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ARTICLEINFO ABSTRACT

Article history : This study examines glass fiber-reinforced polyester composites enhanced with carbon
derived from date seeds as potential materials for submarine hull construction.

Received : 21 March 2025 Mechanical, physical, and microstructural properties were evaluated through tensile,

Revised : 30 September 2025 flexural, compression, impact, density, and water absorption tests. Composites containing
0.5-2.0 wt% carbon were fabricated and assessed under varied loading and environmental
Accepted : 2" November 2025 conditions. Results show that the 0.5% carbon composite achieved the highest impact

toughness (0.137 J) and flexural modulus (95,639.879 MPa), indicating superior
resistance to dynamic and bending stresses. The 2.0% carbon composite recorded the
greatest tensile strength (4,844.308 MPa) but lower flexibility, whereas the 1.0% carbon
composite displayed the lowest density (0.97 g/cm3), enhancing buoyancy for marine use.
Date seeds All samples exhibited 0% water absorption, confirming excellent moisture resistance.
SEM-EDS analysis revealed uniform reinforcement dispersion and strong interfacial
bonding, particularly in the 0.5% hybrid composite. Overall, the findings highlight date

Keywords:

bio-based carbon

glass fiber composites seed—derived carbon as a sustainable reinforcement capable of improving the strength-to-
) weight ratio of glass fiber composites. It offers a lightweight, corrosion-resistant
submarine hulls alternative to conventional metals for submarine structures, warranting further

microstructural analysis optimization and field testing for marine deployment.

1 Introduction
Beneath the ocean’s depths, where immense hydrostatic pressures and corrosive forces prevail, submarines serve as

critical assets for naval defense, deep-sea exploration, and underwater research [1]. The structural integrity of these vessels
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depends on materials that can endure extreme conditions while maintaining mechanical strength, resilience, and durability.
Historically, high-strength metals such as steel and titanium have been the primary choices for submarine hull construction
due to their robustness and load-bearing capabilities [2 — 3]. However, these materials present significant challenges,
including excessive weight that hinders maneuverability and fuel efficiency, susceptibility to corrosion despite protective
coatings, and the high costs associated with fabrication and maintenance [4 — 5]. Additionally, the magnetic signature of
metallic hulls increases the risk of detection [6], further emphasizing the need for alternative materials that enhance
operational stealth and efficiency.

Submarine hulls are subject to some of the most demanding service environments in engineering, requiring materials that
combine mechanical robustness with long-term durability in corrosive and high-pressure conditions [1]. Hull structures must
not only sustain the immense hydrostatic pressures encountered at operational depths but also exhibit sufficient fracture
toughness and fatigue resistance to survive repeated pressurization cycles without catastrophic crack propagation [7]. In
addition to strength and toughness, adequate flexural and compressive stiffness is essential to maintain shape stability under
distributed loads and prevent buckling failures [4]. Equally critical is the balance between structural integrity and buoyancy;
materials must provide a high strength-to-weight ratio to minimize displacement, reduce fuel consumption, and improve
maneuverability relative to heavy metallic hulls [5].

Beyond these mechanical considerations, environmental resistance and stealth performance play pivotal roles in
submarine material selection. Conventional steels are prone to seawater corrosion and require costly maintenance, whereas
advanced composites and polymers offer intrinsic hydrophobicity and improved durability [2]. Materials must also absorb or
dampen acoustic, magnetic, and thermal signatures to ensure operational stealth; fiber-reinforced polymers, for example,
exhibit inherently low magnetic permeability and favorable sound-dampening properties [8]. Furthermore, practical
engineering considerations such as manufacturability, scalability, and repairability remain central to hull design, since
submarine construction demands cost-effective fabrication processes that allow integration of stiffeners, joints, and potential
field retrofitting [9]. Taken together, these stringent requirements underscore the limitations of traditional metallic solutions
and highlight the need for innovative, lightweight, corrosion-resistant, and mechanically balanced materials that can address
the diverse demands of submarine operations [10].

The development of polymer composite materials has introduced a promising alternative, offering a superior strength-
to-weight ratio, enhanced corrosion resistance, and greater design flexibility [8, 9, 11]. Fiber-reinforced polymer (FRP)
composites, in particular, have gained widespread adoption across aerospace, automotive, and marine industries due to their
exceptional mechanical performance [12 — 13]. The increasing demand for sustainable, lightweight, and cost-effective
solutions has also spurred interest in bio-based reinforcements, leading to the exploration of hybrid composites. This shift is
especially relevant because submarine materials must withstand extreme external pressures while ensuring long-term
structural reliability. Traditional steels such as HY-80 and HY-100, though known for their toughness and weldability, remain
constrained by their density, corrosion susceptibility, and high production costs [14]. Consequently, researchers are
investigating innovative composite materials that combine the advantages of synthetic and natural reinforcements, paving the
way for more efficient, resilient, and sustainable submarine hull designs.

