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ABSTRACT: Materials that combine high stiffness with effective damping are in
high demand across various industries. While polymers excel in damping, they
often lack stiffness and thermal stability. Conversely, metals and ceramics boast
high mechanical and thermal properties but lack damping. This study
demonstrates that graphene oxide (GO) and reduced graphene oxide (rGO)
films can achieve exceptional viscoelastic properties across a wide temperature
range. Furthermore, it explains the damping mechanisms and structural
characteristics that influence the unique viscoelastic behavior of GO and rGO
films. Through comprehensive characterizations, this study correlates the structure
and spatial variation in local strain (measured with in situ Raman microscopy) of
GO and rGO films with their storage and loss moduli. This correlation links these
properties to the water loss as a function of the temperature rise. GO and rGO
films exhibited a damping coefficient of 0.2−0.4 while maintaining stiffness values
of 10−20 GPa in the 30−120 °C range. These high damping values were attributed to intermittent slippage and hydrogen bond
density between the constituent sheets. Numerical modeling was conducted to further elucidate the mechanisms responsible for the
properties noted in these films. This study enhances our understanding of the viscoelastic properties of GO films and offers a new
potential material for applications across various fields.
KEYWORDS: damping, graphene oxide, viscoelastic properties, dynamic mechanical analysis, modeling

1. INTRODUCTION
High damping materials are essential in engineering design,
especially in civilian and military machinery, to reduce
mechanical vibrations, resist impact damage, and attenuate
wave propagation. For example, mechanical vibrations can
have detrimental effects on structural components, reducing
their fatigue life. For high damping materials to be used
practically, they must also possess adequate mechanical
properties1,2 and service temperature range.3 Damping
materials used in the industry can perform well under specific
conditions of temperature, amplitude, and frequency; however,
a material that exhibits high damping over a broad range of
conditions while also demonstrating robust thermo-mechanical
performance would be beneficial for a diverse range of
applications.4

Most traditional damping materials can be classified into two
categories: (1) polymers and (2) metal matrix composites.
There are reports of exceptional viscoelastic materials,
including ceramic aerogels5 and metal alloys.6 However, their
feasibility for use in structural applications is constrained.
Polymeric materials achieve exceptional damping in a narrow
temperature region close to their glass transition temperature.3

Most of these polymer-based dampers, like rubber, exhibit low
stiffnesses.7 Metals, on the other hand, exhibit high stiffness
and thermal stability but have poor damping if not
reinforced.1,8 Reinforcing metals with fillers to enhance their
damping has proven to be both costly and challenging.7 These

limitations have imposed design constraints on structural
design practices in the industry. Damping materials and
structures are often added to structural components to
attenuate vibrations; however, they operate only within certain
temperature and strain (stress) ranges. Nanomaterials provide
a method to circumvent these limitations.
Nanomaterials provide extensive surface areas for utilization

and the opportunity for the construction of multiscale
structures, resulting in tailored viscoelastic properties. For
instance, one study found that adding carbon nanotubes as
fillers in a polymer matrix can increase the damping properties
through friction caused by stick−slip motion between filler and
resin.9 Graphene nanoplatelets also have been found to possess
high damping capabilities, due to their corrugated-like
structure that facilitate high energy dispersion.10 Graphene
oxide (GO) is another nanomaterial that has garnered
significant attention due to its outstanding thermo-mechanical
properties, affordability, and water processability.
Graphene oxide has previously been used as a composite

additive in polymer and ceramic composites to increase their
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damping.11−13 Graphene oxide, a modified form of graphene, is
composed of graphene sheets predominantly functionalized
with carboxyl, hydroxyl, or epoxide groups.14 Free-standing
films can be made easily via several approaches, e.g., vacuum
filtration of graphene oxide dispersed in water. These films are
composed of several well-ordered multilayer graphene particles
or nanosheets, achieving high stiffness and strength at a low
density.15 Reduction of graphene oxide, creating reduced
graphene oxide (rGO), can bring the material closer to the
pristine properties of graphene through the removal of oxygen-
containing functional groups.16

