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It is now well recognized that the combination of natural and synthetic fibers in synergistic
fiber-reinforced composite materials can greatly broaden their applications in engineering and
technology. Natural fibers are gaining increasing attention because of their biodegradability,
easy availability, durability, and resistance to corrosion, positioning them as eco-friendly substi-
tutes for conventional materials. At the same time, fiber-reinforced composites are increasingly
replacing metals in multiple sectors owing to their cost-effectiveness and energy efficiency. In
this study, epoxy resin-based hybrid composites are prepared by incorporating glass, hemp
and ramie fibers through the hand lay-up approach. The laminates are characterized for ten-
sile, flexural, impact, and, hardness performance using ASTM standard methods. The greatest
tensile strength, 73.10 MPa, is achieved in the glass/ramie fiber composite. The hybrid compos-
ites comprising glass, ramie, and hemp fibers exhibit enhanced flexural behavior of 18.22 MPa
and impact resistance of 142.45kJ/m?. Among the tested configurations, the glass/ramie fiber
composite recorded the highest hardness value of 27.73 HV. Overall, the findings highlight that
glass/ramie/hemp fiber-mixed epoxy composite materials can serve as prospective eco-friendly
substitutes for conventional synthetic composites in non-structural applications, such as auto-
motive interiors, by offering a balance of good mechanical performance and sustainability.
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1. INTRODUCTION

Recent studies have highlighted the advanced mechanical performance of
natural fiber-reinforced composite materials compared to their man-made coun-
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terparts. Owing to their inherent material characteristics, natural fibers have
demonstrated enhanced behavior in key mechanical domains, including ten-
sile strength, flexural performance, and impact resistance. Prior investigations
have systematically evaluated these properties in polymer composites that incor-
porate both natural and synthetic reinforcements, considering variations in fiber
type and content, as reported by KEMPARAJU et al. [1]. SAPUAN et al. [2]
reported notable improvements in mechanical performance through fiber hy-
bridization, alongside reductions in environmental impact. Their study utilized
banana fibers, an agricultural byproduct readily available in tropical regions
such as South India and Malaysia, as reinforcement in epoxy-based composites.
This approach not only leveraged the mechanical potential of natural fibers but
also promoted sustainable material sourcing. In contrast to synthetic fibers,
natural fibers present distinct advantages including commendable mechanical
performance and superior environmental sustainability. Prior investigations have
examined maximum stress responses in two principal orientations, together with
the corresponding maximum deflection under varying loading conditions. These
evaluations were conducted using three different specimen geometries, thereby
facilitating a comparative analysis of mechanical behavior as influenced by vari-
ations in Young’s modulus.

Recent investigation has increasingly emphasized the enhanced mechanical
performance and eco-friendly characteristics of natural fiber-reinforced compos-
ites over their synthetic counterparts. ARAVINTH et al. [3] assessed the mechan-
ical characteristics of epoxy composites developed with hybrid hemp/glass fiber
reinforcement. The outcomes demonstrated that the hybrid laminates achieved
notable enhancements in impact resistance and flexural behavior, surpassing
the performance of composites relying solely on synthetic fibers. The addition of
natural fibers not only improved energy absorption and toughness but also facili-
tated a more uniform stress distribution, thereby mitigating crack initiation and
propagation under mechanical loading. KANDOLA et al. [4] emphasized the dual
advantages of bio-based composites, showcasing both their mechanical viability
and environmental sustainability. According to their findings, the integration of
natural reinforcement such as flax, jute, and hemp into polymer composites led
to a marked decrease in carbon emissions, without compromising the mechan-
ical properties relative to traditional man-made fiber-based composite materi-
als. THAPLIYAL et al. [5] found that incorporating natural fibers such as jute
into glass fiber composites significantly enhanced tensile and impact strength.
This improvement supports their suitability for superior structural applications.
MAHAKUR et al. [6] highlighted that incorporating banana fibers into glass fiber
composite materials promoted biodegradability while simultaneously provid-
ing comparable flexural strength and durability. Their results support the use of
such composites in practical engineering applications. ISLAM et al. [7] revealed
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that combining sisal with carbon fibers produced composites with lower density
and greater toughness, highlighting their potential for lightweight structural
applications. By increasing impact resistance and energy-absorbing capacity,
natural fibers demonstrate the viability of bio-based composites as sustainable
replacements for synthetic materials. In [8], the flexural and tensile characteris-
tics of hybrid composites were significantly improved through the incorporation
of glass fibers into natural reinforcements such as jute or sisal. In [9], composites
reinforced with banana and sisal fibers with epoxy were explored, and their wa-
ter absorption, flexural behavior, tensile characteristics, and impact resistance
were assessed. The findings presented in [9] highlighted the mechanical viability
of natural fiber composite materials across multiple performance metrics. Hy-
bridizing ramie and silk fibers in a 1:3 ratio for epoxy composites resulted in
a significant reduction in water uptake and a marked enhancement in mechanical
strength [10]. This displays the effectiveness of natural fiber combinations in im-
proving composite performance. Due to their biocompatibility, fast-growing nat-
ural fibers are gaining attention for use in cost-effective, eco-friendly, and techni-
cally demanding applications. Additionally, treatment of these fibers with NaOH
under saturated conditions was found to increase their mechanical properties
without compromising structural performance [11]. YUANJIAN and ISAAC [12]
conducted fatigue testing to evaluate the performance of hemp-based nonwo-
ven composites fabricated with polyester bonding. BLEDZKI et al. [13] exam-
ined how water absorption correlates with toughness, flexural property, specific
gravity, and compressive strength, in hemp fiber-reinforced composite (HFRC)-
based materials. The investigation by KOBAYASHI et al. [14] established hemp
fiber as a superior reinforcement material in textile composites, with its perfor-
mance markedly improved through micro-braiding techniques. KABIR et al. [15]
reported that surface functionalization and environmental exposure markedly af-
fect the structural and physical properties of both synthetic and natural fibers.
Their study also showed that adding paper layers to unidirectional flax/epoxy
and hemp/epoxy composites significantly enhanced tensile strength compared
to composites without paper reinforcement. ARISTRI et al. [16] identified the
optimal plant fiber blend for jute-reinforced polymer composites intended for
automotive applications, considering key factors such as weight, functional per-
formance, and cost efficiency. TORRES et al. [17] proposed a hybrid composite
consisting of ramie and hemp fibers with enhanced impact resistance, suitable
for automotive components such as bumper beams. They also noted that opti-
mizing structural parameters or material composition further improved impact
performance.

