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: l':lﬂaerl%(;(r)]rirggi)sne In this study, the mechanical and dynamic properties of glass/aramid interply hybrid

composites reinforced with four different nanoparticles were investigated. Firstly, matrix
modification was performed and composite plates were manufactured by hand lay-up
technique. Silicon dioxide (SiO,), graphene (GNP), silver (Ag) and cerium oxide (CeO,)
nanoparticles were added to the epoxy matrix as reinforcement. With the addition of
nanoparticles, the highest tensile (16%) and flexural (67.3%) strengths were observed in Ag
reinforced composites. Tensile (16.8%) and flexural (14.4%) strengths decreased with the
addition of graphene nanoparticles. Tensile and flexural tests revealed delamination, matrix and
fibre rupture in all plate types. As a result of modal analysis, the highest natural frequency
values and the lowest damping ratios were determined in the FFBC boundary condition. The
addition of nanoparticles improved the mechanical properties of the composites in general.
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INTRODUCTION

With the development of technology, new materials are used in engineering applications every
day. Researchers emphasize that the material should be light, strong, and cost-effective according to
the areas of use. In this context, composites are among the most widely used materials in engineering
studies in line with the needs of many scientists. Composite materials, which are preferred in critical
areas such as automotive, aerospace, and defense, also have an important place for the scientific
community on a global scale.

Composite materials are produced by combining two or more components with different
structural properties to create a new material with improved properties. Nanoparticles are added to the
matrix to improve the mechanical properties of the materials further. As a result, materials called
nanocomposites emerge (Selvan & Vedaraj, 2023). In addition, with the advancement of
nanotechnology, nanoparticle-reinforced composite materials have become more widely used (Acar et
al.,, 2017). The category of two-dimensional materials in which at least one component of the
composite material is below 100 nm in size is called nanocomposite materials (El-Eskandarany et al.,
2021). Thanks to their large surface area and perfect crystal arrangements at the nanoscale,
nanocomposites are superior to micro and macro-scale materials in terms of mechanical, thermal, and
electrical properties (Colorado et al., 2023). These composites have wide application areas in the
aerospace, automotive, and electronics industries and are generally preferred in the form of nanowires,
nanoparticles, graphene, carbon nanotubes, and nanofilms (Colorado et al., 2023).

In the literature, it has been observed that nanoparticles are added to polymeric systems to
improve the mechanical properties of sandwich structures, enhancing characteristics such as strength
and stiffness (Aydin et al., 2023). These nanoparticles are used to improve the properties of composite
materials by filling weak micro-voids at the interfaces of epoxy fillers (Oner et al., 2023). The
mechanical properties vary depending on the structural characteristics, particle size, and surface
properties of the composite with nanoparticle reinforcement (Tabar et al., 2015; Pirayesh and
Saadatnia, 2016). It has been observed that adding a small amount of nanoparticles to the structure
significantly increases mechanical properties (Kiran et al., 2018).

Silicon dioxide (SiO2), a white material obtained by crushing oxide-rich rocks and used as a
reinforcing material, has a low specific gravity and a high melting point (Kantarci et al., 2021). It has
been observed that mechanical and thermal properties are significantly improved with nano-silicon
dioxide reinforcement (Ates et al., 2020). However, it has been reported that silicon addition reduces
the thermal expansion coefficient (Sprenger, 2013). It is also preferred in production studies because it
increases the processability of polymer materials (Vidakis et al., 2021). Additionally, its low density,
high transparency, low cost, and easy availability give it an advantage over other materials (Hao et al.,
2021). Due to their superiority, they are widely used in many industries such as material applications,
cosmetics, pharmaceuticals, and the construction industry (Di Credico et al., 2023; Karnati et al.,
2020). In addition, due to its large surface area, high surface energy, and easy production process, it
finds its place in many applications such as polishing solutions and electronic materials (Qin et al.,
2015).

