ratio in a
vacuum. The graphene aerogel has also shown no noticeable
change of the resonant frequency and damping ratio when we
reduced the cross-section area (ΔA) of the aerogel block while
keeping the same thickness. The observed behavior is completely
different from the behavior of the standard Hookean under-
damped harmonic oscillator. The resonant frequency and
damping ratio in the Hookean oscillator should vary significantly
with the cross-section area of the elastic block as it is proportional
to the stiffness (k) of the spring. The Hookean oscillator should
also demonstrate a higher quality factor and lower damping of the
resonance in a vacuum.

We propose that the damping mechanism in graphene aerogels
is based on the elastic scattering phenomena analogous to
Thomson scattering40, in which the amorphous porous structure
works as a diffractive diffuser of mechanical waves. In this

Fig. 3 Buckling of pores in graphene aerogels. a In situ scanning electron microscopy images of graphene aerogel under compression at 0, −50, −60, and
65% strain. b Density of the graphene aerogel as a function of strain. c Schematic visualization of multiple pore collapses in the origami model. d, e Loading
and unloading stress-strain curves of a graphene aerogel up to 56% (d) and 88% strain (e). Error bars are smaller than the symbol size, see Methods
Mechanical testing for full statistics.
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mechanism, the kinetic energy of the mechanical impact is
elastically distributed into vibrations of individual pores of the
aerogel. This process is very fast and frequency-independent.
The mechanical waves are elastically diffusing in the material
through the pore vibrations of interconnected cellular springs
and the dynamic rippling of free-standing graphene walls39,41,
and consequently inelastically damped through a phonon and
plasmon42 damping on the longer time scales43. As the
mechanical waves propagate in all directions, the longitudinal
waves parallel to the direction of the impact decrease in the
amplitude in the sample, resulting in fast damping of the whole
sample vibrations. As long as the cross-section of the sample is
significantly larger than the pore size, the scattering process is not
affected by the change of the cross-section area of the sample. The
elastic damping process is also expected to become more efficient
and faster in a vacuum because the energy dissipation processes
(e.g., residual gases and adsorbed molecules) that degrade the
elasticity of the material are reduced.

Conclusion
In conclusion, we have shown that atomically thin graphene
cellular materials demonstrate strikingly different elastic behavior
than conventional bulk materials. The covalently cross-linked
graphene aerogels demonstrate anomalous elastic mechanical
properties, which allow them to be rapidly elastically compressed
and stretched over an unprecedentedly broad range of strain and
stress. The observed fast mechanical response and nanosecond
damping in the graphene aerogels exhibit near-perfect elastic
collisions and mechanical wave propagations in a macroscopic
material. Our results provide new avenues for the construction of
strong and flexible ultralight materials, superfast vibration dam-
pers, sensors, and wearable electronic devices.

Methods
Synthesis of graphene aerogels. Graphene aerogels were prepared from gra-
phene oxide via hydrothermal synthesis and freeze-drying. A mixture of com-
mercially available graphene oxide (Graphenea, XFNANO) and deionized water in
ratio 2:1 was sonicated for 30 min (Graphenea)/1 h (XFNANO) to get a

homogeneous dispersion. The mixture was transferred into a Teflon-lined stainless
steel autoclave and annealed in an oven at 180 °C for 6 h. The hydrothermal
process resulted in the reduction and self-assembly of graphene oxide sheets into a
3D hydrogel structure. The hydrogel was washed with DI water and freeze-dried at
−70 °C in a vacuum (2 × 10−1 mBar) for 16 h to get a reduced graphene oxide
aerogel. The as-prepared aerogel was annealed at 1300 °C in a vacuum furnace
(1 × 10−4 mBar) to obtain the superelastic graphene aerogel (Supplementary
Method 1). The temperature was monitored by a pyrometer (Optris, model CSlaser
2MH CF2).

Material characterization. Scanning electron microscopy of the graphene aerogels
was carried out using a TESCAN MAIA3 SEM. In situ compression micrographs of
the graphene aerogels were done using a nanomanipulator (Kleindiek MMA3A-
EM).

Raman spectra were obtained using a Raman system (Renishaw inVia Reflex)
with HeCd laser (λ= 442 nm). The elemental composition of graphene aerogels
was done using X-ray photon spectroscopy (Kratos Analytical Ltd) with a detection
limit of 0.6 atomic percent.

All electrical contacts between graphene aerogels and copper wires/tapes were
done using a silver epoxy glue (MG chemicals 8331-14G). Electrical
characterizations (electrical conductivity) were measured by a Keithley source
measure unit (Model 236 and 237) using either a constant current (0.1–0.5 A) or
constant voltage (0.01 V) mode.

Mechanical testing. A relative change in height and length (strain) of graphene
aerogels was measured using an optical microscope. The compression testing up to
3 MPa was done using a homemade press (Supplementary Method 2). The high-
pressure experiments were performed inside a diamond anvil cell, where the
pressure was measured from the shift of the fluorescence of the ruby R 1 line. The
tensile testing was done using a homemade hanging setup (Supplementary Fig. 4
and Supplementary Movies 1, 2). The edges of the sample were epoxy glued to
metal rods. The force application was done by gravitational force exerted by a
container with varying amounts of water (Supplementary Method 3). The stress-
strain data shown in Figs. 2 and 3 are a summary of 20 samples measured in the
uniaxial compression, three samples in the diamond anvil cell, and two samples in
the uniaxial tension tests (Supplementary Table 4). Each of the measured points in
the figures represents an average value of ten load-unload cycles except for the last
two points at the breakpoint.

The optical measurements of a sample hit by a falling ball (mass 0.02 g, radius
1 mm) from 30 cm height were done using a high-speed camera (Photron Fastcam
Mini UX100) equipped with a 40-mm objective at the resulting magnification of
0.7 and a framerate of 10,000 fps.

The change in voltage of a sample induced by the mechanical impact of a metal
rod was measured using an oscilloscope (Tektronix TDS 620B) by applying a
constant current of 0.1–0.3 A (Agilent E3631A) (Supplementary Method 5).

Fig. 4 Dynamic mechanical response of graphene aerogels. a Comparison of mechanical responses of elastic, plastic materials with graphene aerogel on
the impact of a bouncing ball. b The natural resonance of a graphene aerogel block of the size of 2 mm × 1 mm× 2mm on the mechanical impact. The
amplitude was determined from the voltage response of the sample at a constant current of 100mA. c, d Resonant frequency of graphene aerogel blocks as
a function of the cross-section area at a constant sample thickness of 2 mm (c) and pressure (d). e, f Damping ratio dependence on the cross-section area
(e) and pressure (f). Error bars represent the standard deviation in the measurements of ten different samples.
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Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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