This experimental investigation assesses the mechanical characteristics of
epoxy-based materials reinforced with hemp, ramie and glass fibers. The speci-
mens, produced through the hand lay-up approach, were subjected to mechani-
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cal testing to evaluate their tensile behavior, flexural performance, impact resis-
tance and surface hardness. The results shows that the incorporation of hemp
and ramie fibers significantly enhances the mechanical characteristics of glass
fiber-reinforced composite materials.

2. MATERIALS AND METHODS

2.1. MATERIALS

The composite laminates were fabricated using glass, hemp and ramie fibers
as reinforcements within an epoxy resin matrix. Ramie and glass fibers were
sourced from Vruksha Composites (Guntur, Andhra Pradesh, India), while hemp
fibers, epoxy resin, and hardener HY951 were obtained from UltrananoTech Ltd.
(Bengaluru, Karnataka, India). Figure 1 illustrates the raw fibers used, and
Table 1 summarizes their key physical and mechanical properties.

2)

F1aG. 1. Fibers used in the study: a) ramie fiber, b) hemp fiber, ¢) glass fiber.

TABLE 1. Mechanical characteristics of ramie and hemp fibers.

Properties Ramie Hemp
Density [g/cc] 1.52 1.4

Cellulose content [%)] 52-57 48-52
Moisture content [%)] 1.5-7.5 6-9
Young’s modulus [GPa] 86 37

2.2. FABRICATION TECHNIQUE

A conventional hand lay-up method was implemented for composite fabrica-
tion. To prevent adhesion to the mold surface, a teflon-coated sheet was placed
at the base of the mold. The mold was first cleaned using abrasive paper to
remove rust, followed by wiping with thinner and the application of teflon gel.
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The reinforcement fibers were trimmed to the required dimensions and layered
sequentially. Epoxy resin and hardener were mixed in a ratio of 10:1 to initiate
curing and applied uniformly over each fiber layer using a roller to ensure proper
wetting and adhesion. The hybrid laminates were constructed using three layers
of glass fiber and two layers of natural fibers, arranged in an alternating se-
quence to ensure that glass fibers formed the outer layers. Three configurations
were prepared: hemp/glass, ramie/glass, and hemp/ramie/glass composites. All
laminates were cured under a constant load using a weighted press for 12h to
ensure uniform consolidation and optimal interfacial bonding.

3. EXPERIMENTAL FRAMEWORK

To design reliable composite structures, it is required to determine key
mechanical characteristics such as stiffness and strength through targeted me-
chanical testing tailored to the specific material system. Adherence to ASTM
standards ensures consistent evaluation procedures and facilitates accurate char-
acterization of material behavior and performance.

3.1. TENSILE BEHAVIOR

Tensile samples were prepared in accordance with [22], the standard test
method for evaluating the tensile behavior of composite laminates. For each lam-
inate configuration, three samples were tested using a Universal Testing Machine
(UTM), where tensile load was applied until fracture occurred. The procedure
was repeated for all specimens and laminate configurations to determine the av-
erage tensile strength and corresponding stress values for comparative analysis.

