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ABSTRACT

The increasing demand for lightweight, cost-effective, and sustainable ballistic protection materials has
highlighted the limitations of conventional synthetic armor systems, particularly in terms of weight, cost,
and environmental impact. This study aimed to develop and evaluate a novel hybrid composite system
incorporating agro-waste reinforcements for potential application in lightweight ballistic protection. The
composite architecture consisted of a carbon fiber (CF) strike face integrated with an epoxy matrix
reinforced using alkali-treated coconut husk fiber (CHF), coconut shell powder (CSP), and lithium oxide
(Li>O). CHF was incorporated at varying loadings (10-30 wt.%) alongside fixed proportions of CSP and
Li»0, and the resulting composites were fabricated and subjected to mechanical characterization, including
tensile, flexural, and impact testing. Ballistic performance was assessed using live-fire testing with 7.62 x
39 mm ammunition at a firing distance of 100 m. The results showed that the optimum formulation (10 g
CHF, 30 g CSP, 10 g Li»0, and 50 g epoxy) achieved the highest mechanical performance, with tensile
strength of 27.14 MPa, flexural strength of 54.44 MPa, and impact strength of 0.294 J/mm. Ballistic
evaluation demonstrated that a five-layer hybrid composite configuration effectively arrested the projectile,
producing acceptable back-face deformation in the range of 8-12 mm. These findings indicate that coconut-
based hybrid composites, when layered and combined with a carbon fiber strike face, can provide effective
medium-range ballistic resistance. It is recommended that such hybrid systems be further optimized through
thickness scaling and numerical impact modeling to support their adoption as sustainable alternatives to
conventional synthetic armor materials.

Keywords: Coconut fiber; hybrid composites; ballistic protection; carbon fiber; epoxy resin; sustainable
armor.

1 INTRODUCTION

he growing demand for lightweight, sustainable, and cost-effective ballistic materials has intensified
research into alternatives to conventional synthetic fibers such as Kevlar® and Aramid, which,
although highly effective, are associated with high production costs, energy-intensive
manufacturing processes, and limited environmental sustainability [1, 2]. In response, natural fiber—
reinforced composites have emerged as promising candidates for protective applications, offering
advantages such as low density, renewability, biodegradability, reduced environmental footprint, and
favorable specific mechanical properties [3, 4]. Natural fibers including coconut (coir), jute, hemp, flax, and
sisal have been widely investigated as reinforcement materials in polymer composites due to their ability to
absorb impact energy through mechanisms such as fiber pull-out, fracture, and matrix cracking [3, 4, 5].
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Among these fibers, coconut fiber stands out because of its unusually high lignin content, which imparts
superior toughness, resistance to microbial degradation, and enhanced energy dissipation capability under
dynamic loading [5]. In addition, coconut fiber is abundantly available in tropical regions, making it an
economically attractive and locally sustainable resource for composite fabrication. Despite these
advantages, coconut fiber—based composites face several inherent challenges that limit their direct
replacement of synthetic ballistic materials. These include moisture sensitivity, variability in fiber
morphology and mechanical properties, weak interfacial bonding with polymer matrices, and generally
lower ballistic resistance when compared to high-performance synthetic fibers [6, 7]. As a result, monolithic
natural fiber composites often fail to meet the stringent requirements of modern ballistic protection systems.
To overcome these limitations, recent research has increasingly focused on hybrid composite systems,
where natural fibers are combined with synthetic fibers and particulate fillers to synergistically enhance
mechanical strength, stiffness, impact resistance, and energy absorption capacity [8, 9]. Hybridization
enables the retention of the environmental and cost benefits of natural fibers while leveraging the superior
mechanical performance of synthetic reinforcements. Carbon fiber has gained attention due to its high
strength-to-weight ratio, stiffness, and ability to distribute impact stresses efficiently within composite
laminates. In parallel, the incorporation of particulate fillers such as coconut shell powder has been shown
to further improve ballistic performance by increasing hardness, promoting projectile blunting, and
enhancing microcrack deflection and energy dissipation mechanisms [10]. Mineral additives, including
metal oxides, can also contribute to improved thermal stability, stiffness, and interfacial bonding within the
composite matrix. However, the combined effect of coconut fiber, carbon fiber, coconut shell powder, and
lithium oxide within a single epoxy-based hybrid composite system has not been sufficiently explored in
the context of ballistic protection. Therefore, this study aims to develop and evaluate a novel hybrid
composite comprising carbon fiber, coconut husk fiber, coconut shell powder, and lithium oxide dispersed
in an epoxy matrix. The ballistic performance of the developed composite is assessed with reference to
established standards, with the goal of advancing sustainable, high-performance materials suitable for
lightweight armor applications.

