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Abstract

In recent years, industries have prioritized low-cost, biodegradable, long-lasting materi-
als. Businesses are focusing on composite materials using the world’s abundant natural
fibers. Researchers and academics are considering using plant and animal fibers as polymer
composite reinforcement to enhance their sustainability. In this context, finding new plant
fibers for polymer composite reinforcement is important. This study hybridizes jute and
acacia fibers using compression molding and changing epoxy fiber weight percentages
to create novel polymer composites. This article examines how fiber orientation affects
mechanical and morphological analysis for manufactured jute–acacia hybrid compos-
ites. The composite had the highest tensile strength of 33.59 MPa, a flexural strength of
66.42 MPa, an impact strength of 3.22 J/m, and a hardness of 85 Shore D. The scanning
electron microscope (SEM) showed that alkali treatment filled microscopic cracks, gaps,
and pores in natural fiber composites, improving their tensile, flexural, and impact strength.
Sandwich composites had better mechanical and morphological qualities than two-layer
stack patterned composites. The research findings of jute–acacia fiber-based composites
can be applied in various industrial applications.

Keywords: biodegradable; natural fibers; sustainability; hybridize; composites

1. Introduction
In light of environmental awareness and the need for more sustainable industrial

practices, scientists and enterprises have focused on environmentally friendly and sustain-
able composite materials. Natural lingo-cellulosic fibers work well with thermoset and
thermoplastic polymer matrices [1]. Lingo-cellulosic fibers can be used as reinforcement in
polymer matrix composites because of their accessibility, comparatively low cost, ease of
fabrication, lower tool aggressiveness, sustainability, and biodegradability. Lignocellulosic
composites have better physical, thermal, acoustic, and electrical properties [2]. Lignocellu-
losic fibers are intriguing to researchers; therefore, they are used in reusable and hybrid
composites. However, natural fibers have excessive moisture absorption (causing fiber
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swelling), weak wettability, poor fiber/matrix adherence, property unpredictability, and
reduced lifespan [3]. Mixed reinforcement in hybrid composites allows one form to sub-
stitute for another’s constraints, enhancing the overall characteristics. Hybrid composites
combine dissimilar bio-fibers or bio- and synthetic fibers in a matrix. Hybrid composites
are cheaper than single-fiber composites and can suit a range of design objectives [4]. How-
ever, synthetic fibers are harmful and researchers have created natural fiber composites.
Bio-composites are largely employed in transportation. Marichelvam et al. [5] offered a
hybrid natural fiber composite containing epoxy resin to be a matrix with palm sheath
and bagasse from sugarcane fiber reinforcements and generated a dashboard following
tensile, impact, and flexural tests. Shahinur et al. [6] show that composites with better
characteristics are usually made by chemically treating raw fibers.

Jute fiber is a biological fiber made from Corchorus jute plant bark. It is mostly
grown in Bangladesh, India, and China. Compared to other advancements with similar
materials like natural fibers, the results are competitive. Jute is mainly cellulose (60–70%),
hemicellulose (12–14%), and lignin (5–10%) [7]. It is called “the golden fiber” for its
smooth, shiny texture. Jute fiber is important since it is renewable, decomposes naturally,
and benefits the environment. This marks an alternative to synthetic fibers. In spite of
its cost, great strength-to-weight ratio, and superior insulation, it absorbs moisture and
has issues with quality [8]. Jute fiber is replacing synthetic fibers, metals, and alloys
due to its economical, ecological, and technical benefits. Jute fiber-reinforced composites
(JFRCs) increase mechanical properties by adding jute fibers to a polymer matrix [9].
These composites leverage jute fibers’ strength and stiffness and the polymer matrix’s
ability to appropriately distribute stresses and protect fibers from environmental damage.
JFRC research is important because of the growing need for eco-friendly materials. Using
natural fibers like jute in polymer matrix composites reduces the environmental impact
of composite products by replacing glass or carbon fiber. Moreover, JFRCs are a cost-
effective option with sufficient mechanical properties for many technical applications [10].
Jute fiber-based composites are appropriate for many industries due to their benefits
and environmental impact. JFRCs make car components like door panels, dashboards,
and seat backs. This application reduces weight and boosts fuel economy. Construction
companies employ JFRCs to make lightweight, durable partition boards, panels, and
sheets for roofing [11]. The furniture industry uses JFRCs to make eco-friendly, attractive
products. JFRCs can replace plastics in packaging, reducing waste. JFRCs’ broad range for
applications and rising usage demonstrate their importance and potential for advancement.
Despite the wealth of research on natural fiber composites, jute fiber-based composite
production procedures and their influence on mechanical properties are understudied [12].