3.2. FLEXURAL BEHAVIOR

Flexural test samples were prepared in accordance with [21], which outlines
the standard procedure for analyzing the flexural characteristics of polymer
composites. For each laminate type incorporating glass, hemp, and ramie fibers,
three samples were tested using the UTM under a three-point bending configu-
ration. During testing, both displacement and flexural strength were recorded to
facilitate comparative analysis across the different composite systems. Figure 2
displays the prepared samples for mechanical testing, involving tensile, flexural,
impact, and hardness evaluations.

3.3. IMPACT STRENGTH

To assess how the materials respond to sudden or dynamic loading, this
study employs the impact behavior assessed using the Charpy V-notch test.
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b)

F1G. 2. Mechanical test specimens: a) tensile specimen, b) flexural specimen,
c¢) impact specimen, d) hardness evaluation specimen.

This standardized procedure measures the energy absorbed by a specimen dur-
ing fracture, thereby offering insight into its toughness under high strain-rate
conditions. All specimens were prepared and tested in accordance with ASTM
D6110 specifications.

3.4. HARDNESS TEST

Microhardness testing is commonly applied to materials such as metals, ce-
ramics, and composites when conventional macro-scale hardness methods are
unsuitable. This technique is particularly effective for examining hardness vari-
ations across a specimen cross-section, analyzing thin sheet-like materials, and
evaluating localized microstructural features within a broader matrix. Typically,
static loads of 1kg or less are used to create small indentations, allowing precise
measurement of surface hardness at the microscale.

4. RESULTS AND DISCUSSIONS

4.1. TENSILE BEHAVIOR STUDY

The tensile behavior of the composite samples were tested using the UTM.
During testing, the machine automatically generated a force-displacement curve,
as illustrated in Fig. 3. The tensile behavior results of the different hybrid lam-
inates are compared in Fig. 4. Among the tested samples, the ramie and glass
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F1G. 4. Tensile strength performance of different hybrid fiber laminates.

fiber-reinforced composite showed an enhanced performance compared to the
other laminate configurations. The tensile strength values of the three different
laminate configurations: hemp/glass, ramie/glass, and hemp/ramie/glass were
evaluated for three specimens (L1, L2, and L3). The results are summarized in
the corresponding bar graph. The ramie/glass laminates consistently showed the
highest tensile strength across all specimens, with 73.10 MPa for L1, 61.80 MPa
for L2, and 66.80 MPa for L3. On average, this laminate achieved a tensile
strength of 67.23 MPa, which is approximately 62 % higher than the average
value of hemp/glass laminate (41.58 MPa) and more than double that of the
hemp/ramie/glass laminate (32.54 MPa).

The hemp/glass laminates exhibited moderate tensile strength values rang-
ing from 39.40 MPa to 44.30 MPa, with an average value of 41.58 MPa. This per-
formance is about 27 % lower than that of ramie/glass laminate but 28 % higher
than that of the hemp/ramie/glass laminate. The hemp/ramie/glass laminates
recorded the lowest tensile strength, varying from 30.02 MPa to 35.70 MPa, with
an average of 32.54 MPa. This indicates a reduction of nearly 52 % compared to
the ramie/glass laminates. In terms of tensile performance, the ramie/glass com-
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posite demonstrates superior strength compared to the ramie/hemp/glass hy-
brid laminate. This enhancement is primarily attributed to the inherently more
tensile capacity of glass fiber reinforcement relative to natural reinforcement
including ramie and hemp. Since the tensile characteristics of a laminate is
predominantly governed by the mechanical characteristics of its reinforcing con-
stituents, a greater proportion of glass fibers contributes to improved load-
bearing capability. Furthermore, the interfacial bonding between the matrix and
the fibers plays a critical role in tensile behavior. Glass fibers exhibit stronger
suitability with epoxy resins, facilitating more efficient stress transfer across the
interface. In contrast, natural fibers such as hemp and ramie tend to have weaker
adhesion with the matrix, making them more susceptible to fiber pull-out un-
der tensile loading. This interfacial limitation reduces the overall tensile capacity
of hybrid laminates consisting of both ramie and jute fibers, as reported by YANG
et al. [18]. The adoption of hybrid laminate materials has experienced notable
growth, driven by their environmentally sustainable characteristics, including
recyclability, biodegradability, and reduced ecological impact [19].

TABLE 2. Tensile strength values of various composites.

