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ABSTRACT

Graphene oxide (GO) films have a great potential for aerospace, electronics, and
renewable energy applications due to their low cost and unique properties. For structural
applications, they can achieve an exceptional combination of damping and stiffness.
This study investigates the effect of packing density, reduction, and water removal on
stiffness and damping of graphene oxide films. GO sheets dispersed in water are passed
through a filter and deposited on a removable substrate. Through variations of the film
fabrication process, films of both GO and reduced GO (rGO) are produced with varying
levels of packing. Heat treatment is also used to remove the water in half of the films.
The degree of packing is assessed through film density calculations. Microscopy as well
as Raman and X-ray spectroscopy are used to measure the degree of packing while
Dynamic Mechanical Analysis (DMA) is used to quantity mechanical damping and
storage modulus of specimens in tension. Correlating mechanical properties to structure
of films revealed new understanding of damping and stress transfer mechanisms in these
materials. Optimal structures resulted in superior combinations of stiftness (18 GPa)
and damping (0.14), potentially paving the way for using GO based films in advanced
structural applications.

INTRODUCTION

Graphene has garnered much attention due to its exceptional mechanical and
physical properties [1]. Although these characteristics are desired in aerospace,
electronics, and renewable energy applications, the process of manufacturing graphene
is extremely costly [2]. Alternatively, graphene oxide (GO) is produced directly from
graphite in an easy and scalable process while still maintaining some of the great
properties seen in graphene [1]. A reduction process can also be done to bring the
properties closer to that of graphene, namely the thermal and electrical conductivities
[3]. Along with these properties, recent discoveries show that GO can achieve a high
damping [4], [5].
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High damping materials are important in engineering designs as a means of
reducing noise and mechanical vibrations, limiting the forces that can damage a
structure. There are, however, tradeoffs between damping and stiffness/strength [6].
Polymers are great at achieving high damping (usually at elevated temperatures) but are
not stiff [7]. This limits them to non-structural applications only. On the other hand,
metals possess high stiffnesses but almost no damping [6]. Interestingly, GO and
reduced GO (rGO) can achieve extremely high combinations of stiffnesses and damping
[4], [5]. The potential applications of this exceptional material are vast, owing to its
multifunctionality, including damping in vehicles and aircraft, blast protection,
electromagnetic shielding, and noise cancellation [8], [9], [10].

On a lab scale, GO films can be fabricated from dispersed GO solutions via
vacuum filtration. These well-ordered films are shown to have a layered structure. The
individual layers are comprised of tightly-bonded graphene oxide particles and the
layers are linked together through mostly hydrogen bonds to form the film.

GO films have a unique stress behavior due to their layered structure and inter-
particle interactions. As the film is stretched, hydrogen bonds transfer stresses between
GO layers as these bonds stretch, break, and reform throughout the film. Given the
wrinkles in GO layers that comprise the films, the bond stretch-break-reform does not
occur in a continuous (smooth) fashion but rather in a “stick-slip” manner. This stick-
slip phenomenon is highly sensitive to the contact area, functional groups on interacting
GO particles, and the distance between them [11]. Stress transfer in GO films depends
on their degree of packing. Higher-packed films will have better stress transfer
throughout the film, hence a larger stiffness [12], [13]. According to Mao et. al., denser
packing allows for more effective interlayer load transfer, leading to higher mechanical
properties [14]. Films’ damping is also affected by their packing density. Although
tightly-packed films tend to have better mechanical properties, it is hypothesized here
that low-packed films possess higher damping.

This study investigates the effects of packing of layered sheets in GO and rGO
films on their mechanical and damping behavior. It also expands the stress transfer
mechanisms in 2D films by studying the effects of functional groups and hydrogen
bonds on both stress transfer and dissipation in GO-based films. In particular, the effect
of packing density on stiffness/damping in GO films and their reduced variants is
investigated. Using variations to the fabrication method, reduction, and heat treatment,
twelve samples with distinct and controlled structures and interfacial chemistry are
fabricated and characterized.

