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ABSTRACT

This work investigates the improvements in damping performance of polymer
nanocomposites with graphene inclusions by employing interfacial slippage mechanisms
between filler and matrix. The damping improvement to the nanocomposite benefits from
the large interfaces of the matrix-graphene or graphene layers between which frictional
sliding occurs to dampen vibration. In particular, we have studied the effect of morphology
and particle size of graphene on the damping properties of a polymer system. To this end,
two types of graphene nanoparticles with different morphologies and aspect ratios were
used as fillers in polystyrene matrix: single layer graphene (SLG) and graphene
nanoparticles (GNP). The dynamic mechanical behavior of the two nanocomposite
systems was studied. A micromechanical model, based on shear lag analysis which
captures the load transfer between nanoparticles and matrix was also used to acquire a
deeper understanding of the damping mechanism. The results pointed to a considerable
effect of graphene morphology in facilitating (or delaying) the interfacial failure, leading
to enhanced (or reduced) damping performance. The combined modeling-experimental
work suggests that the wrinkles on the surface of SLG, caused by its low bending stiffness,
are a major player in enhancing the interfacial shear strength (IFSS) between the polymer

and the graphene, leading to ~15x improvement in IFSS.
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1. INTRODUCTION

Damping undesirable vibrations is essential for the safe operation of many devices
for mitigating instabilities, increasing service life and reduced maintenance cost [1,2].
Aerospace structures such as rotor shafts and wings face undesirable vibrations, which
may even cause catastrophic failures [3]. Some vehicles also are limited in performance
due to aeroelastic stability. Structural designers commonly employ polymeric dampers to
structures benefiting from the inherent viscous damping mechanism in polymers to extract
mechanical energy from a vibrating system [4,5]. Although this approach suppresses
structural vibrations, it increases structural complexity and maintenance requirements, and
adds extra weight [6,7]. The typical current polymer damping configurations in a
helicopter rotor hub are shown in Figure 1. Moreover, viscoelastic polymeric dampers
have limited damping capability, which may be increased only at elevated temperatures
but at the cost of stiffness [8]. Increased system damping for no change in stiffness would
increase the performance of the forward flight speed of tiltrotor aircraft [9]. Therefore, the
current helicopter rotor hub designs are still looking for a reliable solution that ensures

enhanced flights and operations.
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Figure 1. The design of rotor hub of Boeing Model 360 helicopter with polymeric damper.
Reprinted from [4] with permission.



2. BACKGROUND AND LITERATURE REVIEW

2.1. Damping in Polymer Nanocomposites

The damping performance of polymers can be enhanced by adding nanofillers
[10]. The filler-matrix interface would help surpass structural vibrations and dissipate
energy thanks to the friction occurring on the filler/matrix interface [11]. Commonly used
nanofiller geometries in polymer nanocomposites are shown in Figure 2 with their surface
area/volume relations. Therefore, the abundance of filler-matrix interfaces, owed to the
small dimensions of the nanofibers, can lead to inherent and considerable structure

damping of vibration without a weight penalty or adverse effects in any other mechanical

property.
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Figure 2. Commonly used reinforcements in polymer nanocomposites and their surface
area/volume relations. Reprinted from [12] with permission.
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Some studies have used carbon nanotubes (CNTSs), a fibrous material (Figure 2b),
as a filler to shed light on the damping and interface properties of the polymer/CNT
nanocomposites. Shur et al., for example, added single-wall carbon nanotubes (SWCNTS)
to the polycarbonate (PC) matrix and showed that the failure of the PC/SWCNT interface
results in sliding CNTs on the PC matrix and energy dissipation via friction [13]. By
adding 1% of CNTs, Gardea et al. doubled the damping of the CNT/polystyrene
nanocomposites, in which CNTs were aligned in the direction of axial stress as seen in
Figure 3 [14]. Additionally, Ashraf et al. studied the effect of CNT alignment in the
CNT/polystyrene nanocomposites on damping. The highest damping result was obtained
from the aligned CNT to the stress direction compared to the off-axis directions. This
study showed that as the misalignment angle increases, damping capacity decreases. It
also revealed a significant contribution of the interactions between CNTs and the
intensified stress fields at locations of CNT-CNT overlap on damping [15]. The same
adverse effect of misalignment can be also observed for traditional carbon fiber reinforced

polymers [16].
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Figure 3. Damping results of pure PS and CNT reinforced PS nanocomposites as a
function of strain. Reprinted from [14] with permission.

