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Abstract: The present study investigates the influence of
graphene nanopellets (GnPs) on the damping and vibra-
tion characteristics of fiber-reinforced basalt/epoxy com-
posites for different weight contents of GnPs particles
(0.1, 0.2 and 0.3 wt%). The variation of dynamic proper-
ties in terms of loss and storage modulus was explored
by using the experimental modal analysis. The damping
properties were determined by using logarithmic decre-
ment method from the acceleration-time envelope curves.
Results showed that the incorporation of GnPs at weight
contents of 0.1% and 0.2% significantly affected the
damping and vibration characteristics of the samples as
a result of the interfacial strength between the GnPs par-
ticles-fiber-matrix interactions. The natural frequencies
increased by 20.7% and 25% at GnPs contents of 0.1 and
0.2 wt%, whereas the damping ratios increased by 28.5%
and 57.1%, respectively.

Keywords: composite materials; damping; graphene;
nanocomposites; vibration.

1 Introduction

In recent years, basalt fiber has been extensively used in
various engineering applications to meet the requirements
of having high strength, durable, lightweight, high chemi-
cal, thermal and more economical properties [1-3]. As an
inorganic material with harmless property, basalt fiber
is produced from the molten rocks in the lava deposits
through the extrusion process, and its fiber dimension is
nearly 10-20 um [4, 5]. Recently, several researchers [6-9]
have focused on the properties of basalt fibers, such as wide
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range of chemical resistance, mechanical strength and
thermal resistance, while other researchers [10-12] have
reported the fact that basalt fiber offers the higher mechan-
ical properties, tensile strength and modulus compared
with glass fibers. Many studies dealing with the mechani-
cal, thermal and chemical components of basalt fiber are
available in the literature. However, studies on the dynamic
properties of basalt fiber are limited. As the application
of basalt fibers in structural applications has increased,
prediction and knowledge about the dynamic properties
of structures made of basalt fibers are required as they
are often subjected to external cyclic and impact loading,
which significantly affect the stability of the system.

As basalt fiber is a novel fiber that has only become
popular in recent years, only a few studies have been pub-
lished on the damping and vibration properties of basalt
fiber-reinforced composites. Yan et al. [13] investigated the
dynamic stability of woven basalt/epoxy composite lami-
nates under the quasi-static and high strain rate compres-
sion. They found that the phase and magnitude responses
are highly sensitive to quasi-static and high strain rate
loading conditions; the samples gradually acquired a
stable condition while increasing strain rate. Bulut et al.
[14] showed that damping properties of basalt fibers are
lower than aramid fibers, and that the hybridization of
basalt fibers with aramid fibers contributed to increas-
ing damping properties while decreasing tensile strength.
Recently, several researchers [15-17] reported that multi-
scale composites reinforced with micro- and nano-sized
fillers within the polymer matrix composites exhibited
higher thermal, electrical and mechanical properties than
conventional composites. Furthermore, the mechanical
and vibration characteristics of the composites could be
controlled by the incorporation of nanoscale particles [18,
19]. The incorporation of nanotube fillers in the compos-
ites significantly increased the damping property with the
advantage of interfacial friction between the nanotube
particles in the matrix resin [20].

One study compared nano scale fillers with compos-
ites containing graphene nanopellet (GnPs) fillers and
found that the latter are better functional and structural
composite materials with improved mechanical, thermal
and electrical properties and lower cost [21, 22]. One
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effective way to increase mechanical properties is to incor-
porate GnPs fillers in the epoxy resin because of the multi-
functional property of the GnPs fillers, which can improve
fracture energy by 115% at graphene loading of 0.124 wt%
[23]. Although many studies on carbon nanotubes have
been carried out and the factors that influence the vibra-
tion and damping properties of composite laminates
[24-27], studies on GnPs fillers investigating the vibration
properties of composites are limited [28, 29]. Moreover, no
study has investigated the dynamic properties of basalt/
epoxy with GnPs interactions. Hence, this topic is should
be investigated for sustaining safety and stability of the
structural system.

The main novelty of this paper is that it explores the
vibration and damping properties of basalt/epoxy com-
posite laminates by incorporating the GnPs filler within
the epoxy resin. The dynamic properties of basalt fiber-
reinforced composites were explored in terms of loss and
storage modulus. We also studied the incorporation of GnPs
with basalt fiber/epoxy composites for different GnPs parti-
cle weight contents only for the evaluation of fundamental
frequency mode. Furthermore, the variation of damping
and vibration properties was explained in relation to the
interfacial interaction leading to increased load transfer
between the GnPs particles and the basalt/epoxy matrix.

