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Hybrid natural-synthetic fiber composites have gained increasing attention as
lightweight and sustainable materials for structural applications. This study
investigated the mechanical properties of hybrid composites reinforced with
natural ramie fiber and synthetic E-glass fiber as potential materials for
helmets that comply with the Indonesian National Standard (SNI)
requirements. The composites were fabricated using the hand lay-up method
with different fiber volume fraction ratios: A (20% ramie: 10% E-glass), B
(10% ramie: 20% E-glass), C (15% ramie: 15% E-glass), and D (25% ramie:
5% E-glass), while maintaining a constant total fiber content of 30% and 70%
epoxy matrix. Prior to fabrication, the ramie fibers were treated with a 5%
NaOH alkali solution to enhance the fiber—matrix interfacial bonding.
Mechanical characterization was conducted through tensile and flexural tests
based on the ASTM D638 and ASTM D790 standards, respectively. The
results showed that Specimen B exhibited the highest tensile strength and
elastic modulus, reaching 104.38 MPa and 5063.02 MPa, respectively.
Meanwhile, the highest flexural strength was obtained for Specimen A, with a
value of 41.11 MPa and a flexural modulus of 635.89 MPa. All composite
configurations satisfied the minimum strength requirement for SNI-standard
helmets (33.93 MPa). However, several defects, such as voids, fiber pull-out,
and delamination, were observed, which were mainly attributed to incomplete
resin infiltration during the hand lay-up process. Therefore, the application of
vacuum bagging or other assisted molding techniques is recommended for
future studies to reduce internal defects and improve the quality of composites.
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1. Introduction

In an era of rapid technological development, industries increasingly require advanced materials that

exhibit superior mechanical performance and lightweight characteristics. Composite materials have

become one of the most widely utilized engineering materials owing to their ability to combine the
advantageous properties of different materials. A composite is generally defined as a material system

composed of two or more distinct components that remain separate at the macroscopic level but act together
to provide improved mechanical properties [1-3]. Composites generally consist of two main elements: a
binder or matrix and a reinforcing or filler material [1, 4].

Reinforcement materials are commonly fibers with high strength and stiffness. Fibers used in
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composite structures are generally synthetic or natural [5]. Both types function as reinforcing phases,
whereas the matrix serves as a binding medium that transfers external loads to the reinforcement fibers [5,
6]. The matrix, usually composed of polymer-based materials, protects the fibers from environmental
damage and maintains the structural integrity of the composite. The selection of matrix materials is
typically based on their mechanical properties, thermal resistance, and durability [7, 8].

In recent years, natural fibers have attracted increasing attention as environmentally friendly
alternatives to synthetic reinforcements in composites. Ramie (Boehmeria nivea), a bast fiber-producing
plant, is one promising natural fiber that is widely cultivated in Indonesia. The abundant availability of
ramie fibers in Indonesia provides significant potential for their utilization in engineering materials [9-11].
Ramie fibers exhibit several advantageous properties, including high tensile strength, low density, and
resistance to biological degradation by fungi and bacteria. In addition, ramie fibers demonstrate good
thermal stability, enabling them to maintain their mechanical performance under varying environmental
conditions [11, 12].

Ramie plants grow well in warm, humid climates with relatively uniform rainfall distribution. They
can be efficiently propagated using both seed and vegetative methods, such as stem and root cuttings [13].
Ramie fibers have a density of approximately 1.5 g/cm? and a tensile strength ranging from 220 to 938 MPa
[14]. Their flexural strength has been reported to be approximately 53 MPa [15]. In comparison, E-glass
fiber, a commonly used synthetic reinforcement, exhibits a higher density ranging from 2.55 to 2.76 g/cm?
and provides excellent mechanical performance in composite structures [16].

Several previous studies have reported that increasing the fiber volume fraction in composite
materials can significantly improve their tensile strength, elastic modulus, and flexural strength [3, 4, 17].
Furthermore, fiber orientation influences the mechanical behavior of composite materials [10, 15].
However, studies specifically addressing hybrid composites combining natural ramie fibers and synthetic
E-glass fibers, particularly with systematically varied fiber volume fractions for helmet applications,
remain limited. This gap necessitates further investigation into the optimization of such hybrid systems to
meet structural and safety performance requirements.