In the studies in the literature, it is seen that graphene is another reinforcing material widely used
as nanoparticles. Graphene, is cheaper than carbon nanotubes (CN) because they are much easier to
produce, has recently attracted much attention (Han et al., 2011). Graphene exhibits superior electrical
conductivity, thermal conductivity, and elasticity due to its large specific surface area (Tang et al.,
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2013). In addition, according to graphene-based composite studies, it was observed that important
mechanical properties such as fracture toughness, impact resistance, flexural, and tensile strength of
the composite increased with the addition of graphene nanoparticles to the structure (Acar et al., 2013).
Graphene is cheaper than carbon nanotubes (CN) because graphene is much easier to produce (Shen et
al., 2017). Widely preferred in studies, graphene is chosen as a reinforcing element in composite
structures due to its low cost and high strength properties (Li et al., 2015a; Yang et al., 2017). The
addition of nanographene increases the surface area, effectively improving the efficiency of the contact
surface and thus increasing the strength value (Liao et al., 2023). Exhibiting high tensile strength and
elastic modulus at the nanoscale, graphene is an effective reinforcing material in polymer matrix
composites (Han et al., 2011; Tang et al., 2013). As a result, it is widely used in aerospace, automotive,
medical, and other technical applications (Koppanati et al., 2023). When the studies were examined, it
was determined that graphene alone is not sufficient, but derivatives of graphene can also be used.
Graphene and functionalized graphene products have recently been recognized as ideal reinforcements
in polymer matrices due to their high mechanical properties, stiffness and affordability (Feng et al.,
2017; Wang et al., 2019). There are two main functionalized products of graphene, graphene oxide
(GO) and reduced graphene oxide (rGO). While GO is obtained as a result of the oxidation of graphite,
rGO is synthesized as a result of the reduction of GO. GO is mainly preferred in bio-applications. This
Is because GO has various functional groups (e.g. hydroxyl, carboxyl and epoxy groups) that allow it
to bind to biomolecules (Tahriri et al., 2019). The significant difference between GO and rGO is the
predominance of carboxyls and the lower amount of oxygen (Magne et al., 2021). The selection
between GO and rGO is therefore application-dependent, as their surface chemistry and electrical
properties influence dispersion behavior and interfacial bonding within polymer matrices (Feng et al.,
2017; Wang et al., 2019).

In various studies, it is aimed at improving structural properties by combining graphene
derivatives with different nanomaterials. One of these nanomaterials is cerium oxide (CeO,). In
composite systems, the contribution of CeO, nanoparticles to mechanical performance is often
attributed to improved particle dispersion and microstructural stabilization rather than direct load-
bearing effects (Kang et al., 2021). Cerium oxide is a rare earth metal of the lanthanide series that can
be easily dispersed in graphene oxide as a result of pi-pi bonding interactions and shows antibacterial
and antioxidant properties (Panda et al., 2022). Cerium oxide with a crystal lattice structure provides
greater redox capacity due to electron holes or oxygen defects in the nanoparticle matrix (Bailey et al.,
2020). It also plays an important role in improving their mechanical properties cerium oxide alone
significantly increased the pitting resistance of the base alloy (Hosseini et al., 2015). On the other
hand, it also plays an important role in improving improving mechanical properties (Kang et al., 2021).
In particular, cerium oxide dispersion has been found to improve corrosion resistance in aluminum
matrices significantly (Ashraf et al., 2009). In addition, cerium oxide is added as nanoparticles into the
epoxy matrix to improve its ultraviolet (UV) absorption properties. It has been reported that cerium
oxide absorbs UV light significantly in studies and investigations. For this reason, cerium oxide is
often preferred in various applications involving optical, magnetic, and electronic materials (Dao et al.,
2011).