Extensive research has demonstrated that fiber-reinforced polymer (FRP) composites can achieve strength levels
comparable to or exceeding those of metals while offering substantial weight reductions, thereby improving propulsion
efficiency and reducing energy demands. According to EI Hawary et al [15], the FIBRESHIP project showcased that
replacing steel with FRPs in large vessel hulls resulted in up to a 30% reduction in weight, leading to lower fuel consumption
and emissions while preserving structural integrity. Unlike metals, polymer matrices exhibit inherent corrosion resistance,
prolonging service life in marine environments. Supporting this, Choudhari et al [16] conducted an extensive review of FRP
composites exposed to seawater aging and found that advanced resin systems effectively mitigate moisture absorption,
ensuring the retention of mechanical properties over extended periods.

A key advantage of FRPs lies in their ability to be engineered for specific performance requirements through precise
control of fiber orientation and resin composition, enabling optimized mechanical behavior [17]. Studies have consistently
demonstrated that CFRPs exhibit high tensile strength, and fatigue resistance, making them ideal for withstanding the extreme
pressures of underwater environments [12, 18 — 19]. Beyond their mechanical advantages, FRPs contribute significantly to
stealth capabilities. Their reduced magnetic signature enhances operational security, making them particularly well-suited
for submarine applications. According to Rubino et al [12], carbon fibers not only provide high strength-to-weight benefits
but also offer electromagnetic shielding, reducing the risk of magnetic detection. Additionally, they exhibit lower thermal
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conductivity and superior acoustic insulation, which further enhance stealth performance [20 — 21]. Moreover, Kappenthuler
and Seeger [18] noted that these materials minimize heat transfer and possess intrinsic sound-dampening properties,
effectively lowering acoustic signatures and improving a submarine’s ability to evade detection. Despite these advantages,
CFRPs face notable challenges, including brittle failure modes, high manufacturing costs, and susceptibility to matrix
cracking under extreme loads [22 — 24]. The energy-intensive production of carbon fiber also raises environmental concerns
[25]. Additionally, while recent advancements in CFRP manufacturing have led to the development of hierarchical
composites with superior mechanical performance, impact resistance remains a concern [26 — 27]. In order to deal with the
issue, aramid fibers such as Kevlar have been explored as alternative reinforcements due to their excellent toughness and
lightweight properties [28 — 30]. Kevlar composites have been utilized in military vehicle armor, ballistic protection systems,
and marine hulls [31 — 32]; however, they suffer from UV degradation, moisture absorption, and reduced compressive
strength, limiting their long-term effectiveness in submerged applications [33 — 35]. These limitations have driven ongoing
research into cost-effective and sustainable reinforcement solutions that balance performance, durability, and economic
feasibility. The continuous evolution of composite technology, particularly in addressing the challenges of impact resistance,
affordability, and environmental sustainability, will be crucial in shaping the future of FRPs for submarine and other advanced
marine applications.

Glass fiber-reinforced composites have also been widely used in marine engineering due to their low cost, ease of
fabrication, and balanced mechanical properties. Studies indicate that GFRP hulls demonstrate good corrosion resistance,
moderate tensile strength, and cost-effectiveness compared to carbon fiber composites [36 — 38]. However, glass fibers are
susceptible to moisture absorption, which can weaken the composite over time [39 — 40]. To mitigate this, hybrid
reinforcements combining glass fiber with other materials are being explored. With increasing environmental concerns, the
incorporation of bio-based reinforcements in composites has become a major research focus [41 — 45]. Date seeds, a
byproduct of date fruit processing, offer a renewable and sustainable source of carbon. Studies suggest that date seeds are
rich in carbon content, making them suitable for conversion into reinforcement materials through pyrolysis and grinding [46
—48].

The benefits of using date seed-derived carbon include waste valorization, as utilizing agro-waste materials reduces
environmental burdens [49]. It also serves as a renewable reinforcement source, unlike synthetic carbon fibers, which rely on
fossil-based resources [50]. Agricultural waste-derived carbon reduces material costs compared to traditional reinforcement
additives, making it a cost-efficient alternative. Additionally, it has a lower carbon footprint compared to fossil-derived
reinforcements, contributing to eco-friendliness in material engineering. Previous studies have shown that biocarbon
additives can enhance composite properties such as improved mechanical strength and toughness, increased thermal stability,
reduced water absorption, and better interfacial bonding with polymer matrices. By integrating glass fiber with date seed-
derived carbon, this study aims to leverage the benefits of both reinforcements to achieve an optimal balance of strength,
flexibility, impact resistance, and environmental sustainability for submarine applications.

This research presents a novel hybrid composite utilizing glass fiber and date seed-derived carbon as reinforcements in
a polyester matrix. Unlike conventional composites, this study introduces a bio-based reinforcement from agro-waste to
enhance sustainability. It optimizes mechanical properties by varying date seed carbon content and evaluates comprehensive
material properties, including tensile strength, flexural behavior, impact resistance, and water absorption. The feasibility for
submarine applications is explored, contributing to lightweight, corrosion-resistant, and cost-effective hull materials. This
study aims to develop and characterize a glass fiber—date seed carbon reinforced composite and assess its suitability for
submarine hull applications. Through experimental validation, this study provides insights into the potential of bio-based
reinforcements in marine composites, paving the way for sustainable and high-performance structural materials.