Therefore, this study aimed to investigate the effect of the fiber volume fraction on the mechanical
properties of hybrid composites reinforced with ramie and E-glass fibers for potential helmet applications in
accordance with Indonesian National Standard (SNI) requirements. The composites were fabricated using
the hand lay-up method with a constant total fiber content while varying the ratio of ramie and E-glass fibers.
Prior to fabrication, the ramie fibers were treated with a 5% NaOH solution to enhance fiber—matrix
interfacial bonding. Mechanical characterization was conducted through tensile and flexural tests based on
the ASTM standards to evaluate the suitability of the developed hybrid composites for protective
applications.

2. Methods
2.1.  Materials and specimen preparation

Hybrid composite laminates were fabricated using the hand lay-up method, a widely adopted
technique for composite fabrication because of its simplicity, cost-effectiveness, and suitability for producing
prototypes with uniform fiber distributions [18]. This method allows for careful control of fiber orientation
and resin impregnation, which is critical for evaluating the effect of the fiber volume fraction on the
mechanical properties.

The composite system comprised ramie fibers as the natural reinforcement, woven E-glass fibers as
the synthetic reinforcement, and epoxy resin as the matrix. The total fiber content was fixed at 30% with an
epoxy matrix content of 70% to maintain a balance between mechanical performance and workability, as
supported by prior hybrid composite studies [19-21]. Four configurations were prepared to investigate the
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influence of fiber volume fraction variations between ramie and E-glass fibers on the tensile and flexural
performances (Table 1)Table 1.

Table 1 Fiber volume fraction composition of hybrid composites

Specimen  Ramie Fiber (%)  E-glass Fiber (%) Total Fiber (%)

A 20 10 30
B 10 20 30
C 15 15 30
D 25 5 30

The ratios (ramie/E-glass: 20/10, 10/20, 15/15, and 25/5) were selected based on the literature, which
shows that hybridization of natural and synthetic fibers at these proportions optimizes load transfer,
interfacial bonding, and overall mechanical performance [22-24]. Prior to composite fabrication, the ramie
fibers were subjected to alkali treatment using a 5 wt% NaOH solution to enhance fiber—matrix interfacial
bonding. The fibers were immersed in the solution for 6 h, rinsed with distilled water, and dried prior to use.

The epoxy matrix was prepared by mixing epoxy resin and a hardener in a ratio of 2:1. The mixture
was carefully stirred to minimize the formation of air bubbles. The mold surface was coated with wax and a
peel ply prior to fiber placement. Ramie and E-glass fibers were arranged according to the specified volume
fraction variations, followed by resin impregnation using a brush to ensure uniform distribution across the
fiber layers.

The composite laminate was cured at room temperature for 24 h under a uniform load to ensure proper
consolidation. After curing, the laminates were removed from the mold and cut into test specimens according
to ASTM standards. The geometries of the tensile and flexural specimens are shown in Figure 1.

(a) 10 (b) 246 10 .
57
, I'= ] |
~ o e i o
100 | - — — o E}
\R76

Figure 1. Geometry of the test specimens: (a) bending test specimen and (b) tensile test specimen.

Mechanical testing was conducted in accordance with the ASTM D638 and ASTM D790 standards
for tensile and flexural testing, respectively. These tests were performed to determine the tensile strength,
elastic modulus, and flexural strength of the hybrid composites.

2.2.  Mechanical testing

The mechanical characterization of the hybrid composites was conducted using tensile and flexural
tests. Tensile tests were performed in accordance with ASTM D638 to determine the tensile strength and
modulus of elasticity. The tests were conducted using a universal testing machine at a constant crosshead
speed. During the test, the specimens were subjected to axial tensile loading until failure. The tensile strength
was calculated based on the maximum load applied to the specimen using the following equation:

F (1)

O-t:Z
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where o; is the tensile strength (MPa), F'is the maximum applied load (N), and 4 is the cross-sectional area
of the specimen (mm?).