Silver (Ag) is one of the nanoparticles used in important applications such as optics and
magnetics. In studies in the literature, it has been reported that as a result of the addition of silver
nanoparticles to the matrix, electrical, chemical, mechanical, and optical properties are superior to
many other metal nanostructures. In the studies, improvement in tensile strength and elongation at
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break of the structure was observed due to the addition of silver nanoparticles (Su et al., 2020).
However, it has been reported that structures containing as little as 1 wt% nano silver provide
antibacterial performance while maintaining their mechanical properties (Aalaie et al., 2011). In
addition, it is an important detail among the studies that the silver nanoparticle increases creep
resistance and decreases the melting temperature (Li et al., 2015b). Finally, it was found that the
stiffness value increased significantly with increasing mass fraction of nano-Ag particles. Compressive
strength, tensile strength, elongation and wear resistance were reported to perform better compared to
some alloy types (Gassour et al., 2023). Nevertheless, the mechanical response of Ag-reinforced
nanocomposites may vary depending on particle size, distribution, and matrix compatibility, and
therefore reported improvements are system-specific (Su et al., 2020).

In this study, the mechanical and modal properties of nanoparticle-reinforced polymer
composites using glass and aramid fiber fabrics were investigated. For this purpose, four different
nanoparticles with different particle sizes were used. Vibration, tensile, and three-point bending tests
of the composites produced by adding silicon dioxide (SiO;), graphene, silver (Ag), and cerium oxide
(CeOy) nanoparticles separately as reinforcements to the epoxy matrix were performed. The damping
ratio and natural frequency value were determined by modal testing of the composite laminates
manufactured with the hand lay-up technique. The tensile strength and Young’s modulus of the
specimens were then determined by tensile testing. Finally, flexural properties were examined by the
three-point bending test. By comparing different nanoparticle types under identical manufacturing and
testing conditions, this study aims to provide a clearer understanding of the individual effects of each
nanofiller on the mechanical and modal behavior of fiber-reinforced polymer composites.

MATERIALS AND METHODS

Materials

Nanoparticle reinforced glass and aramid fibers used in the study were supplied by nanography
company. Duratek DTE1200 epoxy and DTS 1151 hardener polymeric system was used as matrix
material (Duratek A.S. Kocaeli/Turkey). Silicon dioxide (SiO,), graphene, silver (Ag) and cerium
oxide (CeO;) nanoparticles supplied by Nanography company were used as nanoparticle
reinforcements at a rate of 1 wt% in different size.

Composite Plate Manufacturing

Composite plates were produced using the hand lay-up method. First, three layers of glass and
aramid fiber fabrics were prepared for the production of plates consisting of six layers by cutting them
in equal sizes with the help of a cutter. Then, to obtain the resin system, it was prepared by stirring for
one minute with a ratio of 79/21 epoxy/hardener by weight with the help of a mechanical process at
room temperature according to the resin system manufacturer's recommendation. Finally, nanoparticles
(silicon dioxide, graphene, silver and cerium oxide) were added to the mixture and mixing was
completed. Technical specifications of the nanoparticle materials used in the composite plate
production study are shared in Table 1;

Table 1. Technical properties of the nanoparticles used (Nanografi A.S.)

Additive Material Grain Size (nm) Purity (%) Color
Graphene Powder 3nm 99 Black
SiO, Powder 10-20 nm 99 White
Cerium Powder <5nm 99 White
Ag Powder <100 nm 99 Black
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First, a transparent and heat-resistant release film was laid on the surface of the preheated
production bench. Then, the epoxy system was uniformly distributed on the release film with a brush.
During the lay-up process, layered composite plates consisting of six layers, one layer of glass and one
layer of aramid fabric, were produced by applying resin treatment between them. Upon completion of
the fabric lay-up process, the plates were covered with a high temperature resistant nylon to prevent air
flow. In order to remove air bubbles and excess resin from the system, a hard object was placed on the
plates and the plates were left to cure.

A total of 5 nanoparticle reinforced polymer composite plates were produced by repeating
separately for the pure group and 4 nanoparticles (graphene, SiOo, silver and cerium oxide) materials
at 1 wt%. The thickness of each specimen was approximately 3 + 0.2 mm.