Laminates Hemp/glass [MPa] | Ramie/glass [MPa] | Hemp/ramie/glass [MPa]
L1 41.05 73.10 35.70
L2 44.30 61.80 31.90
L3 39.40 66.80 30.02
Average 41.58 67.23 32.54
Standard deviation 2.49 5.68 2.91

4.2. FLEXURAL BEHAVIOR STUDY

The flexural performance of the hybrid composite specimens was system-
atically evaluated, as presented in Table 3. During mechanical testing, the
force—stroke response was recorded in real time, with representative curves il-
lustrated in Fig. 5. A comparative analysis of the flexural strength across the
various hybrid configurations is illustrated in Fig. 6. The outcomes indicate
that composites reinforced with a combination of ramie, hemp, and glass fibers
exhibit enhanced flexural resistance compared to those reinforced solely with
hemp/glass or ramie/glass fiber systems. The flexural strength results show
that the hemp/ramie/glass laminate achieve the highest strength with an aver-
age of 17.79 MPa, which is considered 100 % performance. In comparison, the
ramie/glass laminate recorded an average of 9.74 MPa, corresponding to about
54.7 % of the maximum strength, while the hemp/glass laminate had the low-
est avarage value of 8.49 MPa, equivalent to 47.7% of the maximum strength.
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TABLE 3. Flexural strength values of various composites.

Laminates Hemp/glass [MPa] | Ramie/glass [MPa] | Hemp/ramie/glass [MPa]
L1 8.52 10.25 18.22
L2 8.88 8.89 17.74
L3 8.06 10.07 17.42
Average 8.49 9.74 17.79
Standard deviation 0.42 0.74 0.41
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F1G. 5. Force-stroke curve obtained during flexural testing.

20 18.22 17.74

17.42

12 10.25

©
a
2
< 6.8 10.07
Qo
g 10 8.52 S 8.06
s 8
1%}
T© 6
>
§ 4
-2

0

L1 L2 L3
Laminates

® Hemp/Glass ® Ramie/Glass W Hemp/Ramie/Glass

F1c. 6. Flexural strength performance of different hybrid fiber laminates.

The higher strength in the hemp/ramie/glass laminate is due to the synergis-
tic effect of the three different fibers, where ramie adds stiffness, glass provides
strength, and hemp improves flexibility, resulting in better stress distribution
under bending loads. On the other hand, the hemp/glass laminate showed the
lowest flexural strength because hemp fibers have relatively low stiffness, which
limits their reinforcement capability. The ramie/glass laminate showed moderate
strength, as ramie fibers have superior mechanical properties compared to hemp
fibers; however, the absence of a third reinforcing fiber restricted its ability to
distribute stress as effectively as the three-fiber hybrid laminate. The enhanced
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flexural and impact performance of the ramie/hemp/glass hybrid composites
can further be attributed to the synergistic interaction among the constituent
fibers. Each fiber type contributes distinct mechanical advantages: glass fibers
impart high stiffness and impact resistance, while natural reinforcement such as
hemp and ramie improve energy absorption and toughness.

These results exceed those reported by SAPUAN et al. [2], where flexural
strength values ranging from 0.3kN/m? to 0.4kN/m? were achieved in epoxy
composites reinforced with woven banana fibers. The superior performance ob-
served in the current study highlights the effectiveness of mixed-fiber configu-
rations in enhancing flexural behavior. This multi-fiber architecture facilitates
more uniform stress distribution under flexural and impact loading conditions.
Additionally, the natural fibers play a critical role in bridging microcracks and
inhibiting their propagation, thereby improving the composite’s ability to resist
deformation and absorb dynamic loads [20]. Moreover, the strategic layering
of hemp, ramie, and glass fibers within the hybrid composite enhances load-
transfer efficiency. This architecture proves especially advantageous under flexu-
ral stress, as the outer glass fiber layers deliver structural rigidity, while the inner
natural fibers, namely ramie and hemp, offer improved toughness and ductili-
ty. The complementary roles of these fibers contribute to a more resilient and
adaptable composite structure capable of withstanding bending forces with a re-
duced risk of failure.

4.3. IMPACT STRENGTH ANALYSIS OF HYBRID COMPOSITES

This study incorporates impact testing using the Charpy technique to eval-
uate the load-bearing behavior and impact energy of several hybrid composite
specimens. The absorbed energy was determined based on data recorded by the
testing apparatus. Figure 7 illustrates the comparative impact strength across
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Fic. 7. Impact strength distribution among different hybrid laminate systems.