Acacia bark fibers possess 51% crystallinity, 1385 kg/m3 density, and 68.09 weight
percent cellulose. Acacia is considered for environmentally friendly composites. Green
composites that are reinforced with fiber are environmentally friendly alternatives to non-
biodegradable synthetic fibers [13]. Research on mechanical testing, characterization, and
acacia fiber extraction has yielded promising results. Mechanical properties and the water
absorption of acacia bark fiber composites have been examined. Alkali treatment on the
fiber surface, variable fiber volume percentage, and fiber length have also been studied.
Chemically treated fibers have better mechanical qualities and lower water absorption.
The mechanical qualities of acacia fibers’ tear strength are better than its tensile strength.
It has also been found that fiber–rubber adhesion improves results. They studied the
physical, mechanical, and moisture absorption capabilities of Acacia concinna and Vachel-
lia seed powder strengthened with short Turkish hemp and epoxy resin in numerous
matrixes of various seed powder weight percentages [14]. The 7.5 weight percentage indi-
cated better physical–mechanical properties. Filler increases composite bonding strength.
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Marine and automotive applications benefit from these fibers’ resistance to moisture. A
study on acacia bark fiber characterization found that the fibers’ rapid splitting and ex-
treme roughness could be employed when they were used as a filler to eliminate slack
spots. Vadivel et al. [15] investigated untreated as well as treated acacia and pencil cactus
fiber thermal behavior. The dashboard and door panel of the car were manufactured
utilizing the best specimens of treated fibers since they have a better thermal stability.
Marichelvam et al. [16] created a hybrid composite with epoxy as a matrix and acacia and
Sida cordifolia fibers as reinforcement. In total, three of six specimens were chemically
altered and three were not. The fibers were chemically treated with 5% NaoH. Each of the
six samples was tested. The results showed that chemically treated samples are better than
untreated ones.

The current research gap identified in the literature assessment is that there has been
limited examination of composites with acacia fiber. Hybrid composites made from acacia
and jute fibers have not yet been studied. The above two fibers can be used to create hybrid
composites. This paper attempts to construct a novel hybrid composite using acacia and
jute fibers and performs tensile, flexural, impact, and hardness testing. Tensile fracture
specimens are evaluated through a scanning electron microscope. Environmentally friendly
acacia fiber is a sustainable substitute for natural fibers. Presenting composite materials’
eco-friendliness and promise in lessening environmental impacts is innovative.

2. Materials and Methods
Compression molding is a widely utilized manufacturing process, particularly in

producing composite materials that require high strength and lightweight characteristics.
In this context, epoxy-based composites reinforced with natural fibers such as jute and
acacia offer an eco-friendly alternative to synthetic materials, benefiting from the unique
properties of both the matrix and the reinforcement. Following this, each stage will be
discussed more deeply and detailed with the following sections.

2.1. Materials

The current work used epoxy resin (Araldite LY651) as the matrix material. The
reinforcement consists of a combination of jute and acacia fibers in different quantities.
The epoxy resin is acquired from Excel Polymers, Delhi. The jute and acacia fibers are
procured from Go-Green products, Chennai. It is essential to meticulously separate the jute
and acacia fibers prior to washing them under running water until all visible impurities
are removed. The grams per square meter (gsm) of jute fiber and acacia fiber is 320 and
280, respectively. Furthermore, the fibers undergo chemical treatments to induce surface
modifications. A 5% NaOH (sodium hydroxide) solution is used as a chemical treatment for
two hours in order to efficiently treat the fiber. Epoxy is composed of a mixture of resin and
hardener, typically in a 10:1 ratio. Preliminary literature reviews and initial experiments
suggest that the combination of resin LY556 and hardener HY951 produces the best results.
Images of untreated jute and acacia fibers are shown in Figure 1a,b. The characteristics of
acacia and jute are presented in Tables 1 and 2.

