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Abstract: Corona treatment was applied to enhance the interfacial adhesion between hemp woven fibers and epoxy
resin in fiber-reinforced composites. Using a cold pressing method with equal parts of resin and fiber (50 g each),
samples were treated for 1-4 min. SEM analysis revealed that increased treatment time led to greater fiber surface
roughness and reduced voids at the fiber—matrix interface, improving bonding. Tensile strength increased with treatment
time, peaking at 48.68 MPa at 3 min before slightly decreasing at 4 min. The elastic modulus remained stable (304.67—
312.52 MPa) up to 3 min, then dropped slightly to 302.86 MPa. Overall, corona-treated composites exhibited a 55%
increase in tensile strength compared to untreated ones, confirming the treatment’s effectiveness in enhancing

mechanical performance.
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1. INTRODUCTION

Fiber-reinforced epoxy composites are renowned
for their exceptional mechanical performance, offering
high strength and stiffness through the incorporation of
reinforcing fibers such as carbon, glass, or natural
fibers. Their combination of lightweight and robust
properties makes them particularly suitable for
applications in the aerospace, automotive, and
construction sectors [1]. These composites also
demonstrate excellent corrosion resistance, surpassing
metals in harsh environments by withstanding
moisture, chemicals, and UV radiation, thereby
extending service life and reducing maintenance costs
[2]. A key advantage of epoxy composites is their
design flexibility, which enables the tailoring of
mechanical properties and the fabrication of complex
structures, thus enhancing industrial efficiency. In
particular, natural fiber-reinforced epoxy composites—
using fibers such as flax, hemp, and jute—offer a
sustainable alternative to synthetic reinforcements [3-
5]. These materials not only deliver impressive
mechanical properties, including high strength,
stiffness, and load-bearing capacity, but also contribute
to environmental sustainability [6-9]. Natural fibers are
renewable, biodegradable, and possess a lower carbon
footprint compared to synthetic counterparts, requiring
less energy during production [10]. Their lightweight
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nature improves fuel efficiency and reduces emissions,
while their affordability supports broader adoption in
cost-sensitive industries [11,12]. Overall, natural fiber-
reinforced composites represent a promising, eco-
friendly solution for high-performance engineering
applications.

The weak adhesion between natural fibers and
epoxy resin in composite materials poses a significant
challenge, primarily due to their contrasting hydrophilic
and hydrophobic properties. Natural fibers are
inherently hydrophilic, readily absorbing moisture,
whereas epoxy resin is hydrophobic and resists water
absorption. This incompatibility at the fiber—matrix
interface  impairs interfacial bonding, ultimately
reducing the mechanical performance and structural
integrity of the composites [9,13]. A key factor
contributing to poor adhesion is the moisture
absorption capacity of natural fibers. When exposed to
humidity, these fibers swell and degrade the fiber—
matrix interface, weakening the bond and increasing
the risk of delamination and mechanical failure.
Moreover, the chemical composition of natural fibers—
rich in lignin, hemicellulose, and other polar functional
groups—further promotes water absorption,
intensifying hydrophilicity and hindering effective
bonding with the epoxy matrix [14-16]. To address
these issues, various surface treatment techniques
have been developed to reduce fiber hydrophilicity and
improve compatibility with hydrophobic epoxy resins.
Methods such as chemical modification, plasma
treatment, and the use of silane coupling agents
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enhance fiber wettability and interfacial adhesion [17].
Additionally, hybrid composites combining natural and
synthetic fibers can balance moisture resistance with
sustainability and cost-effectiveness. The incorporation
of bio-fillers like cellulose nanocrystals and
nanoparticles such as graphene oxide has also shown
promise in reducing moisture uptake, improving fiber
dispersion, and reinforcing the matrix [9,18].
Furthermore, optimized processing techniques—such
as vacuum-assisted resin transfer molding and hot
pressing—enhance fiber impregnation and overall
mechanical performance. Together, these strategies
significantly improve the durability and functionality of
natural fiber-reinforced epoxy composites [9].