2 Materials and procedures

2.1 Materials

Basalt fibers with plain weaving architecture were
supplied from Zhejiang GBF Basalt Fiber Co. Ltd. The
basal fibers had an areal weight of 200 g/m? and thick-
ness of 0.28 (+5%) mm. Chemical products like epoxy
(MOMENTIVE-MGS 1285) and hardener (MOMENTIVE
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Figure 1: The production process for the composite samples.
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-MGS H285) were supplied by Dost Chemical Prod-
ucts Company, Istanbul, Turkey. Epoxy resin exhibits a
density of 1.18 g/m?, tensile strength of 70-80 MPa and
elastic modulus of 3.0-3.3 GPa. The volume fraction for
basalt fibers was measured as 63%. Graphene nanofiller
was supplied from Grafnano Teknolojik Malzemeler Co.
Ltd. (Kahramanmaras, Turkey). The powder has a black
and grey color and a purity of 99.5%, bulk density of
~0.05 g/cm?, 5 um diameter, thickness of 5-8 nm and a
specific surface area of 150 m?/g. The Raman spectra ID/
IG Ratio of 0.08 and XRD 2-6 of 26° peak.

2.2 Manufacturing of composites

The epoxy system was prepared by mixing the epoxy with
hardener in the weight ratio of 100:40. Then, the GnPs filler
was mixed and stirred in the epoxy at a certain amount.
In order to reach a homogenous dispersion of GnPs parti-
cles, the stirring process was performed for about 20 min.
Then, the GnPs/epoxy mixture was applied by following
the hand lay-up procedures for the impregnation of basalt
fibers. The fabrics were wetted layer by layer to reach 10
layers of basalt laminates using a roller before the curing
process. A hot mold press with flat molds was used for
curing the impregnated nano-composites, subjecting
the samples to 0.4 MPa pressure for 1 h curing time with
80°C temperature. The nominal thickness of samples was
measured as 1.9+ 0.2 mm. Figure 1 illustrates the produc-
tion process for GnPs/basalt nano composites and their
tensile properties are provided in Table 1.

2.3 Characterization and tensile properties

The morphology of the GnPs/basalt fiber/epoxy was
screened by using scanning electron microscopy SEM
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Table 1: The tensile test results of the produced test samples [30].
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Tensile modulus (GPa)

Tensile strain (mm/mm) Energy at entire areas (J)

GnPs content (Wt%) Tensile strength (MPa)
Basalt/epoxy, control 212
0.1 240
0.2 224
0.3 223

13.11 0.037 12.84
15.92 0.042 16.78
14.21 0.045 14.13
13.34 0.042 15.09

(JEOL JSM-6390 lv, Gaziantep University). The SEM images
were taken over the edge surfaces of the test samples
before the vibration tests. The vibration characteristics
associated with GnPs dispersion in the epoxy resin were
also explained by the SEM images.

2.4 Vibration tests

An accelerometer (PCB 352C03 ceramic shear ICP®, PCB
Piezotronics, Inc., Depew, NY, USA) for output signal,
an impact hummer (PCB 086C03, PCB Piezotronics, Inc.,
Depew, NY, USA) for the excitation of the sample and a
signal acquisition data card (N19234, National Instruments
Corporation, Austin, TX, USA) with LABVIEW software
were used. The manufactured test samples were excited
by impact hammer to release the dynamic characteris-
tics in terms of acceleration and frequency response. The
free decaying curves of the samples were obtained with
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the excitation of the samples using the impact hammer.
During the vibration tests, the frequency response curves
of the samples were recorded as a function of amplitude
and frequency (Hz) by using the Fast Fourier Transforms
(FFTs), which can be used to determine the natural fre-
quencies and damping factors. The distribution of natural
frequency values was measured within the constant fre-
quency range from O to 500 Hz. Figure 2 shows the experi-
mental set-up to measure the vibration properties of the
test samples, also indicating the location of the acceler-
ometer and the test samples for the vibration tests.

