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ABSTRACT

Epoxy resin-based nanocomposites have gained significant attention
in ballistic applications due to their lightweight, high strength, and
impact resistance. This study investigates the ballistic performance of
epoxy resin-zinc oxide (ZnO) nanocomposites reinforced with sisal
fibre. The nanocomposites were prepared by dispersing varying
weight fractions of ZnO nanoparticles into the epoxy matrix supported
sisal fibre, followed by curing under controlled conditions. Energy
dispersive spectroscopy (EDS) was used to analyze the nanoparticles
dispersion. Energy absorption capability was evaluated to understand
the effect of ZnO reinforcement on the material. Ballistic tests were
conducted using high-velocity impact simulations to assess the
penetration resistance and failure mechanisms. The results
demonstrated that the addition of ZnO nanoparticles enhances the
ballistic performance of the epoxy resin reinforced with sisal fibre by
geometrically increased its absorption energy from 46.64J to 238.88,
195.82, and 165.67J for the nanocomposites (E-ZnO1, E-ZnO3, and
E-Zn05) respectively. The findings suggest that Epoxy/ZnO
nanocomposites supported with sisal fibre can be a promising material
for lightweight armour applications, offering a balance between
strength and flexibility.
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INTRODUCTION
Epoxy resin/zinc  oxide (ZnO)
nanocomposites have garnered  significant

attention due to their potential applications in fields
requiring enhanced mechanical and ballistic
properties (Mohammed et al., 2023). The
integration of ZnO nanoparticles into an epoxy
matrix aims to leverage the unique properties of
both components, resulting in materials with
superior performance characteristics (Somogh et
al., 2024).

Epoxy resins are thermosetting
polymers known for their excellent mechanical
strength, chemical resistance, and adhesive
properties. They are widely used in coatings,
adhesives, and composite materials (El-Sabban
and Deyab, 2023). Zinc oxide, a semiconductor
material with a wide band gap, exhibits notable
mechanical strength, UV absorption, and

antimicrobial properties. When reduced to the
nanoscale, ZnO particles offer a high surface
area-to-volume ratio, enhancing their interaction
with polymer matrices and leading to improved
composite properties (Zhou et al., 2023).

The fabrication of epoxy resin/ZnO
nanocomposites typically involves the dispersion
of ZnO nanoparticles into the epoxy resin,
followed by curing. Achieving a uniform dispersion
of nanoparticles is crucial, as agglomeration can
detrimentally affect the composite's properties
(Folorunso et al., 2024). Thus, techniques like
ultrasonic agitation and the use of surfactants are
employed to ensure homogeneous distribution of
ZnO nanoparticles within the epoxy matrix (Seo,
Kim and Kwon, 2023).

The incorporation of nanoparticles into
epoxy resins has been investigated to enhance
the ballistic performance of the resulting
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nanocomposites (Rashid et al., 2024; Megahed et
al., 2024). Studies have shown that the addition of
nanoparticles can improve impact resistance and
energy absorption capabiliies (Taghipoor and
Ghiaskar, 2024). For instance, research on Kevlar
fiber-reinforced epoxy composites filled with
nanoparticles demonstrated that the inclusion of
nanocarbon particles at varying concentrations
influenced the ballistic performance of the
composites (Rashid et al., 2024). However, the
specific impact of nanoparticles on ballistic
performance requires continuous investigation.

Beyond mechanical enhancements,
metal oxide nanoparticles also affect the dielectric
properties of epoxy composites. Dielectric
relaxation studies have revealed that the presence
of metal nanoparticles influences the molecular
mobility and interfacial polarization within the
composite (Bleija et al., 2024). These changes
can impact the material's performance in
applications where dielectric properties are
critical. Therefore, epoxy resin/metal
nanocomposites represent a promising class of
materials with enhanced properties suitable for
various advanced applications. While significant
progress has been made in understanding their
characteristics’, continued research is essential to
fully elucidate the mechanisms by which ZnO
nanoparticles influence the ballistic and
mechanical  performance of  epoxy-based
composites.

MATERIALS AND METHODS
Materials

Neem leaves were collected within
Nigerian Defence Academy Afaka, Kaduna State
while the Sisal fibre at a farm in Samaru Zaria.
Commercial epoxy resin, Cobalt Naphthenate, 4%
Sodium Hydroxide and Zinc Acetate Dihydrate
were used as purchased from Sigma Aldrich.

METHODS
Samples Pre-treatment

Neem and Sisal leaves were washed
with tap water to remove dust and other impurities.
Neem leaves were dried and preserved at room
temperature until use.