Sustainable Natural and Synthetic Fiber/Epoxy Composites... 11

the different laminate configurations. Among them, the composite reinforced
with hemp, ramie and glass fibers demonstrated superior impact resistance,
reaching up to 142.45kJ/m?. Composites reinforced with glass and ramie fibers
also showed comparable performance levels, as detailed in Table 4. Among the
configurations, the hemp/ramie/glass composite demonstrated the highest im-
pact resistance, with values ranging from 135.73 kJ/m? to 142.45kJ/m?, approx-
imately 45% to 50 % greater than the hemp/glass laminate and 40 % to 46 %
higher than the ramie/hemp laminate. This enhanced performance is likely due
to the combined effect of natural and synthetic fibers, which promotes better
interfacial adhesion and improves the material’s ability to absorb energy during
sudden loading. Conversely, the hemp/glass laminate recorded the lowest im-
pact strength, between 90.45kJ/m? and 95.91kJ/m?, reflecting a reduction of
about 36 % compared to the hemp/ramie/glass composite. This lower toughness
may stem from the limited energy-dissipation capacity inherent to the dual-fiber
system. The ramie/glass laminate exhibited intermediate values, ranging from
92.27kJ/m? to 99.55kJ/m?, roughly 30 % to 33 % lower than those of the top-
performing hybrid laminate. Its moderate behavior can be attributed to the
predominance of natural fibers, which, although sustainable, offer lower resis-
tance to crack propagation under impact loading. These findings underscore the
effectiveness of integrating ramie fibers with hemp and glass fibers in enhancing
the impact durability of epoxy-based hybrid laminates, making them promising
candidates for implementations requiring high toughness and energy absorption.
Natural fibers are increasingly being integrated into hybrid composite systems,
offering a sustainable alternative to conventional materials. A growing body of
research focuses on optimizing fiber hybridization to replace conventional metals
and alloys in engineering advancements while maintaining structural integrity
and cost efficiency. In the present study, composite laminates were fabricated by
combining glass fibers with natural fibers such as ramie and hemp fibers. Test
samples were subsequently prepared from these composites in accordance with
ASTM standards to ensure consistency and reliability in mechanical evalua-
tion. The hemp /ramie/glass fiber-reinforced composites developed in this study
exhibited an impact strength of 142.45kJ/m?, closely aligning with the value

TABLE 4. Measured impact resistance across composite configurations.

Laminates Hemp/glass [kJ/m?] | Ramie/glass [kJ/m?] | Hemp/ramie/glass [kJ/m?]
L1 90.45 99.55 142.45
L2 94.09 92.27 135.73
L3 95.91 94.09 135.82
Average 93.48 95.30 138.00
Standard deviation 2.79 3.73 3.80
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of 157.64kJ/m? reported by BHOOPATHI et al. [23] and VENKATESHWARAN
et al. [9] for banana-hemp-glass fiber laminates. This comparative performance
underscores the mechanical robustness of the present hybrid configuration and
reinforces its viability as a competitive alternative to previously investigated
systems.

4.4. HARDNESS VALUE ANALYSIS

Figure 8 illustrates the Vickers hardness test results for composite speci-
mens featuring various fiber combinations. Among the tested configurations,
the ramie fiber-reinforced polymer composite exhibited the highest hardness
value, reaching 27.73 HV. This performance notably surpasses that of the other
laminates, as detailed in Table 5, thereby highlighting the effectiveness of ramie
fibers in enhancing surface resistance. The hardness assessment revealed that
the ramie/glass laminate exhibited the highest values, ranging from 26.12 HV
to 27.73HV, approximately 35% to 40 % greater than that of the hemp/glass
configuration and around 30 % higher than that the hemp/ramie/glass variant.
This enhanced surface resistance is likely attributed to the robust interfacial
bonding between ramie and glass fibers, which effectively limits localized defor-
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Fic. 8. Hardness performance of various hybrid composites.

TABLE 5. Hardness performance of hybrid composites.

Laminates Hemp/glass [HV] | Ramie/glass [HV] | Hemp/ramie/glass [HV]
L1 17.54 27.73 20.61
L2 17.38 26.42 19.92
L3 18.12 26.12 19.90
Average 17.68 26.76 20.14
Standard deviation 0.39 0.83 0.40
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mation under load. The hemp/ramie/glass laminate demonstrated intermediate
hardness values, measured between 19.90 HV and 20.61 HV. While these values
are 25 % to 28 % lower than those of the ramie/glass laminate, they remain 10 %
to 15 % higher than those of the hemp/glass laminate. This moderate perfor-
mance reflects the composite’s balanced fiber architecture, where the reinforcing
effect of ramie and glass fibers is partially offset by the relatively lower stiffness
of hemp fibers. Among the tested laminates, the hemp/glass laminate recorded
the lowest hardness, with values ranging from 17.38 HV to 18.12HV approxi-
mately 36 % lower than those of the ramie/glass laminates and 10 % lower than
the hybrid containing all three fibers. The reduced hardness is primarily due
to the limited interfacial bonding and lower mechanical rigidity of hemp fibers,
which restrict the material’s resistance to indentation and surface wear. These
findings suggest that the ramie/glass composites are particularly well suited for
applications demanding high surface durability and resistance to concentrated
mechanical stresses (see Table 6).

TABLE 6. Comparative values of tensile strength, flexural strength, impact resistance,
and hardness for selected composites.

