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Abstract: Kevlar fibers are widely used for industrial and military purposes due to their remarkable
mechanical properties, such as their high tenacity and high strength-to-weight ratio. In this study, two-
layered Kevlar composite specimens were impregnated with 10 wt.% poly (vinyl butyral)/ethanol
solution which contained TiO2 nanoparticles as reinforcement. The concentrations of the nanoparticles
were 1 wt.% or 2 wt.% with respect to the poly (vinyl butyral), PVB. The single-axial tensile test and
three-point bending test of the Kevlar/PVB composites have been performed according to the ASTM
D 3039 and ASTM D 790-03 standards, respectively. The tensile and bending properties of the dry and
wet Kevlar/PVB composite specimens after a 56-day immersion are examined in this work. Upon the
addition of the 2 wt.% TiO2 nanoparticles, the tensile strength and modulus of the dry specimens
without reinforcement were increased by 39.8% and 24.3%, respectively. All the submerged specimens’
tensile and flexural property values were lower than those of the dry specimens. After comparing
the wet composite specimens to their dry counterparts, the percentage decrease in tensile strength
was approximately 20%. The wet Kevlar/PVB specimens with no TiO2 reinforcement showed the
greatest reduction in bending strength, 61.4% less than for the dry Kevlar/PVB specimens, due to the
degradation of the PVB matrix. In addition, a numerical simulation of the three-point bending test
was carried out in Abaqus.

Keywords: Kevlar/PVB composites; TiO2 nanoparticles; water immersion; degradation effect; tensile
test; bending test; FTIR analysis; numerical modelling

1. Introduction

Woven or multiaxial textiles made from para-aramid (poly (p-phenylene terephtha-
lamide), PPTA) fibers are an excellent choice for soft body armor and lightweight vehicle
armor structures. These textiles are often impregnated with different thermosetting resins
or thermoplastic polymers. Kevlar, Twaron, and Kolon are para-aramid fibers, and they
are synthetic fibers of high performance with a high strength-to-weight ratio, exceptional
impact resistance, outstanding thermal stability, low flammability, high chemical resistance,
and high tensile strength. Additionally, they are used for fireproof clothing, high-strength
ropes, tyre cords, boat hulls, and sporting goods [1,2]. Kevlar, like any other fiber of
the aramid group, consists of long-molecular-chain PPTA polymers which are reinforced
and connected by van der Waals forces, hydrogen bonds, and π–π stacking bonds among
themselves. For this reason, Kevlar fibers have exceptional mechanical properties. The
longitudinal tensile qualities of Kevlar fibers are desired but these fibers have insufficient
compressive strength. Owing to their anisotropic nature, Kevlar fiber composites have a
very high ratio of tensile to compression strength. However, these composites have some
excellent impact qualities because of their ability to absorb increased impact energy, which
is further dispersed in the form of plastic deformation. Kevlar fibers are widely employed
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in industrial and military applications as innovative composite materials for aircrafts and
automotive manufacturing because of their remarkable mechanical properties [3,4]. They
have even been used in acrylic dentures for better fatigue and fracture resistance [5].

The condensation of poly (vinyl alcohol) (PVA) and n-butyraldehyde in an acidic
environment produces poly (vinyl butyral), or PVB, which is a thermoplastic polymer.
Hydrophobic vinyl butyral groups and hydrophilic vinyl alcohol groups are present in
PVB. This low-cost polymer is utilized in a variety of industrial applications, primarily
in the automotive and aerospace industries. It is also widely used as an interlayer in the
fabrication of laminated glass structures, in coatings and composites for ballistic protection.
PVB is renowned for its great adhesive properties when mixed with different materials,
such as glass, metal, plastics, and wood. It is characterized by a high impact strength at low
temperatures, great elasticity and flexibility, excellent freezing and aging resistance, high
compatibility with organic solvents, and high optical transparency. PVB is easily soluble in
alcohols, as well as in many other organic solvents (methanol, ethanol, n-butanol, acetone,
chloroform, etc.). Apart from being transparent and non-toxic, PVB has good film formation
properties due to its strong binding, quick drying, and rapid solvent release [6–12].