Extraction of Sisal Fibres

The sisal leaves undergone retting for
24 hours to extract sisal fibres using the
decortications method. The extracted sisal fibres
were treated using 40g of NaOH in 1000 cm3
distilled water at 60°C for 15 minutes. Thereafter,
the treated sisal fibres were soaked in the NaOH
solution for 1hour, removed, washed with distilled
water until a neutral pH, and dried at 60 °C for 4
hours.

Biosynthesis of Zinc Oxide Nanoparticles

The zinc oxide nanoparticles were
synthesized using aqueous extract of Neem
leaves. In this context, 20g of the pulverized dried
Neem leaves in 100 cm3 distilled water were
heated at 60°C for 20 minutes to obtain a pale
yellow solution. The solution was allowed to cool
at room temperature and filtered using Whatman
No.1 filter paper. 2.0g of zinc acetate dihydrate
was dissolved in 100 cm3 distilled water, followed
by addition of 20 cm3 of the neem extract with
constant stirring until the mixture becomes clear,
the clear solution was heated slowly at 60°C, until
the solution became deep yellow-coloured paste.
The paste was heated at 400°C for 2 hours in a
muffle furnace to obtain the zinc oxide
nanoparticles.

Dispersion of Zinc Oxide Nanoparticles in
Epoxy Resin and  Preparation  of
Nanocomposite Laminates

The prepared Zinc Oxide nanoparticles
were dispersed in the epoxy matrix in different
compositions (1 — 5 wt. %) using a high-speed
disperser at 1000 rpm for 30 minutes. The
nanocomposite laminates were prepared using
Handlay-up processing technique. In this
technique, MEKP catalyst, 1wt. % of epoxy resin
and ZnO-filled epoxy resin were mixed and stirred
for 2 minutes followed by the addition of Cobalt
Naphthenate accelerator to initiate the curing of
the epoxy resin before reinforcement. The mixture
was again properly stirred to mix the catalyst and
initiator in the matrix. The resulting mixture was
uniformly poured on the four layers of cross-
woven sisal fibre mat with dimensions of 178mm x
178mm x20mm placed separately on aluminium
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foil at the work table. Finally, these layers were
stacked on one another and wrapped in aluminium
foil to obtain the nanocomposites laminates.
Subsequently, hot compression moulding
technique was employed to post-cure the
nanocomposite and its laminates. The 178mm x
178mm x 20mm stainless steel mould of High-

Table 1: Nanocomposite Mixture of Laminate

Temperature Melt Press made was used to post-
cure the nanocomposite and laminates under a
pressure of 2.844 psi for 1h at 80°C and 60°C to
obtained uniform thickness respectively. The
samples were removed from the mould as the final
product. The  formulation  of  various
nanOcomposites is given Table 2:

SIN  Matrix Content (wt. %)  Zinc Oxide (wt. %)

Composite Content (wt. %)  Sample

1 50 0
2 49 1
3 47 3
4 45 5

50 E (Epoxy resin)
50 E-ZnO1
50 E-Zn03
50 E-ZnO5

Characterization of the Prepared Zinc Oxide
Nanoparticles and its Nanocomposites

The prepared zinc oxide nanoparticles
and it nanocomposites with epoxy resin were
characterized by determining their absorption
bands, functional groups, elemental composition,
and mineralogical phases by UV-Visible
spectrophotometry, FTIRS, EDX, and XRD
respectively.

Ballistic Test

The ballistic test was performed on the
nanocomposite to evaluate its kinetic energy
absorption capacity. The nanocomposite plate as
target was cut to dimensions 12 x 7 x 1.2 cm for
the test and place such that an Air Chrony ballistic
chronograph with a precision of 0.15 m/s and a
ProChrono ballistic chronograph with a precision
of 0.31 m/s were used to measure the impact and
residual velocities respectively. The energy

absorbed by the target was calculated using
equation 1;

2_y 2
Eaps = mp—(Vlz Yr )— E, 1
Where my is the mass of the projectile, viis the
impact speed, vr residual speed and Eo is the
energy dissipated by the projectile only by air-
flying without a target.