2 LITERATURE REVIEW

Natural fibers have been extensively investigated as reinforcement materials in polymer composites
due to their low cost, low density, renewability, and environmental benefits [11, 12]. Their ability to absorb
energy through deformation, fracture, and interfacial debonding has made them attractive for applications
involving impact and vibration resistance. Among various natural fibers, coconut fiber has received
significant attention because of its high toughness, flexibility, and lignin-rich structure, which enhances its
resistance to impact loading and crack propagation [13]. Several studies have explored the ballistic potential
of coir-based composites, particularly in multilayered armor configurations. Risby et al. [14] demonstrated
that coconut shell powder—reinforced epoxy panels, when combined with Twaron fabric, could withstand
NIJ Level IA ballistic threats. Their findings highlighted the effectiveness of particulate fillers in
promoting projectile deformation and energy dissipation. Similarly, Fernanda et al. [15] reported that coir
fiber—reinforced epoxy composites performed comparably to Kevlar™ when used as a secondary layer in
multilayered armor systems, emphasizing the viability of coconut fiber composites as supportive ballistic
layers rather than standalone armor materials. Hybridization strategies have been widely adopted to enhance
the mechanical and impact performance of natural fiber composites. Studies have shown that combining
natural fibers with synthetic reinforcements such as glass or carbon fibers leads to improved tensile strength,
flexural properties, and resistance to high-strain-rate loading [16, 17]. Carbon fiber provides high stiffness
and load-bearing capability, enabling more effective stress redistribution during ballistic impact and
delaying catastrophic failure of the composite laminate. The inclusion of particulate fillers has further been
reported to improve the ballistic and mechanical performance of composite materials. Coconut shell powder,
owing to its hardness and irregular particle morphology, enhances impact resistance by increasing frictional
energy loss, inducing crack deflection, and promoting projectile blunting [18]. These mechanisms contribute
to reduced penetration depth and improved overall energy absorption. However, the effectiveness of such
fillers depends strongly on particle size, dispersion, and interfacial bonding within the polymer matrix.
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Ballistic performance evaluation of composite armor materials is commonly conducted using standardized
testing protocols such as NIJ 0101.06 and V50 ballistic limit testing [18, 19]. These standards provide
reliable benchmarks for assessing penetration resistance, back-face deformation, and energy absorption
under controlled impact conditions. Prior studies have consistently shown that layered and hybrid composite
architectures outperform monolithic structures due to the presence of multiple delamination interfaces and
diverse energy dissipation mechanisms [20, 21, 22]. Despite these advances, there remains a notable gap in
the literature concerning the ballistic performance of coconut fiber composites hybridized simultaneously
with carbon fiber and mineral fillers such as lithium oxide. The synergistic effects of these constituents on
impact resistance, damage evolution, and energy absorption behavior are not yet well understood. This study
seeks to address this gap by investigating a novel hybrid composite system designed to balance
sustainability, mechanical robustness, and ballistic performance.

3 MATERIALS AND METHODS
3.1 Materials

Epoxy resin based on Bisphenol-A—co—chlorohydrine (Epochem A) and the corresponding hardener
(Epochem B) were procured from Steeve Moore Chemicals and Scientific Equipment Limited, Zaria,
Kaduna State, Nigeria. Coconut husks were obtained from local coconut vendors within Samaru, Zaria,
Kaduna State. Carbon fibre mats were used as strike-face reinforcement for ballistic laminate fabrication,
while lithium oxide and coconut shell powder served as hybrid fillers.