Corona treatment is a highly effective surface
modification technique employed to enhance the
adhesion between natural fibers and epoxy resin in
composite materials. This method introduces polar
functional groups onto the fiber surface, thereby
improving the wettability and compatibility of natural
fibers with epoxy resins, which in turn enhances the
overall performance of the composite [19]. The process
involves the application of a high-voltage electrical
discharge to the surface of natural fibers, generating
reactive species, such as ozone, free radicals, and
ions. These reactive species alter the surface
chemistry of the fibers by introducing oxygen-
containing functional groups, including carbonyls and
hydroxyls, which increase the surface energy and
hydrophilicity of the fibers. This modification effectively
reduces the interfacial tension between the hydrophilic
fibers and the hydrophobic epoxy resin, thereby
facilitating improved adhesion and enhancing stress
transfer across the fiber-matrix interface [20].
Numerous studies have demonstrated that corona-
treated natural fibers exhibit significantly improved
mechanical properties, such as enhanced tensile
strength and flexural modulus, when incorporated into
epoxy-based composites [21]. A key advantage of
corona treatment is its ability to enhance fiber-matrix
adhesion without significantly compromising the
mechanical integrity of the fibers. The introduction of
polar groups facilitates stronger chemical bonding with
the epoxy matrix, resulting in improved interfacial
adhesion and enhanced composite properties,
including tensile strength, flexural strength, and impact
resistance. Moreover, corona treatment is a relatively
simple, cost-effective process that can be seamlessly
integrated into existing manufacturing workflows. In
addition to its effectiveness, corona treatment is an
environmentally sustainable alternative to conventional

chemical surface modifications. Unlike chemical
treatments that may involve hazardous reagents,
corona treatment relies solely on electrical energy and
air, generating no harmful by-products or waste.
Furthermore, its applicability across a wide range of
natural fibers underscores its versatility for various
composite applications [22]. While corona treatment
proves highly effective, its application requires careful
optimization to prevent over-treatment, which may
result in fiber degradation and compromised
mechanical performance. Key factors such as
treatment duration, intensity, and environmental
conditions play a critical role in determining the extent
of surface modification. For example, prolonged
exposure to corona discharge can lead to surface
etching and chain scission in natural fibers, thereby
diminishing their structural integrity [23]. Consequently,
it is vital to strike a balance between achieving
sufficient surface activation and maintaining the fibers'
inherent properties. Recent advancements in corona
treatment technologies, such as atmospheric pressure
plasma treatment, have provided enhanced control
over the modification process, yielding promising
improvements in interfacial adhesion for natural fiber-
reinforced composites [24].

However, several limitations must be carefully
considered. The effectiveness of corona treatment is
influenced by key parameters such as treatment
duration, power intensity, and fiber type, requiring
precise optimization to achieve consistent surface
modification. Additionally, the long-term stability of
treated fibers under varying environmental conditions
necessitates further investigation to ensure the
durability of composite materials. Ongoing research
continues to advance corona treatment methodologies
to enhance adhesion performance and improve the
mechanical reliability of natural fiber-reinforced epoxy
composites. This study specifically focuses on hemp
fiber due to its increasing recognition as a sustainable
and high-performance reinforcement material in epoxy
matrix composites. Hemp fibers, derived from
Cannabis sativa, are renewable, biodegradable, and
have a lower environmental footprint than synthetic
fibers. When combined with epoxy resin, a
thermosetting polymer known for its strong adhesion
and mechanical properties, they form lightweight,
durable composites suited for automotive, construction,
and aerospace applications, where demand for
sustainable materials is increasing [25-27]. Their high
specific strength and stiffness further enhance their
reinforcement potential in epoxy composites [28].
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These composites offer mechanical properties
comparable to glass and carbon fiber-reinforced
materials while being more eco-friendly. The high
cellulose content of hemp fibers contributes to their
tensile strength, while their low density ensures
lightweight composites. Proper fiber treatment and
alignment can further enhance their tensile strength
and flexural modulus, making them viable for structural
applications [29]. Additionally, the natural roughness
and porosity of hemp fibers improve interfacial
adhesion with the epoxy matrix, enhancing overall
composite performance [30]. Beyond mechanical
benefits, hemp fibers support environmental
sustainability [31]. They require minimal pesticides and
fertilizers, grow rapidly, and are biodegradable, unlike
petroleum-based synthetic fibers. Their use aligns with
circular economy principles, as they can be recycled or
composted at the end of their lifecycle [32].
Additionally, their lower cost compared to synthetic
alternatives makes them an attractive option for
industrial applications [33].