The loss factor in every mode of vibration implies the
proportion of energy dissipated by the structure, thus lim-
iting the amplitudes of vibration resonance. The storage
modulus represents the ability of energy storage in the
material, thus denoting the elastic modulus of the mate-
rial by means of dynamic modulus. The loss and storage
modulus were calculated from log decrement method only
for the first mode of natural frequencies.

Figure 2: The vibration test mechanism. (A) Set-up for the vibration measurements, (B) the location of acceleration and impact points, (C)

the test samples for the vibration measurement.
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One of the methods for the measurement of damping
properties for an under-damped system is to perform
the log decrement method. In this system, the vibration
amplitude exponentially decays over time and the natural
log of amplitudes of any two successive peaks is defined
as logarithmic decrement or log decrement. The logarith-
mic decrement [31] can be evaluated by using Equation 1

1. A

;lni", 1)

6:

where ¢ is the log decrement, A is the maximum ampli-
tude of first cycle and A is the maximum amplitude of nth
cycle. The damping ratio (§) can be calculated from Equa-
tion 2 by substituting Equation 1 into Equation 2.

nEd ?
o

In addition, the storage modulus of the samples (E’) can
be calculated from the Euler-Bernoulli beam theory as
follows:

_1.875" |E'T

w, = s 3
ooal? \ pA G)

where o, is the natural frequency of the first mode, L is
the free length of the beam, p is the density of the beam,
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E’ is the storage modulus, I is the moment of inertia for
the given cross-section of beam and A is the cross-section
of beam. Similarly, the loss modulus (E”) of the beam can
be found using the storage modulus. The relationship
between loss and storage modulus is given in Equation 4
below.

E” =E'(w)Tan(d) =2E"(w)&(w) (4)

3 Results and discussion

3.1 Tensile properties

The tensile properties of the test samples are given in
Table 1 and their SEM figures are illustrated in Figure 3
according to the GnPs content. As can be clearly seen,
the composite samples with GnPs content of 0.1 wt% has
shown the highest tensile strength and modulus com-
pared with the other samples, indicating that the incor-
poration of the GnPs particles in the basalt/epoxy results
in the improvement of tensile strength and modulus by
13% and 21%, respectively. However, further increasing
GnPs content after 0.1 wt% revealed the decreasing tensile
strength and modulus with larger strains compared
with the control samples. This can be explained by the
agglomeration of particles, resulting in poor interfacial

Figure 3: The SEM images of the composite samples. (A) Basalt/epoxy, control, (B) 0.1 wt%, (C) 0.2 wt%, (D) 0.3 wt%.
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bonding between the particle-fiber-epoxy interactions.
As can be seen in Figure 3C, the well distribution of the
epoxy resin was observed with fine bonding at the inter-
face of the epoxy and fibers. The epoxy-filled regions in
the composites exhibit the homogenous distributed GnPs
fillers in order to increase particle-fiber interactions for
the improvement of load transfer. Due to the improved
particle-fiber interactions at GnPs loading of 0.1wt%, it
is possible to increase the mechanical properties while
decreasing the deformation and strain, thus implying
brittle characteristics. Further, the inclusion of GnPs par-
ticles resulted in decreased mechanical properties with
increased deformation/strain properties, thus showing
the enhancement of ductile characteristics in the material.

3.2 Damping and vibration properties

Figure 4 shows the response of the vibration curves of
the samples with respect to the GnPs content. The fre-
quency values are presented in Table 2. As shown in the
results, the incorporation of the GnPs filler in the epoxy
resin slightly increased the natural frequency at the GnPs
content of 0.1 wt% with improvements of 20.7% and 14.2%
for the first and second mode of natural frequencies,
respectively. These results suggest that high stiffness due
to the high compatibility of the GnPs particles with basalt
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Magnitude (dB ref 1.E + 0 g/Newtons)
&
=]

——Basalt/epoxy, control

200 300 400

Frequency (Hz)
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Figure 4: The frequency response curves of the samples.

Table 2: Vibration test results.

GnPs content (% wt)  First mode Second mode Damping ratio
(Hz) (Hz)

Basalt/epoxy, control 39.6+3 189.9+6 0.014+0.0012

0.1 47.8%+2 216.3+7 0.018+0.0021

0.2 49.5+2 232.8+4 0.022+0.0013

0.3 39.8+3 221.8+8 0.019+0.0011
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fiber/epoxy increased the natural frequency of the com-
posite samples.