Tensile Flexural Impact Micro-hardness
Composite type behavior behavior resistance HV
[MPa] [MPa] [k /m?] [HV]
Glass/ramie
fiber-reinforced 73.10 10.25 99.55 27.73
composite
Glass/hemp
fiber-reinforced 44.30 8.88 95.91 18.12
composite
Glass/hemp/ramie
fiber-reinforced 35.70 18.22 142.45 20.61
composite

4.5. STATISTICAL ANALYSIS USING ONE-WAY ANOVA

To evaluate whether the observed differences in tensile behavior, flexural be-
havior, impact resistance, and microhardness across the three composites are
statistically significant one-way ANOVA was applied, and the corresponding
F-statistics and p-values were computed to evaluate the significance of ob-
served differences. A comprehensive overview of the statistical parameters is
provided in Table 7.

4.5.1. HYPOTHESES

Null hypothesis (Hp): the mean values of mechanical properties such as ten-
sile behavior, flexural behavior, impact resistance, and microhardness were found
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TABLE 7. One-way ANOVA descriptive statistics for mechanical properties.

Mean Standard 25th 75th
Property |Count valie deviation | Minimum | percentile |Median| percentile | Maximum
(SD) (Q1) (Q3)
Tensile
behavior 3 51.47 22.00 29.00 40.24 51.47 62.70 73.10
[MPa]
Flexural
behavior 3 12.15 6.00 6.00 9.08 12.15 15.22 18.22
[MPa]
Impact
resistance 3 95.30 47.15 47.15 71.23 95.30 119.37 142.45
[kJ/m?]
Micro-
hardness 3 18.61 9.12 9.12 13.86 18.61 23.47 27.73
[HV]

to be similar across all composite types, indicating that the type of composite
had no significant effect.

Alternative hypothesis (Hj): at least one composite type shows a statistically
pronounced disparity in the mean values of the mechanical properties, suggesting
that composite type influences the mechanical response.

4.6. MICROSTRUCTURE OF HYBRID FIBER-REINFORCED COMPOSITES

Hemp fibers are extracted from the matrix, leaving holes or cavities on the
fracture surface, and glass fibers may remain partially bonded or protruding.
The softer epoxy matrix surrounding hemp fibers cracks more easily, and gaps
appear between fiber and matrix where debonding has occurred. The fracture
is usually non-planar, hemp-rich regions show shear failure (diagonal cracking)
while glass-rich regions show more brittle fracture with fiber breakage, as shown
in Fig. 9a. Some ramie and glass fibers show clean breaks (transverse cracks),
while others exhibit partial pull-out with attached matrix resin on the fiber sur-
face, indicating strong fiber—-matrix bonding. Fine cracks in the matrix radiate
from broken fiber ends; voids or stress concentrations appear where fibers have
debonded. Ramie/glass composites typically show flatter fracture surfaces than
hemp/glass composites, with visible layering and fiber alignment dependent on
the stacking sequence, as depicted in Fig. 9b. Figure 9c¢ shows fiber pull-out,
matrix crazing, rough texture, multiple microcracks radiating from hemp fiber
breaks. A sharp, brittle transverse fracture is observed, with minimal pull-out,
clean glass fiber ends, and little to no matrix deformation around glass fibers.
Ramie and glass show good adhesion (resin attached to fiber), while hemp shows
weaker adhesion [24, 25].
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F1G. 9. SEM images of various hybrid composites:
a) hemp/glass, b) ramie/glass, ¢) hemp/ramie/glass.

5. RESuULTS

The calculated p-value is 0.0025, which is less than the established level of
significance (0.05); therefore, the findings reject null hypothesis. This means
that differences observed in mechanical characteristics, such as tensile behavior,
flexural behavior, impact resistance, and hardness, among the various composite
types are statistically significant. This result gives confidence that these varia-
tions may be due to fiber types rather than random variation.

6. OVERALL SUMMARY AND INTERPRETATIONS

This study compared the mechanical characteristics: tensile behavior, flexu-
ral behavior, impact resistance, and microhardness of different hybrid compos-
ites made from glass/ramie, glass/hemp, and glass/hemp /ramie fibers. The ten-
sile strength was highest in the glass/ramie composite (73.10 MPa), followed by
glass/hemp (44.30 MPa), while the glass/hemp/ramie hybrid showed the lowest
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value (35.70 MPa). In contrast, flexural strength peaked in the glass/hemp /ramie
hybrid (18.22 MPa), outperforming both glass/ramie and glass/hemp variants
(10.25 MPa and 8.88 MPa, respectively). Impact strength exhibited a similar
trend, with the glass/hemp/ramie composite achieving a significantly higher
value (142.45kJ/m?) compared to glass/ramie composite (99.55kJ/m?) and
glass/hemp composite (95.91kJ/m?). Hardness was greatest in the glass/ramie
composite (27.73HV), moderate in the hybrid (20.61 HV), and lowest in the
glass/hemp configuration (18.12 HV). Statistical analysis using one-way ANOVA
confirmed that the differences in flexural behavior, impact behavior, and micro-
hardness across the composite types were statistically significant (p < 0.05),
while variations in tensile strength were less pronounced. The outcomes empha-
size the impact of fiber hybridization on mechanical performance and highlight
the potential of multi-fiber composites for tailoring properties for specific engi-
neering applications.