RESULTS AND DISCUSSION
Fourier Transform Infrared (FTIR)
Spectroscopy of Zinc Oxide Nanoparticles
The FTIR measurement was carried out
using KBr pellet method at room temperature
through the wave range 4000 - 400 cm-! as shown
in Figure 1. This was done to identify the possible
biomolecules responsible for capping and
stabilization of the biosynthesized zinc oxide
nanoparticles. It is also to indicate the reduction of
metal (zinc) ions by the used aqueous extract.
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Figure 1: FTIR spectrum of green synthesized ZnO nanoparticles

FTIR spectrum discloses the likely bio-
molecules present in the leaf extract that aided the
reduction of the zinc ions into zinc oxide
nanoparticles. The characteristic bands at 3239.1,
2109.7, 1904.7, 1110.7, 1394.0, 1170.4, 83834
and 670.90cm-' were assigned to strong broad
stretching vibrations of hydroxyl (-OH), weak
stretching C=C, weak bending C-H strong C-O
stretching of secondary alcohol, O-H bending, C-
O stretching of tertiary alcohol, C-H bending and
C=C bending of the phytochemicals (majorly
azadirachtin and saponins) reported to be present
in the Neem leave extract. The result of this study
is in agreement with the results reported by Sohail
et al. (2020) in their biosynthesis of zinc oxide
nanoparticles using Neem Leaf Extract.

X-ray diffraction of Zinc Oxide Nanoparticles

From the Figure 2, the diffraction pattern
of the biosynthesized zinc oxide nanoparticles
show seven typical peaks at 26 values of 31.48,
34.41, 36.20, 56.57, 62.87 and 69.019° and
77.02° corresponding to (100), (002), (101), (102),
(110), (103) and (201) plane of zinc oxide
nanoparticles and compared with the standard
powder diffraction card of Joint Committee on
Powder Diffraction Standards (JPCDS) card
number 36-1451. The XRD study confirmed the
formation of a crystalline hexagonal wurtzite
structure of the ZnO nanoparticles (Faisal et al.,
2021).
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Figure 2; X-ray diffraction pattern of zinc oxide nanoparticles
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Additionally, a typical high intense peak
generally index as (101) observed in the
diffractogram shows that the zinc oxide
nanoparticles formed by the Neem leaf extract are
crystalline in nature while a broaden peak at 28 of
36.200 signifies smaller particle size (Salem et al.,
2022).

Electron Dispersive Spectra (EDS) of epoxy
resin, zinc oxide nanoparticles and epoxy
resin-zinc oxide nanocomposites (E-ZnO1, E-
Zn03, and E-Zn05)

Electron dispersive spectroscopy (EDS)
is a technique used to examine the presence of
elements through the amplitudes of the

wavelength of the x-rays emitted after their
electrons have been hit by some electron beam
(Ali, Zhang, and Santos, 2023). For X-ray to be
emitted, the atoms must contain minimum of K-
shell and L-shell where the electron is allowed to
dislodge from shell to shell. Therefore, hydrogen,
being the only element in the periodic table with
only K - shell is not detectable with EDS (Pushie
et al., 2014). Figures 3 a, b, ¢, d and e show the
EDS of epoxy resin, zinc oxide nanoparticles and
epoxy resin-zinc oxide hanocomposites (E-ZnO1,
E-ZnO3, and E-Zn05) respectively prepared in
this study.
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Figure 3e: EDS Spectrum of Epoxy Resin- Zinc Oxide Nanocomposite (E-Zn05)

Figure 3a is the EDS for the prepared
epoxy resin and the spectrum shows the key
elements (carbon, nitrogen and oxygen) in the
surface chemical structure of the epoxy resin.
Figure 3b is the EDS spectrum of the prepared
zinc oxide nanoparticles and the spectrum shows
presence of the strong signal characteristic of
elemental zinc around 8 - 9keV which is typical of
metallic zinc as a result of surface plasmon
resonance, thus verify the formation of zinc oxide
nanoparticles (Orshiso et al., 2023). The EDS
spectra (Figure 3c, d and e) of epoxy resin-zinc
oxide nanocomposites show the peaks for the
elements (C, N, O and Ag) that make up both
epoxy resin and zinc oxide nanoparticles.

The presence of signals of Al, Ca. K,
and Na in the EDS of epoxy resin and its
nanocomposites may be attributed to strong bond
formed by these elements as a macronutrient
commonly found in nature (Shelly et al., 2024).
The EDS result of zinc oxide nanoparticles (Figure
3c) shows signals similar to that of Ca. K, Na, and
S which might have originated from the

biomolecules of the leaf extract that are bound to
the surface of zinc oxide nanoparticles (Murali et
al., 2021). The signal for sulphur was not observed
in the nanocomposites and this shows that it has
been removed through the downstream treatment
of the nanocomposite. Also observed in the EDS
are signals similar to silicon in all the prepared
samples and tungsten in the prepared zinc oxide
nanoparticles which may be attributed to
interferences of debris of silicon-lithium detector
and hot tungsten filament as components of the
machine used for a long time (Chavali and
Nikolova, 2019). The presence of zinc on the
epoxy resin surface as shown by the EDS
confirmed the successful preparation of the epoxy
resin-zinc oxide nanocomposites.