The modulus is directly to the natural frequency of
the material. Thus, increasing the stiffness increases the
natural frequency while decreasing the damping ratio.
After the critical value of the stiffness at 0.1 wt% of the
GnPs content, the decreasing trend was observed for stiff-
ness and natural frequency while increasing damping
property up to the GnPs content of 0.2 wt%. After the
GnPs content of 0.2 wt%, both the damping and natural
frequency properties were decreased when GnPs content
was 0.3 wt%. These findings suggest that agglomeration
has been formed after the GnPs content of 0.1 wt% result-
ing in increased energy dissipation, with the faster rate
leading to increased damping capacity [32, 33]. The low
damping property is explained by the reduction in slip-
page effect between the particle and matrix, showing low
energy absorption capacity for a composite system.

Figure 5 illustrates the variation of the log decrement
curves according to the GnPs content for the comparison of
damping properties. As can be seen, the inclusion of GnPs
in the composites resulted in faster decaying to reach stable
condition within the shorter time compared the control
samples, thus implying the improvement of damping prop-
erties. Moreover, the damping ratio showed the highest
value at the GnPs content of 0.2 wt%, thus indicating that
samples decay quickly and reach stability in a short time.
Notably, both the natural frequency and damping proper-
ties had the highest values at the GnPs content of 0.2 wt%,
suggesting an increase in the stiffness and energy dissipa-
tion capacity of the samples. However, the further addition
of GnPs particles after 0.2 wt% in the epoxy resin caused a
reverse effect with the reduction of damping and natural
frequency. This can be attributed to the agglomeration of
the GnPs particles. Similarly, Farrash et al. [34] investigated
the influence of CNT addition on the damping and vibration
characteristics of the hybrid and non-hybrid composites,
and they reported that the interfacial adhesion between
the fibers and matrix had a major effect on the stiffness
and damping properties of the composites. In addition
this, incorporation of CNTs into the epoxy resin caused an
increase in the fundamental frequency of both glass/epoxy
and carbon/epoxy plates for the flexural mode.

3.3 Dynamic mechanical properties

The dynamic mechanical properties of test samples were
characterized in terms of loss and storage modulus at the
room temperature of 25°C. The loss modulus refers to the
damping characteristics of samples showing the ability of
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Figure 5: The free decay curves of the test samples with different
GnPs loadings.

energy dissipation; hence, the controlling of loss modulus
has been explored by the inclusion of the GnPs particles in
the unmodified basalt/epoxy composites. It this way, it is
possible to conclude that the interfacial bonding strength
between the GnPs particle-fiber-epoxy interactions plays
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Figure 6: The dynamic mechanical properties of the test samples at
different GnPs loadings.

an important role in the dissipation of vibrational energy
in the composite samples. Figure 6 shows the results of
loss and storage values. Notably, the maximum improve-
ment in loss modulus was recorded at the GnPs content of
0.2 wt%, whereas the storage modulus showed the highest
value at the GnPs content of 0.1 wt%. Thus, the sample of
B-0.1 exhibited the highest natural frequency as a result
of elastic modulus as well as the further dissipation of
vibration energy per cycle of damping than other samples.
A decreasing trend in terms of storage modulus was
observed as the GnPs content in the epoxy resin increased
at the GnPs content of 0.1 wt%. This was attributed to the
decreased interfacial bonding of the GnPs particle-fiber-
epoxy interfaces due to particle agglomeration.

4 Conclusion

In this study, the effects of GnPs inclusion on the damping
and vibration characterization of the basalt/epoxy compos-
ite laminates were investigated for different weight contents
of GnPs particles. The results indicated that the incorpora-
tion of the GnPs filler in the basalt/epoxy composites sig-
nificantly affected the damping and vibration responses.
Specifically, the maximum improvement in the damping
and natural frequency values were recorded as 36% and
25.6%, respectively. The storage modulus and mechanical
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performance were at the highest value at the GnPs content
of 0.1 wt%, loss modulus was highest at a GnPs content
of 0.2 wt%, indicating lower energy dissipation capacity.
Finally, it is possible to construct a basalt/epoxy compos-
ite system exhibiting high dynamic and mechanical perfor-
mance while controlling a certain amount of GnPs particle
in the epoxy resin. However, the excessive addition of GnPs
particles in the composites resulted in decreased dynamic
and mechanical performances. This can be attributed
to the poor interfacial strength due to the agglomeration
between the GnPs particles and fibers.
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