Flexural testing was conducted in accordance with ASTM D790 using the three-point bending method
to evaluate the flexural strength and stiffness of the composite materials. The specimens were placed on two
supports and loaded at the midpoint until fracture. The span length and loading rate were determined
according to ASTM D790. The flexural strength was determined using the following equation:

3PL (2)
% = 2b.q2

where oy is the flexural strength (MPa), P is the maximum applied load (N), L is the support span length
(mm), b is the specimen width (mm), and d is the specimen thickness (mm).

For each composite configuration, several specimens were tested to ensure the reliability and
repeatability of the results. The obtained mechanical properties were subsequently analyzed to evaluate the
effect of the fiber volume fraction on the tensile and flexural performances of the ramie/E-glass hybrid
composites.

2.3.  Fracture surface analysis

Fracture surface observations were conducted to investigate the failure mechanisms of the hybrid
composites following mechanical testing. The fractured specimens obtained from the tensile and flexural
tests were examined to identify damage features, such as fiber pullout, void formation, matrix cracking, and
interfacial debonding between the fibers and the epoxy matrix.

The fracture surfaces were visually inspected and documented to analyze the interactions between the
ramie and E-glass fibers and the epoxy matrix. Particular attention was given to the quality of the fiber—
matrix interfacial bonding and the presence of defects that may influence the mechanical performance of the
composites. These observations support the interpretation of the mechanical test results.

3. Results and Discussions

3.1. Tensile properties of ramie/e-glass hybrid composites

Figure 2a illustrates the effect of fiber composition on the tensile strength of the ramie/E-glass hybrid
composites. The tensile strength values were calculated based on the maximum load obtained during the
tensile test using Eq. (1). Specimen B, which comprised 10% ramie and 20% E-glass fibers, exhibited the
highest tensile strength among all the tested specimens. In contrast, the lowest tensile strength was observed
for Specimen D, which contained 25% ramie and 5% E-glass fibers. This trend indicates that increasing the
proportion of E-glass fibers significantly enhanced the tensile performance of the composites. These findings
are consistent with those of previous studies, which reported that E-glass fibers possess higher tensile
strength and stiffness, thereby improving the load-bearing capability of hybrid composite materials [3, 19].

Furthermore, the tensile strength values obtained in this study exceeded the minimum strength
requirement for helmet materials (33.93 MPa). Therefore, the developed hybrid composite demonstrated
promising potential as an alternative material for helmet manufacturing and complied with the Indonesian
National Standards [20].

Figure 2b shows the load—displacement behavior of the tested specimens. Specimen B exhibited the
highest load capacity (2283 kgf), which corresponded to approximately 22386 N. Based on Eq. Based on
Eq. Based on Eq. (1), this load corresponds to a tensile strength of approximately 33.9 MPa, indicating the
highest load-bearing capability among the tested composite configurations. This behavior indicates a more
efficient stress transfer within the composite structure. This behavior indicates a more efficient stress transfer
within the composite structure. The improved mechanical response can be attributed to the hybridization
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effect between the natural ramie fibers and synthetic E-glass fibers, which provides a balanced combination
of strength and stiffness. Consequently, specimen B exhibited the most favorable tensile performance among
the investigated hybrid composite configurations.
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Figure 2. Mechanical test results of the ramie/E-glass hybrid composites: (a) stress—strain curves obtained
from tensile testing; (b) specimen B with the highest tensile load.

3.2.  Flexural properties of ramie/e-glass hybrid composites

The flexural properties of the ramie/E-glass hybrid composites were evaluated using a three-point
bending test in accordance with ASTM D790. The flexural strength values were calculated using Eq. (2), as
described in the mechanical testing procedure.

Figure 3a shows the average flexural strength for different fiber compositions. Specimen A (20%
ramie, 10% E-glass) exhibited the highest flexural strength of 41.11 MPa, whereas Specimen C (15% ramie,
15% E-glass) had the lowest at 17.15 MPa. Specimens B (10% ramie, 20% E-glass) and D (25% ramie, 5%
E-glass) showed flexural strengths of 19.49 MPa and 37.43 MPa, respectively. These results indicate that
fiber composition, distribution, and orientation strongly affect bending resistance. Excessively high ramie
content, as in Specimen D, can slightly reduce flexural strength owing to weaker fiber—matrix bonding [21].