This work examines the viscoelastic properties of GO and
rGO films as high damping materials offering substantial
stiffness and a broad service temperature range. The
viscoelastic properties of these materials could potentially be
generated by a combination of several mechanisms at the nano
and micron scales. One of these mechanisms involves the
presence of hydrogen bonds and intercalated water between
the GO layers. GO films are composed of particles linked
together by mainly hydrogen bonds via oxygen-containing
functional groups. When under stress, hydrogen bonds
between layers break and reform as layers slide; this
continuous breakage of bonds is possibly a major source of
energy dissipation.17 GO is hydrophilic, which causes GO
particles to bond both directly to each other and indirectly
through water molecules. rGO, on the other hand, is partially
hydrophobic and shows a different viscoelastic response as a
result.18 Moisture content has been shown to affect the
hydrogen bonding between GO platelets.19 Intercalated water
can lead to many interesting viscoelastic properties not
commonly seen in other materials. Another possible
mechanism for energy dissipation is crack bridging. Crack
bridging, typically seen in ceramic and composite materials,
occurs when elongated grains or fillers continue to carry a load
in the wake of a propagating crack. These bridges shield the
crack tip from global stresses, increasing the toughness of the
material before catastrophic crack propagation. These bridges
can also increase the friction between cracks.20 This is a
potential source of damping in the GO and rGO films studied
here.
In addition to these mechanisms, there are certain structural

and stress-related aspects believed to affect the viscoelastic
properties of this material, such as the rearrangement of layers
during loading and the corrugation of GO and rGO layers.
Rearrangement occurs when weakly bound GO sheets slide
into a configuration that is strongly bound, increasing the
overall stiffness.15 Due to the low bending stiffness of GO
sheets, layers are full of corrugations or waves.21 These layers
rubbing together can lead to high energy dissipation, in which
energy is dispersed through friction; a possible origin of high
damping in GO.22 This waviness pattern has a significant effect
on the deformation behavior of GO films. Models of the
interaction of corrugated GO particles show how the wrinkled
nature of GO films can lead to a significant drop in stiffness.23

GO sheets that are more functionalized show a higher degree
of wrinkles, which can lead to different viscoelastic
responses.23,24

While the mechanical properties of graphene oxide have
been thoroughly investigated, their damping behavior has
received relatively little attention. A few studies have
investigated the viscoelasticity of GO films;25−28 however,
there is still a knowledge gap regarding how GO films achieve
both high damping and stiffness simultaneously. This study

aims to provide deeper insights into the mechanisms that
generate the unique viscoelastic properties of GO and rGO
films as well as into the structural aspects that influence them.
In particular, it investigates the effects of temperature and
water content on interparticle bonds and the overall
viscoelastic properties of GO and rGO films. These findings
are then correlated with spatial variation of stress, as observed
through in situ tensile Raman mapping, water content,
interlayer spacing between sheets, and their structure, as seen
via electron microscopy. These correlations reveal the
mechanisms that control the viscoelastic behavior of the GO
and rGO films. A mechanics-based model is also proposed and
utilized to relate the structural changes due to temperature
change and water intercalation content to damping and
stiffness values measured experimentally. The exceptional
damping properties of the films reported in this study, along
with their remarkable mechanical and thermal properties,
render them multifunctional materials with vast potential for
various applications.

2. METHODS
2.1. Experimental Section. Graphene oxide dispersed in water

(4 mg/mL) was purchased from Sigma-Aldrich (777676). The 57%
hydroiodic acid (HI) solution used for GO reduction was purchased
from Sigma-Aldrich (210021) and used as received. Graphene oxide
films were fabricated via vacuum filtration. The GO solution was
diluted with deionized water to a concentration of 0.5 mg/mL. The
diluted solution was then sonicated in a Cole-Parmer Ultrasonic
Cleaner at a frequency of 40 kHz for 15 min to produce a
homogeneous solution. The films were then prepared by filtration on
an MF-Millipore cellulose membrane with a pore size of 0.22 μm. The
produced films had a diameter of 37.5 mm and a thickness of
approximately 10 μm (measured using SEM). For testing and
characterization, these films are cut into rectangular film strips with a
width of 3 mm and a length of 20 mm. Reduced graphene oxide
specimens were prepared by chemical reduction using a 57% HI
solution. The graphene oxide film strips were submerged in HI
solution for 1 h at room temperature. To remove excess HI solution,
the film strips were washed by being submerged alternately in an
ethanol bath and then in a deionized water solution bath five times.
After the chemical reduction process, these rGO film strips achieved a
thickness of approximately 7 μm. The reduction of GO is confirmed
in the Fourier transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) results in Figures S1 and S2,
respectively, in the Supporting Information.