3.2 Equipment

The equipment utilized in this study included a laboratory milling machine for fibre size reduction,
a compression moulding (hydraulic hot press) machine for composite fabrication, a universal testing
machine for tensile and flexural testing, and a Resil impact tester for impact strength evaluation. A digital
weighing balance was employed for accurate measurement of material constituents, while a microhardness
tester was used for Vickers hardness determination. Thermal and morphological characterizations were
conducted using a thermogravimetric analyzer (TGA) and scanning electron microscope (SEM),
respectively. Chemical characterization was performed using a Fourier transform infrared (FTIR)
spectrometer. A hot air oven was used for drying and conditioning of samples. Ballistic testing was carried
out using an AK-47 rifle firing 7.62 x 39 mm live ammunition, with a standardized target board employed
for impact assessment.

3.3 Composite Fabrication

Composite samples were prepared in accordance with ASTM D5687 guidelines for polymer
composite processing. Coconut husk fibres (5.0 mm in length), lithium oxide, and coconut shell powder
were incorporated into the epoxy matrix to form hybrid composites. Fibre content varied up to 50 wt.% at
10 wt.% intervals. The detailed formulation of the composites is summarized in Table 1.

Table 1. Formulation of Coconut Husk Fibre/Epoxy Composites

S/No Sample Coconut Husk Fibre Coconut shell Lithium Oxide Epoxy Resin

()] Powder (g) () ()
1 A - - - 100
2 B 10 30 10 50
3 Cc 15 25 10 50
4 D 20 20 10 50
5 E 25 15 10 50
6 F 30 10 10 50

Neat epoxy samples (Sample A) were prepared by mixing epoxy resin and hardener in a 2:1 ratio
by weight until a homogeneous mixture was achieved. The mixture was poured into a steel mould of
dimensions 120 mm x 120 mm x 3.2 mm and cured in a hydraulic hot press at 120 °C and 2.5 MPa for 5
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min, followed by post-curing at room temperature for 24 h. For hybrid composites (Samples B-F), 50 g of
epoxy resin—hardener mixture was prepared and the hybrid fillers were added according to the prescribed
formulations. The mixture was mechanically stirred for approximately 5 min to ensure uniform dispersion
of fillers before being poured into moulds of dimensions 140 mm x 120 mm x 3.2 mm. Curing was
conducted under identical temperature and pressure conditions as the neat epoxy samples. The process
preparation is shown in Figure 1.

Epoxy Resin Hardener Coconut Shell Powder
; Y. &
> Ah -
‘ﬁ : “
3

Prepared Mould Filled with
Composite Mixture

*

Coir Fibre Lithium Oxide

Composite
mixture Compression
Moulding

Machine

Developed Composite
Samples

Figure 1. Sample Preparation Process

34 Fabrication of Ballistic Composite Plates

Ballistic laminate samples were fabricated using the optimal formulation (Sample B) as the matrix
system, reinforced with varying layers of carbon fibre mat. Three ballistic configurations were prepared
comprising 3, 4, and 5 carbon fibre layers, designated as Samples S1, S2, and S3, respectively, as shown in
Table 2.

Table 2. Formulation for Ballistic Test Samples

S/No SAMPLE Coconut Husk Fibre Coconut shell Lithium Epoxy Resin Carbon Fibre
(9) Powder Oxide (9) Mat
()] ()] (layer)
1 S1 10 30 10 50 3
2 S2 10 30 10 50 4
3 S3 10 30 10 50 5

Epoxy resin and hardener (2:1 ratio by weight) were mixed thoroughly, after which coconut husk
fibre, coconut shell powder, and lithium oxide were added and stirred until a uniform mixture was obtained.
The mixture was used to laminate the carbon fibre layers within a mould of dimensions 120 mm x 120 mm
x 20 mm. The laminates were cured in a hydraulic hot press at 130°C and 5.0 MPa for 5 min, then demoulded
and post-cured at room temperature for 24 h. The process is shown in Figure 2.
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Figure 2. Schematics of the Ballistics Samples Preparation

35 Characterization Technigques
3.5.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was conducted in accordance with ASTM E2224-10 using a Thermo Nicolet Nexus
870 spectrometer at Ahmadu Bello University, Zaria. Spectra were recorded over a wavenumber range of
4000-650 cm™ to assess chemical functional groups and confirm the effectiveness of fibre surface treatment
[13].