Given these advantages, this study aims to improve
the adhesion between hemp fiber and epoxy resin in
hemp fiber-reinforced epoxy composites by mitigating
their contrasting hydrophilic properties through corona
treatment. Furthermore, this research investigates the
tensile properties and analyzes the fracture surface
morphology of the composite specimens to evaluate
their mechanical behavior.

2. EXPERIMENTAL

2.1. Materials

The hemp woven material used in this study was
sourced from a hemp fiber product community
enterprise in Chiang Mai, Thailand. The hemp woven
specimens are presented in Figure 1. The matrix
material employed was epoxy resin YD 582, a modified
bisphenol-A-based epoxy resin known for its excellent
mechanical properties. The curing agent, EPOTEC TH
7278, a modified amine, was provided by J.N.
TRANSOS Company, Thailand.

2.2. Methodology

The hemp woven material was treated using a
corona discharge system designed in-house,
employing a dielectric barrier technique. The system
comprises a horizontally oriented cylindrical glass
reactor with a diameter of 15 cm and a length of 40 cm.
It is equipped with three inlets and three outlets to

Figure 1: Hemp woven.

facilitate the introduction of inert gases or the
application of a vacuum pump. Inside the reactor, two
planar rectangular electrodes (12 cm x 10 cm) are
centrally positioned within the reaction chamber,
maintaining an inter-electrode distance of 5.5 mm. The
corona discharge is generated using a low-frequency
high-voltage power supply (typically 20 kV, 50 Hz). To
prevent arc discharge, two glass panels (40 cm x 30
cm) serve as dielectric barriers, as illustrated in Figure

[
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=
Figure 2: Corona discharge system.

The production of woven hemp fibers begins with
the cultivation of Cannabis sativa L., followed by retting
to facilitate the separation of bast fibers from the woody
core. After drying, the stalks undergo mechanical
decortication to extract the fibers, which are then
scutched and hackled to remove impurities and align
the fibers for subsequent processing. To achieve a
uniform fiber diameter distribution, the fibers are
manually sieved to a consistent size range of 0.6 to 1.0
mm. Woven hemp fabrics are subsequently produced
using a manual laboratory-scale weaving machine. In
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this study, a plain weave pattern was selected for
analysis of the hemp woven.

The fibers were subsequently woven into sheets,
which were then cut to dimensions of 15 cm x 15 cm.
These hemp sheets were subjected to corona
treatment for varying durations of 0, 1, 2, 3 and 4 min,
with a power output 1,500 W.

The composite matrix was formulated using epoxy
resin with a density of 1,200 kg/m?, combined with a
hardener. The cured epoxy composites exhibited a
hardness exceeding 85 Shore A. Composite panels
were fabricated via compression molding, as depicted
in Figure 3. To prepare the matrix solution, epoxy resin
and hardener were mixed in a 4:1 ratio to produce 50 g
of the mixture, which was then degassed to eliminate
air bubbles. An initial 10 g of this mixture was poured
into the base of a mold (15 cm x 15 cm x 20 cm),
followed by the uniform distribution of approximately 50
g of hemp woven material. The remaining resin was
then added to ensure complete impregnation. The mold
was sealed and subjected to a compressive force of
1.5 MN for 2 hours at 25°C. The resulting specimen
was subsequently removed and allowed to cure at
25°C for 72 h, yielding fully developed composite
panels, as depicted in Figure 4.

Figure 3: Cold pressing process (1) Frame (2) Hydraulic
press control lever (3) Pressure guage (4) Pressing tool (5)
Metal mold and (6) Composite panel.

Figure 4: Composite panel.

Composite panels incorporating hemp woven
sheets subjected to corona treatment for durations of 0,
1, 2, 3 and 4 min were developed. Each composite
panel, consisting of 50 g of hemp woven material and
50 g of resin, underwent tensile testing to assess its
mechanical properties. Additionally, scanning electron
microscopy (SEM) was employed to analyze the
fracture surfaces of the composite panels following
tensile testing.

2.3. Characterization

Composite panels were fabricated and sectioned
along two orthogonal directions (0° and 90°) to assess
fiber distribution and material homogeneity. Tensile
testing was conducted at a displacement rate of 5
mm/min until the specimen reached the load cutoff, in
accordance with ASTM D638 standards [34]. The
experiment was performed using Bluehill software,
version 3 (INSTRON Co., Ltd., High Wycombe, Bucks,
UK). The fracture mechanisms of the composite plate
following the tensile test were analyzed using a JEOL
JSM-5900LV SEM, operated at an acceleration voltage
of 20 kV.