Table 1. Properties of jute fiber.

Average Diameter
(µm)

Young’s Modulus
(GPa)

Tensile
Strength

(MPa)

Moisture Content
(wt.%) Lignin (wt.%) Cellulose (wt.%)

25–200 13.0–26.5 393–773 1.1 11.8 64.4
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Figure 1. Untreated (a) jute fiber and (b) acacia fiber.

Table 2. Properties of acacia fiber.

Average Diameter
(µm)

Young’s Modulus
(GPa)

Tensile
Strength

(MPa)

Moisture Content
(wt.%) Lignin (wt.%) Cellulose (wt.%)

0.86 3.07 15.80 6.47 21.26 61.89

2.2. Chemical Treatment

Both acacia and jute fiber undergo a process of cleansing using distilled water. After
a 3–4 h drying phase, the fibers were treated with a 5% NaOH solution for 2 h at room
temperature. To eliminate residual NaOH, the fibers were then rinsed with distilled water.
Finally, the fibers underwent a 24 h drying period at room temperature. A key challenge in
natural fiber composites lies in the contrasting properties of the fibers’ water-attracting na-
ture and the water-repelling nature of the matrix. The reinforcement of fibers may undergo
chemical treatment to diminish its hydrophilic propensity, thus enhancing its compatibility
with the matrix. Nevertheless, such treatment is not consistently effective. A range of
physical as well as chemical surface treatment procedures have been documented in prior
literature investigations [17,18]. Treatment with a 5% NaOH solution for two hours signifi-
cantly enhances the interfacial bonding between jute–acacia fibers and an epoxy matrix,
resulting in a cellulosic crystalline structure. This alkaline treatment is key to improving
adhesion between the natural fibers and the resin. This enhancement is especially impor-
tant in applications where composite materials are subjected to varying environmental
conditions [19,20]. The altered surface texture of the jute–acacia fiber, resulting from chemi-
cal reactions, facilitated improved mechanical interconnection. The findings revealed that
the composite properties were enhanced due to the chemical modification of the fiber. In
many cases, non-cellulosic components can interfere with the bonding and interaction of
these elements [21]. These components may include lignin, hemicellulose, waxes, and
other extractives that can negatively impact the performance of the composite. Figure 2a,b
present the pictures of NaOH-treated jute and acacia fibers, respectively.

2.3. Fabrication of Jute–Acacia Composites

Composite materials were produced utilizing the compression molding method. Be-
fore the manufacturing process, the mold underwent scrubbing using sandpaper. A fragile
and translucent glass paper was positioned on top of the mold, combined with a robust
paper to improve dimensional stability. In the process of composite manufacturing, 300 g
of epoxy and 30 g of hardener (10:1 ratio) was utilized. The compression molding (Fine
Testing Instruments Pvt. Ltd., Kolkata, India) process was employed for composite manu-
facture. An illustration of composite preparation is shown in Figure 3. A 30 cm × 30 cm
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mold was utilized to compress the fibers and epoxy–hardener mixture. At first, hand-laid
fibers were arranged in sequence and compression molding followed. After mixing epoxy
resin and hardener at a 1:10 ratio, the mixture was applied to every side of the laid fibers
using a painting roller. Each of the samples was squeezed and cured for 3 h in the mold.
The fibers were placed in the sequences listed in Table 3. Table 3 presents the fiber–epoxy
compositions. The orientations of samples Epoxy, J-A-Epoxy, and J-A-J-Epoxy are presented
in Tables 4 and 5, respectively. The fiber and epoxy mixture is thoroughly integrated into
the layers and applied on the metallic mold, and the procedure lasts for 3 h. The composite
produced is confined to a size of 20 × 20 × 6 mm. Water jet (SAME water jet-Australia)
techniques were employed for cutting the test samples to the appropriate dimensions
in accordance with the ASTM standards. Figure 4a–c illustrate the fabricated specimens
Epoxy, J-A-Epoxy, and J-A-J-Epoxy, respectively. Figure 5a,b illustrate the cross-section of
the specimens J-A-Epoxy and J-A-J-Epoxy.