Figure 3b presents the flexural modulus (ME), showing significant variations among the specimens:
A (635.89 MPa) > D (329.92 MPa) > C (183.66 MPa) > B (141.93 MPa). The superior stiffness of Specimen
A is attributed to the enhanced fiber—matrix interfacial bonding, facilitated by the alkalization treatment of

143



Muhammad Irfa Nurul Islam et al. Jurnal Teknik Mesin Mechanical Xplore (JTMMX) Vol. 6, No. 2 (2026) 139-150

ramie fibers, which increases the surface roughness and removes impurities, promoting mechanical
interlocking with the epoxy matrix [22, 23]. This improved interfacial shear strength results in more efficient
load transfer, higher modulus, and better resistance to bending deformation. Consequently, the interfacial
shear strength improved, leading to a higher flexural modulus. Previous studies have reported that such
surface modifications significantly enhance interfacial adhesion and flexural stiftness [17, 24].
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Figure 3. Average flexural properties of ramie/E-glass hybrid composites obtained from three-point bending
test: (a) flexural strength and (b) flexural modulus.

Lower modulus values in Specimens B and C suggest less effective interfacial bonding, possibly due
to suboptimal fiber distribution, insufficient wetting, or residual surface impurities, thereby reducing the
stress-transfer efficiency and causing premature deformation [25]. These observations align with previous
studies showing that poorly bonded natural fibers compromise composite stiffness [23, 26]

The high flexural performance of Specimen A also reflects the intrinsic mechanical properties of ramie
fibers (tensile strength of ~627 MPa and Young’s modulus of ~31.8 GPa) when combined with E-glass fibers
and proper surface treatment [12, 27]. Therefore, improving the fiber—matrix adhesion via alkalization or
other surface treatments can substantially enhance the modulus of elasticity in flexural testing, as observed
for Specimen A [22].

Figure 4 further illustrates the bending behavior of the composite specimens based on the load—
displacement response and post-test deformation. Specimen A exhibited the most favorable flexural
performance, as indicated by its higher load-carrying capacity and stable deformation behavior before failure.
This response suggests a more effective stress distribution and improved resistance to damage under bending
loads. The gradual increase in the load with displacement also indicates an enhanced energy absorption
capability, reflecting the better toughness of the composite. Therefore, Specimen A demonstrated superior
flexural characteristics compared with the other hybrid composite configurations.

3.3.  Failure mechanism of ramie/e-glass hybrid composites

The failure mechanisms of the ramie/E-glass hybrid composites were analyzed based on the
mechanical test results and post-fracture observations, as shown in Figure 5. These observations provide
critical insights into the stress transfer behavior and interfacial integrity under tensile and flexural loading

144



Muhammad Irfa Nurul Islam et al. Jurnal Teknik Mesin Mechanical Xplore (JTMMX) Vol. 6, No. 2 (2026) 139-150

conditions.
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Figure 4. Load—displacement curve and post-test deformation of the ramie/E-glass hybrid composite under

flexural loading; the curve indicates the bending response, and the inset shows the deformed specimen after

testing.

Under tensile loading, failure is initiated by matrix cracking, followed by fiber—matrix interfacial
debonding and subsequent fiber pullout. Specimens with a higher proportion of E-glass fibers, particularly
Specimen B, exhibited superior tensile performance owing to the higher stiffness and strength of the glass
fibers, which enhanced the load-transfer efficiency and delayed crack propagation. In contrast, specimens
with higher ramie fiber content tended to fail earlier, primarily because of the weaker interfacial bonding and
lower intrinsic strength of the natural fibers.

Figure 5. Bending behavior and failure response of ramie/E-glass hybrid composites: (a) deformation
behavior under flexural loading and (b) delamination indicating interlaminar failure.

Under flexural loading, failure resulted from the combined effect of tensile stress on the lower surface
and compressive stress on the upper surface of the specimen. On the compression side, fiber kinking is the
dominant failure mechanism, initiating damage at intermediate load levels and propagating progressively
through the laminate. On the tensile side, fiber breakage occurs near the bottom ply and is typically associated
with the final failure. In addition, matrix cracking and interlaminar delamination contribute significantly to
damage evolution by facilitating crack initiation and propagation along the laminate interfaces [28].