Vibration tests

Vibration test specimen size was determined as 15 x 150 mm in accordance with ASTM
standards. ASTM E756-05 standard is taken as reference for vibration test. The experimental modal
analysis was carried out using a vibrometer (Ometron Ltd. / UK) and PULSE® vibration measurement
system and ME'scope VES® Modal Analysis Software. In this context, the natural frequencies and
damping ratios of the specimens were determined. The natural frequency value was obtained using the
half-power bandwidth method and the damping ratio was obtained in time domain with logarithmic
decay. The experimental setup for the experimental modal analysis of nanoparticle reinforced
composite samples is schematically shown in Figure 1.
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Figure 1. a) Specimen with one end anchored b) specimen with two ends freely connected

Mechanical testing

Tensile test specimen size was determined as 15 x 150 mm and experimental studies were
carried out. Tensile specimens were made at room temperature and at a tensile speed of 1 mm/min
with a Besmak Bmt 200es model testing machine with a hydraulic pressure of 12-480 bar and a tensile
capacity of = 20 kN. As shown in Figure 2 (a), The specimen was aligned centrally and mounted in an
straight configuration on the testing machine. During the tensile test, the tensile strength, yield strength
and ductility of the specimens were investigated. At least 6 specimens were prepared for tensile test.
The specimen size for the bending test was cut to 12.7x125 mm. ASTM D790 standard was taken as
reference for the three-point bending test. As shown in Figure 2 (b), bending tests of nanoparticle
reinforced polymer composites were carried out using Shimadzu AGS-X universal testing machine at
room temperature and 1 mm/min bending speed. During the bending tests, the fracture of the surface
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layers of the specimens and delaminations at the interface were investigated. At least 6 specimens were
prepared for bending test.

Figure 2. a) Tensile test b) three point bending test

RESULTS AND DISCUSSION

Dynamic Analysis

Dynamic analysis was performed to determine the dynamic properties of nanoparticle-doped
composites. The natural frequencies and damping ratios of the specimens were determined with
reference to clamped-free boundary condition (CFBC) and free-free boundary condition (FFBC)
boundary conditions. Figure 3 presents a graphical summary of the modal analysis results, illustrating

the average natural frequencies and damping ratios of all samples whose values fall below the CFBC
and FFBC limits.
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The average natural frequency and damping ratios of nanoparticle reinforced composites are
given in Figure 3. First, the results under CFBC boundary condition and then under FFBC boundary
condition are analyzed. Accordingly, the average natural frequencies of the neat, CeO, reinforced,
SiO, reinforced, graphene reinforced and Ag reinforced composites with CFBC boundary condition
were determined as 112.80, 113.60, 111.20, 116 and 100 Hz, respectively. The damping ratios of the
same specimens were 2.13, 1.72, 1.94, 1.71 and 2.67, respectively. According to the FFBC boundary
condition, the average natural frequencies of the neat, CeO, reinforced, SiO; reinforced, graphene
reinforced and Ag reinforced composites were obtained as 487.74, 492.80, 466.40, 492 and 446.40 Hz,
respectively. Damping ratios were obtained as 0.74, 0.76, 0.74, 0.75 and 0.91, respectively. When the
results of the modal analysis performed under the CFBC boundary condition are examined, it is
observed that the first natural frequency values show a similar trend. It was observed that the silver
doped composite structure was lower than the other nanoparticle structures in the first natural
frequency value of the specimens with FFBC boundary condition. However, the first natural frequency
value of the graphene reinforced specimen was slightly higher than the other nanoparticle-doped
structures at both boundary conditions. It is known that the orthotropic mechanical properties of the
plates are improved with the addition of graphene to the structure. With the addition of graphene
nanoparticles to the composite plates, the stiffness of the structure increases and as a result, the natural
frequency value is also reported to increase (Koppanati et al., 2023). When the damping ratios of both
boundary conditions are analyzed, it is found that they have a homogeneous dispersion error
confidence interval.