2 Methodology
2.1 Materials

The selection of materials for this study was guided by the need to develop a high-performance compaosite with superior
mechanical strength and lightweight properties, making it suitable for submarine hull applications. The composite system
consists of glass fiber reinforcement, carbon derived from date seeds, and a polyester resin matrix, each chosen for its distinct
advantages in structural performance and environmental sustainability. The woven glass fiber mats used in this study
enhanced load distribution within the composite, improving its tensile and flexural properties. Other materials include
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catalysts and activators. To ensure precision in composite preparation, the study utilized a stainless steel mold (15cm by
15cm), which provided dimensional accuracy and surface smoothness during curing. A sieve mesh (150um) was used to
standardize the particle size of the date seed-derived carbon, ensuring homogeneous dispersion within the matrix. Various
testing equipment, including a universal testing machine, impact testing apparatus, scanning electron microscope (SEM), and
hardness testing machine, were employed to evaluate the mechanical and microstructural properties of the composite.

The dates utilized in this research were procured from a rural market in Kano. The polyester resin, catalysts, and activator
used in this study were of analytical grade and were procured from a certified supplier in Nsukka, Nigeria.

Fig. 1- Sun-dried date seeds utilized for the study

2.2 Methods
2.2.1  Preparation and Carbonization of Date Seeds

The preparation of date seeds for carbonization began with their collection and preliminary processing to ensure purity
and uniformity. The seeds were first separated from the fruit, thoroughly washed to remove residual pulp, and then sun-dried
to eliminate surface moisture (see Figure 1). This drying step was essential for preventing unwanted reactions during the
carbonization process [51]. Once dried, the seeds were placed in a stainless steel container with a sealed lid to limit oxygen
exposure, preventing combustion and facilitating controlled pyrolysis [52].

The carbonization process involved heating the sealed container in a charcoal-fired furnace for one hour and fifteen
minutes at high temperatures, allowing the organic material in the date seeds to decompose thermally and convert into carbon
[53]. Throughout this phase, a manual blower was used to maintain consistent heating, ensuring uniform carbonization [54].
After cooling to room temperature for approximately forty minutes, the carbonized seeds were carefully removed, ground
into a fine powder, and sieved through a 150um mesh to achieve a uniform particle size. This finely processed date seed-
derived carbon was then stored in an airtight container to prevent contamination and moisture absorption, ensuring its
suitability as a reinforcement in the composite fabrication process.

2.2.2  Mold Preparation and Composite Formation

The preparation of the mold is a crucial step in composite fabrication, ensuring proper shaping, easy demolding, and
preventing defects such as adhesion or irregular curing [55]. To facilitate a smooth release of the composite, the mold was
first lined with masking tape, creating a non-stick barrier. A layer of release agent (Vaseline) was then applied, further
reducing the risk of adhesion between the polyester resin and the mold surface. These steps were essential in preventing
mechanical damage to the specimens during demolding, ensuring dimensional accuracy, and maintaining the integrity of the
composite structure. For precise composite formation, the mass of the polyester resin was determined based on its density
(1.22 g/cm3) and the mold volume (132 cm3, including a 10% allowance for expansion and overflow prevention). A systematic
calculation was performed to adjust the weight fractions of carbon reinforcement while maintaining the correct resin volume
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(see Table 1). The percentage of carbon varied from 0% to 2.0%, with corresponding adjustments in polyester mass to
maintain a consistent total mass. This controlled formulation ensured that each specimen had a uniform composition, allowing
for reliable comparisons in mechanical performance. The thickness of the glass fiber (0.78 mm) was considered negligible in
volume calculations, as its impact on the overall mass distribution was minimal.

Table 1. Composition of Carbon-Reinforced Polyester Composites

Carbon content (%)  Polyester content (%) Carbon mass (g)  Polyester mass (g)  Polyester volume (ml)

0 100 0 161 132
0.5 99.5 0.8 160 131.2
1.0 99.0 1.6 159.4 130.7
15 98.5 24 158.6 130
2.0 98.0 3.2 158 129.5

The composite formation process began with the preparation of the control specimen, which consisted solely of polyester
resin. The required volume of 132 ml of resin was measured and placed in a mixing container. To initiate the curing reaction,
2% of the volume of the catalyst and activator was added. The mixture was then vigorously stirred to ensure homogeneity
and prevent agglomeration before being poured into the pre-prepared mold for curing. For the 0% carbon composite
reinforced with glass fiber, the glass fiber mat was first cut to match the mold dimensions. The same procedure was followed
for the resin preparation, after which half of the resin mixture was poured into the mold. The glass fiber mat was then placed
into the mold, and the remaining resin mixture was poured over it, ensuring uniform wetting before the curing process.