3. RESULTS AND DISCUSSION

3.1. Effect of Corona Treatment on Surface Hemp
Woven

A key aspect of these composites is the influence of
corona treatment on the surface characteristics of
hemp woven. As the duration of corona treatment
increases from 0 to 4 min, a substantial rise in surface
roughness is observed, as illustrated in Figure 5. This
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Figure 5: SEM images of hemp woven fiber surfaces subjected to different corona treatment durations: (a) untreated (0-min)
hemp; (b) hemp treated for 1 min; (c¢) 2 min; (d) 3 min; and (e) 4 min.

phenomenon is primarily attributed to the formation of
micro-pits and cavities on the fabric surface, which
facilitate mechanical interlocking between the hemp
fibers and the epoxy resin matrix [35]. The
bombardment of oxygen plasma species induces an
ablation effect on the fabric surface [36], thereby
contributing to  these surface  modifications.

Furthermore, corona discharge generates numerous
activated sites along the polymeric chains, which
subsequently react with oxygen, leading to an etching
effect [37,38].

The increase in surface roughness due to corona
treatment has significant implications for the
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performance of hemp-epoxy resin composites.
Enhanced surface roughness improves the wettability
of hemp fibers, thereby promoting superior adhesion
with the epoxy resin. This improvement in adhesion is
critical for augmenting the mechanical strength and
durability of the composite material. Empirical studies
have demonstrated that the presence of micro-pits and
cavities on the fiber surface substantially enhances
interfacial bonding, resulting in composites with
superior mechanical properties [39].

Moreover, the duration of corona treatment plays a
crucial role in optimizing the surface characteristics of
hemp woven fiber. Inadequate treatment may fail to
produce sufficient surface roughness, while excessive
treatment could compromise fiber integrity. Therefore,
a balanced approach is required to achieve the desired
surface modifications without adversely affecting the
structural stability of the fibers [40]. Research findings
suggest that a treatment duration of approximately 3-4
minutes provides an optimal balance between surface
roughness and fiber integrity.

3.2. Evaluation of Homogeneity in Composites

The analysis of fiber dispersion and the efficiency of
the manufacturing process in hemp woven composites
is essential for understanding their mechanical
behavior and ensuring material homogeneity. In this
study, tensile tests were performed on hemp woven
composite materials along two principal directions, a =
0° and a = 90°. The resulting stress-strain curves
exhibited an initial linear elastic region, followed by
plastic deformation leading to failure in both
orientations, as shown in Figure 6. This mechanical
response suggests that the material possesses a
capacity for substantial deformation prior to fracture, a

characteristic that is particularly advantageous for
applications demanding high toughness and durability
[41].

The tensile test results demonstrated a slight
variation in Young's modulus depending on the loading
direction. Specifically, Young's modulus was marginally
higher in the a = 90° direction compared to the a = 0°
direction. Moreover, the strength at break exhibited
more pronounced differences, with the a = 90°
orientation  displaying superior strength. These
variations can be attributed to the inherent anisotropy
of the woven fabric structure, wherein the fiber
alignment significantly influences the mechanical
response [42].

Despite these directional differences, it is important
to acknowledge that complete anisotropy in composite
materials is unlikely. The observed variations in
mechanical properties were relatively minor, indicating
that fiber dispersion within the composite matrix does
not exhibit a strong preferential orientation. This finding
suggests that the employed manufacturing process
effectively promotes a homogeneous fiber distribution,
which is critical for ensuring consistent mechanical
performance across various loading conditions.

3.3. Tensile Test

The weight and thickness of all composite samples
were precisely measured using digital scales and
calipers. The recorded values for thickness, weight,
and density were 4.8 + 0.32 mm, 100.8 £ 1.25 g, and
1.14 £ 0.12 g/cm?, respectively.