3.5.2 Tensile Testing

Tensile properties were evaluated following ASTM D638 using dumbbell-shaped specimens.
Tensile strength, modulus, and elongation at break were recorded automatically by the universal testing
machine software [23].

3.5.3 Impact Testing

Impact resistance was measured using the 1zod impact method in accordance with ISO 179/ ASTM
D256. Specimens of dimensions 80 mm x 15 mm x 5 mm were notched to initiate crack propagation. Impact
strength was calculated from the absorbed energy and specimen thickness [24].

3.5.4 Micro-Hardness Testing

Vickers micro-hardness measurements were carried out in accordance with ASTM E384 using
polished specimens of dimensions 30 mm x 30 mm x 5 mm. Indentations were made under loads ranging
from 10-1000 gf with a dwell time of 10-15 s. The reported hardness values represent the average of three
measurements per specimen [25].

3.5.5 Flexural Testing

Flexural properties were determined using a three-point bending configuration in accordance with
ASTM D790. Specimens of dimensions 100 mm x 25 mm x 3.2 mm were tested over a support span of 80
mm, and flexural strength and modulus were calculated using standard equations [26].

3.5.6  Scanning Electron Microscopy (SEM)

Fracture surface morphology was examined using scanning electron microscopy following ASTM
E986. Samples were sectioned, mounted on conductive stubs, and examined at various magnifications to
identify failure mechanisms such as fibre pull-out, matrix cracking, and delamination [27].
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3.5.7 Thermogravimetric Analysis (TGA)

Thermal stability was evaluated using thermogravimetric analysis in accordance with ASTM
E1131. Approximately 12 mg of each sample was heated from 25°C to 800°C at a heating rate of 10°C/min
under nitrogen and air atmospheres using a Q5000 IR thermo-analyzer [14].

3.5.8 Ballistic Impact Testing

Ballistic testing was conducted in accordance with ASTM E3005 using live 7.62 x 39 mm
ammunition. Composite panels of dimensions 120 mm x 120 mm were mounted on a rigid frame and
impacted at stand-off distances of 100, 75, 50, and 25 m. Penetration depth, back-face deformation (BFD),
and failure modes, including fibre breakage, delamination, and matrix cracking, were recorded and
analyzed. Ballistic performance was assessed with reference to NIJ Standard 0101.06 criteria for blunt
trauma limits [28].

4 RESULTS AND DISCUSSION

The FTIR spectra of untreated and alkali-treated coconut husk fibres, along with the mechanical
characterization results of the coconut-based composites, and the corresponding thermogravimetric (TGA)
and scanning electron microscopy (SEM) analyses, are presented in Figures 3 to 13, as well as Plates 1 and
2.

4.1.1 Result of FTIR for Treated and Untreated Coconut Husk Fibres

Figure 3 presents the FTIR spectrum of untreated coconut husk fibre, exhibiting characteristic
absorption bands typical of lignocellulosic materials. The broad band observed in the range 3300-3400 cm™
corresponds to O—H stretching vibrations associated with hydroxyl groups in cellulose, hemicellulose, and
lignin [29]. Peaks near 2900 cm™ are attributed to C-H stretching of aliphatic groups, while strong
absorptions between 1730-1745 cm™ are assigned to C=0 stretching of ester linkages in hemicellulose and
lignin [30, 31]. Additional bands around 1240-1260 cm™ are associated with C-O stretching of acetyl
groups in hemicellulose, and those in the 1500-1600 cm™ region correspond to aromatic skeletal vibrations
of lignin [32]. The FTIR spectrum of alkali-treated coconut husk fibre (Figure 4) shows distinct
modifications arising from the removal of amorphous and non-cellulosic constituents. The disappearance of
the 1730 cm™ band confirms effective removal of hemicellulose [33], while the reduced intensity of peaks
near 1240 cm™ indicates cleavage of acetyl groups during alkaline treatment. A noticeable reduction in
lignin-related aromatic bands (1510-1600 cm™) suggests partial delignification. In contrast, the O-H
stretching band near 3330 cm™ becomes sharper, indicating increased exposure of cellulose hydroxyl
groups following removal of surface impurities and extractives [34]. These spectral changes confirm that
alkaline treatment enhances fibre crystallinity and surface roughness, thereby improving fibre—matrix
adhesion, consistent with previous reports [35].
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Figure 3. Fourier Transmission Infrared (FTIR) for Untreated Coconut Husk Fibre