For the carbon-reinforced composites, the percentage of date seed-derived carbon varied from 0.5% to 2.0% by weight,
with corresponding reductions in polyester resin volume. In each case, the pre-cut glass fiber mat was positioned in the mold.
The required amount of polyester resin was measured, and 2% of catalyst and activator was added, followed by the weighted
carbon particulate, which was mixed thoroughly to achieve uniform dispersion. The first half of the mixture was then poured
into the mold, after which the glass fiber mat was carefully placed. The remaining mixture was then added to ensure even
distribution. The specimens were left to cure under controlled conditions, allowing the composite to solidify and develop its
mechanical properties. This systematic variation of carbon content facilitated the evaluation of its effect on the composite's
mechanical and durability performance. Figures 2 and 3 present the real and schematic images of the composite curing
process.

Fig. 3- Curing and formation of the composites
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Fig. 2- Schematic diagram of the curing process

2.2.3  Water Absorption Test

Water absorption tests were conducted following the standard procedure outlined in ASTM D570 (“Standard Test
Method for Water Absorption of Plastics”). Rectangular specimens (2 cm x 2 ¢cm) from each composite formulation were
dried in an oven at 60 °C for 24 h, cooled to room temperature in a desiccator, and then weighed to the nearest 0.001 g (initial
dry mass, Wo) (see Figure 4). The samples were subsequently immersed completely in distilled water at ambient temperature
(25 °C) for 168 hours (7 days), a duration commonly used in marine polymer composite studies. After immersion, specimens
were surface-dried with lint-free paper, reweighed (W1), and the water absorption percentage was calculated using:

Wy-Wo
Wo

Water Absorption (%) = x 100 1)

W"" —

Fig. 4- Specimens for the water absorption

2.2.4  Characterization

The charcoal-fired furnace played a critical role in the carbonization process of date seeds, converting them into fine
carbon particulates suitable for composite reinforcement. This furnace, powered by charcoal and liquid gas, provided the
high temperatures necessary to induce pyrolysis, ensuring the controlled thermal decomposition of organic matter in an
oxygen-limited environment. The furnace was manually operated with a blower to maintain consistent heating, which was
essential for achieving uniform carbonization.

To evaluate the microstructural characteristics of the composites, a Scanning Electron Microscope (SEM) (JOEL-JSM
7600F) was utilized. SEM analysis provided high-resolution imaging of the fiber-matrix interface, fracture surfaces, and
dispersion of carbon particulates, offering critical insights into the material's structural integrity [56]. This was complemented
by mechanical testing equipment, including a bending machine for flexural strength assessment, a compression machine to
determine the composite's ability to withstand compressive loads, and an impact testing machine to measure the toughness
and energy absorption capability of the composite under sudden force. Further mechanical evaluations were conducted using
a Shore D durometer, a specialized hardness testing machine designed to assess the composite’s resistance to indentation and
surface deformation. This test provided valuable data on the polymer matrix’s ability to withstand wear and mechanical stress
over time.
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Energy absorption of the composites was evaluated using a Charpy impact test machine (Model XJU-22, Jinan Testing
Equipment Co., China). Rectangular specimens with dimensions of 2 cm x 2 cm were prepared in accordance with ASTM
D6110-18 (Standard Test Method for Determining the Charpy Impact Resistance of Notched Specimens of Plastics). Each
specimen was positioned horizontally across the machine supports with a central V-notch of 2 mm depth. The pendulum
hammer was released from a fixed height and struck the specimen at the midpoint until fracture occurred. The absorbed
impact energy was automatically recorded by the machine as the difference between the hammer’s initial potential energy
and its residual energy after fracture.

The combination of these diverse testing methods ensured a comprehensive analysis of the composite’s mechanical,
microstructural, and durability properties, making it possible to evaluate the feasibility of glass fiber—date seed carbon
reinforced composites for marine applications.

3 Results and Analysis

3.1 Mechanical Properties: Tensile Strength and Young's Modulus

The tensile properties of the composites, as presented in Figure 5 and Table 2, reveal significant variations in Young's
modulus across different carbon reinforcement percentages.

TENSILE TEST GRAPH FOR ALL SIX SAMPLES
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Fig. 5- Tensile test graph for all the samples

Table 2. Young’s Modulus of Glass Fiber—Carbon Reinforced Polyester Composites

Specimen Young's Modulus
Control 4460.289
Glass Fiber 3562.062
0.5%C 231551
1.0%C 1333.538
1.5%C 3446.231
2.0%C 4844.308

The composite with 2.0% carbon exhibited the highest Young's modulus (4844.308 MPa), indicating an increased ability
of the material to resist elastic deformation under tensile loading. This aligns with findings from Pei et al [57], who
demonstrated that carbon reinforcement, particularly at higher weight percentages, enhances the tensile modulus of polymer
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composites by providing a rigid network that restricts polymer chain mobility. However, this improvement in modulus was
accompanied by reduced elongation at break, reflecting a decrease in ductility. Similar observations have been noted in other
studies [58], where the trade-off for higher modulus is diminished deformability. Importantly, it should be noted that tensile
strength (maximum stress before fracture) and Young’s modulus (slope of the elastic region) are distinct properties: while
higher carbon content increased modulus in this study, the strength improvements were less pronounced. This distinction is
crucial in application contexts such as submarine hulls, where both high tensile strength to resist fracture and sufficient
ductility to absorb dynamic loads are required.

