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This study investigated how adding different types of reinforcements affect the
mechanical strength of epoxy composites. These reinforcements included glass fibers,
electrospun PVA nanofibers (tiny fibers made from a polymer solution), and a
combination of both. Electrospinning is a simple technique for creating these nanofibers.
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The researchers used a hand-layup method to create samples and compared the
mechanical properties (tensile strength, bending strength, impact strength, and hardness)
of unreinforced epoxy, glass fiber composites, and composites containing PVA
nanofibers (either alone or combined with glass fibers). A total of three samples were
tested for each composition, and the average value was calculated to provide a reliable
representation of the results. Importantly, the results showed that adding PVVA nanofibers,
especially when combined with glass fibers, significantly improved the mechanical
properties of the composite. For example, the tensile strength and impact strength of glass
fiber/epoxy composites increased from 58 MPa and 40 kJ/m=0 62 MPa and 50 ki/m=(a
6.9%, and 25% improvement) respectively, with the addition of a PVA layer. This
finding suggests that nanocomposites, combining electrospun nanofibers with traditional
reinforcements, have the potential to be strong, lightweight materials for various
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applications.

1. INTRODUCTION

Nowadays, fiber reinforced polymer composites (FRPCs),
are thought to be the most interesting structural materials for
engineering sections due to their high strength/weight ratio
and stiffness. In fiber reinforcement composites (FRPCs), the
matrix materials can be thermosets, thermoplastic, or even bio
polymers, and the reinforcement can be either natural (sisal,
banana, hemp, jute, bamboo, kenaf, coir, etc.) or synthetic
(carbon, glass, aramid, steel, etc.). Glass fibers reinforced
composites are the most popular type of FRPCs and utilized in
a wide range of industries, including the automotive,
aerospace, construction, and military due to their unique
characteristics including high strength/weight ratio, high
modulus and toughness, heat resistance, weight and
dimensional stability, availability, recyclability, and ease of
processing [1]. While epoxy resin is the common thermoset
polymers because of a number of advantages involving easy
room-temperature processing, low curing time, high rigidity,
superior mechanical capabilities, and low moisture absorption
[2, 3]. The composite performance is affected by many factors
as fiber type, dimensions, properties, orientation, quantity,
surface roughness, surface treatment, and resins composition
[4]. Composite laminates reinforced with nanofibers may
possess better properties. Nanofibers can be created using a
variety of techniques, including as electrospinning, co-
extrusion, jet blowing, melt blowing, and interfacial
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polymerization. Among these methods, polymer nanofibers
and nanocomposites have been produced extensively by
electrospinning [5]. Studies have shown that nanofibers don't
interfere  with the penetration of epoxy resin into
reinforcement materials [6, 7]. This allows them to be used by
themselves or combined with traditional fabric reinforcement
in composite manufacturing processes. Dzenis and Reneker
[8] created a revolutionary composite strengthening method
with the introduction of nanotechnology, which has
subsequently attracted a lot of scientific interest. In order to
improve the mechanical characteristics of the resin-rich
regions, they used an approach that included introducing
unoriented electrospun nanofiber mats between the
reinforcement layers. According to Liu et al. [9], the
mechanical characteristics of glass/epoxy composites are
influenced by the type and thickness of the nanofiber mat.
Lasenko et al. [5] examined the effects of adding nanofibers
made from polyamide (PA6) to an epoxy matrix on thermal
and tensile behavior of the produce nanocomposite. As was
previously noted, there have been various attempts to use
electrospun nanofibers in laminates to improve the mechanical
properties of composites (GFRP and CFRP). Additional study
is needed to determine the effects of nanofiber mats placed
with just epoxy, as this could help to increase the structural
integrity of composites. Through the use of epoxy and spun
nanofibers, the authors created laminated composites [10].
Electrospun nanofiber mats' mechanical properties and
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structure depend on several variables, one of which is the type
of collector, rotating drum speed [11], syringe diameter, flow
rate of solution via the syringe, and collector distance [12].
Strength is increased as the diameter of the nanofiber is
reduced [13]. Beylergil et al. [14] modified carbon fiber/epoxy
composites by spinning polyvinyl alcohol (PVA) nanofibers
on carbon fiber before adding epoxy. While PVA nanofibers
enhanced the mechanical properties of unidirectional
carbon/epoxy laminates under in-plane stress, they caused a
slight decrease in the material's resistance to crack growth
(Mode-1 fracture toughness). However, the nanofibers did
promote a more stable crack propagation process.