2.2. Graphene as a Nanofiller

After the first stable isolation, graphene captured researchers’ attention because of
its superior mechanical, electric and thermal properties [17,18]. Graphene has the potential
to be utilized in almost all applications from energy storage to medical devices due to the
combination of the features that no known material has [19,20]. Graphene sheets have
theoretically one atom thickness and consist of sp?-bonded carbon atoms [21]. Graphene’s
carbon atoms are bonded via ¢ bonds and create honeycomb lattice. This lattice and
bonding structure allow graphene to show superior properties [22].

There are currently three main graphene production methods; mechanical
exfoliation, chemical exfoliation and chemical vapor deposition (CVD). Exfoliation
methods are called “top-down” and cut down the number of the graphene layer in graphite.

CVD is called “bottom-up” and grows graphene on a metallic substrate [23]. Mechanical
5



exfoliation is the first method to obtain graphene, which is also known as the scotch tape
method. Although it is a simple peeling process of graphite layer, it is limited by low
production volume [17]. Chemical exfoliation method fabricates graphene layer using
acids which penetrates and oxidize graphite layers. Oxidized layers separate each other
and graphite can be decreased to only 4-5 graphene layers over time [18]. CVD is the most
popular graphene production method and it is suitable for large-scale production. This
method includes higher vacuum (107%), temperature (below 1000 °C) and hydrocarbon gas.
Carbon atoms attack to the metal substrate and are deposited on the substrate as graphene
layers. High-quality graphenes can be yield since the production process can be controlled

by temperature and cooling rate [17,24].

2.3. Graphene Reinforced Polymer Nanocomposites

Not only CNT but also graphene — another type of carbon-based nanofiller which
can be obtained from natural sources by exfoliating graphite [23,25] — could be a good
source of damping because of the large interfacial area between the constituents for

frictional sliding.



Figure 4. 2D structure of graphene might be seen as a source of all carbon-based fillers.
Reprinted from [26] with permission.

Although both CNTs and graphene have the ability to improve the properties of
materials, a fundamental question about using graphene for damping has remained
unclear: Which one is able to provide higher increments in damping, CNTs with their
tubular structure or graphene nanoparticles composed of very similar atoms and atomic
bonds but with a stacked sheet-like structure? There are some studies suggesting that that

graphene is more effective than CNT as a filler as it may provide more efficient load



transfer [18,27]. For instance, Rafie et al. have reported a 30% increase in tensile strength
of nanocomposites by adding 0.1% graphene, whereas the addition of the same amount of
CNTs increased the strength by only 3% [28]. Also, a Raman stereoscopy study has shown
a great stress transfer to graphene flake in graphene/polymer nanocomposites, likely
facilitated by the large free surfaces of the graphene [29]. Moreover, the energy dissipation
in polymer nanocomposites is mainly due to frictional sliding between nanofillers and
polymer matrix, often referred to as stick-slip or slippage mechanism. The large surface
area of nanofillers along which they interact with polymer chains can be a significant
source of increased damping properties [30,31]. Graphene has the potential to be a decent
candidate for intrinsic damping applications since the 2D planar structure of graphene can
lead to different morphologies inside the matrix than CNT, which has a much higher lateral
stiffness due to its tubular structure. These morphological differences could affect the load
transfer and matrix-filler slippage, and correspondingly, the damping properties.

In addition, recent temperature-sweep DMA tests proved that graphene can boost
damping and increases glass transition temperature (Tg) due to the reduction of chain
mobility [32-34]. Although temperature-sweep DMA is an excellent test method to
determine Tg by utilizing damping properties, it does not provide information about energy
dissipation and interface failure. Moreover, the temperature-sweep test represents a single
strain state before, during, or after the interface has been destroyed. By using a strain-
sweep test one can distinguish the pre and post sliding behavior. The strain-sweep testing
would be more appropriate than the temperature-sweep testing for the damping properties

of polymers for structural applications. Besides, strain sweep experiments can be used to
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distinguish between pre- and post-sliding energy dissipation. To the best of the author’

knowledge, strain-controlled damping study on graphene nanocomposites is missing.
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Figure 5. a) Storage modulus and b) damping (tand) values of functionalized graphene

reinforced polystyrene nanocomposites as a function of temperature. Reprinted from [32]
with permission.