Recent research has demonstrated that the mechanical properties of composite struc-
tures can be significantly improved by adding nanoscale reinforcement to the polymer
matrix [6,13]. Nanomaterials are employed as reinforcement in polymer matrices because
they display both extremely high stiffness and hardness. Small additions of nanoparticles
(1 wt.%) may improve the mechanical properties of the matrices. Both organic and inor-
ganic materials can be used as fillers or reinforcement in polymeric systems. Nanomaterials
that are most frequently used in improving the properties of polymers are ceramics (TiO2,
SiO2, Al2O3, etc.), carbon nanotubes, carbon fibers, nanodiamonds, fullerene, and metals
(Ag, Au, Pt, Fe, etc.). Generally, the incorporation of ceramic nanoparticles not only in-
creases the mechanical and thermal stability of the polymer matrices, but also gives rise
to some additional functions that depend on the chemical composition and structure of
the ceramic nanofillers. Titanium dioxide (TiO2) is found in nature in three polymorphous
forms: anatase, tetragonal rutile, and rhombic brookite. It is non-hygroscopic and does
not dissolve in water. The different properties of TiO2 nanoparticles depend on their
synthesis method, morphology, crystalline structure, and crystallite size. Titanium diox-
ide nanoparticles are the most utilized ceramic nanoreinforcement because of their small
particle size, high surface area, ease of processing, and capacity to exist in various forms,
such as nanotubes, nanowires, nanoribbons, etc. The benefits of TiO2 nanoparticles include
chemical inertness, non-toxicity, low cost, commercial availability, corrosion resistance, and
broad-spectrum UV filtering abilities. These nanoparticles are used in solar cells, optical
devices, gas sensors, waste water purification, plastic additives, lithium battery electrode
materials, the photocatalytic destruction of bacteria, etc. Polymer/TiO2 nanocomposites
have already been developed in many different applications as the quality of these nanopar-
ticles is easily adjustable. Numerous polymers, including thermoplastic, thermosetting,
and conductive ones, use TiO2 as a filler ingredient. The mechanical, thermal, optical, and
electrical properties of thermoplastic polymers could be enhanced by a small amount of
TiO2 nanofillers [14–18].

The mechanical characteristics of fiber-reinforced composites with an organic matrix
degrade in humid surroundings because they absorb moisture. Both the PVB matrix and
Kevlar fibers absorb water [19,20]. The interfaces between the fiber and the epoxy matrix
are essential for the transfer of stress in composite materials, but moisture absorption can
have an impact on them [21]. In most composites, matrix plasticization or the deterioration
of the fiber/matrix interface is supposed to be caused by moisture [2].

There is a lack of literature on the moisture properties of Kevlar composites with TiO2
nanoparticles. This work examines the influence of TiO2 nanoparticles and an 8-week
immersion on the mechanical characteristics of Kevlar/PVB composites. The aim of this
research is to present a comparison of the tensile and bending test results of dry and
water-immersed Kevlar/PVB composite specimens.
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2. Materials and Methods
2.1. Materials

The 10 wt.% PVB solution was prepared with PVB powder (Mowital B60H, Kuraray
Specialities Europe, Holešov–Všetuly, Czech Republic) and ethanol (95%, Nanolab, Brno,
Czech Republic). The composites were produced using Kevlar textiles (Woven Aramid
Style 1350, 470 g/m2 format Panama 4/4).

As reinforcement, TiO2 nanoparticles (nanopowder, 21 nm primary particle size, Sigma
Aldrich, Prague, Czech Republic) were added to the PVB solution.

2.2. Preparation of the Samples

The 10 wt.% PVB solutions with the TiO2 nanoparticles used for the impregnation
of the Kevlar fabrics were prepared by first adding the nanoparticles, at a concentration
of either 1 wt.% or 2 wt.% with regard to PVB, to the ethanol on a magnetic stirrer. Next,
the PVB powder was gently mixed with the same ethanol and stirred constantly until it
was dissolved.

For the Kevlar fabric impregnation, the weight ratio of PVB to fabric was 20 wt.%. All
the composite samples comprised two layers of impregnated fabrics. These layers were
heated to 170 ◦C for 30 min in a heat press machine (Yiwu Sunmeta Technology Co., Ltd.,
ST-4050 model, Yiwu City, province Zhejiang, China)—Figure 1. Three types of composite
samples were produced: the No. 1-Kevlar/PVB, No. 2-Kevlar/PVB/1% TiO2, and No.
3-Kevlar/PVB/2% TiO2 samples.
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Figure 1. Preparation of the Kevlar/PVB composites: (a) impregnated Kevlar fabric layers and
(b) fabrication of the two-layered Kevlar composite sample.