A common way to quantify the damping, or absorption and
dispersion of mechanical energy, is to observe the tan δ
(quantification of the dispersion of energy) of a material under cyclic
loading by using dynamic mechanical analysis (DMA). All DMA tests
were carried out using a Netzsch DMA 242 E Artemis. All film strips
were tested in tension mode with a gauge length of 15 mm. These
tests were force-constant amplitude-fixed and set to 0.1% strain. GO
samples were oscillated at a fixed frequency of 1 Hz, unless stated
otherwise, between 35 and 90 °C, while rGO samples were oscillated
at the same fixed frequency from 35 to 120 °C; furnace temperature
was ramped up at 2.5 °C/min. The storage modulus represents the
elastic response (on a macroscale), while the loss modulus represents
the viscous response or energy dissipated per unit volume per unit
deformation. Tan δ is usually used to quantify the ability to dissipate
energy or damping in a material.

A Mettler Thermogravimetric Analyzer Model TGA/DSC 1 was
used for the TGA testing. Film strips of both GO and rGO were
placed in an alumina crucible for testing. The tests were run in air. For
the GO film sample, the temperature was ramped from room
temperature to 90 °C and back twice over, then once more to 140 °C
and back. The rGO sample followed the same process except the
maximum temperature of the first two cycles was 120 °C rather than
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90 °C. Both samples were heated at a rate of 2.5 °C/min to match the
heating rate (and water loss) in the DMA tests. The cooling rates in
these TGA tests were also at a rate of 2.5 °C/min.

Raman maps were obtained by using a Witec Raman Spectrometer
at an excitation wavelength of 532 nm. The laser was focused on the
top surface of each film sample. A total number of 10 accumulations
with an integration time of 4 s was used to collect the single spectra
for GO and rGO samples. For in situ Raman mapping, the samples
were placed in tension in a Linkam Modular Force Stage, and maps
were taken at various strain values. Maps were made with 100 spectra
points in a 150 μm × 150 μm area. Each spectra point was a single
accumulation with an integration time of 10 s.

XRD measurements of the film strips before and after DMA testing
were carried out in a Rigaku Miniflex 600 Diffractometer. The voltage
and current used for these measurements were 40 kV and 15 mA,
respectively. The film strips were placed on a glass substrate and
measured from 5 to 60° (θ) at a rate of 2.5 degrees/min. The fwhm
and peak center were measured by using a nonlinear Gauss curve fit.

SEM was used to measure the particle size of individual GO
particles. For sample preparation, around 10 μL of GO dispersed in
water (0.1 mg/mL) was drop-cast onto a glass substrate, and the
water was rapidly evaporated using a heating plate. ImageJ software
was utilized to measure individual particle sizes in the SEM
micrographs. Cross-sectional SEM imaging was also used to assess
the layered structure of the fabricated films.
2.2. Modeling. The interaction between layers in a GO film is

examined using a simplified numerical model that captures only
captures particle−particle interactions. Parallel planes connected via
multiple mass-spring dampers represent GO layers bonded by
hydrogen bonds. The current understanding of stress transfer in
this study relies on dynamic disassociation mechanisms, which
account for the force transmission between graphene oxide sheets
through active hydrogen bonds. It is suggested that the breakage of
these dynamic bonds enables GO sheets to slide at low loading rates.
Additionally, the rebonding of broken bonds contributes to a self-
healing-like behavior, significantly contributing to the energy
dissipation observed in GO films. The bonding and subsequent
breakage are responsible for the complex dynamic behavior exhibited
in the DMA response of the GO films. A schematic of how these
water molecules interact with graphene oxide is shown in Figure 1a.