There are three main processing methods of graphene-polymer nanocomposites.
Melt-mixing in which polymer is heated over its glass transition temperature is the easiest
and solvent-free process. Nanofillers are dispersed by shear forces in the glassy or molten
state [22]. Although the melt-mixing method is the industry’s favorite, it promises the
worst dispersion properties compared to other fabrication methods [35]. Solution-mixing
includes a solvent which usually exfoliates nanofillers and disperses polymer matrix. After
blending of filler and polymer in a solvent with the help of a mixing method such as

ultrasonication, the solvent is evaporated and polymer nanocomposite is obtained.
9



Solution mixing usually offers better dispersion and mechanical properties than melt-
mixing [36]. Since polymerization of monomers occurs in between nanofiller sheets, it is
expected that the in-situ polymerization technique could result in better dispersion and
properties [37]. However, a limiting factor is monomers can attach to filler surface and
limit chain length and interconnected polymer network. There main dispersion structure
which can be observed in polymer nanocomposites by those methods are shown in Figure
6. The most desired structure is exfoliated in Figure 6 (c) but it is hard to fabricate the
structure due to the high surface energy of nanofillers and the tendency to agglomerate.
Nanofiller functionalization techniques can be employed to increase dispersion, better

attachment to a matrix and higher interface strength [38].

N\

———
T

[a)
Phase separated Intercalated Exfoliated
{microcomposite) (nanocomposite) {(nanccomposite)

Figure 6. Three main dispersion behaviors occurring in nanofiller reinforced polymer
nanocomposites. Reprinted from [39] with permission.
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In this work, the damping properties of graphene reinforced polymer
nanocomposites were investigated through a combined experimental and modeling effort.
The graphene nanocomposites were fabricated by using a solution mixing method, and the
effects of two graphene types with different surface morphologies and dynamic strain were
systematically studied. The different graphenes enabled us to study the aspect ratio and
morphology effects on damping. Damping, the ratio of loss and storage modulus, was
utilized to compare properties of the neat polymer and polymer/graphene nanocomposites.
To develop a better understanding of the damping and slippage mechanism, a

micromechanical model was developed.

11



3. EXPERIMENT AND MODEL DESIGN

3.1. Fabrication of Graphene Nanocomposites

The fabrication process of graphene reinforced polystyrene nanocomposites is
schematically shown in Figure 7. Single layer graphene (SLG) and graphene nanoplatelets
(GNP) were purchased from ACS Materials and used as is to compare the effects of aspect
ratio and graphene morphology on damping of nanocomposites. The thickness of as-
received SLG and GNP were 0.6-1.2 nm and 1-2 nm, respectively. The lateral sizes of
SLG and GNP are 0.4-5 um and 5-10 pm, respectively. As a matrix material, polystyrene
(PS) was purchased from Sigma-Aldrich Co. In order to fabricate the composites, a
solution mixing process was selected with dimethylformamide (DMF) as a solvent to
disperse GNP and SLG in the polymer matrix. The nanoparticle/matrix weight ratio was
chosen as 1% for all samples. In the first step, PS and GNP were dissolved in DMF
separately, and the mixtures were sonicated for 30 minutes via Pro Scientific VCX-750
13 mm tip sonicator. After the dispersion, two mixtures were blended and sonicated for
an extra 15 minutes. To evaporate DMF, the solution was taken onto a hot plate for 20
minutes at 200 °C, and it was mechanically stirred via a magnetic stir bar at 150 rpm. To
dispose of the residue solvent, it was dried in a vacuum oven for 12 hours at 80 °C. To
eliminate voids resulting from the solvent evaporation and drying processes, the sample
was mixed via twin-screw microexturder at 100 rpm for 30 minutes. The extrusion process

was carried out at 150 °C. Then, the sample was hot pressed to form the desired shape and

12



is referred to as PS/GNP, hereafter. To fabricate SLG reinforced PS nanocomposites the

same steps were applied, and the samples were labeled as PS/SLG.

Sonication of PS and Evaporation of DMF Drying nanocomposite
graphene in DMF on a hot plate under vacuum

AT A AN AN SN
ENN AN AN AN VSO SARNTNY

Hot plates to eliminate wrinkles Twin extrusion to vanish voids

Figure 7. The schematic demonstration of the production of GNP/PS and SLG/PS
nanocomposites via a solution mixing process.