The specimens that were cut from the Kevlar/PVB composite samples had the fol-
lowing dimensions: 200 mm × 15 mm for the tensile test, and 50.8 mm× 15 mm for the
bending test. Additionally, the square specimens measuring 50 mm by 50 mm were cut
out for the measurements of water absorption. All of the specimens were approximately
1 mm thick.

2.3. Characterization

For the water gain measurements, the square specimens were dried in an oven at
50◦C in compliance with the ISO 62 standard [22] before being submerged in water. The
specimens were immersed in a water bath (GFL 1008) filled with distilled water at a
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temperature of 40 ◦C for 56 days (8 weeks). Subsequently, the weight of the square
specimens was periodically determined using the KERN ALJ 250-4A analytical balance
after their surface had been dried. The same bath and the same conditions were applied to
the immersion of the specimens used for the tensile and the bending tests.

The following equation was used to determine the percentage of water absorption for
the square specimens at various times:

M(t) =
(

wt − w0

w0

)
× 100 (1)

where M(t) is the water uptake percentage and wt is the current weight at time t, while
w0 is the weight of dry fabric before the immersion, at t = 0 [23]. For each composite type,
three square specimens were measured.

The FTIR spectroscopy of both the dry and wet square specimens was performed using
a Nicolet iN10 microscope with an iZ10 ATR module (Thermo Fisher Scientific, Waltham,
MA, USA) in the attenuated total reflection mode at 4 cm−1. The spectra were taken in the
wavelength range of 4000 cm−1 to 400 cm−1.

The single-axial tensile test and the three-point bending test were carried out using
the TIRA TEST 2300 testing machine (modernized by the TEMPOS company, Opava, Czech
Republic, TIRA’s representative in the Czech Republic) at room temperature (20 ± 2 ◦C)
and relative humidity of 50 ± 10%. Each specimen for the tensile test measured 200 mm
overall, and 130 mm between the clamps. In order to meet the ASTM D 3039 standard for
the tensile properties of polymer composite materials [24], the cross-head displacement
rate of 2 mm/min was used to test the Kevlar/PVB specimens. Four specimens per
composite type were tested, and the 100 mm-long extensometer was used to measure the
strain (Model 3542 by Epsilon Technology Corp., Jackson, MS, USA). Furthermore, field
emission scanning electron microscopy (FE-SEM) was used to investigate the surfaces of
the specimens using the Tescan Mira3 XMU electron microscope at 10 kV.

In accordance with the ASTM D 790-03 standard for flexural properties [25], the
three-point bending test was conducted on the Kevlar/PVB specimens with a cross-head
displacement rate of 1 mm/min. The span length was 25.4 mm and the thickness of
specimens was 1 mm. Thus, the span-to-thickness ratio was 25.4. Five specimens for each
composite type were examined.

The mechanical characterization devices for the tensile and bending tests are shown in
Figure 2.
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2.4. Numerical Modelling

A numerical simulation of the experimental testing was carried out in the Abaqus
software (version 2021). The aim of this simulation is to study the influence of the nonlinear
(second-order) effects on the calculation of the stress in the outer fibers at midpoint. There-
fore, the “Nlgeom” setting was used in Abaqus in each step of the simulation to include
nonlinear effects from large displacements and deformations.

3. Results and Discussion
3.1. Water Absorption Results

The main factors that affect the water absorption in fiber-reinforced composites are
humidity, fiber volume fraction, void content, and temperature. Moreover, aramid fibers
absorb water through the vacancies in their structure [2].

Figure 3 depicts the percentage of water uptake as a function of the immersion time for
the three types of specimens. It can be noticed that the water uptake of the Kevlar/PVB spec-
imens (No. 1 composite type) was the highest one (36.9%), while, for the other two types of
specimens with TiO2 nanoparticles, the absorption was lower, around 30.5% after 8 weeks
of immersion. These results are in agreement with some findings that the water absorption
of nanocomposites decreases as the nanoparticles make the barriers for the water molecules
to extend in the composites [26,27].