The mechanical properties of hemp woven
composites subjected to varying durations of corona
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Figure 6: Tensile curve obtained from testing the homogeneity of composites.
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Table 1: Mechanical Properties of Composites Materials at Different Treatment Durations

Treatment time (min) Tensile strength (MPa) Elastic modulus (MPa)
0 31.24+1.23 304.67+ 1.96
1 35.34+1.12 312.52+ 1.63
2 38.64 + 1.19 306.14+ 1.02
3 48.68 + 1.98 310.92+0.98
4 46.31 £ 0.99 302.86 + 1.27

treatment within an epoxy resin matrix are summarized
in Table 1. The results indicate a consistent increase in
tensile strength with increasing treatment duration from
0 to 3 min, reaching a peak tensile strength of 48.68
MPa at 3 min. This improvement in mechanical
performance can be attributed to the enhanced surface
roughness and fiber-matrix adhesion induced by
corona treatment. The treatment process promotes the
formation of micro-pits and cavities on the hemp fiber
surface, thereby improving mechanical interlocking with
the epoxy resin matrix [41]. However, a subsequent
reduction in tensile strength to 46.31 MPa was
observed at a treatment duration of 4 min, while the
elastic modulus remained relatively stable within the
range of 304.67-312.52 MPa from 0 to 3 min before
decreasing slightly to approximately 302.86 MPa at 4
min. This decline suggests that prolonged exposure to
corona treatment may induce fiber degradation or
excessive surface roughening, adversely affecting the
overall mechanical performance of the composites.
Extended treatment durations could compromise the
fiber structure, diminishing its capacity to effectively
transfer stress and maintain structural integrity within
the composite matrix [43].

The observed variations in mechanical properties
highlight the critical need to optimize corona treatment

durations to achieve an optimal balance between
surface modification and fiber integrity. Shorter
treatment times (up to 3 min) have been found to
enhance the mechanical properties of hemp woven
composites, whereas prolonged treatment (4 min or
more) may lead to performance deterioration. This
underscores the importance of carefully regulating and
monitoring the treatment process to ensure desirable
outcomes. Notably, the composites fabricated from
corona-treated hemp woven exhibited a 55% increase
in tensile strength compared to those produced from
untreated hemp  woven, demonstrating the
effectiveness of corona treatment in enhancing
mechanical performance [44].

Table 2 presents the p-values obtained from the
one-way Analysis of Variance (ANOVA). A significance
level of 5% (a = 0.05) was employed. If the p-value
exceeds 0.05, it indicates that there is no statistically
significant difference among the groups for the various
durations of corona treatment. Conversely, a p-value
below 0.05 suggests that the differences observed are
statistically significant.

According to the ANOVA results, the incorporation
of hemp fiber reinforcement in the epoxy matrix
composite yields statistically significant differences in

Table 2: The ANOVA Results, Indicating the Statistical Decisions Based on the Corresponding p-Values

Source of Variation SS df MS F P-value F crit
Tensile strength (MPa)
Between Groups 646.46429 4 161.6161 2032.907 1.67x10™ 3.47805
Within Groups 0.795 10 0.0795
Total 647.25929 14
Are the different? Yes
Elastic Modulus (MPa)
Between Groups 205.36449 4 51.34112 2473.079 6.29x10™° 3.47805
Within Groups 0.2076 10 0.02076
Total 205.57209 14
Are the different? Yes
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both tensile strength and elastic modulus, as shown in
Table 2. This implies that the null hypothesis, stating
that the group means are equal, can be rejected with
95% confidence. These findings are further supported
by the data presented in Table 1.

3.4. Surface Failure Analysis

SEM was utilized to examine the fracture surfaces
of the composite samples, providing insights into the
effects of corona treatment on fiber-matrix adhesion.
Figure 7 presents the fracture morphology of
composites subjected to different treatment durations.
As depicted in Figure 7a, the untreated hemp
composite exhibits clear evidence of resin matrix
failure, delamination, and fiber pull-out. The occurrence
of delamination is likely attributed to the inherent
differences in the hydrophilic properties of the epoxy
resin and natural fibers [45].