3.2. Mechanical and Material Characterization of Graphene Nanocomposites
Dynamic mechanical analysis (DMA) tests were conducted via TA Instruments
DMA Q800. The dynamic loads, tension and compression, were applied parallel to the
extrusion direction. The strain amplitude was between 0-0.3% with a zero offset strain.
The test frequency was set to 1 Hz and all DMA tests were conducted at room temperature.
The strain magnitude applied were selected based on the values that air vehicles

13



experience [40]. To calculate optimum gage length and sample thickness & = m%/3 x
(t/L)? was used to avoid buckling. The approximate required buckling force was
calcuated as 27 N which is below the load cell limit of 18N. Five PS/GNP and PS/SLG
DMA test samples were approximately 0.6 mm thick, 2 mm wide and 20 mm long with
10 cm gauge length. Scanning electron microscope (SEM) images of GNP and SLG were
taken via Tescan LYRA-3. SEM images of the samples were taken from fracture surfaces

that were parallel and perpendicular to the extrusion direction.

3.3. Micromechanical Model of Damping Characterization

In order to estimate the damping behaviors of the graphene reinforced polymer
nanocomposites, a model, which was previously used to interpret and calculate the
damping behaviors of CNT reinforced polymer composites, was utilized [14,40]. The
model is based on the shear-lag theory by Cox in 1952 [41] and has proven to be reliable
in comparison with graphene/polymer interface experiments [29,42]. Damping estimation
model was modified based on graphene’s intrinsic geometric and morphological

properties.
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Figure 8. Representative Volume Element (RVE) of a graphene flake embedded in a
polymer matrix.

The representative volume element (RVE) can be seen in Figure 8 where the
graphene flake is surrounded by the polymer matrix. It is important to mention that this
model assumes that the only source of damping except for the viscoelastic behavior of the
polymer matrix is the friction between nanofiller and matrix. Thus, in the model, no
friction and frictional damping behavior are expected until the applied dynamic strain
amplitude reaches the values required for partial sliding along with the interface. In this

pre-slip regime, the interfacial shear stress (7) can be calculated by Eq. 1 [29].

_ sinh(nx/t) _ |2Gu(t
T(x) - EGSmn [cosh(nl/zt)]’ where n = Eg (T) (1)

where E; is graphene modulus, &, is the stress applied to the matrix, [ and t are the

graphene length and thickness, respectively. T is the thickness of the RVE, which is

15



determined by using the volume fraction of graphene from the experiment and G is the

shear modulus of the matrix. The variable x represents a point on a graphene flake bound

to * [/2 with the graphene midpoint chosen as the origin.

Gy > Oy
Shear 4 )
Stress N
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= SPA—
~
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Shear ¥ ——— <— Critical shear stress (t,)
Stress \
— g
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- i m—
\
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Figure 9. Schematic demonstration of how debonding and friction occur in polymer

nanocomposites.

Once shear stress reaches the critical value (z..), the stick-slip mechanism is

activated and the graphene-polymer interface is partially debonded depending on the

16



applied strain rate. Therefore, the damping mechanism which results from the interfacial
friction starts. In this model, as the interface fails, the debonded parts of graphene flakes
can only transfer the load to the matrix via friction with a constant shear stress of .. For
this reason, it is assumed that interfacial shear stress (7) remains constant after the failure

occurs [43]. This slippage mechanism is shown in Figure 9.

In this model, the maximum shear stress occurs at the edges of flakes. By setting
7(x) = 1 in EQ. 1., the required critical strain (e,) to initiate the stick-slip mechanism
can be obtained in Eq. 2.

c — TCT' (2)
" nE; tanh(nl/2t)

At strains of &, higher than e, the length over which slip occurs (I") can be

calculated by solving Eq. 1. for x when 7(x) = 1,

U1t <TchOSh(nl/ 2t)> (3)

— = ———Arcsinh
2 n ExxEgn

The dissipated energy due to the friction can be calculated via Eq. 4. The stored
energy is obtained by Eq.5. where K is the stiffness of the composite. K values were
collected from the experimental results for model accuracy. The ¢, is the applied dynamic
strain amplitude. Damping (tand) is then calculated as the ratio of dissipated energy (6U)
to the stored (Elastic) energy (2mU,) and can be obtained in Eq. 6. The model parameters

and their relations to the experiments are presented in Table 1.
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4. RESULTS AND DISCUSSION

4.1. Morphological Insight of Graphene and Graphene Nanocomposites

The viscoelastic responses of PS and PS matrix nanocomposites with two types of
fillers, GNP and SLG, were studied. The two fillers have very distinct morphologies. The
GNP is mostly flat while the SLGs have a wrinkled geometry. The SEM images of GNP,
SLG, and nanocomposites are first presented, followed by the PS/GNP and PS/SLG

nanocomposites, respectively.