435



Nigerian Journal of Engineering Science and Technology Research, Vol. 11, No. 2, 2025(430-444)

- ) 1996.0; 89.949
1 i M/",.-"\“__:,”‘ 558 3.'-‘-‘\%
PR PR " i \
e YT 82.200 1450.3. B0, 77 507 TS 81 808
2 2845.8; B2.418 ‘..‘;’E ;“3 :._:;r\;z
s \ /
E ) |'f [
= i 1
g '\\ THI 1 A 824
(= \ f
ol \
oy
|
|
oa | foeo.s; so.588
T T T T 7 T T T T [ T T T T ] T T T T [ T T T T J T T T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Figure 4. Fourier Transmission Infrared (FTIR) for Alkaline Treated Coconut Husk Fibre
4.1.3 Result of Tensile Strength Test

The tensile strength results of the developed composite plates (Samples A—F) are shown in Figure
5. Tensile strength varied significantly with composite formulation, ranging from 18.76 MPa (Sample F) to
27.14 MPa (Sample B). Neat epoxy resin (Sample A) exhibited a moderate tensile strength of 23.91 MPa,
which increased upon incorporation of 10 g coconut husk fibre, 30 g coconut shell powder, and 10 g lithium
oxide (Sample B). This improvement is attributed to effective stress transfer and mechanical interlocking
between the epoxy matrix and the lignocellulosic reinforcements [36]. However, excessive fibre addition,
as observed in Sample F (30 g fibre), resulted in a pronounced reduction in tensile strength due to fibre
agglomeration, poor dispersion, and the formation of stress concentration sites [36].
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Figure 5. Tensile Strength Test Results for Produced Ballistic Plates
4.1.4 Result of Elastic Modulus Test

Figure 6 presents the elastic modulus of the developed composites, with values ranging from 144.94
MPa to 348.54 MPa. Sample C (15g coconut husk fibre, 25g coconut shell powder, and 10 g lithium oxide)
exhibited the highest elastic modulus (348.54 MPa), exceeding that of neat epoxy (315.76 MPa). This
enhancement reflects improved filler—matrix adhesion and the rigid nature of coconut shell powder, which
restricts polymer chain mobility [37]. Conversely, excessive fibre loading led to reduced stiffness due to
fibre pull-out and weak interfacial bonding, a common limitation in natural fibre composites beyond critical
filler content [35].

436



Nigerian Journal of Engineering Science and Technology Research, Vol. 11, No. 2, 2025(430-444)

400

>

300

XXX
KRKR

X3
KK

200

%

Elastic Modulus (MPa)

XXX
RS

v.v
%

05
%,

Q

A 8 c o E F

Sample

Figure 6. Elastic Modulus Test Results for Produced Ballistic Plates
4.1.5 Result of Elongation at Break Test

Elongation at break results (Figure 7) indicate a progressive decrease in ductility with increasing
reinforcement content. Neat epoxy (Sample A) exhibited the highest elongation at break (11.59%), while
heavily reinforced composites such as Sample F showed reduced ductility (7.20%). This trend reflects the
inherently brittle nature of lignocellulosic fillers, which limit polymer chain mobility and strain energy
absorption [37]. Sample B maintained a relatively high elongation (10.76%), demonstrating that balanced
reinforcement can preserve ductility while enhancing strength.