The deformation behavior observed in Figure 5a indicates that the composite can sustain a progressive
load prior to failure, reflecting a relatively high fracture energy and improved toughness. This behavior is
consistent with the load—displacement response discussed in Section 3.2, wherein a gradual increase in the
load signified effective energy absorption and delayed crack propagation. At the microstructural level,
toughening mechanisms such as fiber bridging, crack deflection, microcracking, and controlled fiber—matrix
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debonding contribute to energy dissipation and enhance fracture resistance [29-31].

As shown in Figure 5b, delamination is a critical interlaminar failure mode that occurs when the
interlaminar shear stress (ILSS) exceeds the interfacial bonding strength between the adjacent layers. This
failure is primarily associated with manufacturing-induced defects, including voids, non-uniform resin
distribution, and insufficient consolidation. These defects degrade interfacial adhesion and create stress
concentration sites that accelerate crack initiation and interlaminar propagation [27, 32-35]. Consequently,
the structural stiffness and load-bearing capacity of the composites were significantly reduced.

From a fracture mechanics perspective, delamination propagation is governed by the interaction
between the fracture energy and interlaminar shear strength. Crack growth is controlled by mixed-mode
fracture behavior (Mode I/I1), which is influenced by factors such as fiber orientation, ply thickness, and
defect size [36]. The coexistence of progressive deformation and interfacial delamination suggests that the
overall mechanical performance is determined by the balance between the energy absorption capacity and
resistance to interlaminar shear failure.

Furthermore, alkalization treatment of ramie fibers enhances interfacial adhesion by removing surface
impurities, such as lignin and hemicellulose, thereby improving the load transfer efficiency and reducing
interfacial debonding. This improvement contributed to a more stable and progressive failure mechanism,
particularly for the optimal specimen.

Overall, the failure behavior of the hybrid composites was strongly governed by the fiber composition,
interfacial bonding quality, and hybridization effects. The optimal configuration demonstrated improved
resistance to interlaminar failure, characterized by enhanced energy absorption and controlled crack
propagation, confirming its superior mechanical performance.

4. Conclusions

In this study, the effect of the fiber mass fraction on the mechanical behavior and failure characteristics
of ramie/E-glass hybrid composites under tensile and flexural loading was systematically evaluated. The key
findings are summarized as follows:

— The fiber mass fraction significantly influenced the mechanical performance of the ramie/E-glass

hybrid composites, with distinct responses observed under tensile and flexural loading conditions.

— Specimen B (10% ramie/20% E-glass) exhibited the highest tensile strength (104.38 MPa) and
elastic modulus (5063.02 MPa), indicating the dominant role of E-glass fibers in enhancing tensile
resistance.

— Specimen A (20% ramie/10% E-glass) exhibited the optimal flexural performance, with a flexural
strength of 41.11 MPa and modulus of 635.89 MPa, suggesting that balanced hybridization
improves bending resistance and stress distribution.

— Failure analysis revealed that voids (v), fiber pullout, and delamination were the primary defects
governing the mechanical degradation of the composites.

— Voids act as critical stress concentration sites, reducing the interfacial bonding quality, weakening
the load transfer efficiency, and significantly decreasing the interlaminar shear strength (ILSS),
thereby promoting premature crack initiation and propagation.

— The presence of manufacturing-induced defects is strongly associated with incomplete resin
impregnation and nonuniform matrix distribution, resulting in poor fiber—matrix adhesion.

— Although the composite configurations contained defects, they satisfied the SNI helmet standard
requirements, indicating their feasibility for lightweight protective applications.

— The implementation of improved fabrication techniques, such as vacuum bagging, is essential to
minimize void content, enhance interfacial bonding, and improve the overall mechanical
performance.

This study provides a systematic evaluation of hybrid natural/synthetic fiber ratios and their impact
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on mechanical performance, highlighting a design strategy that balances tensile and flexural properties. The
findings directly support the development of lightweight helmet materials and offer a novel pathway to
optimize hybrid composites for advanced protective applications.
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