Buildings 2024, 14, x FOR PEER REVIEW 6 of 14 
 

 
Figure 3. The water uptake of composites with their immersion time. 

3.2. FTIR Analysis 
Figure 4 shows the FTIR spectra of the dry and wet Kevlar/PVB/1% TiO2 specimens. 

 
Figure 4. FTIR spectra of: (a) dry and (b) wet Kevlar/PVB/1% TiO2 specimens. 

For both of the specimens, the N-H stretching vibration was observed at 3317 cm−1, 
while the peaks around 2870 cm−1, 2920 cm−1, and 1100 cm−1 corresponded to the stretching 
vibrations of the C-H groups. The peaks at 1637 cm−1 and 1379 cm−1 were related to the 
C=O groups and the Ti-O modes, respectively. The absorption bands at 995 cm−1 and 819 
cm−1 were observed for the C-H groups of the aromatic structure. When the FTIR spectrum 
of the wet Kevlar/PVB/1% TiO2 specimen is compared with the dry one, it can be seen that 
the peak intensity around 3317 cm−1 has increased because of the water-originated OH 
groups. The same result was detected with the peak at 1637 cm−1, where the hydroxyl 
groups of water contributed to its enlargement [5,28,29]. The FTIR analysis indicated that 
the wet Kevlar/PVB composite specimen had hydrated and showed that some chemical 
changes had occurred during the immersion of that specimen as a result of the water ab-
sorption. 

3.3. Tensile Test Results 

Figure 3. The water uptake of composites with their immersion time.

3.2. FTIR Analysis

Figure 4 shows the FTIR spectra of the dry and wet Kevlar/PVB/1% TiO2 specimens.
For both of the specimens, the N-H stretching vibration was observed at 3317 cm−1,

while the peaks around 2870 cm−1, 2920 cm−1, and 1100 cm−1 corresponded to the stretch-
ing vibrations of the C-H groups. The peaks at 1637 cm−1 and 1379 cm−1 were related to
the C=O groups and the Ti-O modes, respectively. The absorption bands at 995 cm−1 and
819 cm−1 were observed for the C-H groups of the aromatic structure. When the FTIR
spectrum of the wet Kevlar/PVB/1% TiO2 specimen is compared with the dry one, it
can be seen that the peak intensity around 3317 cm−1 has increased because of the water-
originated OH groups. The same result was detected with the peak at 1637 cm−1, where
the hydroxyl groups of water contributed to its enlargement [5,28,29]. The FTIR analysis
indicated that the wet Kevlar/PVB composite specimen had hydrated and showed that
some chemical changes had occurred during the immersion of that specimen as a result of
the water absorption.
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3.3. Tensile Test Results

In the course of the tensile and bending tests, an incomplete rupture was caused in all
the specimens. The specimens remained undamaged in the tensile testing machine’s clamps,
thus proving the test validity. At the time of the tensile test, the fracture of the Kevlar fibers
and their pulling out occurred along with their elongation. The tensile energy absorption
(TEA) was calculated as the area under the entire stress–strain diagram obtained with the
extensometer, until the fracture point [30]. The inclusion of the 2 wt.% TiO2 nanoparticles
in the dry Kevlar/PVB specimens resulted in 39.8% and 24.3% improvements of the
tensile strength and tensile modulus of these specimens, respectively, as shown in Table 1.
These enhancements were expected because the stiffness of a composite can be increased
by the addition of some inorganic nanoparticles with a higher rigidity than polymer
matrices [31,32]. The polymer matrix is typically reinforced with nanofillers, since it must
sustain high mechanical loads. Different fillers improve the stiffness of the material and
may also increase its strength under specific load conditions [18].

Table 1. The tensile test results.