FUNDINGS

This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

CONFLICT OF INTEREST

The authors declare that there are no known competing financial interests
or personal relationships that could have influenced the work described in this

paper.
AUTHORS’ CONTRIBUTIONS

Sadashiva Kemparaju: conceptualization, methodology, and writing — orig-
inal draft preparation. Bhanu Prathap Rangaswamy: methodology and writ-
ing — review and editing. Balaji Javaraiah: validation, resources, and writing —
review and editing. Shwetha Mahadev, Rathika Murugan, Tarakeshwar Jane:
resources and literature survey. All authors reviewed and approved the final
manuscript.

ACKNOWLEDGMENT

The author gratefully acknowledges the Mechanical Engineering Department
of Dr. Ambedkar Institute of Technology, Bengaluru, for offering the necessary
research facilities and support that enabled the successful completion of this
study.



Sustainable Natural and Synthetic Fiber/Epoxy Composites... 17

10.

11.

12.

REFERENCES

. KEMPARAJU S., GANAPATHI S., KEMPARAJU R., VENKATRAO S., YAGAPPA S., Ex-

perimental and validation of the mechanical characteristics of bio based hybrid
composites, Environmental Engineering € Management Journal, 23(1): 61-69, 2024,
http://doi.org/10.30638/eemj.2024.006.

. SApUAN S., LEeENIE A., HAriMI M., BENG Y.K., Mechanical properties of woven ba-

nana fiber reinforced epoxy composites, Materials € Design, 27(8): 689-693, 2006,
https://doi.org/10.1016/j.matdes.2004.12.016.

ARAVINTH K., SATHISH K., RAMAKRISHNAN T., BALU MAHANDIRAN S., SHIYAM SUND-
HAR S., Mechanical and thermal behavior of aligned coir fiber reinforced epoxy composites
based on fiber orientation, fiber length, and fiber volume fraction, Materials Today: Pro-
ceedings, 2023, http://doi.org/10.1016/j.matpr.2023.05.436.

. Kanpora B.K., PORNwANNACHAT W., WEcLAWSKI B., EBDON J.R., Fully bio-based

flax/furan versus carbon/glass epoxy composites: Scope and limitations in terms of fire,
mechanical and thermal performances, Polymer Composites, 45(12): 11004-11021, 2021,
https://doi.org/10.1002/pc.28527.

TuAPIYAL D., VERMA S.,; SEN P., KuMAR R., THAKUR A., Tiwarl A.K., SINGH D.,
VERROS G.D., KUMAR ARYA R., Natural fibers composites: Origin, importance, con-
sumption pattern, and challenges, Journal of Composites Science, T(12): 506, 2023,
http://doi.org/10.3390/jcs7120506.

Manakur V.K., BHowMIK S., PATOWARI P.K., Machining parametric study on the nat-
ural fiber reinforced composites: A review, Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science, 236(11): 6232-6249, 2021,
https://doi.org/10.1177/09544062211063752.

Isam M.Z., SABIR E.C., SYDUZZAMAN M., Experimental investigation of mechanical
properties of jute/hemp fibers reinforced hybrid polyester composites, SPE Polymers,
5(2): 192-205, 2023, https://doi.org/10.1002/pls2.10119.

. MaNJESH M., PALANIKUMAR K., REDDY K.H., Comparative evaluation on properties of

hybrid glass fiber-sisal/jute reinforced epoxy composites, Procedia Engineering, 51: 745~
750, 2023, https://doi.org/10.1016/j.proeng.2013.01.106.

VENKATESHWARAN N., ELAYAPERUMAL A., ALAVUDEEN A., THIRUCHITRAMBALAM M.,
Mechanical and thermal behavior evaluation of banana/sisal reinforced hybrid compos-
ites, Materials & Design, 32(7): 4017-4021, 2011, http://doi.org/10.1016/j.matdes.2011.
03.002.

SADASHIVA K., PURUSHOTHAMA K.M., Physical and mechanical properties of bio based
natural hybrid composites, Journal of Materials and Environmental Science, 14(1): 131—
140, 2023.

RaAMESH M., PAavLaNIKUMAR K., REDDY K.H., Mechanical property evaluation of
sisal-jute—glass fiber reinforced polyester composites, Composites Part B: Engineering,
48: 1-9, 2012, https://doi.org/10.1016/j.compositesb.2012.12.004.

