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ABSTRACT 

 
Structural materials with high damping and stiffness can reduce the weight of 
structures in several applications, yet they do not exist yet. Films made from 2D 
materials such as graphene have the potential to realize this new set of material 
properties. This study investigates the impact of particle size on the viscoelastic and 
electrical properties of graphene oxide (GO) and reduced graphene oxide (rGO) films. 
Two types of GO films were fabricated, one using small GO sheets and the other using 
large GO sheets. The size difference was confirmed through electron microscopy, 
revealing an average lateral size of approximately 1 µm for small particles and 9 µm 
for large particles. Particle packing differs for the tested samples and is correlated to 
their storage modulus and damping. Similarly, the electrical conductivities of the 
reduced films are measured and explained in terms of particle size, functional groups, 
and packing. This study reveals the processing-structure-property relationships in 
GO/rGO films, a crucial step in realizing their potential for achieving simultaneous 
high stiffness and damping for noise, vibration, and impact damage mitigation. 
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INTRODUCTION 
 

Graphene, a carbon-based 2D nanostructure, has shown to have extraordinary 
properties. These properties include great mechanical properties, such as high tensile 
strength and high stiffness, as well as thermal and electrical conductivity [1]. Although 
a material with these properties is highly desired in the aerospace and electronics 
industry, the high cost and difficulty of film fabrication has limited the applications of 
this material. However, graphene oxide (GO) – a functionalized derivative of 
graphene – is cheaper and easier to process and also has the unique property of water 
solubility [2]. The ability for GO to disperse in water allows for free-standing GO 
films to be made in a cost-effective manner through vacuum filtration. The functional 
groups can then be chemically removed from the GO particles, leading to a conductive 
reduced graphene oxide (rGO) film.  

 
Similar to graphene, GO films can reach high stiffness and high strength at a 

low density [3]. Extensive research has been done on the mechanical properties of 
graphene oxide. Materials that exhibit high damping can be used in engineering design 
as a means to reduce mechanical vibrations. Typically, most materials don’t possess 
both high stiffness and high damping. Some research has been done on developing 
these multifunctional materials, but have significant drawbacks that hinder the 
potential applications. Thanks to the simultaneous high stiffness and high damping 
capabilities, these films have the potential to be used in many structural applications 
[4].    

Many of these interesting stress properties can be linked to the unique structure 
of GO films. During the filtration process, the dispersed GO particles are able to align 
in-plane and link together through hydrogen bonds as the water is drawn out. These 
well-ordered graphene particles form together to form a sheet, or layer, and continue 
to form sheets as the filtration process takes place. Each film is comprised of multiple 
layers with a total thickness in the micron range. As stress is applied, each particle 
transfers stress through the stretching and breaking of hydrogen bonds [5]. Since 
graphene oxide particles have different functional groups depending on plane or edge 
location, average particle size of GO can have a significant impact on the properties of 
the film [6]. Single graphene oxide particles contain common surface functionalities 
including hydroxyl and epoxide groups in the bulk and carboxyl and carbonyl groups 
on the edges [7]. As particle size changes, the ratio of bulk functional groups to edge 
groups changes as well. This variation of functional groups can lead to changes in the 
mechanical and structural properties of the film, as shown by Soler-Crespo et. al. [7]. 
Particle size can also have an influence on the conductivity of the reduced version of 
these GO films. According to Lin et. al., modifications to the particle size can also 
impact the electrical conductivity of graphene films in that conductivity increased 
when films were made with larger particle sizes [8]. This study will investigate the 
effect of particle size on the viscoelastic properties of GO films, as well as the 
structural, mechanical, and electrical properties.  
 
METHODS 
 
 Graphene oxide films were fabricated via vacuum filtration. A solution 
containing small GO particles and a solution containing large GO particles from The 



Sixth Element were used to fabricate the films. These solutions were diluted with DI 
water to 1 mg/mL and sonicated before filtration. These films were filtered onto a 
cellulose membrane (0.22 µm). The films are dried at 90°C to remove excess water. 
The density of the films was calculated using the mass and volume of the films.  
XRD measurements of the films before were taken using a Rigaku Miniflex 600 
Diffractometer. The voltage and current used for these measurements were 40 kV and 
15 mA, respectively. The films were measured from 5 to 15 degrees at a rate of 2.5 
degrees/min. 