Specimen Tensile Strength TEA Tensile Modulus
(MPa) (N/mm2) (GPa)

Kevlar/PVB—dry 369.71 ± 30.00 7.70 ± 2.65 24.85 ± 4.42
Kevlar/PVB—wet 293.09 ± 15.34 7.80 ± 0.47 19.02 ± 2.51
Kevlar/PVB/1% TiO2—dry 423.80 ± 29.05 5.87 ± 1.53 23.15 ± 2.31
Kevlar/PVB/1% TiO2—wet 351.41 ± 21.41 5.12 ± 2.43 22.02 ± 1.11
Kevlar/PVB/2% TiO2—dry 516.84 ± 42.01 8.85 ± 2.99 30.90 ± 1.99
Kevlar/PVB/2% TiO2—wet 426.03 ± 20.45 6.51 ± 1.47 25.98 ± 2.48

The tensile properties of the dry specimens and those that had been water-immersed
were compared. Most organic polymers can be penetrated by water molecules, which
changes their mechanical and chemical characteristics significantly. Plasticization, hydrol-
ysis, and other forms of degradation are the main effects of the moisture absorption on
the polymer itself, which results in both irreversible and reversible changes to the poly-
mer’s structure [33]. Water absorption in composites generally causes a decline in their
mechanical characteristics due to fiber swelling and the disintegration of the fiber/matrix
interface [23]. In this study, it also develops as a result of the hygroscopic Kevlar fiber [34].
This may help explain why the tensile strength and modulus values of all the immersed
Kevlar/PVB composite specimens were slightly lower than those of their dry counter-
parts. Table 1 shows that the percentage decreases in tensile strength for the Kevlar/PVB,
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Kevlar/PVB/1% TiO2, and Kevlar/PVB/2% TiO2 specimens that were immersed, as com-
pared to their dry specimens, were 20.7%, 17.1%, and 17.6%, respectively. Similar trends
were observed in the tensile modulus values of the same wet specimens, with percentage
drops of 23.5%, 4.9%, and 15.9%, correspondingly, in comparison with their unprocessed
specimens. The data obtained were also subjected to statistical analysis, especially with
regard to the coefficient of variation (CoV). The results for the tensile strength can be
considered to be the most reliable, as, in all cases, the CoV was below 10%. The results
for the tensile modulus can also be considered to be very reliable, as the CoV is mostly
below 10% and only two datasets exceed this value, but not beyond 18%. The least reliable
results can be considered to be those determined from the test diagrams (stress–strain or
force-displacement). These diagrams are characterized by considerable variability, which is
also reflected in the CoV of the determined TEA values (CoV of up to 48%). Such values are
expected for a composite material of this type, as the results are affected by the randomness
of the fiber distribution in the fabric, variations in the geometry of the specimens, the test
set-up, etc.

As examples, Figure 5 shows the stress versus strain plots from the extensometer.
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Figure 6 shows the SEM images of the specimens following the tensile tests. The wet
Kevlar composite specimens have larger fibers with a rougher surface due to the remaining
moisture (images b and d in Figure 6). It can be seen that the wet fibers also coalesced
among themselves because of the residual moisture [35].

3.4. Bending Test Results

All the specimens were slightly bent in the middle during the bending test due
to the high-modulus Kevlar fibers. The flexural properties such as flexural stress and
flexural strain were determined in accordance with the ASTM D 790-03 standard. In
order to compare the specimens, the strength was defined as the value of normal stress
at a strain of 0.05. However, some of the specimens showed a slight softening of the
material before the 5% strain, followed by delayed strengthening, as shown in Figure 7.
According to the standard, the strength of the specimens could also be defined as the stress
at the local extreme prior to the 5% strain; nonetheless, this would make it impossible
to compare them. The tangent modulus of elasticity was used to estimate the flexural
modulus through the process of drawing a tangent with the largest slope in the first
elastic region of the stress–strain plot. Contrary to the results of the tensile test, the dry
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specimens with no nanoparticles had the best flexural strength and modulus because of
the improved bonding between their two impregnated layers while the existence of the
TiO2 nanoparticles resulted, to some extent, in the breakage of the shear bond between
the layers [36]. Table 2 presents the middle value of the flexural strength at 5% strain
for the untreated Kevlar/PVB specimens as 26.2% and 27.5% higher compared to the
Kevlar/PVB/1% TiO2 and Kevlar/PVB/2% TiO2 specimens, respectively. In comparison
with the composites containing 1 wt.% and 2 wt.% TiO2 nanoparticles, the dry Kevlar/PVB
composites set a higher flexural modulus value of 29.1% and 34.0%, correspondingly. The
data obtained were also subjected to the coefficient of variation (CoV). Satisfactory values
for the CoV can also be considered for the flexural strength, where they range from 5%
to 19%. The least reliable results were determined from the stress–strain test diagrams.
Significant variability characterizes these diagrams, which is also reflected in the CoV for
the flexural modulus (up to 37%).
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When composite materials are subjected to the liquid medium, their mechanical
characteristics deteriorate because the liquid acts as a plasticizer [37]. The reduction in
flexural characteristics is attributed to the plasticizing impact of water, as well as the
matrix swelling and hydrolysis [38]. The bending property values of all the submerged
Kevlar/PVB composite specimens were lower than those of their dry counterparts. The
immersed Kevlar/PVB specimens showed the greatest reduction in bending strength at
5% strain, which was 61.4% less than for the dry Kevlar/PVB specimens, as presented in
Table 2 and Figure 7. This outcome demonstrated that the absorbed water content was the
primary cause of the deterioration of the PVB matrix as a layer in between, which decreased
the flexural strength of the specimens. Numerous investigations have demonstrated that
PVB is water-sensitive [20,39]. However, the flexural strength of the immersed specimens
with the TiO2 reinforcement did not significantly decrease since nanofillers often enhance
the mechanical properties of composite materials in wet conditions (Table 2, Figure 7) [33].
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Figure 7. The flexural stress versus strain data plots for the Kevlar/PVB specimens with: (a) no
nanoparticles, (b) 1 wt.% TiO2, and (c) 2 wt.% TiO2 nanoparticles; and the immersed ones with:
(a1) no nanoparticles, (b1) 1 wt.% TiO2, and (c1) 2 wt.% TiO2 nanoparticles.