This study explores how electrospun polyvinyl alcohol
(PVA) nanofibers can enhance the mechanical properties of
traditional glass fiber/epoxy composites. The aim is to develop
novel composites with reduced delamination, resin pockets,
voids, fiber pull-out, and anisotropy. PVA was chosen for its
water solubility, lack of toxicity, affordability, and ease of
processing. Woven glass fiber complements the PVA due to
its low density, high strength, and ready availability. This
work expands on this idea by examining how electrospun
polyvinyl alcohol (PVA) nanofibers might improve the
mechanical properties of conventional glass fiber/epoxy
composites. In addition to assessing if the addition of PVA
nanofibers can lessen delamination, resin pockets, and voids
in the composite structure, it focuses on comprehending how
these nanofibers affect the tensile, bending, and impact
characteristics of glass fiber-reinforced epoxy composites.
This approach offers a promising route towards lightweight
and cost-effective composite materials suitable for structural
applications in aerospace, automotive, and construction
industries. To evaluate the impact of using these two types of
reinforcement (PVA nanofibers and glass fiber) on the final
composite, tensile, bending, impact, and hardness tests were
employed.

2. MATERIAL AND METHODS
2.1 Materials

This study employed E-Glass random fibers (Tenax,
England) as reinforcement and Sikadur 52 LP epoxy resin
(matrix) to create laminated composites. Polyvinyl alcohol
(PVA, CAS NO. 25213-24-5, MW 67000, Germany) was
electrospun into nanofibers using distilled water as the solvent.

2.2 Fabrication of the nanofibers

A 15% w/v PVA solution was prepared by dissolving PVA
granules in distilled water at 70°C with continuous magnetic
stirring for 2 hours until the solution became homogenous.
Ultrasonication for 30 minutes at a frequency of 40 kHz to
degas and stabilize the solution, ensuring its uniformity and
readiness for electrospinning. Electrospinning was then
performed at room temperature using a NaBond device with
the following parameters: 10 mL PVA solution in a syringe,
24 kV voltage, 1 mL/h flow rate, 15 cm needle-collector
distance, and a 14.5 =< 14.5 cm aluminum collector plate, the
“needle-collector distance” represents the separation between
the electrospinning syringe tip and the collector plate, a
parameter crucial for controlling fiber morphology. Figure 1
shows the schematic system and Figure 2 shows the real
device. Three specimens were fabricated for each type of
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composite to ensure repeatability. All experimental steps,
including PVA solution preparation, ultrasonication, and
electrospinning, were carefully replicated under identical
conditions to maintain consistency and reproducibility.
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Figure 1. Schematic representation of electrospinning device
with PVA fibers mat

Figure 2. a) Electrospinning device, b) The electrospun PVA
fibers mat

2.3 Fabrication of the multilayered composites

Hand layup was used to create the composite samples with
fibers reinforced within the epoxy matrix, the “hand layup”
method mentioned in the fabrication section refers to manually
layering reinforcement fibers and epoxy resin in a mold, which
is a commonly used process for producing laminated
composites. First, the mold was cleaned, and its inner surface
was coated with a thin layer of Vaseline to prevent adhesion
and ease removal of the finished composite. The silicone mold
dimensions were chosen according to the required tests. Epoxy
resin and hardener were mixed in a 2:1 ratio following the
manufacturer's instructions. Layers of both glass and PVA
fibers were cut to match the mold shape. The fabrication
process involved pouring the mixed epoxy resin into the mold,
followed by placement of the reinforcing fiber layers, layer by
layer with epoxy. The remaining resin was then poured on top
and this process was done at room temperature. After 24 hours,
all samples were removed from the mold, and the curing
process was carried out at 50°C for one hour to complete
polymerization process and vaporized the remaining hardener.



After that, the resultant composites were left at room
temperature for 2 days before starting tests. The volume
fraction for each component in resultant composites was
calculated according to the rule of mixture which is represent
the basic rule for prepared composites. Four composite
compositions were prepared:

1. Pure epoxy (control)

2. Epoxy with added glass fibers

3. Epoxy with added PVA fibers

4, Epoxy with combined glass and PVA fibers

Three specimens were fabricated for each composite type.
Table 1 summarizes the composition of the polymer
composites. All tests were conducted at room temperature.
Figure 3 illustrates the samples designs.