Figure 10 (a) and (b) present the SEM images of the as-received GNPs and SLGs
to provide the morphological and dimensional difference between two graphene types.
According to their technical data sheets, their chemical compositions are almost identical
with high carbon and very low oxygen ratio [44]. The GNP flakes in Figure 10 (a) are
wide open and look relatively discrete. On the other hand, SLGs tend to cluster and look
like cotton flowers, as seen in Figure 10 (b). Another marked distinction between the fillers
is that GNP has a higher lateral size promising higher filler/matrix friction area.

The cross-section SEM images of PS/GNP and PS/SLG nanocomposite are
demonstrated in Figure 11 (c) and (d). The images were taken along the extrusion and
stress direction. In Figure 11 (c), GNP flakes align parallel to the extrusion direction due
to the extrusion process. This is likely because of the larger size of the GNP particles, as
a result, they will experience larger shear forces by the matrix during extrusion. The
particles are quite flat and the surfaces are smooth without any visible wrinkles in the SEM

resolution level. However, in Figure 11 (d), SLGs are wrinkled and look considerably

19



smaller in terms of length and lateral size in a comparison with GNPs. There is no visible
alignment in the extrusion direction. Unlike GNP, the extrusion process has no noticeable

effect on alignment and flattening of the SLGs. The cumulative amount of the lateral

surfaces which is parallel to the applied stress is higher in PS/GNP than PS/SLG.

Figure 11. The SEM images of the cross-section of a) PS/GNP and b) PS/SLG
nanocomposites perpendicular to the extrusion direction. Images are taken from fracture
surfaces perpendicular to the extrusion direction.
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4.2. Damping Ratio and Storage Modulus of PS/GNP

Figure 12 and Figure 13 illustrate the storage modulus and damping ratios of PS
and PS/GNP as a function of dynamic strain with error bars which represent the
experimental uncertainty. In Figure 12, the mechanical reinforcing effect of the GNP is
evident, especially at the lowest applied dynamic strain amplitude. The storage modulus
of PS and PS/GNP at low strains are respectively 2.77 £0.086 GPa and 2.91 +0.092 GPa.
However, the storage modulus of PS/GNP drops nearly twice as fast with the dynamic
strain amplitude compared to the neat PS. At 0.3% dynamic strain, the storage modulus
of PS/GNP becomes smaller than pure PS. Thus, PS/GNP samples have damage
accumulation mechanisms which are not present in PS. These additional damage
mechanisms can only exist in certain regions within the nanocomposite such as PS — GNP

and GNP — GNP interface.
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Figure 12. The experimental DMA results of the storage modulus of neat PS and PS/GNP
nanocomposite with a function of dynamic strain

More insight into the nature of these damage mechanisms that are peculiar to the
PS/GNP can be obtained from the damping response of the material, as seen in Figure 13.
It is interesting to note that the drop in the storage modulus of PS/GNP, in comparison to
the neat PS, coincides with a considerable increase in damping. To compare the damping
increments of PS and PS/GNP, the slopes were calculated by using a curve fitting tool. It
was found that the damping increase rate of PS/GNP doubles the rate of pure PS. This
damping behavior is in line with a progressive partial debonding along with interfaces in
the nanocomposite, in which the interface can carry load via frictional sliding. Frictional
sliding can occur between PS and GNP, similar to the PS-CNT interfaces [14,15], or

between the graphene layers within each GNP particle. The latter is a likely mechanism
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in nanocomposites that are reinforced with GNP since graphene-graphene interfaces are

generally weaker than graphene-polymer interfaces [45,46].
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Figure 13. The experimental DMA results of a) tand of neat PS and PS/GNP
nanocomposite with a function of dynamic strain