YUuAaNJIAN T.; Isaac D., Impact and fatigue behaviour of hemp fibre composites, Com-
posites Science and Technology, 67(15-16): 3300-3307, 2007, http://doi.org/10.1016/
j.compscitech.2007.03.039.


http://doi.org/10.30638/eemj.2024.006
https://doi.org/10.1016/j.matdes.2004.12.016
http://doi.org/10.1016/j.matpr.2023.05.436
https://doi.org/10.1002/pc.28527
http://doi.org/10.3390/jcs7120506
https://doi.org/10.1177/09544062211063752
https://doi.org/10.1002/pls2.10119
https://doi.org/10.1016/j.proeng.2013.01.106
http://doi.org/10.1016/j.matdes.2011.03.002
http://doi.org/10.1016/j.matdes.2011.03.002
https://doi.org/10.1016/j.compositesb.2012.12.004
http://doi.org/10.1016/j.compscitech.2007.03.039
http://doi.org/10.1016/j.compscitech.2007.03.039

18

S. KEMPARAJU et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BLEDZKI A.K., MAMUN A.A., FARUK O., Abaca fibre reinforced PP composites and com-
parison with jute and flax fibre PP composites, Express Polymer Letters, 1(11): 755-762,
2007, http://doi.org/10.3144 /expresspolymlett.2007.104.

KoBAvasHI S., TAKADA K., NAKAMURA R., Processing and characterization of hemp fiber
textile composites with micro-braiding technique, Composites Part A: Applied Science and
Manufacturing, 59: 1-8, 2014, https://doi.org/10.1016/j.compositesa.2013.12.009.

KaABIR M.M., WANG H., Lau K.T., CARDONA F., Tensile properties of chemically treated
hemp fibres as reinforcement for composites, Composites Part B: Engineering, 53: 362—
368, 2013, http://doi.org/10.1016/j.compositesb.2013.04.087.

ARISTRI M.A. et al., Thermal and mechanical performance of ramie fibers modified with
polyurethane resins derived from acacia mangium bark tannin, Journal of Materials Re-
search and Technology, 18: 2413-2427, 2022, https://doi.org/10.1016/j.jmrt.2022.03.131.

TORRES-ARELLANO M., RENTERIA-RODRIGUEZ V., FRANCO-URQUIZA E., Mechanical
properties of natural-fibre-reinforced bio-based epoxy resins manufactured by resin in-
fusion process, Polymers, 12(12): 2841, 2020, http://doi.org/10.3390/polym12122841.

YANG H. et al, Load-bearing capacity and failure mechanism of integrated fluted-core
composite sandwich cylinders, Composites Science and Technology, 221: 109344, 2022,
http://doi.org/10.1016/j.compscitech.2022.109344.

SAHARI 1., SAPUAN S.M., Natural fibre reinforced biodegradable polymer composites,
Reviews on Advanced Materials Science, 30: 166—174, 2011.

SAVASTANO J.Jr., SANTOS S.F., RADONJIC M., SOBOYEJO W.O., Fracture and fatigue
of natural fiber-reinforced cementitious composites, Cement and Concrete Composites,
31(4): 232-243, 2009, http://doi.org/10.1016/j.cemconcomp.2009.02.006.

ASTM, ASTM D790: Standard test methods for flexural properties of unreinforced and
reinforced plastics and electrical insulating materials, Annual Book of ASTM Standards,
1997.

ASTM, ASTM D638-14: Standard test method for temsile properties of plastics, ASTM
International, 2014.

BuooprAaTHI R., RAMESH M., DEEPA C., Fabrication and property evaluation of banana-
hemp-glass fiber reinforced composites, Procedia Engineering, 97: 2032-2041, 2014,
https://doi.org/10.1016/j.proeng.2014.12.446.

SADASHIVA K., SARVAMANGALA S.P., SHANSHANKA G., TARAKESHWAR J., PRADEEP KU-
MAR P., Mechanical, tribological and morphological characteristics of glass and jute rein-
forced epoxy hybrid composite, Journal of Materials and Environmental Science, 15(5):
700-711, 2024.

PrasaDp L., Kapri P., PATEL R.V., YADAV A., WINCZEK J., Physical and mechanical
behavior of ramie and glass fiber reinforced epoxy resin-based hybrid composites, Journal
of Natural Fibers, 20(2): 2234080, 2023, https://doi.org/10.1080/15440478.2023.2234080.

Received September 25, 2025; accepted December 15, 2025;
available online December 18, 2025; version of record June 8, 2026;

published issue XXXX.


http://doi.org/10.3144/expresspolymlett.2007.104
https://doi.org/10.1016/j.compositesa.2013.12.009
http://doi.org/10.1016/j.compositesb.2013.04.087
https://doi.org/10.1016/j.jmrt.2022.03.131
http://doi.org/10.3390/polym12122841
http://doi.org/10.1016/j.compscitech.2022.109344
http://doi.org/10.1016/j.cemconcomp.2009.02.006
https://doi.org/10.1016/j.proeng.2014.12.446
https://doi.org/10.1080/15440478.2023.2234080