 
Figure 2. NaOH-treated (a) jute fiber and (b) acacia fiber.

Figure 3. Illustration of Composite preparation. (a) Epoxy resin applied over the mold. (b) Jute fiber
laid over the epoxy resin. (c) Acacia fiber laid. (d) Compression molding process.

Table 3. List of composite laminates prepared.

Specimen Type Material Combination

Epoxy Neat Epoxy (100 wt.%)

J-A-Epoxy Layer by
layer Epoxy (75 wt.%) + Jute (12.5 wt.%) + Acacia (12.5 wt.%)

J-A-J-Epoxy Sandwich Epoxy (75 wt.%) + Jute (6.25 wt.%) + Acacia (12.5 wt.%) + Jute (6.25 wt.%)
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Table 4. J-A-Epoxy fiber orientation (double-layer composite).

Layer Fiber Weight Percentage (wt.%)

1 Jute fiber 12.5
2 Acacia fiber 12.5

Table 5. Specimen J-A-J-Epoxy fiber orientation (sandwich composite with 3 layers).

Layer Fiber Weight Percentage (wt.%)

1 Jute fiber 6.25
2 Acacia fiber 12.5
3 Jute fiber 6.25

 

Figure 4. (a) Epoxy specimen. (b) J-A-Epoxy. (c) J-A-J-Epoxy.

Figure 5. Cross-section of (a) J-A-Epoxy; (b) J-A-J-Epoxy.

2.4. Mechanical Testing of Specimens

Natural fiber composite materials should be mechanically tested to determine their
behavior and performance under various loads. The following sections provide specific
information regarding the tensile, flexural, impact, and hardness tests performed in this
research. An error analysis is conducted for every experiment.
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2.4.1. Tensile Tests

For the tensile test, the specimen was manufactured in accordance with the standard
that is provided by ASTM D638. When it came to carrying out the tensile test, a Uni-
versal Testing Machine (UTM) instrument was employed. Five samples are produced in
accordance with standards that have been defined by the ASTM.

2.4.2. Flexural Tests

UTM was used to conduct the test, and flexural specimens were developed in line
with ASTM D790 (American Society for Testing and Materials). The three-point flexural
method, which tends to be the most frequent flexural test method, was used to determine
the bending resistance of the composite material.

2.4.3. Impact Tests

The Izod impact test helps in determining the energy required to fracture a specimen,
which is crucial for applications where materials are subjected to sudden forces. The
samples that are going to be utilized in the impact assessment are manufactured in line
with the measurements that have been specified, as required by the ASTM D256 standard.
A downward cut of 2.5 mm was performed on each specimen so that the experiment could
be carried out and the results could be analyzed.

2.4.4. Hardness Tests

For the purpose of obtaining the findings from the hardness test, the Shore D testing
device was employed. The degree of penetration that takes place during the process of
inserting the durometer indenter to the specimen, in accordance with ASTM D2240, is what
determines the numerical value associated with hardness. The amount of hardness was
assessed by taking readings at five different spots, and the average results were recorded.

2.5. Surface Morphology Analysis

SEM (Zeiss Sigma VP, Dublin, CA, USA) was employed to examine the topographic
morphology associated with the composites. The sample’s surface is coated with a
tiny amount of gold (sputtering) to ensure uniform conductivity. SEM images were ob-
tained using extremely energetic electron beams reaching vacuum rates of 5 kilovolts and
1.5 × 10−3 Pa.