Table 2. The bending test results.

Specimen Flexural Strength, 5% Strain Flexural Modulus
(MPa) (GPa)

Kevlar/PVB—dry 98.58 ± 4.99 5.61 ± 0.89
Kevlar/PVB—wet 38.02 ± 2.11 4.40 ± 0.62
Kevlar/PVB/1% TiO2—dry 72.76 ± 5.00 3.98 ± 0.20
Kevlar/PVB/1% TiO2—wet 45.62 ± 8.44 3.50 ± 1.29
Kevlar/PVB/2% TiO2—dry 71.45 ± 10.65 3.70 ± 1.13
Kevlar/PVB/2% TiO2—wet 54.96 ± 9.99 3.01 ± 1.06

3.5. Numerical Modelling

The results of the bending test were used to simulate the bending test in the Abaqus
software (v2021). During the simulation, the specimen was bent and the vertical reaction
force was recorded (see Figure 8). The Poisson coefficient υ = 0.25 and the friction coefficient
f = 0.15 were used in the same way as in [40] where the Kevlar/PVB specimens were also
subjected to the three-point bending test. Due to the relatively large deformations (related
to the size of the tested specimen), the simulation is defined as ‘nonlinear’ which allows us
to consider the second-order effects. The simulation was driven by displacement, divided
into 20 separate steps, each with a displacement magnitude equal to 0.75 mm. The mesh
of the tested specimen was made of C3D20R elements (twenty-node brick elements with
reduced integration).
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The aim of this numerical model is to understand the experimentally obtained data in
detail, and to check the applicability of the approach from the ASTM D 790-03 for the eval-
uation of the experimental results. Therefore, the standard was used to calculate the values
of stress in the outer fibers at the midpoint (Equation (2)), flexural strain (Equation (3))
and tangent modulus of elasticity (Equation (4)). After that, a relevant material model in
Abaqus was calibrated to reach an agreement between the results obtained by the numerical
simulation and by the experimental testing of the dry specimen 2b—Kevlar/PVB/1% TiO2.

The standard recommends that we calculate the stress in the outer fibers at midpoint
σf as:

σf =
(

3PL/2bd2
)
·
[
1 + 6(D/L)2 − 4(d/L)(D/L)

]
(2)

where P is the load at a given point on the load-deflection curve in [N], L is the support
span in [mm], b is the width of the beam tested in [mm], d is the depth of the beam tested in
[mm], and D is the deflection of the centerline of the specimen at the middle of the support
span in [mm]. The stress σf is in [MPa].

The flexural strain εf is calculated according to the standard as:

ε f = 6Dd/L2 (3)

The tangent modulus of elasticity EB is calculated according to the standard as:

EB = L3m/4bd3 (4)

where m is the slope of the tangent to the initial straight-line portion of the load-deflection
curve in [N/mm] of deflection.