Moreover, unlike the CNTs in CNT-reinforced nanocomposites in which only the
outer shells of CNTs are accessible to the matrix, the matrix can apply shear forces to
graphene flakes, causing the graphene within a graphene flake to slide on each other
further dissipating energy. Indirect evidence in support of the graphene-graphene sliding
even prior to PS-GNP sliding is the difference between the damping behavior in GNP/PS

and CNT/PS [14,15]. While in CNT/PS in Figure 14, the damping ratio shows a plateau
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at small strains prior to the onset of interfacial slippage [47], in GNP/PS, the damping
increases with the applied strain even at the lowest strain applied. Thus, it can be deduced
that the energy dissipation mechanism is already activated in PS/GNP in very low strain
range. In addition, the tand slope of PS/GNP samples is almost six times higher than CNT
counterparts having the same weight filler ratio. Even the slope of 2 wt% PS/CNT is lower

than PS/GNP having 1% filler ratio.
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Figure 14. Damping of PS/CNT nanocomposites for different CNT weight percentages.
In the low strain regime, there is no slippage filler/polymer slippage, which is not a case
in the graphene/polymer system. Reprinted from [47] with permission.
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4.3. Comparison of Micromechanical Model and Experimental Results

The experimental results presented so far demonstrate the effect of GNPs on
damping of nanocomposites. However, no direct information can be obtained about the
stress fields around GNPs through the experiments. Thus, the shear-lag model was used
to develop a deeper insight into the damping behavior of the graphene reinforced polymer
nanocomposites. The model relates the damping behavior in nanocomposites to matrix-
filler interface partial debonding and frictional sliding between them. Other damping
mechanisms such as matrix tearing, stress concentrations and the friction between the
graphene layers are not considered in this model. The essential components of the model

are obtained based on our earlier work [14], and the details of the model are explained in

the section of the Micromechanical Model of Damping Characterization.

Table 1. Input data for the micromechanical damping model

Model parameter Value used Relation to experiment
GNP Concentration 1wt. % Fabrication
Aspect Ratio (A.R) 5000 Manufac_turer and SEM
images
Average GNP length 5um SEM images
Thickness 1nm Manufacturer and [48]
Critical Strain ~0.035 % Eq. 2
Interfacial Shear
Strength 0.50 MPa [14]
Fitting parameter, within
GNP elastic modulus 300 GPa the range of experimental
measurements [49]
Modulus of the matrix 2.25 GPa Tensile Test
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The inputs of the model are summarized in Table 1. The thickness of single layer
GNP was chosen as 1 nm based upon the previous experimental studies [48]. The length
of GNPs used in the model were the average values from SEM images, 5 um, which is in
the range of the technical data sheet provided by the manufacturer. The modulus of the
matrix was determined via a simple tensile test as 2.25 GPa. The model takes the post-
interface debonding interfacial shear stress as the input to calculate the value of the
damping coefficient. This value can be obtained from literature in the range of ~0.3-2.3
MPa [23,29,42,50]. However, this value highly depends on the surface chemistry,
morphology and length of graphene [51]. For our experiments carried out on GNP/PS
systems, a value of 0.50 MPa, which was previously reported for the CNT/PS system [14],
was chosen due to similarities between the surface chemistry of CNTs and GNP as well

as their similar surface topography (smooth surfaces in both cases).
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Figure 15. The comparisons of the model and experimental damping (tand) values.

The predictions of the model at low strains (below ~0.1%) are not in line with the
experimental data. A likely cause for the experiment-model difference in the low strain
regime is the graphene-graphene sliding and friction which is not considered in the model
[52,53]. Quantitatively, the effective graphene interlayer strength, especially for smooth
GNPs shown in Figure 10 (a), can be as low as 0.02 MPa, which is two orders of
magnitude smaller than the polymer-graphene interface due to the low van der Waals
(vdw) force interactions [45]. Thus, graphene sheets within GNPs can dissipate energy
by sliding over each other even in very low strain regime [46,54]. GNP-GNP sliding
presents an important distinction between vibration damping in GNP-reinforced and CNT-

reinforced nanocomposites, as discussed earlier in this section. In PS/GNP, the axial
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loading of the matrix can induce shear stresses on GNP by sliding the two surfaces of GNP
in opposite directions. The main load transfer mechanism between the two surfaces is the
vdW interactions, allowing for mutual sliding and energy dissipation between the surfaces.
This is unlike CNT/PS composites in which only the CNTs outmost shell is in contact
with the matrix. However, the graphene-graphene sliding can only be fully active at very
small strains mainly because of the constraints imposed on the GNPs by the PS. The
mechanical constraints imposed on the edges of GNP sheets can suppress the sliding
between graphene sheets within a GNP particle allowing for other damping mechanisms