Ballistic Performance of the Prepared Epoxy
Resin/Nanocomposites and the Effect of
Varying Zinc Oxide Nanoparticles Contents on
the Ballistic Performance of the Composite

In this study, the ballistic performance of
the prepared epoxy resin and it nanocomposites
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is explained using energy absorptions and limit
velocities obtained from impact and residual
velocities.

The impact velocity is the velocity of a
projectile when it undergoes collision with the
samples (epoxy resin and it nanocomposites)
while a residual velocity is a velocity of the
projectile after the impact against the epoxy and
nanocomposite targets. The limit velocity also
known as ballistic limit is the velocity required for
a particular projectile to reliably penetrate a
particular prepared sample (Husain et al., 2024).
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In other words, a given projectile will generally not
pierce a given sample when the projectile velocity
is lower than the ballistic limit. Also, ballistic limit
velocity is the velocity required for a projectile to
penetrate a target with 50 percents of time and is
widely used as a measure of armour (Stewart and
Netherton, 2020).

The results of ballistic test in the form of
impact velocities (Vi), residual velocities (Vr),
energy absorptions (Eabs), and limit velocities (VL)
values for each sample are presented in Figures 4
and 5.

268.45 261.51

Figure 4; Impact, Residual and Limiting Velocities of Epoxy resin and it Nanocomposites
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Figure 5: Absorption Energies (J) of Epoxy and its Nanocomposites

Regarding ballistic resistance against
projectle among the samples, the E-ZnO1
nanocomposites showed the highest absorption
energy (238.88J). This indicates that the
nanocomposite has a better ability for absorption

with little or no rupture, allowing it to survive a
greater number of shots. Also, among the
samples, E-ZnO1 exhibits the highest limit velocity
(VL) of 182.15 m/s. This implies that the projectile
had its velocity speed significantly resisted
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meaning larger resistance to the projectile impact,
signifying better ballistic resistance due to the
presence of zinc oxide nanoparticles and silas
fibres (Purwanto et al., 2022).

Meanwhile, the absorption energies and
limit velocities of nanocomposites were found to
be decreasing as the zinc oxide nanoparticles
content in the nanocomposite increases. The
results were similar to results reported by Chaves
et al (2024) in their study of mechanical and
ballistic properties of epoxy composites reinforced
with Babassu fibres where 10, 20, and 30vol.% of

Table 2: ANOVA of Ballistic Properties

Babassu fibres in the epoxy matrix were used.
One possible explanation for this could be the
arrangement of the fibres within the matrix
(Chaves et al., 2024). Therefore, for engineering
applications, these nanocomposites still require
further studies, which could improve their
properties through chemical treatments. However,
for ballistic applications, the blend of silas fibre
with epoxy resin in the presence of zinc oxide
nanoparticles shows great potential.

Source of Sums of Degrees of Mean P-

Variation squares freedom square F-cal value F -crit
58.3488 1.99E-  3.49029

Between Groups ~ 27919.67 3 9306.557 9 07 5

Within Groups 1913.981 12 159.4984

Total 29833.65 15

The values of absorption energies
obtained from ballistic test were subjected to the
ANOVA test. This analysis allowed determining
the reliability of the influences of zinc
nanoparticles, which vary from 0 to 5wt%. The
results of this analysis are presented in Table 2.
Table 2 shows that F -calculated is greater than F-
critical because the value of F-calculated is 58.35
and F-critical is 3.49. Thus, it can be concluded
that varying proportion of zinc oxide nanoparticles
in the nanocomposites significantly influence
absorption energy (Eabs).

CONCLUSION

The study on the ballistic performance
of sisal fibre-reinforced epoxy resin-zinc oxide
(Zn0) nanocomposites has provided valuable
insights into their impact resistance and energy
absorption characteristics. The results indicate
that the incorporation of ZnO nanoparticles
enhances the ballistic properties of the composite
by improving its energy absorption capabilities.
Compared to pure epoxy or conventional fibre-
reinforced  composites, the  developed
nanocomposite  shows  superior  ballistic

resistance, making it a promising candidate for
protective applications.

This study demonstrates that sisal fibre-
reinforced epoxy resin-ZnO nanocomposites offer
a sustainable and efficient alternative for ballistic
protection. Further research on processing
techniques, fibre-matrix interaction, and real-world
testing could help optimize these materials for
defense, automotive, and aerospace applications.
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