In contrast, the composite with 1.0% carbon displayed the lowest Young's modulus (1333.538 MPa), indicating greater
deformability under tensile loading but reduced tensile strength. This finding is consistent with the work of DeArmitt and
Rothon [59], who noted that lower filler concentrations in polymer composites often result in reduced modulus due to
insufficient reinforcement of the polymer matrix. The 0.5% carbon composite, with a Young's modulus of 2315.51 MPa,
strikes a balance between modulus and ductility, making it a promising candidate for applications requiring moderate strength
without excessive brittleness. This corroborates the observations of Sathishkumar et al. [60], who highlighted that optimal
filler concentrations are critical for achieving a balance between mechanical properties and processability in fiber-reinforced
composites. The control specimen (pure polyester resin) exhibited a Young's modulus of 4460.289 MPa, which is higher than
that of the glass fiber—reinforced sample without carbon (3562.062 MPa). This unexpected result may be attributed to the
inherent brittleness of pure polyester resin, which, while displaying a relatively high modulus, lacks the toughness imparted
by fiber reinforcement.

The tensile test results underscore the importance of optimizing carbon content to achieve the desired mechanical
properties for specific applications. The 2.0% carbon composite, while exhibiting the highest tensile strength, may not be
ideal for submarine hulls due to its reduced flexibility, which could lead to brittle failure under dynamic loading conditions.
On the other hand, the 0.5% carbon composite offers a more balanced combination of strength and flexibility, making it a
more suitable candidate for marine applications where impact resistance and durability are paramount. These findings are
supported by Natarajan et al [61], who emphasized that the mechanical performance of composites in extreme environments
is highly dependent on the interplay between reinforcement content and matrix properties. Hence, future research must focus
on further optimizing the carbon content and exploring hybrid reinforcement strategies to enhance both tensile strength and
toughness, ensuring the material's suitability for high-stress marine applications.

3.2 Flexural Modulus

The flexural performance of the composites, as demonstrated by the flexural modulus values (see Figures 6 and 7),
provides critical insights into the material's ability to withstand bending stresses without permanent deformation. The
composite reinforced with 0.5% carbon exhibited the highest flexural modulus (95,639.879 MPa), indicating an enhanced
resistance to elastic flexural deformation. Supporting this finding, Rajak et al. [24] reported that moderate carbon
reinforcement can significantly improve the flexural properties of polymer composites by creating a more cohesive interface
between the matrix and the reinforcement. The improved modulus observed in the 0.5% carbon composite suggests that a
lower carbon content may facilitate more efficient stress distribution across the material, thereby reducing the likelihood of
crack initiation and propagation under loads. This improvement is particularly relevant for applications such as submarine
hulls, where materials must endure complex multiaxial stress states without compromising structural integrity.

In contrast, the composite with 2.0% carbon displayed the lowest flexural modulus (57062.565 MPa), indicating reduced
strength and greater susceptibility to flexural deformation. This finding is consistent with the observations of [59], who noted
that excessive filler content can lead to agglomeration and poor interfacial bonding, thereby weakening the composite's
overall mechanical performance. The 1.0% carbon composite, with a flexural modulus of 65857.751 MPa, further supports
this trend, as it exhibited lower modulus compared to both the 0.5% and 1.5% carbon composites. This suggests that there is
an optimal threshold for carbon reinforcement beyond which the material's flexural performance begins to degrade. The
control specimen (pure polyester resin) and the glass fiber-reinforced sample without carbon exhibited flexural moduli of
84694.274 MPa and 80873.606 MPa, respectively. While these values are relatively high, they are surpassed by the 0.5%
carbon composite, underscoring the synergistic effect of combining glass fiber with moderate carbon reinforcement to
enhance flexural modulus.

The flexural test results highlight the importance of balancing carbon content to achieve optimal mechanical
performance. The 0.5% carbon composite, with its exceptional flexural modulus, emerges as a strong candidate for
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applications requiring high resistance to flexural stresses. This is particularly significant for submarine hulls, which must
maintain structural integrity under varying hydrostatic pressures and dynamic loads. However, the reduced flexural
performance of the 2.0% carbon composite raises concerns about the potential for brittle failure under high-stress conditions,
as noted by Natarajan et al [61].

FLEXURAL GRAPH OF ALL SAMPLES
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Fig. 7- Flexural Modulus Variation in Glass Fiber—Carbon Reinforced Composites

3.3 Compression Resistance

The compression resistance of the composites, as indicated by the compression modulus of elasticity in Table 3 and
Figure 8, provides important insights into the material's ability to withstand crushing forces, which is a critical requirement
for submarine hulls operating under extreme hydrostatic pressures. In this study, the term compression modulus of elasticity
(compressive modulus) refers to the slope of the elastic region of the stress—strain curve under compressive loading, reflecting
the stiffness of the composite in resisting elastic deformation. In contrast, compression resistance (compressive strength)
denotes the maximum stress a specimen can withstand before yielding or failure. Although these properties are related, they
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are not identical: a higher modulus typically improves a material’s ability to resist elastic compression, but ultimate resistance
also depends on microstructural factors and failure mechanisms [62].