Delamination is a predominant failure mechanism in
untreated natural fiber composites, primarily resulting
from the inherent polarity mismatch between
hydrophilic natural fibers and hydrophobic epoxy resin.
Hemp fibers, which contain hydroxyl groups, readily
absorb moisture, while epoxy resins resist water
uptake. This incompatibility leads to poor interfacial
adhesion, generating interfacial tension and microvoids
during curing and under mechanical stress. These
microstructural defects act as initiation points for
cracks, promoting the onset and propagation of
delamination. Studies by Coban et al. [46] and
Palumbo and De Finis [47] confirm that delamination
often originates at the fiber—matrix interface and
spreads along the laminate layers, significantly
reducing the composite's load-bearing capacity and
structural integrity. Furthermore, the presence of voids
and interfacial gaps between the fibers and matrix
indicates inadequate bonding, which contributes to
failure through debonding and matrix tensile fracture.
The weak interfacial interaction observed in untreated
composites is largely attributed to the hydrophilic
nature of natural fibers and the hydrophobic
characteristics of epoxy resin, which collectively hinder
the development of strong interfacial adhesion.
Addressing this mismatch is therefore critical to
improving the mechanical performance and durability of
natural fiber-reinforced epoxy composites.

In contrast, composites reinforced with surface-
treated fibers by corona discharge exhibit markedly
improved fracture morphology. These treatments
enhance the fiber—matrix interface, resulting in reduced

fiber pull-out and more cohesive failure patterns, both
of which are indicative of stronger interfacial bonding.
SEM analyses reveal fewer interfacial voids and
improved resin wetting, facilitating more efficient load
transfer and delaying the initiation and propagation of
cracks. These enhancements are primarily attributed to
the increased surface roughness and the incorporation
of functional groups that improve chemical compatibility
between the natural fibers and the epoxy matrix [48].

The mechanical properties of hemp woven
composites are highly dependent on the duration of
corona treatment, particularly concerning the adhesion
between fibers and the epoxy resin matrix. As the
treatment duration increases, the presence of voids
between the hemp fibers and the matrix progressively
decreases, indicating improved interfacial bonding.
This reduction in voids is a critical factor in enhancing
the mechanical performance of the composites, as
voids serve as stress concentrators that can
compromise  structural integrity. The observed
decrease in void content suggests that corona
treatment effectively modifies the fiber surface,
facilitating stronger adhesion at the fiber-matrix
interface [49]. At a treatment duration of 3 minutes, the
fractured surface of the hemp composite exhibits a
rough texture with minimal voids, as illustrated in
Figure 7d. This surface roughness signifies enhanced
fiber-matrix bonding, which is attributed to the
formation of micro-pits and cavities on the fiber surface
due to corona treatment. These surface modifications
increase the available bonding area, thereby promoting
mechanical interlocking between the fibers and the
epoxy resin matrix. The improved interfacial adhesion
is reflected in the increased tensile strength and elastic
modulus of the treated composites [50]. The
enhancements in mechanical properties observed at a
3-minute treatment duration underscore the necessity
of optimizing the corona treatment process. While
shorter treatment durations may be insufficient to
achieve the required surface modifications, excessively
prolonged treatments can lead to fiber degradation,
ultimately reducing the mechanical performance of the
composite. Thus, a balanced approach is essential to
achieve the desired surface modifications without
compromising fiber integrity. Research suggests that a
treatment duration of approximately 3 minutes provides
the optimal balance between surface roughness and
fiber stability, ensuring enhanced mechanical
properties [51].

SEM analysis of the fracture surface confirms that
corona treatment significantly enhances the interfacial
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Figure 7: SEM of the fracture surface of composites at different corona treatment durations: (a) untreated (0-min) hemp; (b)

hemp treated for 1 min; (¢) 2 min; (d) 3 min; and (e) 4 min.

adhesion between the hemp fiber and the epoxy resin
matrix.

4. CONCLUSIONS

Corona treatment was applied to enhance the
adhesion between hemp woven fibers and epoxy resin
in composite panels. The composites, fabricated via
cold pressing using equal parts hemp fiber and resin,
underwent corona treatment for 0 to 4 minutes. SEM
and tensile testing revealed improved interfacial

bonding and mechanical properties with increased
treatment duration. Tensile strength peaked at 48.68
MPa after 3 minutes, before slightly decreasing at 4
minutes, while the elastic modulus remained relatively
stable. SEM analysis confirmed reduced voids and
improved fiber—-matrix adhesion. Overall, corona
treatment led to a 55% increase in tensile strength
compared to untreated composites, demonstrating its
effectiveness in enhancing composite performance.
Corona-treated hemp woven fibers serve as value-
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added reinforcements in composites, providing a
renewable and eco-friendly alternative material.
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