such as the PS-GNP interfacial sliding to manifest itself.
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Figure 16. The distribution of the interfacial shear stress on a graphene flake as a function
of the graphene aspect ratios. The shear stress and distance are normalized by an applied
stress and graphene length, respectively. The applied strain is 0.3%.
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The model allows us also to consider hypothetical cases and predict the damping
of PS/GNP with different aspect ratio values compared to tested experimentally. For
instance, Figure 15 illustrates that lower aspect ratios increase the damping of graphene
nanocomposites. The GNP having an aspect ratio of 3000 has higher damping than the
aspect ratios of 5000 and 10000. This behavior roots in the dependence of the shear stress
distribution on filler aspect ratio values. As shown in Figure 16, the shear stress
distribution is more uniform and quasi-linear when the aspect ratio is rather low enough
(A.R. =3000 and 1000). Thus, shorter graphenes experience higher interfacial shear stress
and interfacial debonding. On the other hand, when the aspect ratio is increased, the shear
stress is concentrated on the edges of the graphene, and the middle parts of the graphene
expose to lower shear stress, which reduces the debonded length for any given dynamic

strain amplitude.
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Figure 17. The distribution of the strain on a graphene flake as a function of the graphene
aspect ratios. Strain and distance are normalized by an applied strain and graphene length,
respectively. The applied strain is 0.3%.

Although lower aspect ratio graphene increases damping, they reinforce less
effectively. As shown in Figure 17, for relatively small aspect ratios, the strain experienced
by the graphene will not reach the far field strain values; thus, the load is only partially
carried by the filler. Graphene having 1000 aspect ratio can experience ~50% of the
applied strain, while at an aspect ratio of 3000, the strain experienced by the graphene can
be ~75% of the applied strain, and for aspect ratios higher than 5000, the strain of the
fillers is nearly the same in the matrix and graphene, therefore, higher reinforcement rates

can be observed.
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4.4. Damping Ratio and Storage Modulus of PS/SLG

In order to experimentally validate one of the model predictions, i.e., the
relationship between damping and aspect ratio of fillers, damping behavior of polymers
which were reinforced with single layer graphene (SLG) were studied. The PS/SLG
nanocomposites were fabricated by using the solution mixing method discussed in

Fabrication of Graphene Nanocomposites (Ch. 3.1.). PS/SLG was tested via DMA using

the same test procedure.
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Figure 18. The experimental storage modulus of PS/SLG and PS with a function of
dynamic strain
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The storage modulus of PS/SLG is higher than PS suggesting that SLG provides
mechanical reinforcement as seen in Figure 18. However, SLGs provide less
reinforcement rate and load transfer efficiency as the model suggests. Adding 1% of GNP
increases storage modulus by ~0.13 GPa whereas adding the same amount of SLG
increases only by ~0.06 GPa. Moreover, the slopes of the PS and PS/SLG are nearly the
same up to the dynamic strain amplitude of 0.2%, suggesting no damage accumulation or
significant interfacial sliding between SLGs and the matrix. In addition, as shown in
Figure 19, the damping ratio of PS/SLG is almost identical to pure PS’s ratio until 0.2%
strain. Using this value of strain as the critical strain threshold for interfacial sliding, the
shear strength of the PS-SLG interface was calculated from Eq.2. The 7, is calculated to
be ~7.5 MPa for PS/SLG, which is one order of magnitude higher than PS/GNP. On the
other hand, once the applied strain reaches ~0.2%, the modulus of PS/SLG starts to drop
at a slightly higher rate than the PS. The drop in modulus coincides with a slight increase
in damping of PS/SLG from the value corresponding to the neat PS. At 0.3% strain, adding
1% wit. of SLG to PS increased the tand only ~10% although the same amount of GNP
raised the ratio by ~70% compared to pure PS. It is emphasized that the drop in modulus
and an increase in damping in SLG/PS is much less pronounced than those observed in

PS/GNP.
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Figure 19. The experimental tand values of PS/SLG and PS with a function of dynamic
strain

4.5. The Effect of Graphene Morphology on Damping

Even though the model suggests that a smaller aspect ratio would ensure a higher
damping property, the experimental results of PS/SLG oppose this argument. In order to
address this discrepancy, we studied the SEM images of PS/GNP and PS/SLG, seen in
Figure 10 and Figure 11. The SEM images revealed that GNP has a considerably smoother
and flatter surface providing easier sliding on the matrix. Previous research showed that
reduced surface roughness of graphene facilitates easier interfacial sliding [55-57].
Therefore, it can be hypothesized that the surface roughness of the SLG, a result of their

low bending stiffness, increases the effective interfacial shear strength of the PS/SLG
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interface and postpone interfacial sliding to higher strains. This hypothesis is in line with
the effective 7., of the PS/SLG interface which was calculated earlier in this section to be
~7.5 MPa, compared to a value of less than 1 MPa for the PS/GNP interface.