3. Results and Discussion
3.1. Tensile Properties

As shown in Figure 6, the epoxy composite reinforced with acacia and jute exhibited
superior tensile properties compared to the neat epoxy specimen, which recorded the
lowest tensile strength at 20.3 MPa. The other two specimens, J-A-Epoxy and J-A-J-Epoxy,
have tensile strengths of 21.98 MPa and 33.59 MPa, respectively. This makes it abundantly
clear that the epoxy-based composites’ increased tensile strength was due to the fiber
reinforcement’s composition and stacking. The jute fibers on the outer skin of the specimen
J-A-J-Epoxy exhibit an exceptionally high level of tensile strength, indicating that they can
withstand tensile stress. Furthermore, the acacia maintains the jute fibers evenly distributed
throughout the composites. According to the findings of a previous research study [22],
jute’s inherent fiber structure offers a number of advantages. The specific combination
of reinforcing fibers and the surrounding matrix is a key determinant of the mechanical
behavior observed in hybrid composite materials. For example, a sandwich structure
using jute and acacia fibers (J-A-J-Epoxy) leads to higher tensile strength in the resulting
composite. Furthermore, on the basis of the tensile properties of acacia and jute fibers,
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this gain in tensile strength may be related to the solid bonding between the outermost
layer of jute fibers and epoxy, as evidenced in images taken by the scanning electron
microscope (SEM). The sandwich pattern of fiber-based epoxy composites was the focus
of this inquiry, which was carried out with the purpose of determining its characteristics.
The findings indicated that sandwich composites have an excellent bond due to improved
fiber–matrix linking and display fewer fractures at break than other composites. The
mechanical properties of materials made from natural fibers are often superior to those of
synthetic alternatives. This advantage arises from the ability of natural fibers to stretch
and adhere within the structure, leading to varying degrees of damage during different
stages of use. Furthermore, each fiber is capable of stretching out on its own and resisting
deformation on its own until it reaches the point where it is capable of breaking. The
mechanical properties of fiber-reinforced composites are improved by several factors,
most notably the fiber type, the matrix material, and the order in which the fibers are
arranged (stacking sequence). Recent research highlights the significant role of stacking
patterns in defining the tensile properties of natural fiber hybrid composites. Previous
studies have found that various fiber-reinforced composites exhibit similar trends in tensile
property responses when assessed against their stacking patterns. This suggests that certain
configurations may enhance specific mechanical properties universally across different
composite systems [23]. This specimen demonstrates the many ways these specific fibers
can be oriented. The purpose of this is to increase the area of contact between the acacia
and jute fibers, which will ultimately lead to an increase in the tensile strength. Therefore,
it is possible to determine that the hybrid composite has a more ductile look than the neat
composite does. This is a possible conclusion that may be reached. Therefore, it is clear
that the specimen J-A-J-Epoxy performs extremely well in contrast with different types of
composites in combination.

 

Figure 6. Tensile strength of composites.
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3.2. Flexural Properties