Modal analysis results showed that the natural frequency is directly related to the rigidity of the
structure. Specifically, the highest natural frequency values were observed under FFBC boundary
conditions. This finding is consistent with the elastic modulus and vibration behavior reported in the
literature (Tabar et al., 2015; Aydin et al., 2023). In conclusion, nanoparticle type, distribution, and
interaction with the matrix play a decisive role in the modal performance of composites.

Tensile test results

The average tensile strengths of nanoparticle reinforced composites are given in Figure 4 (a).
Accordingly, the average tensile strengths of neat, Ag reinforced, CeO, reinforced, graphene
reinforced and SiO, reinforced composites were determined as 257.46, 298.74, 269.92, 214.13 and
234.31 MPa, respectively. The highest contribution of nanoparticle additives to tensile strength
occurred in Ag reinforced composites with an increase of 16%. Similarly, an increase of 4.8% was
observed in CeO, reinforced composites. On the other hand, graphene and SiO; reinforced composites
showed reductions of 16.8% and 9%, respectively. The reason for these reductions is thought to be the
possibility that the nanoparticles are heterogeneously dispersed in the epoxy resin or agglomerated
among themselves, or that these two unfavorable conditions may occur simultaneously. The average
moduli of elasticity of nanoparticle reinforced composites are given in Figure 4 (b). Accordingly, the
average moduli of elasticity of neat, Ag reinforced, CeO, reinforced, graphene reinforced and SiO,
reinforced composites were found to be 38.08, 38.70, 37.28, 32.71 and 35.90 GPa, respectively. It
should be noted that nanoparticle reinforcement did not produce significant increases in the average
modulus of elasticity of the composites, but a significant decrease of 14.1% was observed in graphene
reinforced samples. Despite its high mechanical properties, graphene tends to agglomerate within the
matrix due to strong van der Waals interactions (Papageorgiou et al., 2017). This agglomeration and
weak interfacial interaction reduce load transfer efficiency, leading to stress concentrations and
premature material failure (Hu et al., 2014). Consequently, graphene reinforcement can decrease rather
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than improve mechanical performance if homogeneous dispersion is not achieved (Atif et al., 2016).
Representative stress and displacement (%) curves of these specimens are presented in Figure 4 (c).
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Figure 4. a) Average tensile strength of nanoparticle reinforced composites b) Average modulus of
elasticity of nanoparticle reinforced composites ¢) Representative stress and displacement (%) curves
of nanoparticle reinforced composites

Figure 5 shows the damage images of nanoparticle doped polymer composites under tensile load.
The matrix and fiber fractures of all composite plates under tensile loading are shown in Figure 5.
When the studies in the literature are carefully examined, it is estimated that fiber pull-out grooves
occur with the separation of fiber and epoxy. As a result, fiber grooves indicate a sawtooth damage
mechanism. The sawtooth damage mechanism occurs perpendicular to the fiber direction and is one of
the most important fractographic features in composite materials.

According to the tensile test results, a significant increase in tensile strength was observed in Ag
nanoparticle-reinforced composites. This can be explained by the fact that Ag nanoparticles delay
microcrack formation by providing effective load transfer in the polymer matrix (Su et al., 2020; Li et
al., 2015b). In contrast, a decrease in tensile strength was observed in graphene-reinforced samples; in
the literature, this is attributed to the increase in local stress concentrations as a result of the non-
homogeneous distribution or agglomeration of graphene particles (Shen et al., 2017; Liao et al., 2023).
The lack of a significant overall increase in the modulus of elasticity may be due to the limited effect
of the nanoparticle ratios used on structural stiffness (Pirayesh & Saadatnia, 2016).
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Figure 5. Damage images of tensile test specimens of nanoparticle doped composites
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Flexural test results