The force applied is directly transferred to the GNP interface while it is transferred
to the SLG surface with various angles, which decreases the amount of force affecting
PS/SLG interface. These two morphological mechanisms imply the GNP slippage on the
polymer surface is more feasible than SLG slippage. The SEM images of GNP and SLG
are illustrated to demonstrate how an applied force effects the graphene/polymer interface
in Figure 20. In PS/GNP nanocomposites, since GNPs are flat and parallel to the stress
direction, the applied force directly affects the interface as a shear force. Therefore, it
entirely contributes to the graphene slippage, which is shown in Figure 20 (a). However,
the applied force to the PS/SLG interface is diverted into two different stresses as either
tension or compression and shear. Due to its waviness structure, the force magnitude is
shared by the tension or compression and shear stresses and mechanical interlocking
occurs. Therefore, the magnitude of shear stress, which causes the filler slippage and
damping, becomes smaller and the interface experiences less stress. Consequently, the
debonding mechanism in PS/SLG is delayed and less effective for damping, in a
comparison with PS/GNP.

A careful study of the SEM images revealed another factor, alignment of fillers,
which can result in considerable differences between the damping behavior of PS/GNP
and SLG/PS. As seen in Figure 11, SLGs are randomly oriented in the matrix while GNPs

are aligned in the direction of the extrusion. GNP/PS is expected to have higher damping
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ratio since off-aligned fillers experience less interfacial shear stress [58] and show reduced

loss modulus and damping ratio [15].
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Figure 20. The schematic illustration of the forces influencing the a) PS-GNP and b) PS-
SLG interface
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5. CONCLUSION AND FUTURE DIRECTIONS

5.1. Conclusion

The damping and interface behaviors of graphene reinforced polymer
nanocomposites were studied through combined experiments and continuum modeling
approach. The experiments consisted of dynamic mechanical loading of PS-graphene
samples with dynamic strain amplitudes of 0.3% and less. Two types of graphene
nanoparticles with different morphologies and aspect ratios were used as fillers: the so-
called single layer graphene (SLG) and graphene nanoparticles (GNP). At the highest
dynamic strains tests, PS/GNP nanocomposites showed a ~70% increase in damping
properties compared to the neat polymer. This was in contrast to PS/SLG samples in which
enhancement in damping was considerably low (~10%). The low damping augmentation
in PS/SLG is also in contrast to the predictions of our micromechanical models. To further
investigate the origin of discrepancy between model and experiment, the morphology of
the nanocomposites was studied in SEM. The experiments revealed that the SLG samples
are highly wrinkled in contrast to the rather flat surfaces of GNPs.

The experimental results pointed to a considerable effect of graphene morphology
in facilitating (or delaying) the interfacial failure, leading to enhanced (or reduced)
damping performance. The combined modeling-experimental work suggests that the
wrinkles on the surface of SLG, caused by its low bending stiffness, were a major player
in enhancing the interfacial shear strength (IFSS) between the polymer and the graphene,

leading to ~15x improvement in IFSS. This result points to a considerable effect of
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graphene morphology in facilitating the interfacial failure in GNPs (in contrast to SLG),

leading to enhanced damping.

5.2. Future Directions

Further studies shall be dedicated to further investigation of interface and damping
properties of graphene polymer nanocomposites. The present and previous works have
shown that the sliding mechanism of filler on the matrix has a remarkable increase in
damping. Critical activation strain of sliding and frictional energy on interface directly
affect the damping behaviors. Thus, further studies which are controlling the interface
strength via functionalization or oxidation of graphene should be conducted.

Graphene reinforced polymer nanocomposites could be used as a matrix material
in traditional carbon fiber composite instead of pure epoxy. The properties of carbon

fiber/graphene/polymer nanocomposites should be investigated.
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