Flexural strength is displayed in Figure 7. The epoxy specimen of neat epoxy composite
has a very low flexural strength, measuring in at 31.15 MPa. This constitutes the lowest
value. The specimen J-A-Epoxy has a flexural strength of 51.77 MPa, whereas the specimen
J-A-J-Epoxy has a flexural strength of 66.42 MPa. Compared to the specimens Epoxy and
J-A-Epoxy, respectively, the specimen J-A-J-Epoxy’s flexural strength is considerably higher.
By layering acacia for the middle layer and jute as the outermost one, the flexural strength
of the sandwich composite sample J-A-J-Epoxy was increased to 66.42 MPa. This layered
sandwich combination resulted in significant improvements in the scenario. The layered
structure, with acacia fiber forming the core and jute fiber as the outer layer, contributed to
improved results in this study. This improvement was a result of the combined use of both
types of fiber. Ultimately, the material’s flexural strength was significantly increased by
changing the order of how jute fibers were arranged. In composites constructed of polymers,
the flexural strength will be affected by a wide variety of parameters. These effects can be
broken down into many categories. There is a possibility that these elements are distinct
from one another. Based on the data, we can reasonably determine that the flexural strength
was influenced by the strength provided by the reinforcing composites which had been
layered on top of each other. A previous research study [24] came to the conclusion that
inadequate interfacial contact between natural fibers and the matrix was the cause of poor
flexural properties. Comparing the specimens Epoxy and J-A-Epoxy, it was discovered that
the sample J-A-J-Epoxy’s composite compositions had better interfacial bonding properties.
Over the whole duration of the present research, the order of the fiber stacking was the
factor that was accountable for the improvement in the flexural characteristics. When
flexural applied forces are introduced to hybrid composites, they experience structural
changes that ultimately lead to an increase in toughness. The enhanced toughness results
from the interaction between the fibers and the matrix, which helps to distribute stress more
effectively. Changes in the fiber configuration within the composite significantly enhance its
flexural properties. As the properties of the fibers change, so do the mechanical performance
characteristics of the composite. This adaptation can lead to better load-bearing capabilities
and improved resistance to deformation [25,26]. Jute fiber mats feature a woven design
incorporating continuous log fibers, resulting in significant mechanical strength. There is a
correlation between the weight-bearing capabilities of these log fibers and those of single
and short fibers. The inherent alignment of the fibers and the specific areas rich in resin play
crucial roles in influencing the material’s flexural properties. It is widely recognized that the
woven configuration of the hybrid composite, which incorporates natural fibers, contributes
to its modest enhancement in flexural strength. The natural composite will experience
deformation as the outcome of bending, and its flexural modulus acts as a measurement
that determines the extent to which the deformity is compensated for. It can be concluded
that the layering pattern is a key factor that enhances the mechanical characteristics of
natural hybrid composites. Interfacial connections pertain to the interactions at the interface
between various materials, including fibers and matrices in composite structures. The
strength of these connections can significantly affect the overall mechanical properties
of the composite, especially flexural strength, which is crucial for applications requiring
bending resistance.

3.3. Impact Properties

Figure 8 illustrates the energy absorbed for each sample after the impact test. The
samples’ impact strength showed similarities with their tensile and flexural strength, with
the incorporation of fiber layers augmenting their properties. The figure suggests that the
way fibers are stacked significantly enhances the overall impact resistance of the composite
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material. The specimen J-A-J-Epoxy, having a direct impact absorption of 37.22 J/m,
is higher than the specimens Epoxy and J-A-Epoxy in impact absorption efficacy. The
specimens Epoxy and J-A-Epoxy exhibit impact strengths of 19.36 J/m and 28.11 J/m,
correspondingly. The energy absorption capacity of composites correlates directly with the
fiber content and the order of stacking of the material employed. Furthermore, the fibers
inside the composites function as a load transmission medium and are capable of inhibiting
fracture propagation. The addition of fiber layers to composite materials significantly
enhances their impact strength due to the strong interfacial connections between the matrix
and the fibers [27]. This phenomenon can be credited to numerous aspects related to the
arrangement and distribution of the fibers within the composite. The quality of the bond
between the fiber and the matrix is crucial. A robust interfacial connection ensures effective
stress transfer during impact, leading to improved energy absorption and distribution
throughout the material [28,29].

 
Figure 7. Flexural strength of composites.

3.4. Hardness Properties

Figure 9 presents the findings that were obtained from the hardness test. It is over
the objective of determining the level of hardness that the Shore D hardness apparatus
is employed throughout the process. Due to the presence of fibers and fiber layers, the
hardness properties of the composites increased and were comparable to tensile, flexural,
and hardness values. The hardness properties of the specimen J-A-J-Epoxy, measuring 85
Shore D, are significantly different from those of the specimens Epoxy and J-A-Epoxy, due
to the fact that the specimen J-A-J-Epoxy is a significantly harder material. A hardness of
79 Shore D is found in the Epoxy specimen, whereas a hardness of 83 Shore D is found in
the specimen J-A-Epoxy. Experimental evidence indicates that adding more fiber layers
correlates with increased hardness in the composite samples. This improvement can be
attributed to the greater structural integrity provided by the additional fibers. The specimen
J-A-J-Epoxy exhibits a particularly noteworthy increase in hardness, suggesting that its
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specific stacking order is optimized for strength and rigidity. SEM image (Figure 10C)
reveals that the specimen J-A-J-Epoxy displays minimal void formation. Voids can compro-
mise material strength; therefore, their reduction is a significant advantage. The absence of
severe voids indicates that the material’s density and uniformity are enhanced, which is
crucial for achieving the desired mechanical properties. Strong interfacial bonds facilitate
better load transfer between components, contributing to overall material performance [30].