METHODS

Graphene oxide dispersed in water at a concentration of 4 mg/mL was purchased
from Sigma Aldrich (product no. 777676) and diluted with deionized water to a
concentration of 0.5 mg/mL. The dilute solution was then sonicated for 15 minutes to
produce a more homogeneous solution. Graphene oxide films were fabricated via
vacuum filtration with 3 different degrees of packing; low, medium, and high. Changing
the filter type and the inclusion of vacuum-pressing films can lead to a change in the
initial packing density of the films. Low packing was achieved by vacuum deposition
on a cellulose-based substrate (MF-Millipore mixed cellulose esters membrane with a
pore size of 0.22 um) while medium packing was achieved by deposition on an alumina-



based substrate (Whatman Anodisc 47 membrane with a pore size of 0.1 um). High
packing films were achieved by

Figure 1. Cross-sectional images of a (a) low-packed, (b) medium-packed, and (¢) highly-packed GO
films taken via electron microscopy.

additional vacuum pressing of the films after deposition on an alumina substrate. A
plastic membrane was placed on top of the filter paper-GO film assembly while
applying the vacuum. Half of the fabricated films were reduced and/or annealed.
Chemical reduction of the films occurred by placing the films in 57% hydroiodic acid
(HI) for 3 hours, followed by ethanol and DI water washing. Films were annealed on a
hot plate at 120°C for 12 hours to remove any excess water. Cross-sectional images of
various initial packings can be seen in figure 1. After the fabrication process, 12 films
of various packing (low, medium, and high), reduction (not reduced and reduced), and
annealing (not heat treated and heat treated) were used for X-ray Diffraction (XRD) and
Dynamic Mechanical Analysis (DMA) testing. The produced films have a diameter of
35 mm and a thickness of 5 to 10 um.

The degree of packing is assessed through film density calculations and XRD. Films
showing higher density have tighter packing when compared to films with lower
density. Using thickness values measured via a FEI Quanta 650 SEM and mass values
measured via a Mettler Toledo WXTS microbalance, the density was calculated. The
location of the XRD peak also gives insight on their packing density. XRD
measurements of the films were taken using 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 degrees at a
rate of 2.5 degrees/min.

For DMA testing, films were cut into rectangular film strips with a width of 3 mm
and a length of 20 mm. Damping properties of the samples were measured using an
RSA-G2 Solids Analyzer in tension mode. An oscillatory strain sweep was done at a
frequency of 1 Hz at an amplitude of 0.1% strain. A mean strain of 0.2% was used. To
quantify the damping, or absorption and dispersion of energy, the damping coefficient
of the films are measured directly from DMA. The storage moduli were also recorded
to measure the stiffness of the sample. The damping coefficient and storage modulus
were measured for all 12 samples.

RESULTS AND DISCUSSIONS

Density is directly correlated to film packing, as more well-packed films will
naturally have higher density values. Figure 2 shows film density and how the different



factors affect it. Two important trends can be observed: the increase in density with
packing and the increase in density with annealing. The increase in density as packing
increases confirms that the fabrication process of using a different substrate and/or
additional vacuum pressing leads to higher packing. This can also be seen in the SEM
images in figure 1. It is also apparent that the density of the films increases with heat
treatment. According to Medhekar et. al., water is trapped between GO sheets during
the fabrication process [15]. This water increases the interlayer distance and also acts as
a lubricant when layers slide past each other. Heat treatment allows intercalated water
to be evaporated from the film, reducing the interlayer spacing in GO films. It is
important to note that the heat treatment of highly-packed GO did not cause an increase
in density, which is most likely due to variations in the fabrication process. Figure 2b
shows the density of various rGO films. Similar trends can be shown in the rGO films
that were observed in GO films. Comparing GO and rGO, the density is higher in rGO
films than in comparative GO films. After chemical reduction, the removal of oxygen
groups allows for the interlayer sheets to move closer together.
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Figure 2. Density of (a) GO and (b) rGO films.

XRD was also used to understand the effect of initial film packing, heat treatment,
and reduction. The location of the 20 peak can be used to calculate interlayer spacing
using Bragg’s law. A highly-packed film will have a higher 20 peak location than a low-
packed film. Figure 3 shows the X-ray diffraction curves of GO and rGO. Figure 3a
shows GO films of various initial packing without annealing as well as an annealed
sample. As initial packing is increased, the 20 peak shifts right. This rightward shift
confirms the increase in packing that was seen in the density measurements. The
annealed sample also shifts rightward from the low-packed GO film, which also agrees
with the findings stated in the density measurements. The removal of water from heat
treatment leads to the better packing as stated earlier. Figure 3b shows the X-ray
diffraction curves of various rGO samples. These curves follow the same trend, but to
a much lower degree, as its GO counterparts. With reduction, the average 20 peak shifts
right. The rGO films naturally have lower interlayer distances due to the removal of
functional groups.
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Figure 3. XRD spectra for (a) GO and (b) rGO films.