Table 1. The composition of samples polymer composite

Composition Symbol Volume Fraction
Pure epoxy Epo. 100% Epo.
0, 0,
Epoxy+ Glass fiber Epo. + G.F 83% EgoF+ 17%
Epoxy/Polyvinyl alcohol 98% Epo + 2%
fiber Epo. + PVA PVA
Epoxy/Glass fiber/ Epo. + G.F 82% Epo. + 16%
Polyvinyl alcohol fiber + PVA G.F +2% PVA

Figure 3. Design of samples: a) Pure epoxy, b) Epoxy/Glass
fibers, c) Epoxy/PVA fibers, and d) Epoxy/Glass fiber/PVA
fibers

3. MORPHOLOGY
MECHANICAL TESTS

OBSERVATION AND

3.1 FESEM

The morphology and diameter of the electrospun PVA
nanofibers were characterized using a scanning electron
microscope (FESEM), model Tescan VEGA-SB, with
acceleration voltage 15kV and magnification range 5-35 kX.
To enhance image clarity, the samples were sputter-coated
with a thin layer of gold prior to SEM analysis.

3.2 Mechanical tests

3.2.1 Tensile test

This test is carried out according to ASTM D638 by
utilizing tensile machine (universal testing machine), type
(Instron) at a cross head speed (strain rate) of (Smm/min) and
load was applied equal to (5 kN) until the specimen fractured.
The test process involves placing the test specimen in the
testing machine and slowly extending it until it fractures.
During this process, the elongation of the gauge section was
recorded against the applied force, and the engineering strain
was calculated from the elongation measurement. The tensile
force is used to calculate the engineering stress by divided it
by the normal cross-section area of the specimen. The (stress—

strain) curve was obtained [15]. Each test was performed on
three specimens to ensure repeatability.

3.2.2 Bending test

This test is performed at ambient temperature in accordance
with ASTM D790. A flexural test was done using a universal
test machine dependent upon three-point bending. In this test,
the sample’s ends were fixed on the instrument’s supports,
applying a vertical force which increased gradually at the
center of the sample until the fracture of the specimen
occurred, and getting the curve that illustrates between
displacement (mm) and the force (N) for each specimen. The
obtained properties of each composite sample prepared are the
flexural modulus and flexural strength [16]. Each sample was
tested three times, and average values were reported.

3.2.3 Impact test

This test is carried out at room temperature according to
ASTM D4812 or ISO-180 by using an 1zod impact tester (XJU
series pendulum lzod/Charpy impact tester). Energy
absorption is essential for the fracturing of the sample, which
provided directly from the apparatus. Using the 1zod method,
the sample was mounted vertically, and the pendulum raising
to its maximum point according to the instrument’s testing
method, fixing it tightly, and then letting it hit the sample so
that its potential energy is converted into kinetic energy. Three
specimens were tested and the final results represented the
average of three tested specimens [17].

3.2.4 Hardness test

The surface of the sample must be smooth, flat and plain for
the hardness to be tested. The dimensions of the sample are a
diameter of 50 mm and a thickness 4 mm in accordance with
ASTM D2240 by Dorumeter hardness test [18]. This test is
carried out with utilize hardness device type (Shore D) with a
load of 50 N was added and the depressing time of measuring
was about (15) Sec. Every sample was examined five or seven
times simultaneously at various places, and the average value
was determined. The average value and standard deviation
were calculated to represent the hardness of each composite
and this test done at room temperature. All the prepared
samples of these tests are shown in Figure 4.

Tension

il

Note: 1) Epoxy, 2) Epoxy/GF, 3) Epoxy/PVA, 4) Epoxy/GF/PVA

Figure 4. The prepared samples



4. RESULTS AND DISCUSSIONS

4.1 Field emission scanning electron microscopy (FE-
SEM)

Field emission scanning electron microscopy (FE-SEM)
was employed to examine the morphology of the electrospun
PVA membrane. FE-SEM offers valuable insights into various
aspects of the nanofibers, including fiber size, presence of
aggregates, particle distribution within the polymer matrix,
homogeneity, void existence, and potential fiber orientation
[19-21]. Figure 5 showcases the morphology of the fibrous
structure of the pure PVA sample at various magnifications.
The resulting fibers exhibit a highly porous structure and
appear smooth, bead-free, regular, and continuous. The
average diameter of these nanofibers is 154.50 nm, with a
range of 60 to 210 nm, as illustrated in Figure 5c. Scanning
electron microscope (SEM) images were used to measure the
fibre diameters. Following the acquisition of SEM pictures of
the fibres, the pictures were loaded into ImageJ for
examination. Multiple fibres were manually chosen using the
software's measuring tools, and measurements of their
diameters were taken at different intervals along their lengths.
To guarantee a representative sample, the diameters of a
number of fibres were measured. The mean fibre diameter was
then calculated by averaging the individual readings.