All DMA tests were done using a Netzsch DMA 242 E Artemis. All film strips 
were tested in tension mode with a gap of 15 mm. These tests were done by oscillating 
the stress between 4 and 12 MPa. The DMA tests took place in a temperature-
controlled furnace at 25°C. 
 For reduction, 57% hydroiodic (HI) acid purchased from Sigma Aldrich was 
used. The graphene oxide films were submerged in HI solution for 1 hour at room 
temperature. The film strips were then washed to remove excess HI solution by being 
submerged in an ethanol bath and then a deionized water solution bath a total of 5 
times. The films are dried at 150°C to remove excess ethanol and water. Conductivity 
of the films were then measured using a 4-point probe. 
 
RESULTS AND DISCUSSIONS 
 
 In this study, a GO film was made with small GO sheets and another with 
large GO sheets. To confirm a difference in size, each solution was drop casted on a 
silicon dioxide substrate and looked at under SEM. These images can be seen in figure 
1. Using image processing software, the average lateral size and average area of 
particles in each solution were measured. The particles in the small solution had an 
average lateral size of roughly 1 µm while the large solution had an average lateral 
size of 9 µm. According to these SEM images, the sheets in the large solution have an 
area of about 81 times larger than the particles in the small solution. This could lead to 
vastly different properties seen in the film. This study will further investigate and 
understand how particle size can affect properties in GO films. 
 

 
Figure 1. SEM of GO sheets drop casted from the (a) small and (b) large solutions. 
Films are fabricated via vacuum filtration. 
 

Structure of the GO films were further examined using density measurements 
and XRD analysis, which can be seen in figure 2. Films were made via vacuum 
filtration from the small particle solution and the large particle solution. After 



fabrication, the density of each film was measured. Shown in figure 2a, the density of 
the film comprised of smaller particles is shown to have a higher density compared to 
the films fabricated with large particles. This could be due to small particle films being 
able to wrinkle less and ultimately pack more efficiently. Figure 2b shows the XRD 
peaks of both films as well as its measured peak center. Using Bragg’s law, the peak 
center can be used to analyze the interlayer spacing of the films. There is an inverse 
correlation between peak center and interlayer spacing. The XRD peaks show that the 
film made using large particles has shorter interlayer spacing compared to films made 
using small particles. Although small particle films are shown to be more dense, large 
particle films show a smaller interlayer difference. This could possibly due to different 
ratios of functional groups present on the surface and edges of the particles. 

 
 

 
Figure 2. (a) Density measurements and (b) XRD peak analysis of small and large 
particle films.  
 
 The effect of particle size on the viscoelastic properties of the film were also 
observed. Using DMA, the storage modulus (stiffness) and tan δ (damping) were 
measured at room temperature. Figure 3 shows the results of the DMA testing under 
tension. From the data, a decrease in storage modulus and an increase in stiffness can 
be seen as particle size increases. As the large particle film has a lower stiffness and 
higher damping, it can be concluded that small particle films have more efficient stress 
transfer. This could possibly be attributed to the density of the films, as small particle 
films are denser and could potentially have better contact between sheets. 
 



 
Figure 3. Viscoelastic measurements of small particle and large particle films.  
 
 The effect of particle size on the electrical properties of the GO films were also 
investigated. As GO films are not conductive, a reduction step has to be done to bring 
their electrical properties closer to that of graphene films. Both the small particle film 
and large particles were reduced and their conductivities were measured using a 4-
point probe. The results can be seen in figure 4. From the data, it is apparent that the 
small particle film has a much higher conductivity than the large particle rGO film. 
Although small particle films would likely have more intersheet contact resistance, the 
conductivity is still much higher than the large particle films. This could be due to 
large particle films possessing more wrinkled sheets, adding resistance and ultimately 
decreasing the electrical conductivity. 

 
Figure 4. Electrical conductivity measurements of small particle and large particle 
films.  
 
CONCLUSIONS 
 
 This study investigates the effect of particle size on the viscoelastic properties 
of GO films, as well as the structural, mechanical, and electrical properties. From the 
density and XRD measurements, the films made from small GO sheets are more dense 
and likely to be less wrinkled. Although the small particle films have a higher density, 
their interlayer distance is larger than films made from large GO particles. From the 



viscoelastic measurements, the small particle films show a higher stiffness and lower 
damping value. It can be concluded that small particle films have better stress transfer, 
possibly due to a less wrinkled structure in the films. A reduction process was done to 
make these films conductive, bringing them closer to the conductivity of graphene. 
Although small particle films would likely have more intersheet contact resistance, 
their conductivity was shown to be much higher than the large particle films. This is 
also possibly due to large particle films possessing more wrinkled sheets, adding 
resistance to the films and decreasing their electrical conductivity.  
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