Table 3. Compression Modulus of Glass Fiber—Carbon Reinforced Polyester Composites

Specimen Compression Modulus of Elasticity
Control 1849.321

Glass Fiber 1967.741

0.5%C 2938.51

1.09%C 1870.331

1.5%C 1667.302

2.0%C 1377.004
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Fig. 8- Compression resistance tests variations for the different samples

The composite with 0.5% carbon exhibited the highest compression modulus (2938.51 MPa), demonstrating superior
resistance to compressive stress. This aligns with several studies that show that moderate carbon reinforcement can enhance
the compressive properties of polymer composites by improving the load-bearing capacity of the matrix [61, 63 — 64]. The
1.0% carbon composite's performance suggests that an optimal carbon content exists, which strengthens the polymer matrix
without introducing excessive brittleness. This is particularly relevant for marine applications, where materials must maintain
structural integrity under high compressive loads without undergoing catastrophic failure.

In contrast, the composite with 2.0% carbon displayed the lowest compression modulus (1377.004 MPa), indicating
reduced resistance to compressive forces. In alignment with Sravanthi et al [56], higher carbon content can lead to
agglomeration and poor interfacial bonding, thereby weakening the composite's overall mechanical performance. The 1.0%
carbon composite, with a compression modulus of 1870.331 MPa, also underperformed compared to the 0.5% carbon
composite, further supporting the notion that there is an optimal threshold for carbon reinforcement. The control specimen
(pure polyester resin) and the glass fiber-reinforced sample without carbon exhibited compression moduli of 1849.321 MPa
and 1967.741 MPa, respectively. While these values are relatively high, they are surpassed by the 0.5% carbon composite,
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underscoring the synergistic effect of combining glass fiber with moderate carbon reinforcement to enhance compressive
properties.

The compression test results highlight the importance of balancing carbon content to achieve optimal mechanical
performance. The 0.5% carbon composite, with its exceptional compression modulus, emerges as the most preferred for
applications requiring high resistance to compressive stress. This is particularly significant for submarine hulls, which must
endure varying hydrostatic pressures without compromising structural integrity. However, the reduced compression
performance of the 2.0% carbon composite raises concerns about the potential for brittle failure under high-stress conditions,
as noted by [61].

3.4 Hardness and Surface Resistance

Figure 9 presents the hardness results revealing a distinct inverse relationship between reinforcement content and
resistance to localized deformation, aligning with existing literature on fiber-reinforced polymer composites. The control
specimen (pure polyester resin) recorded the highest hardness value (408.67 HRB), a result that underscores the intrinsic
rigidity of unreinforced thermosetting polymers. According to DeArmitt and Rothon [59], polyester resins exhibit high
hardness due to their dense cross-linked molecular structure, which restricts plastic deformation under localized stress.
However, while hardness is often associated with improved scratch and wear resistance, it frequently correlates with increased
brittleness, as observed in [65]. This implies that although the pure resin offers excellent resistance to indentation, it may lack
the toughness required for impact-prone applications, particularly in submarine hulls that experience dynamic loading
conditions.
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Fig. 9- Hardness Distribution of Glass Fiber—Carbon Reinforced Polyester Composites

The incorporation of glass fiber reinforcement led to a significant reduction in hardness (336.67 HRB). The introduction
of carbon particulate reinforcement further reduced hardness values, with 1.0% carbon composite recording the lowest
hardness (252 HRB). This decline suggests that increasing carbon content leads to reduced polymer rigidity, likely due to
insufficient interfacial bonding or increased internal stress relaxation. The literature supports this observation, as Akar et al
[66] noted that adding carbon-based fillers to polymer matrices can introduce microstructural inconsistencies, reducing
overall hardness while enhancing flexibility and energy absorption. This highlights a critical trade-off between surface
resistance and ductility, necessitating optimization to achieve the desired balance for marine applications.

Interestingly, the 2.0% carbon composite (289 HRB) exhibited a slight rebound in hardness, suggesting that beyond a
certain threshold, carbon particulates may enhance surface resistance through particle reinforcement mechanisms. Pei et al
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[57] indicate that at higher filler concentrations, carbon particulates can act as secondary hardening agents, impeding localized
plastic flow and increasing scratch resistance. However, excessive carbon content may also lead to agglomeration,
introducing microstructural defects that weaken the composite’s mechanical integrity. These findings reinforce the
complexity of hardness optimization in hybrid composites, where the interplay between fiber reinforcement, particulate
fillers, and matrix adhesion dictates overall performance.