DMA was used to measure the viscoelastic properties (damping and stiffness) of the
GO and rGO films. Rectangular film strips of each sample were cut and placed in
tension. Oscillated at a constant frequency of 1 Hz, the damping coefficient and storage
modulus of each film were measured. The storage modulus, or elastic modulus,
represents the stiffness of a sample. The damping coefficient is the ratio of loss modulus
to storage modulus and quantifies the amount of damping (dissipated over stored
mechanical energy) in a sample. Using the DMA results, a relationship can be seen
between film packing, heat treatment, and reduction and its damping properties.

Figure 4 shows the DMA results for all 12 film samples. In figure 4a and figure 4b,
the damping properties of all the GO and rGO films are shown, respectively. The highest
damping value seen is from the low-packed rGO film with no heat treatment at a value
of around 0.16. Figure 4c and 4d show the storage moduli of the GO and rGO films,
respectively. The highest storage modulus can be seen in the medium-packed GO film
after annealing, which has a modulus value of around 18.7 GPa.

From these graphs, many relationships between film structure and viscoelastic
properties can be made. It is apparent that the increase in initial packing leads to changes
in the damping as well as stiffness. The damping of the films decreases as initial packing
is increased, especially from low packing to high packing. On average, low-packed
films have the highest damping while highly-packed films have the lowest damping.
This is due to less energy dissipation between sheets in films with better packing.
Although low-packed films have the highest damping properties, there is a tradeoff in
stiffness. These films are much softer when compared to medium-packed and highly-
packed films. This can be attributed to the stress transfer between sheets. Sheets packed
more closely together are able to transfer stress more effectively, leading to higher
stiffness values.
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Figure 4. DMA results of GO (and ¢) and rGO (b and d) films.

The DMA results also show the effect of heat treatment on the viscoelastic
properties of the films. Films subjected to heat treatment show lower damping values
and higher stiffness values. As shown from the X-ray diffraction curves and density
calculations, annealed samples have higher sheet packing than films with no heat
treatment. Heat allows for the evaporation of water trapped between the GO sheets,
reducing the space between layers. This directly leads to better packing and more
efficient stress transfer in both the GO and rGO films. The results also show the changes
in viscoelastic properties with reduction. After reduction, there is no significant change
in the storage modulus but the damping changes drastically. Reduced samples show
higher damping values compared to unreduced samples. Although the packing of
reduced samples is shown to be much higher, this change in damping properties could
be caused by the different structural properties of rGO. Compared to GO, rGO has less
functional groups, which may change how energy is dissipated between layers in the
film.



CONCLUSIONS

GO and rGO films are found to have simultaneous high stiffness and damping.
Multifunctional properties of these films open the door to applications requiring
structural damping of impact loads and vibrations as well as noise and vibration
insulation. Fabrication techniques used in this study resulted in films with three
distinguishable levels of packing quantified by both density and X-ray diffraction
measurements. Heat treating films above water’s boiling temperature removed most of
their water content, achieving denser samples as the density of water is almost half of
GO and rGO. Water removal also resulted in better packing in most films. It is found
that stiffness improves with packing density while damping is inversely proportional to
it. This is because more packed films dissipate less energy via stick-slip interactions
between particles, however, transfer stresses more efficiently. Annealed samples
showed a lower damping due to their higher packing as a result of water removal.
Reduced GO samples exhibited higher damping despite their significantly better
packing and lower number of functional groups (that promote inter-particle interactions)
compared with GO films. This might be explained by the difference in structure of GO
and rGO films where rGO particles are much better aligned and slip easier compared
with the less aligned GO particles; alignment of rGO particles results in a larger
effective contact area between particles than GO ones that are more wrinkled and
randomly oriented. The explained stress transfer and stick-slip mechanisms result in
somewhat comparable stiffnesses for both GO and rGO films at each degree of packing.
Combinations of reduction (lower functional groups), optimum packing, and low water
content resulted in films with a modulus of 18 GPa and damping of 0.14, an impressive
combination not found in traditional structural materials. GO/rGO films are made from
relatively inexpensive and water-processable graphene oxide, and their fabrication can
be readily scaled up. This work helps expand the applications of GO films as a new
multifunctional material.
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