Figure 1b depicts a simplified representation, where two parallel
GO plates are interconnected by dynamic bonds. The bottom plate
remains stationary, while the other plate moves at a constant velocity.
The relative displacement between plates induces a shear force within
the dynamic bonds, potentially leading to bond breakages. The

broken bonds then move to adjacent bonding sites and form new
bonds. It is assumed that these bonds do not retain their bonding
history and that each free bonding site has the potential to form new
bonds. Thus, the macroscopic behavior of a material with a large
number of bonds can be described by observing the combined
behavior of individual bonds. Here, the analysis begins by examining
the mechanics of the bonds between two sheets and subsequently
extends the findings to understand the macroscopic behavior of GO
films. The average response of the individual bonds primarily informs
the overall behavior of the films.

The model is composed of two key components: free functional
groups and graphene oxide layers acting as the dynamic bonds’
substrate. The layers are interconnected by a certain number of active
hydrogen bonds (Na), which can undergo breakage and rebonding
with the free connectors to form new bonds. In this context, it is
assumed that the connectors can exist in either free or bonded states.
To capture the behavior of the hydrogen bonds under shear
deformation, these bonds are modeled as Hookean springs with
stiffness parameter Kb. It is assumed that hydrogen bonds exhibit
linear behavior for simplicity.29 Additionally, it is assumed that the
stiffness of the GO layers is significantly higher than that of the
hydrogen bonds. Consequently, the force transferred between the
layers is approximated as fb = Kb(xb − xsub), where xb and xsub
represent the displacements of each end of the hydrogen bond.

Assuming the total number of connectors is conserved during
loading history, one can calculate their total number as
N A( )d

Atot a d= + , where ρa and ρd are the densities of active
and deactivated bonds per unit of area, respectively. By considering a
coupled first-order kinetic bond disassociation/reassociation model,
the total number of active bonds as a function of deformation history
can be calculated as

t
k k

t
k k

d

d
d

d

a
off a on d

d
off a on d

= +

=
(1)

where kon(T) and koff( f) are the association and dissociation rates
dependent on temperature and force, respectively. The association
rate is assumed to be a linear function of the bond force as koff = koff0 +
αoff f. Thus, as the rate of deformation increases, the association rate
also increases, resulting in a higher dissipation between the GO
sheets. The association rate is modeled using the Arrhenius function
to consider the temperature dependency of the reformation of bonds.

Figure 1. (a) Schematic of how intercalated water affects bonding between GO sheets. (b) Diagram representation of the formation and
disassociation of hydrogen bonds due to in-plane shear deformation applied to GO.
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In addition, the GO sheets are assumed to be connected through the
viscoelastic Kelvin−Voigt model to consider the effects of multilayer
GO sheets sliding on top of each other and the presence of water
between the layers. Thus, the equation of motion for viscoelastic GO
particles is derived considering the force equilibrium applied on the
sheets as

x k x n K x x( )sub sub a b sub+ = (2)

Equations 1 and 2 are solved simultaneously using the finite-difference
method to investigate the dynamics of the hydrogen bonds in the
graphene oxide papers. To extrapolate the behavior of the bulk films
using the theory described in the manuscript, a continuum model was
employed to capture the macroscale behavior of the graphene oxide
(GO) film under cyclic deformation. The energy stored in bonds is
dependent on bond length and relative deformation between GO
sheets, denoted as ψb = ϕ(|x − xb|). Dissipation occurs when a bond
breaks, and it is assumed that the energy stored in the bond is
instantaneously released. The dissipated energy is released into the
environment in the form of heat, and its impact on future bonding is
assumed to be negligible.

The macroscopic response of the material is estimated by
calculating the average behavior of bonds at each time instant. The
total energy of the system can be calculated by summing the forces in
dynamic bonds and considering the behavior of the GO sheets.
Additionally, the evolution of the number of bonds is assumed to
follow a fractional function.

t
N

t
N N t N T

t
t

d
d

( )
1

( ) ( , ) ( )

1
( 1)( )

a
R

a a a0

B

1/1i
k
jjjjj

y
{
zzzzz

= =

+
(3)

where it assumed that the initial number of bonds (Na0(T)) increases
due to a change in distance between sheets as temperature increases
using an Arrhenius relation. The conducted experiments illustrate a
direct correlation between temperature increase and reduction of
intersheet distance of GO sheets. The bond reattachment rate is
determined by30

Figure 2. (a) SEM image of individual GO particles and (b) GO particle size histogram. Micrographs of the tensile fractured cross sections of (c)
GO and (d) rGO films.