4.2 Mechanical results

4.2.1 Tensile test results

It has been examined how PVA nanofibers influence the
strength of epoxy composites, comparing them to composites
reinforced with glass fibers. It had been used tensile testing
(Figures 6 and 7) to measure the ultimate tensile strength
(maximum stress before breaking) for composites with
different reinforcements: glass fiber only, PVA nanofiber
only, and a combination of both. Adding any fibers increased
the strength compared to unreinforced epoxy. This is because
fibers improve the material's internal bonding, allowing it to
distribute stress more evenly under tension and prevent weak
points. Notably, glass fiber composites (58 MPa) were
significantly stronger than those with just PVA nanofibers (18
MPa). Interestingly, combining both types of reinforcement
(glass fiber with PVA nanofibers) led to an even higher
ultimate tensile strength (62 MPa) compared to glass fiber
alone. This suggests that PVA nanofibers, despite being
weaker themselves, play a role in strengthening the composite.
It appears they help transfer the load more effectively to the
stronger glass fibers, possibly due to their close interaction.
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Figure 5. Field emission scanning electron microscope
images for PVA nanofibers electrospun at various
magnifications: (a) 5000x (b) 10000x (c) 35000x
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Figure 6. Stress-strain curves in tension of composites
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Figure 7. Ultimate tensile strength of composites



Overall, the study suggests that incorporating PVA
nanofibers can improve the mechanical properties of epoxy
composites, particularly their tensile strength.

Figure 8 shows how the stiffness (modulus of elasticity) of
epoxy composites is impacted by the type of reinforcement
added (glass fiber, PVA nanofibers, or both). The figure
clearly demonstrates that adding any type of reinforcement
increases the stiffness compared to unreinforced epoxy (0.672
GPa). Glass fiber reinforcement seems to be the most
effective, raising the modulus of elasticity to 0.904 GPa.
Interestingly, even though PVA nanofibers themselves are not
very stiff (Epo+PVA is 0.451 GPa), their presence improves
the stiffness of the glass fiber composite (Epo+Glass) to 0.952
GPa. This suggests that PVA nanofibers, despite their lower
stiffness, contribute to a more effective load transfer within the
composite, leading to overall increased stiffness. In essence,
the addition of reinforcements, especially in combination,
significantly enhances the stiffness of the epoxy composite.
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Figure 8. Modulus of elasticity of composites

Adding fibers to the epoxy resin makes the material less
flexible. This was measured by the elongation percentage at
break (how much it stretches before breaking) in Figure 9.
Pure epoxy, with no fibers added, is the most flexible material
(12% elongation). Including any type of fiber reinforcement,
whether it's stiffer glass fiber (8.1% elongation) or more
flexible PVA nanofibers (4.6% elongation), reduces this
flexibility. Imagine the fibers acting like tiny rods inside the
composite. Since they're stiffer than the epoxy, they restrict its
ability to bend and stretch freely. Interestingly, even though
PVA nanofibers themselves are more flexible, their presence
in the composite with glass fibers (Epo+G.F+PVA) slightly
reduces flexibility compared to glass fiber alone (6.5%
elongation). This suggests there might be other factors at play,
like the fibers limiting the movement of the epoxy around

them.
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Figure 9. Elongation percentage of composites
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4.2.2 Flexural test results

Figures 10 and 11 shows how adding fibers (glass or PVA
nanofibers, or both) significantly improves the flexural
strength (bending resistance) of epoxy composites. This
happens because the fibers absorb most of the applied force
and distribute it throughout the material, strengthening the
composite [22, 23]. While pure epoxy has a low flexural
strength of 6 MPa, adding a layer of glass fiber increases it to
58 MPa. Interestingly, PVA nanofibers on their own provide a
smaller improvement (44 MPa), suggesting they are not as
strong for bending. In fact, the combined (Epo+G.F+PVA)
composite reaches 53 MPa, indicating that the PVA fibers
don't significantly enhance the strength gained from the glass
fibers.