Figure 7. Elongation at Break Test Results for Produced Ballistic Plates
4.1.6 Result of Flexural Strength Test

Flexural strength results (Figure 8) followed a trend similar to the tensile strength, with Sample B
exhibiting the highest value (54.44 MPa), surpassing neat epoxy (44.55 MPa). The improvement indicates
effective stress redistribution under bending due to reinforcement incorporation, consistent with earlier
findings on coconut shell powder—reinforced composites [38]. At higher filler loadings (Samples E and F),
flexural strength decreased owing to agglomeration, void formation, and stress concentration effects.
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Figure 8. Flexural Strength Test Results for Produced Ballistic Plates
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4.1.7 Result of Flexural Modulus Test

The flexural modulus results (Figure 9) show that neat epoxy possessed the highest modulus
(2958.17 MPa), reflecting its inherent stiffness under bending. The reduction observed in reinforced
samples, particularly Sample B (2147.56 MPa), is attributed to disruption of resin continuity by filler
particles. Nevertheless, intermediate formulations (Samples C-E) retained adequate stiffness, highlighting
the composition-dependent nature of reinforcement effects in natural fibre composites [36].
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Figure 9. Flexural Modulus Test Results for Produced Ballistic Plates
4.1.8 Result of Impact Strength Test
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Impact strength results (Figure 10) reveal that neat epoxy exhibited the lowest toughness (0.183
J/mm), confirming its brittle behaviour. Reinforced composites demonstrated enhanced impact resistance,
with Sample B achieving the highest impact strength (0.294 J/mm). The synergistic combination of coconut
husk fibre and coconut shell powder promoted crack deflection and energy dissipation mechanisms [38]. At
higher fibre contents, impact strength declined due to agglomeration and weakened interfacial bonding,
reducing resistance to crack propagation [39, 40].
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Figure 10. Impact Strength Test Results for Produced Ballistic Plates
4.1.9 Result of Hardness Test

Hardness results (Figure 11) show a steady increase with increasing fibre and shell powder content.
Neat epoxy recorded the lowest hardness (40.63 HV), while Samples E and F exhibited the highest values
(57.03 HV and 56.33 HV, respectively). This increase is attributed to the stiffening effect of lignocellulosic
fillers, which enhance resistance to surface deformation [41]. The inverse relationship observed between

hardness and impact strength is characteristic of fibre-reinforced composites and reflects the trade-off
between stiffness and toughness [38].
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Figure 11. Hardness Test Results for Produced Ballistic Plates
4.1.10 Thermogravimetric Analysis Results

Figure 12 compares the TGA curves of neat epoxy (Sample A) and the reinforced composite
(Sample B). Neat epoxy exhibited a single-stage degradation profile commencing between 300-400 °C,
with a residual mass of 19.20%, typical of thermosetting polymers [42]. In contrast, Sample B displayed a
multi-stage degradation behaviour initiated at lower temperatures due to moisture evaporation and early
decomposition of hemicellulose and lignin components [43]. Notably, Sample B exhibited higher char yield
at temperatures above 500°C, attributed to the synergistic effect of lignin-rich fillers and lithium oxide,
which promote char formation through dehydration reactions and suppress flammable volatiles [44]. This
enhanced char formation indicates improved thermal shielding and flame-retardant behaviour of the
composite.
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Figure 12. Thermogravimetric Analysis Test Results for Samples A and B Ballistic Plates
4.1.11 Scanning Electron Microscopy Results

SEM micrographs of Samples A and B (Figures 13a—b) reveal marked differences in fracture
morphology. Neat epoxy displayed a smooth, homogeneous fracture surface, facilitating rapid crack
propagation and explaining its low impact resistance [45]. In contrast, Sample B exhibited a heterogeneous
microstructure with well-embedded coconut husk fibres and uniformly dispersed coconut shell powder
particles, indicating effective wetting and interfacial bonding. These features enhance stress transfer and
energy dissipation through fibre pull-out, crack deflection, and matrix cracking [46]. Single-shot ballistic
impact tests conducted on three laminate configurations (Samples A—C) using 7.62 x 39 mm ammunition
demonstrated a clear dependence of performance on laminate thickness and layering. Samples A (3 layers)
and B (4 layers) failed to arrest the projectile at all tested distances (25-100 m), while Sample C (5 layers)
successfully arrested the projectile at 100 m with a modest back-face deformation (=8-12 mm). Partial
penetration was observed at 75 m, shallow penetration at 50 m, and complete perforation at 25 m. The
improved performance of Sample C is attributed to increased delamination interfaces, enhanced load
spreading by the carbon-fibre strike face, and progressive energy dissipation by the coconut-based backing
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layers. Overall, the measured back-face deformation values (8-16 mm) for non-perforating impacts in
Sample C are well below the NIJ allowable limit, indicating effective blunt trauma mitigation. The front
views and rear views are shown in Plates 1 and 2. These findings are consistent with literature reports on
multilayer natural fibre hybrid composites, which emphasize the need for increased layer count or
ceramic/aramid hybridization to improve close-range ballistic resistance [47-51].