Figure 3. DMA results of the storage modulus, loss modulus, and tan δ for (a) GO and (b) rGO film strip samples with respect to temperature.
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t N N t N t( ) ( ) ( ) ( , )d
t

10 1
0

1=
(4)

Considering the number of active bonds and the rate of reattachment
of the broken bonds, one can calculate the total energy of the bulk
system as

N t T F N t F

p J

( , ) ( ) ( ) ( , ) ( )d

( 1)

t
t

t

t

a 0
0

0
a 0

0

= +

(5)

where ψ0 is the strain energy of a single bond which is assumed to be a
quadratic function of strain in the main direction. These equations are
solved numerically for a harmonic force to calculate the storage and
loss modules of the GO sheets. The material parameters related to the
number of active bonds are estimated through a max−min
optimization process to mimic the experimental results.

3. RESULTS AND DISCUSSION
SEM images of dispersed GO particles were used to create a
histogram of their respective sizes, shown in Figure 2. The
mean GO particle size was determined to be 0.85 μm. Figure 2
micrographs of samples fractured in tension show the layered
structure of the GO and rGO films. Both films displayed
typical corrugations found in similar films; however, the rGO
film was thinner and less corrugated. The cross section of the
GO film exhibited more “terraces”, while the cross section of
rGO showed more “shelves”. The presence of “terraces”
suggests cracks passing across particle edges and stronger
interparticle bonding, while “shelves” indicate cracks propagat-
ing between sheets due to weaker interactions.

To evaluate the damping behavior of the GO and rGO films,
their viscoelastic response was analyzed using DMA in the
tension mode. Figure 3 shows the storage moduli, loss moduli,
and tan δ values of samples at different temperatures.
Measured storage moduli values were in the range of 10−20
GPa; an order of magnitude larger than typical polymers and
approaching stiffness of quasi-isotropic carbon fiber compo-
sites. GO films exhibited a higher modulus compared to rGO
ones, which is consistent with the cross-sectional fracture
features shown in Figure 2d, indicating stronger interparticle
interactions in GO films. Although denser, rGO particles have
fewer functional groups, resulting in weaker interparticle
interactions.
In sharp contrast to polymers, both GO and rGO samples

exhibited a drastic increase in the storage modulus with
temperature.25,31 This phenomenon can be attributed to two
mechanisms: the removal of intercalated water and the
rearrangement of film layers, resulting in more interactions
between the sheets. In GO films, layers packed with highly
oxidized particles are bonded to other layers, as well as water.
Water intercalated in the films, in a small amount, can facilitate
stress transfer across layers,19 but excess water can act as an
inhibitor, blocking two touching layers from effective stress
transfer. As water is removed with heat, the available locations
for bonding between layers increase, which ultimately leads to
material stiffening. In rGO, layers are not highly functionalized,
and subsequently, the water between the sheets acts like
lubricant, allowing layers to slide past one another easily. This
sliding effect is reduced significantly as the water is removed
with heat, especially above 70 °C, leading to the observed

Figure 4. TGA curves showing water loss for the (a) GO and (b) rGO samples. XRD patterns of (c) GO and (d) rGO films before and after the
DMA testing.
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increase in stiffness. The effect of intercalated water on stiffness
(storage modulus) is discussed in more detail later.
The cyclic application of stress can also lead to a change in

the stiffness for both films. As stress is continually applied,
layers are shuffled to accommodate deformation. This
rearrangement can lead to stronger interlayer bonding and
more efficient stress transfer, with a consequent increase in
stiffness.15 A similar trend has been observed by other
researchers in which the Young’s modulus of GO films can
increase due to a self-reinforcing behavior through the use of
cyclic microbridging.21 Further exploration of the stiffening
phenomena in these films can be found in Figure S3 in the
Supporting Information.
The loss modulus was relatively stable with temperature for

the GO and rGO samples, less than 20% change over the
measured temperature range. Compared to the drastic changes
seen in the storage modulus, i.e., 50%, the loss modulus can be
considered as temperature-independent for both GO and rGO.
The tan δ values reached a maximum of near 0.3 for GO and