 

Figure 8. Impact strength of composites.

 
Figure 9. Hardness of composites.
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Figure 10. SEM images of tensile analysis of the specimens (A) Epoxy, (B) J-A-Epoxy, and
(C) J-A-J-Epoxy.
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3.5. Morphological Analysis

Figure 10A–C show scanning electron microscopy (SEM) images that highlight the
surface characteristics of broken tensile composite samples of J-A-Epoxy and J-A-J-Epoxy.
A number of factors can cause failure in polymer composites, with problems at the interface
between the polymer matrix and the natural reinforcing fibers being particularly important.
These problems can take the form of fiber fracture, interfacial de-bonding, matrix cracking,
delamination, and fiber pull-out. During failure, significant evidence of fiber separation
is seen, indicating that the individual fibers within the composite had fractured, and
delamination occurred along the composite’s edge.

Figure 10A’s neat Epoxy specimen shows a flat surface, indicating a brittle fracture.
This implies that the sample has a low crack propagation resistance and can readily break
under load. However, the fracture surfaces of the J-A-Epoxy and J-A-J-Epoxy specimens
are rougher and wavier than the Epoxy specimen, indicating that fiber-reinforced epoxy
composites require more energy for crack propagation. Figure 10B shows the phenomenon
of fiber pull-out, with a particular focus on the mechanics of the separation process. Fur-
thermore, it highlights the complex interconnection between fiber, micro-cracks, vacancies,
and the matrix. Furthermore, the presence of voids enhances our perception of fracture
behavior. Cavity formation due to fiber pull-out is seen in Figure 10B.