-

Impurity

Figure 13(a) and (b). Thermogravimetric Analysis Test Results for Samples A and B Ballistic Plates

BRERRE . -

Plate 2. Rear View of Tested Produced Ballistic Plate

4.1 FTIR Analysis
4.1.12 Ballistic Performance

The ballistic performance for the single shot impact is shown in Table 3. P (Perforation): Complete
penetration of the ballistic plate, resulting in a through-hole or projectile exit. PP (Partial Penetration):
Projectile partially penetrates the plate but is arrested within the laminate, producing significant back-face
deformation. NP (No Penetration): Projectile fully arrested with back-face deformation below the NIJ
0101.06 allowable limit (44 mm). *BFD values are reported only for NP and PP cases where projectile
arrest or retention occurred. **Residual velocities are estimated values influenced by muzzle velocity
variation, projectile deformation, laminate architecture, and shot placement. ***Residual velocity for PP
cases is indicative only and represents potential post-impact velocity if shallow perforation occurs.

440



Nigerian Journal of Engineering Science and Technology Research, Vol. 11, No. 2, 2025(430-444)

Table 3. Single-shot ballistic impact outcomes of composite samples at varying engagement distances

Back-Face

Distance . - Estimated Residual
Sample m) Impact Outcome (Single Shot) (Drs:‘r?)rinatlon, BFD Velocity (m/s)**
Sample A (34, Perforation (P) — ~320-430
layers)
75 Perforation (P) — ~350-470
50 Perforation (P) — ~400-520
25 Severe perforation (P) — ~430-560
Sample B (4 100 Shallow perforation (edge-case ~260-360
layers) P)
75 Full perforation (P) — ~320-450
50 Severe perforation (P) — ~360-500
25 Severe perforation (P) — ~420-560
Sample C (5 100 No penetration (NP) 8-12 —
layers)
Partial ~ penetration  (PP); - ——
75 projectile retained  with 10-16 Possible Iow***re3|dual
(~100-200)
pronounced bulge
Partial penetration / shallow .
50 perforation 10-14 If-perforated: ~150-260
25 Perforation (central hits) — ~380-560

5 CONCLUSIONS

This study developed and validated a sustainability-oriented hybrid composite for ballistic
protection through the multiscale integration of a carbon fiber strike face with a bio-based epoxy matrix
reinforced by alkali-treated coconut husk fiber, coconut shell powder, and lithium oxide. The novelty of the
system lies in the synergistic combination of renewable reinforcements with targeted inorganic modification
to achieve mechanical robustness, thermal stability, and effective energy dissipation. The optimized
formulation (10 wt.% CHF, 30 wt.% CSP, and 10 wt.% L.i,0) exhibited superior mechanical performance,
achieving tensile strength of 27.14 MPa, flexural strength of 54.44 MPa, and impact resistance of 0.294
J/mm, exceeding that of neat epoxy and alternative compositions. Ballistic testing further demonstrated the
practical viability of the design: a five-layer laminate successfully stopped 7.62 x 39 mm projectiles at a
100 m standoff distance, with back-face deformation limited to 8-12 mm, remaining well within accepted
safety limits. These results confirm that natural-fiber-based hybrid composites, when strategically deployed
as energy-absorbing backing layers behind a carbon fiber front face, can provide an effective balance
between lightweight design, sustainability, and medium-threat ballistic resistance. Future work should focus
on optimizing laminate architecture and interfacial bonding to enhance energy dissipation and damage
tolerance. The incorporation of ceramic or ultra-high-molecular-weight polyethylene (UHMWPE) strike
faces into ternary hybrid systems is recommended to address higher threat levels and reduced engagement
distances. Additionally, multi-hit ballistic assessment and environmental durability studies are essential to
evaluate long-term performance. Overall, this work establishes a robust framework for the development of
sustainable, high-performance ballistic materials in advanced protective applications.
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