over 0.4 for rGO. To put this in perspective, almost all
polymers exhibit a tan δ of less than 0.1 below their glass
transition temperatures. On average, rGO showed higher
damping values than GO due to the higher storage modulus of
GO. It is apparent that the tan δ value drops with increasing
temperature, which is attributed to the increase in storage
modulus.
Structure and water content of tested films before and after

the DMA testing (applied stress and heat) were probed by
using SEM, TGA, and XRD. Structural features measured via
these techniques are linked to their DMA response.
TGA was employed to measure the water loss and

absorption in GO and rGO films during cycling heating and
cooling. Figure 4a illustrates the weight decrease as the
temperature rose and its subsequent increase as the temper-
ature was reduced. The weight fluctuation can be attributed to
water loss and subsequent gain. This behavior was observed
both below and, notably, above the boiling temperature of
water, implying that the lost and absorbed water is intercalated
within the GO layers, as previously reported by others.32 In
contrast, nonintercalated water, which is not bound to GO or
rGO, would typically evaporate below water’s boiling temper-
ature. As this experiment was conducted in air, water was
always present in the environment. The water evaporated from
previous heating cycles, along with the humidity in the
laboratory environment, was partially reabsorbed by the

samples upon cooling. As the temperature decreased, GO
films regain the ability to retain moisture.28 It should be noted
that the dynamics of water loss and gain do not have time to
reach equilibrium at peak temperatures; i.e., intercalated water
loss and gain are not instantaneous. This ability to regain water
is due to the hydrophilic nature of the highly functionalized
GO particles that can bond with atmospheric moisture.
Water loss at elevated temperatures was also evident in the

rGO films, as shown in Figure 4b. A much smaller water loss
was observed when heating up the rGO film from near-room
temperature to the peak temperature of the initial cycle. This
could be due to either a lower water content present in the film
after reduction and the subsequent ethanol washing process or
because any remaining water was trapped in hydrophobic
sheets. Unlike GO films, rGO films are hydrophobic and
therefore did not absorb water during cooling. Most crucially,
the TGA results verified the water loss in GO and rGO films as
the temperature rose. This data helps explain the changes to
storage modulus with temperature in DMA testing, as
discussed earlier.
The heat and stress applied during the DMA tests modified

the structure of the films. To quantify these changes, XRD
analyses of the films before and after DMA testing were carried
out, as shown in Figure 4c,d. Graphitic structures typically have
one major 2θ peak, located near 10 or 25°, depending on their
oxidation level. Using Bragg’s law, the location of the peak can
be used to understand the interlayer spacing of GO and rGO
particles within tested films. A shift to higher angles indicates a
decrease in the interlayer distance. The introduction of oxygen
functional groups into GO increases their interlayer spacing.
Upon reduction, the peak location for rGO shifts to higher
angles, approaching the graphite’s 2θ peak location of 26.5°.
There is a noticeable positive peak shift after DMA testing

for both samples. The shift is attributed to the paracrystalline
regions packing closer to each other due to water loss. This
structural change is believed to enhance stress transfer in the
films, leading to the increase in stiffness with temperature, as
observed in the DMA results presented earlier. This finding
aligns with the assumption made in TGA data analysis,
suggesting that the water loss and absorption involve molecules
intercalated between the GO and rGO particles. Raman
spectra of the films were also taken before and after DMA
testing to measure any structural changes caused by the heating
and stretching in DMA tests; Figure S4. Raman peaks did not