The linear part of the load-deflection curve has been assumed to be the part with
displacement D greater than 0.48 mm and smaller than 0.95 mm, which corresponds to the
applied force P greater than 7.90 N and less than 17.90 N, as shown in Figure 9. According
to Equation (4), the tangent modulus of elasticity EB is equal to 4 GPa, since the slope of
the linear part of the load-deflection curve m is calculated as (17.90 − 7.90) N/(0.95 − 0.48)
mm = 20.4 N/mm, the span between the supports L is 25.0 mm, the width of the tested
beam b is 15.0 mm, and the depth of the tested beam d is 1.10 mm. According to Equation (3),
the flexural strain εf is equal to 0.005 when displacement D is 0.48 mm, and εf is equal
to 0.010 when D is 0.95 mm. According to Equation (2), the stress in the outer fibers at
midpoint σf is equal to 16.3 MPa when D is 0.48 mm and P is 7.90 N. When D is 0.95 mm
and P is 17.90 N, then σf is equal to 37.1 MPa.
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These calculated values of stress in the outer fibers at the midpoint (σf), flexural strain
(εf), and tangent modulus of elasticity (EB) were applied in the Abaqus software in the
following way: The tangent modulus of elasticity EB was used as the modulus of elasticity
for the specimen. The plastic component of strain εp was calculated by using Hooke’s law
as follows: εp= εf − σf/EB = 0.010 − (37.1 MPa)/(4 GPa) = 0.000725. This result (together
with the previously calculated values of σf equal to 16.3 MPa and 37.1 MPa) was used in
the “Yield Stress to Plastic Strain” table in Abaqus. This means that the irreversible plastic
behavior starts in the bent specimen when the stress reaches 16.3 MPa and the perfect
plasticity (yielding) occurs when the stress reaches 37.1 MPa.

The agreement between both of the results shown in Figure 9 indicates that the
simplified definition of the material properties which was used in Abaqus may lead to a
successful simulation of a three-point bending test of the Kevlar/PVB composite. It might
also indicate that the strain in the outer fibers at the midpoint of the tested specimen was
not greater than 1%.

The numerical simulation might also be used to estimate the criterion of applicability
of Equation (2) from the ASTM D 790-03 standard to calculate the stress in the outer fibers
at midpoint σf. In this particular case, it seems to be applicable only until displacement D is
less than 0.95 mm. Beyond this value, displacement D may not be considered as a relatively
small one, and using Equation (2) from the standard may lead to an overestimated value of
the stress σf which is greater than 37.1 MPa.

4. Conclusions

In this research, the impact of water immersion and TiO2 nanoparticles on the me-
chanical characteristics of Kevlar/PVB composites has been evaluated. The tensile and
bending properties of the dry Kevlar/PVB composites were compared with those that had
been water-immersed for duration of 8 weeks. The specimens did not completely fracture
during the tensile or bending test.

Adding 2 wt.% TiO2 nanoparticles produced a 39.8% and 24.3% increase in the tensile
strength and modulus, respectively, of the untreated Kevlar/PVB specimens without TiO2
reinforcement. In contrast to this trend of the results, the highest flexural modulus and
bending strength were achieved by the dry Kevlar/PVB specimens without nanoparticles as
a result of the stronger connection between their two impregnated fabric layers. Compared
to their dry counterparts, the tensile and bending properties of every wet specimen resulted
in lower values.

There was a nearly complete agreement between the experimentally obtained results
and the results from the numerical simulation. This agreement shows that the approach
used in the Abaqus software is applicable in order to accomplish a successful simulation of
a three-point bending test of the Kevlar/PVB composite.

The acquired results provide crucial information on the effect of water aging on the
examined composites. Despite their mechanical degradation, the wet composite specimens
retained satisfactory values in terms of tensile strength and tensile modulus.

In this study, the following conclusions can be drawn:

- The addition of TiO2 nanoparticles improved the tensile properties of Kevlar/PVB composites;
- The immersion process lowered the tensile and bending strength;
- The numerical simulation might provide more realistic values for the stress in the outer

fibers at midpoint compared to the analytical formulae of the ASTM D 790-03 standard.
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