3.5 Impact Toughness and Energy Absorption

Survivability in high-impact environments demands a material’s ability to dissipate energy effectively without
succumbing to catastrophic failure. The impact toughness result, as shown in Figure 10, reveals an intricate balance between
reinforcement content and fracture resistance, a balance that defines the structural reliability of composites in dynamic load-
bearing applications such as submarine hulls. Among the tested specimens, the 0.5% carbon composite demonstrated the
highest impact energy absorption (0.137 J), signifying an optimal reinforcement-matrix synergy where stress is diffused
across the composite rather than concentrated at failure points. The polymer matrix, supplemented by a restrained amount of

carbon, retains sufficient ductility to deform under impact rather than fracture, a crucial attribute for materials exposed to
unpredictable stresses in underwater environments.
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Fig.10- Impact Energy Absorption of Glass Fiber—Carbon Reinforced Polyester Composites

A deviation from this optimized reinforcement ratio manifests in brittle tendencies, as seen in the 1.0% carbon composite,
which recorded the lowest impact energy absorption (0.037 J). Such a sharp decline suggests that an increase in carbon
content beyond a critical threshold undermines energy dissipation mechanisms, potentially due to filler agglomeration and
reduced polymer chain mobility, a phenomenon also documented by [59]. The 2.0% carbon composite (0.097 J) further
reinforces this trend, performing below both 0.5% and 1.5% carbon composites, indicating that excessive filler content
induces microstructural weaknesses that serve as fracture initiation sites rather than reinforcing elements. The control
specimen (pure polyester resin, 0.054 J) and the glass fiber-only composite (0.12 J) establish a baseline, confirming that while
glass fiber provides structural reinforcement, the introduction of moderate carbon content (0.5%) amplifies impact resistance
through energy redistribution across the fiber-polymer interface.

What emerges from these findings is not merely a hierarchy of impact performance but a blueprint for reinforcement
optimization, particularly for applications where materials must endure high-strain rates without premature failure. The
dominance of the 0.5% carbon composite underscores the necessity of controlled reinforcement dispersion, where neither
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deficiency nor excess leads to structural compromise. This principle is pivotal in marine engineering, where impact-resistant
hulls must mitigate the risks of external mechanical shocks and underwater collisions. However, the diminished toughness
observed in the 1.0% and 2.0% carbon composites raises critical concerns regarding brittle failure thresholds, as highlighted
by [61]. Future advancements may involve hybrid reinforcement strategies, such as the incorporation of nano-fillers or graded
composite structures, to refine energy absorption mechanisms while preserving the composite’s overall mechanical stability
[67].

3.6 Density and Buoyancy Characteristics

Density testing was performed to assess the material's compactness and its implications for buoyancy in marine
environments, a critical factor for submarine hull design where weight reduction and buoyancy are paramount. According to
Figure 11, the control specimen, composed of pure polyester resin, exhibited the highest density (1740 kg/m?), which is
consistent with the inherent density of unfilled thermoset polymers [68]. In contrast, the composite with 1.0% carbon
displayed the lowest density (970 kg/md), a significant reduction that aligns with [12] who demonstrated that carbon
reinforcement, particularly at lower concentrations, can reduce the overall density of polymer composites by introducing
porosity and reducing the mass of the polymer matrix. This reduction in density is particularly advantageous for marine
applications, as it enhances buoyancy and reduces the overall weight of the submarine hull, thereby improving energy
efficiency and maneuverability.
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Fig. 11- Density Distribution of Glass Fiber—Carbon Reinforced Polyester Composites

The glass-fiber-reinforced sample without carbon had a density of 1230 kg/m3, which is lower than the control but higher
than the 1.0% carbon composite. This suggests that while glass fiber reinforcement contributes to weight reduction, the
addition of carbon at optimal concentrations can further enhance this effect. The carbon-reinforced composites exhibited
densities ranging from 1250 kg/m? (0.5% carbon) to 1580 kg/m3 (1.5% carbon), indicating that carbon content plays a
significant role in determining the material's density. The 1.5% carbon composite, with a density of 1580 kg/m3, is notably
denser than the 0.5% and 1.0% carbon composites, which is consistent with the observations that higher carbon content can
lead to increased density due to the higher mass of carbon particles and potential agglomeration [61]. These findings
underscore the importance of optimizing carbon content to achieve a balance between mechanical properties and density,
ensuring that the material remains lightweight without compromising structural integrity.

The implications of these density variations for buoyancy and submarine hull design are profound. Lower-density
materials, such as the 1.0% carbon composite, offer enhanced buoyancy, which is critical for maintaining the submarine's
ability to float and maneuver efficiently. According to Ang et al [69], reducing the weight of submarine hull materials can



492 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 479-498

significantly improve operational efficiency and reduce energy consumption. However, the trade-off between density and
mechanical properties must be carefully considered. While the 1.0% carbon composite offers the lowest density, its
mechanical performance in other tests, such as impact toughness and compression resistance, may not be optimal. Conversely,

the 0.5% carbon composite, with a density of 1250 kg/m?, strikes a balance between reduced density and enhanced mechanical
properties, making it a promising candidate for submarine hull applications.