Figure 5. In situ tensile Raman mapping of (a) GO and (b) rGO films. A representative strain curve with Raman maps shows the center location of
the Raman G-peak at different strains. There are a total of 100 pixels of 15 μm × 15 μm in each Raman map.
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exhibit significant changes between the samples before and
after DMA testing.
Results presented so far suggest that water intercalation

plays a major role in stress transfer between GO and rGO
sheets, affecting their viscoelastic response. To further
investigate this, in situ tensile Raman mapping was employed
to explicitly show how stress is distributed in GO and rGO
films. Film samples were loaded in tension, and Raman maps
were captured at several strain levels until failure, providing
insights into local stress−strain distributions at each step.
Rather than taking a single spectrum, this mapping approach
allowed Raman data to be observed over an area of the film.
For graphitic materials, two distinct bands, the D band and G
band, appear in the 1000−2000 cm−1 Raman shift range. The
D band represents disorder in the carbon structure and the G
band is associated with carbon−carbon bond vibrations in
graphitic materials.33,34 The G-peak shift in Raman spectra of
graphene is particularly responsive to the carbon−carbon bond
length and overall strain, making it a valuable tool for mapping
local deformations. A tensile strain in GO or rGO particles
results in a downshift of the G-peak in their spectra.
Figure 5 displays Raman maps of GO and rGO samples

acquired from the same location on the films at different global
strain values at room temperature. Darker spots in the maps
indicate areas under higher tensile strains due to stress transfer,
where particles are engaged. Brighter spots signify no stress
(slipping and energy release) or compressive stresses.
Fluctuations between tension and compression on a micron
scale are observed in the Raman maps. It is evident that there
are many locations where deformation is not being transferred

uniformly, specifically for the GO sample. These spots are due
to the voids caused by water pockets of intercalated water,
defects stemming from irregular particle arrangements, and
microslippage of GO sheets. As mentioned earlier, water can
inhibit interparticle interactions. The Raman maps of GO are
much more varied than rGO. This aligns with the earlier
notion that GO is wavier and contains more water pockets
than its reduced counterpart, which is an indicator of the
compactness of the films.
Figure 6 compares the model’s predictions with exper-

imental results for both temperature and frequency sweeps.
The model is based on the nanoscale stick−slip behavior of
GO sheets. As the GO layers move relative to each other, the
transferred force and the number of broken bonds between the
sheets evolve in each cycle, which results in energy dissipation
in the system. The continuum model of stochastic debonding
can describe the dynamic behavior of the bulk GO films, as
evident by the fact that the model predictions align well with
the experimental dynamic behavior of the film. Damping
occurs when a bond breaks, and it is assumed that the energy
stored in the bond is instantaneously released to the
environment.

4. SUMMARY AND CONCLUSIONS
The unique combination of high stiffness and high damping
presented in this study is more pronounced when compared to
that of conventional materials. Figure 7 displays an Ashby plot
of conventional materials, illustrating the room-temperature
loss coefficient (tan δ) against Young’s modulus (stiffness).
High damping materials are typically soft, making them

Figure 6. Storage modulus and tan δ of GO film are plotted as a function of temperature (a, b) and frequency (c, d) experimental results (empty
circles) in comparison with continuum model prediction (solid lines).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c15671
ACS Appl. Mater. Interfaces 2024, 16, 11778−11786

11784

https://pubs.acs.org/doi/10.1021/acsami.3c15671?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15671?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15671?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15671?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c15671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


unsuitable for structural situations. As Young’s modulus
increases, the damping tends to decrease considerably. The
films in this study are capable of high damping and high
stiffness at room and elevated temperatures, and their density
is comparable to polymers and composites. Incorporating GO
or rGO films onto the surfaces of structural components offers
a smart solution for vibration attenuation with a negligible
increase in weight. These performance characteristics render
GO and rGO films superior to those of traditional materials
used for damping applications.
In this study, the viscoelastic behaviors of GO and rGO films

were evaluated using DMA. The findings showed that both
films exhibit a high modulus and drastic rises in their storage
moduli with increasing temperature. This behavior was
attributed to the removal of the intercalated water and
structural rearrangement. While less densely packed, GO films
possess a higher modulus than rGO films due to their
abundant functional groups, resulting in stronger interparticle
interactions. The tan δ values highlighted enhanced damping
capabilities in these materials compared to typical polymers.
Structural and water content analyses via various character-
ization techniques affirmed these observations, with the role of
hydrogen bond networks in stress transfer and energy
dissipation emphasized. The experimental and modeling
results suggest that intermittent slippage and hydrogen bonds
between the GO and rGO layers contribute significantly to the
damping behavior of the films. These bonds act as active
energy dissipating mechanisms that break and reform during
cyclic loading, leading to the high damping properties observed
in the films.
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