The void fraction impacts the composite’s mechanical, thermal, and durability. Voids
concentrate stress and cause cracks, reducing matrix-dominated interlaminar shear, flexural,
compressive, and tensile strength. Voids weaken composite fatigue and durability. For
optimal mechanical strength, thermal characteristics, and durability, the manufacturing
of the composites required void fraction reductions. Mechanical and morphological data
demonstrate that J-A-J-Epoxy has a lower void % than the other specimens. Consequently,
the mechanical characteristic analysis of the specimen J-A-Epoxy composites yielded poor
results. Figure 10B illustrates the damage mechanisms observed in the fractured com-
posite matrix, including fiber pull-out, broken fibers, and cracks within the matrix itself.
Additionally, the image reveals fiber de-bonding and the presence of fiber splitting and
matrix debris at the fiber–matrix interface. Evidence of matrix detritus was present on
the fiber surfaces, indicating that matrix material had separated from the fibers in the
failure phase. Figure 10C effectively illustrates the enhanced bonding that exists among
the jute–acacia fibers and the epoxy matrix, as well as the fractured fibers resulting from
tensile stress. Despite minimal fiber delamination, the sample exhibited superior fiber-to-
matrix adherence. The mechanical properties of epoxy are enhanced when it has a stronger
bond among the jute–acacia fibers with epoxy. Cracks within the matrix signify brittle
failure, which is the primary mechanism of failure [31]. Even so, significant fractures are
absent in the specimen J-A-J-Epoxy because of excellent fiber–matrix adhesion. Conversely,
significant fractures are improbable in this region because of the excellent fiber–matrix
adhesion. Due to the existence of fiber sandwich structures and the lack of significant
cavities and cracks, the specimen J-A-J-Epoxy demonstrates enhanced bonding relative
to the specimen J-A-Epoxy composite. Because of the amount of fibers in the inner lay-
ers, which take up more load before breaking and undergo greater amounts of bending,
Figure 10C indicates that the existence of fibers results in jute–acacia–epoxy bonding and a
reduced degree of matrix fracture [32]. This is because the fibers absorb more weight before
breaking. The sandwich structure led to a reduction in the percentage of broken fibers and
fiber breakage, which significantly influenced the flexibility and tensile strength [33]. The
tensile and flexural characteristics of hybrid composites have been examined, revealing that
sandwich composites exhibited the most optimal results, demonstrating substantial tensile
and flexural strengths. According to the investigation, the specimen J-A-J-Epoxy exhibits
low voids and favorable fiber–resin adhesion properties. It has been shown, therefore,
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that multidimensional composites are stronger when compared to their mono-layered
counterparts [34]. The SEM details indicated that Figure 10C demonstrated superior inter-
facial interactions. A more even fiber distribution and lessened clumping result from this
process. The enhanced tensile strength may be attributed to the consistent dispersion of
jute–acacia throughout the matrix. The inclusion of layers enhances the connection between
the fibers and that helps to prevent the formation of micro-voids. Moreover, an increase
in the layers enhances reinforced stiffness and uniformly increases load distribution. The
mechanical, physical, and durability qualities of natural fiber-reinforced epoxy composites
depend on their chemical affinity. The effectiveness of natural fiber-reinforced epoxy com-
posites depends on it. The chemical and physical processes of fibers strengthen interfacial
bonding, improving mechanical characteristics, durability, and environmental resistance.
Thus, developing sustainable, high-performance bio-composites requires optimizing fiber–
matrix chemical compatibility. Mechanisms of interfacial bonding include mechanical,
chemical, and physical interactions. Fiber surface roughness allows matrix–fiber physical
interlocking. Covalent or hydrogen bonding between fiber surface functional groups and
the epoxy matrix improve adhesion. Van der Waals and electrostatic forces contribute but
are weaker than chemical bonds. The impact on composite features includes stress transfer,
moisture resistance, and durability. Strong chemical affinity improves the tensile, flexural,
and impact strengths by efficiently transferring load from the matrix to the fibers. Water
infiltration can impair the interface and mechanical qualities, but good chemical bonding
prevents it. Improved interfacial adhesion resists fracture development, delamination, and
environmental degradation.

4. Conclusions
This research focused on evaluating the impact of the distribution of jute and acacia

fibers on the mechanical properties and morphological features of hybrid composites. The
findings from the experiments point to the subsequent conclusions.

• Compression molding was used to create the innovative sandwich composites of jute
and acacia. The specimen J-A-J-Epoxy (sandwich composite) exhibits significant im-
provement in its tensile, flexural impact, hardness, and morphological characteristics,
making it suitable for a wide range of applications.

• According to the results of the tensile strength investigation, the specimen J-A-J-Epoxy
has exceptional strength.

• The statistics make it very clear that the specimen J-A-J-Epoxy possesses a flexural
strength which is greater than that of the others.

• The outcomes of the impact test demonstrate that the specimen J-A-J-Epoxy had a
much greater impact strength.

• The hardness of the specimen J-A-J-Epoxy exceeds the value of the specimens Epoxy
and J-A-Epoxy. The increased quantity of fiber layers and layering sequence points to
a rise in the hardness of the sample J-A-J-Epoxy. SEM images indicate the absence of
significant voids in the specimen J-A-J-Epoxy in contrast to the specimen J-A-Epoxy.

• The SEM analysis demonstrated that the specimen exhibited enhanced structural
properties, marked by reduced fiber breakage as well as fiber pull-out, relative to the
specimen J-A-J-Epoxy.

• In summary, the research reinforces the potential of jute–acacia–epoxy composites as
a sustainable composite. Treatment with NaOH significantly improved the bonding
between the jute and acacia fibers, resulting in composites with superior mechanical
properties. The excellent characteristics of these composites suggest they are viable
alternatives in various engineering applications, especially in structural contexts.
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