3.7 Microstructural Analysis

The microstructural analysis of the composites using SEM-EDS provides profound insights into the material's internal
architecture, interfacial bonding, and elemental composition. The micrograph of the control specimen (pure polyester resin)
reveal a relatively smooth and homogeneous surface, indicative of a well-cured thermoset polymer matrix see Figure 12. This
is consistent with the findings that pure polyester resins typically exhibit a uniform microstructure [70]. However, the EDS
analysis reveals the presence of silicon (Si) and calcium (Ca) peaks, suggesting the inclusion of silica (SiO2) and calcium
carbonate (CaCQO:s) as fillers. These fillers are commonly added to polyester resins to enhance mechanical properties such as
fire resistance. The presence of magnesium (Mg), sodium (Na), and sulfur (S) peaks further indicates the use of additives or
impurities, which may have been introduced during the resin formulation or curing process.
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Fig. 12- SEM Micrograph of the Control Specimen (Polyester Resin) Showing Surface Morphology

The SEM micrographs of the glass fiber-reinforced composite exhibit a well-defined microstructure, highlighting the
uniform integration of glass fibers within the polyester resin matrix (see Figure 13). The fibers appear well-distributed, with
minimal voids or defects, indicating good interfacial bonding between the fibers and the matrix. This is critical for achieving
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optimal mechanical performance, as poor interfacial bonding can lead to stress concentrations and premature failure [61].
The EDS analysis confirms the presence of silicon (Si) and oxygen (O) as major peaks, consistent with the composition of
glass fibers, which are typically made of silica (SiOz). The presence of sodium (Na), magnesium (Mg), and calcium (Ca)
peaks suggests that the glass fibers are of the soda-lime variety, commonly used in composite applications due to their balance
of mechanical properties and cost-effectiveness. Trace amounts of sulfur (S) and iron (Fe) may indicate the presence of
additives or impurities, which could influence the material's performance under certain conditions.
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Fig. 13- SEM micrographs of the glass fiber-reinforced composite

The SEM micrographs of the hybrid composite, incorporating glass fibers and 0.5% carbon, depict a highly structured
morphology, where carbon particles are uniformly distributed within the polyester matrix, complementing the reinforcement
provided by the glass fibers (Figure 14). The carbon particles appear to be well-distributed, with no significant agglomeration,
suggesting effective mixing and interfacial bonding. The EDS analysis confirms the presence of carbon (C) as a distinct peak,
corresponding to the 0.5% carbon reinforcement. The silicon (Si) and oxygen (O) peaks indicate the presence of glass fibers,
while the sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca) peaks suggest the use of soda-lime glass fibers.
The trace amounts of iron (Fe) may indicate impurities or contamination during processing, which could affect the material's
performance under certain conditions.

The control specimen, with its smooth and homogeneous microstructure, exhibits relatively low mechanical performance
due to the absence of reinforcing phases. In contrast, the glass fiber-reinforced composite demonstrates improved mechanical
properties, owing to the presence of well-distributed glass fibers that enhance stress transfer and load-bearing capacity. The
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hybrid composite, with both glass fibers and carbon particles, exhibits the most complex microstructure, with carbon particles
providing additional reinforcement and improving interfacial bonding. This agrees with extant literature that confirms that
hybrid composites often exhibit superior mechanical properties due to the synergistic effects of multiple reinforcement phases
[12, 61].
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Fig.14- Micrograph of the Hybrid Composite
4 Conclusion

This study evaluated the mechanical, microstructural, and environmental performance of glass fiber composites
reinforced with carbon derived from date seeds for potential submarine hull applications. The key findings are as follows:

e Reinforcement composition strongly influenced mechanical properties. The 0.5% carbon composite exhibited the
best overall performance, with superior impact resistance (0.137 J) and flexural modulus (95,639.879 MPa), making
it a promising candidate for dynamic load-bearing marine applications.

e High carbon loading reduced performance. The 2.0% carbon composite achieved the highest tensile modulus
(4844.308 MPa) but showed reduced flexibility and impact resistance, consistent with agglomeration effects and
poor interfacial bonding at excessive filler contents.

e Microstructural analysis (SEM/EDS) confirmed that moderate carbon reinforcement improved fiber—matrix
adhesion, while excessive carbon led to clustering and compromised structural integrity.

¢ Density and buoyancy advantages were observed, with the 1.0% carbon composite showing the lowest density (0.97
g/cm?) without sacrificing structural capacity.
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o No measurable water absorption was recorded in any of the composites, indicating strong hydrophobicity and
resistance to moisture-induced degradation in marine environments.

e Among the formulations tested, the 0.5% carbon composite provides the most balanced set of properties—impact
resistance, flexural performance, buoyancy, and durability—highlighting its potential as a viable alternative to
conventional metallic materials for submarine hull structures.

In summary, this study establishes glass fiber and carbon-reinforced polyester composites as a viable alternative to
traditional metallic submarine hull materials, offering a compelling balance of strength, toughness, buoyancy, and
environmental resilience. Among the tested formulations, the 0.5% carbon composite emerges as the most promising,
combining impact resistance, and lightweight properties essential for marine engineering applications. However, achieving
an optimal balance between reinforcement concentration, structural efficiency, and environmental adaptability remains
paramount. These findings lay the foundation for future material innovations, contributing to the development of next-
generation composite solutions tailored for high-performance marine and underwater structures.
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