60 X .
Bending Stress-Strain Curve
50
= 40 e Epoxy/GF/PVA
A, Epoxy/GF
E 30 Epoxy/PVA
2]
é Epoxy
“1 20
10
0 1] T T T \

. 40 60
Strain %

Figure 10. Flexural strength of composites
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Figure 11. Flexural strength of composites

Adding fibers significantly enhances the bending resistance
(flexural strength) and stiffness (flexural modulus) of epoxy
composites, as shown in Figures 11 and 12. This is because the
fibers act like tiny reinforcements, absorbing force and
distributing it throughout the material. Pure epoxy is weak in
bending (6 MPa flexural strength, 0.17 GPa flexural modulus).
However, adding a layer of glass fiber dramatically increases
both properties (58 MPa flexural strength, 1.199 GPa flexural
modulus). Interestingly, PVA nanofibers offer some
improvement in flexural strength (44 MPa) but to a lesser
extent, and their stiffness (0.695 GPa) is higher than pure
epoxy but lower than glass fiber. The combined composite
(Epo+G.F+PVA) reaches 53 MPa in flexural strength,
suggesting the PVA fibers don't significantly enhance the
strength gained from glass fibers. This aligns with the findings
in references [23, 24], those stiffer fibers lead to greater
stiffness in the composite.
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4.2.3 Impact test results

Figure 13 shows the impact strength (resistance to sudden
forceful impacts) of epoxy composites with different fiber
reinforcements. Interestingly, adding any type of fiber,
whether glass (25 kJ/m% or PVA nanofibers (40 kJ/m3,
increases impact strength compared to pure epoxy. While
these fibers act as stress concentration points, their presence
seems to outweigh this drawback [25]. The highest impact
strength (50 kJ/m=Fis achieved with the combined glass fiber
and PVA nanofiber composite (Epo+G.F+PVA). This
suggests that the strong bonds between the epoxy matrix and
both types of fibers might prevent cracks from spreading
within the material, leading to superior impact resistance.
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Figure 13. Impact strength of composites

Figure 14 builds upon the findings from previous figures to
explain the fracture toughness (resistance to crack growth) of
the composites. As expected from the impact strength results,
adding fibers (glass or PVA nanofibers) improves the fracture
toughness of the epoxy composites compared to pure epoxy.
This is likely because the strong interfacial bonding between
the fibers and the epoxy matrix hinders crack propagation
within the material. Similar to impact strength, the combined
(Epo+G.F+PVA) composite exhibits the highest fracture
toughness (7.67 MPa.mY?) compared to glass fiber (5.47
MPa.m¥?) or PVA nanofibers alone (5.27 MPa.m'?). This
further supports the idea that both types of fibers working
together create a more robust network that effectively absorbs
energy and restricts cracks [26-28].
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Figure 14. Fracture toughness of composites

4.2.4 Hardness test results

Figure 15 shows how adding any type of fiber
reinforcement, whether glass or PVA nanofibers, increases the
hardness of the epoxy composite compared to pure epoxy (50
Shore D). This makes sense because the fibers are inherently
harder than the epoxy resin. Glass fibers, being the stiffer
material, provide the most significant improvement in
hardness (68 Shore D). Interestingly, even though PVA
nanofibers themselves are softer (Epo+PVA is 64 Shore D),
their presence in the composite with glass fibers
(Epo+G.F+PVA) slightly increases hardness (70 Shore D)
compared to glass fiber alone. This suggests that both fiber
types contribute to a denser, more rigid structure, leading to
overall increased hardness.
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Figure 15. Hardness values of composites

5. CONCLUSIONS

This study investigated how adding electrospun PVA
nanofibers affects the mechanical properties of glass
fiber/epoxy composites. The nanofibers were incorporated
using a hand layup technique, and importantly, they did not
hinder the epoxy's ability to saturate the reinforcement layers.
Additionally, the nanofibers were well-distributed throughout
the resin. The resulting composites with PVA nanofiber
interlayers exhibited improved mechanical performance:
tensile strength (62 MPa) approximately 24%, modulus of



elasticity (0.952 GPa), impact strength (50 kJ/m=¥, and fracture
toughness (6.67 MPa.m%?). These enhancements can be
attributed to the high surface area of the PVA nanofibers,
which promoted strong interfacial bonding with the epoxy
matrix, effectively reducing delamination and distributing
stresses more uniformly throughout the composite. The

findings underscore the potential

of electrospun PVA

nanofibers as a cost-effective and efficient reinforcement

strategy for

developing lightweight, high-performance

composites suitable for aerospace, automotive, and structural
applications.
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