The average flexural strengths of nanoparticle reinforced composites are given in Figure 6 (a).
Accordingly, the average flexural strengths of neat, Ag reinforced, CeO, reinforced, graphene
reinforced and SiO, reinforced composites were determined as 175.83, 294.18, 203.03, 150.55 and
190.12 MPa, respectively. The highest contribution of nanoparticle additives to flexural strength
occurred in Ag reinforced composites with an increase of 67.3%. Similarly, increases of 65% and
15.5% were observed in SiO, and CeO, reinforced composites, respectively. On the other hand,
graphene reinforced composites showed a 14.4% reduction. The decrease with graphene reinforcement
is thought to be due to the negative dispersion of the nanoparticles in the epoxy resin, as previously
mentioned. The average flexural moduli of nanoparticle reinforced composites are given in Figure 6
(b). Accordingly, the average bending moduli of neat, Ag reinforced, SiO; reinforced, CeO, reinforced
and graphene reinforced composites were found to be 9.89, 15.28, 15.23, 14.84 and 11.33 GPa,
respectively. It should be noted that nanoparticle reinforcement significantly increases the average
modulus of elasticity of the composites. In this context, the average flexural moduli of Ag-reinforced,
SiO,-reinforced, CeO,-reinforced and graphene-reinforced composites increased by 54.5, 53.9, 50.1
and 14.6%, respectively, and it was determined that nanoparticle reinforcement showed very positive
results on composite structures in flexural modulus behaviors. Representative force and displacement
curves of these specimens are presented in Figure 6 (c).
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Figure 6. a) Average flexural strength of nanoparticle reinforced composites b) Average flexural
moduli of nanoparticle reinforced composites c) Representative force (N) and displacement (mm)
curves of nanoparticle reinforced composites

Figure 7 shows the damage images of nanoparticle doped polymer composites under flexural
load. In all plates produced, matrix fracture occurred at the middle interface as a result of flexural load.
However, the plates suddenly broke and lost their integrity after carrying the load for some more time.
During the test, all plates fractured first the top layer and then the bottom layer under stresses.

The bending test results showed that the flexural strength of Ag nanoparticle-reinforced
composites also increased significantly. In graphene-reinforced samples, a decrease in flexural strength
was observed; this result supports the literature on how nanoparticle distribution and agglomeration
effects alter material behavior (Shen et al., 2017; Liao et al., 2023).
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Graphene Silicon Dioxide (SiO,)
Figure 7. Front and side damage image of bending test specimens of nanoparticle doped composites

CONCLUSION

In this study, tensile, flexural and vibration behaviors of polymer composite produced by adding
nanoparticle powder to glass and aramid fiber fabrics using hand lay-up method were investigated.
During the production study, 4 different nanoparticles with different particle sizes were used. The
results of the composites produced by adding silicon dioxide (SiO;), graphene (GNP), silver (Ag) and
cerium oxide (CeO,) nanoparticles separately as reinforcements to the epoxy matrix are summarized
below.

e\With the addition of nanoparticles, the highest tensile strength was observed in Ag
(16%) reinforced composites. As a result of the addition of graphene nanoparticles, a 16.8%
decrease in tensile strength was observed.

eThe average modulus of elasticity of nanoparticle reinforced composites did not
increase significantly. However, a significant decrease of 14.1% was observed in graphene
reinforced samples.

eUpon completion of the tensile tests of the specimens, delamination, matrix and fiber
fractures were observed in all plate types.

eWhen the flexural strength results were analyzed, the highest value was seen in Ag
(67.3% increase rate) reinforced composites as in the tensile test. On the other hand, in
graphene reinforced composites, reductions of 14.4% were determined.

eAs a result of the modal analysis performed under CFBC and FFBC boundary
conditions, the highest natural frequency values and the lowest damping ratios belong to the
FFBC boundary condition.

eIt was observed that the natural frequency value increased with increasing the stiffness
of the structure.
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