
Research Article

Mohamed Bechir Ben Hamida, Abdellatif M. Sadeq*, Soundhar Arumugam,
Palaniyappan Karuppusamy, Thulasidhas Dhilipkumar, Karthik V. Shankar, Murugan Rajesh
and Nashmi Alrasheedi*

Evaluating the influence of graphene nano
powder inclusion on mechanical, vibrational and
water absorption behaviour of ramie/abaca
hybrid composites
https://doi.org/10.1515/ntrev-2025-0245
Received July 4, 2025; accepted October 21, 2025;
published online December 8, 2025

Abstract: The present study examines the impact of incorpo-
rating graphene nanoparticles on the mechanical, vibrational,
and moisture resistance properties of hybrid composites (HC)
reinforced with ramie/abaca fibres. The composites were pro-
duced using compression moulding, with graphene dispersed
in distinct concentrations (0.5, 1.0, and 1.5 wt%) in the epoxy
matrix through ultrasonic sonication. The sample with 1.5 wt%
grapheneexhibited thehighest performance, attaining a tensile
strength (TS) of 22MPa and a modulus of 3,116.897MPa, rep-
resenting increases of 175% and 93.77%, respectively, over the
neat composites. The flexural strength also reached 70.64MPa,

showing a 139.29% improvement. Increasing the graphene
content to 1.0 wt% (RA1.0) resulted in an impact strength of
4.69 J, a 94.60% improvement over the neat composite. Atomic
force microscopy (AFM) and Field emission scanning electron
microscopy (FESEM) were used to examine the microstructure
of HC. In free vibration analysis, the composite with 1.5 wt%
graphene recorded the highest natural frequencies, indicating
greater stiffness and less energy dissipation. The Shore D
hardness increased with graphene content, reaching a peak of
82.2 at 1.5 wt% graphene inclusion. Water absorption reduced
from 14.1 % in the unmodified composite to 10.8%with 1.5 wt%
graphene, demonstrating enhanced moisture resistance.
Integrating 1.5 wt% graphene significantly improves the me-
chanical strength, stiffness, surface hardness, and moisture
resistance of ramie/abaca HC, making it suitable for weight-
sensitive applications in automotive, marine, and aerospace
sectors.
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1 Introduction

Polymer composites have become crucial in specialised ap-
plications over the past few decades, ranging from sports to
biomedicine and defence. The transportation (aerospace and
automotive), leisure, sports, and construction sectors are
dominated by composites derived from synthetic fibres such
as aramid, carbon, and Kevlar [1–3]. Since synthetic fibres are
affordable and possess good mechanical performance, they
are widely used across industries. However, these synthetic
fibres have several drawbacks, including increased health
risks, high energy consumption, elevated CO2 emissions, non-
renewability, recyclability issues, and non-biodegradability
[4]. When petroleum-based materials are burned, a substan-
tial amount of CO2 is released into the atmosphere. Conse-
quently, natural fibres (NFs) are now primarily replacing
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petroleum-based fibres because of environmental concerns,
sustainability, and the demand for biodegradable and energy-
efficient products. Examples include banana, abaca, sisal,
bamboo, pineapple, kenaf, luffa cylindrica, flax, coir, jute,
vakka, palm, and ramie fibre [5–7]. The main components of
NFs are cellulose, lignin, pectin, and hemicellulose. Compared
to synthetic fibres, NFs offer several advantages, including
low cost, lightweight nature, availability, biodegradability,
recyclability, ease of processing, reduced health risks,
improvedwear resistance, corrosion resistance, and excellent
load-bearing capacity [8]. However, NFs do have limitations,
including lower flame resistance, poor interfacial adhesion
between the matrix and reinforcement, reduced durability,
water resistance issues, and variability in quality and cost [9].
The poor bonding strength in NFs composite mainly results
from weak interface interactions between the fibre and the
matrix [10]. Surface treatments aim to replace conventional
carbonyl and hydroxyl groups with new interfacial com-
pounds that enhance adhesion with the polymer matrix. To
enhance the bonding between fibres and the matrix, NFs are
commonly treated with various chemical agents, including
alkalis, permanganates, chlorites, stearic acid, benzoyl com-
pounds, and peroxides [11–13]. An HC is composed of two or
more different fibre types, where one type addresses the
weaknesses of the other. Hybridization allows designers to
tailor material properties to specific requirements [14].
Dhandapani and Magalingam (2021) conducted a study on
sisal/palm fibre reinforced HC. Their results exhibited that a
HC with 35% sisal/palm fibre demonstrated improved TS
(0.63 %), flexural strength (22.62 %), and impact strength
(36.59 %) compared to other combinations [15]. Anandraj et al.
(2022) fabricatedHCwith various stacking sequences of hemp,
abaca, Kevlar, and glass fibre. The Kevlar/abaca composite
exhibited superior mechanical properties compared to other
combinations [16]. Suriyaprakash et al. developed HC rein-
forced with epoxy, consisting of ramie-hemp and coconut
shell particles. Their findings showed that 28 % ramie-hemp
and 2.0 wt% coconut shell particles offered superior tensile,
flexural, and impact properties compared to other formula-
tions [17]. Sivasankar et al. prepared HC using abaca and
hemp fibres in varying weight ratios. Their study suggested
that a 30:10 ratio of abaca to hemp provided better tensile and
flexural strength than other combinations [18]. Sumesh et al.
prepared hybrid ramie/flax epoxy composites via compres-
sion moulding. Results showed that 40wt% ramie/flax and
fibre lengths of 1 cm yielded enhanced properties compared
to other configurations [19]. Arumugam et al. investigated the
impact of chitosan accumulation on glass fibre/sisal fibre
hybrid sandwich composites, concluding that incorporating
chitosan significantly enhanced both mechanical properties
and wettability [20].

A premium class of composite materials known as fibre-
reinforced polymer nanocomposites (FRPNCs) incorporates
flexible fibres into a polymer matrix that is further strength-
ened by nanoscale fillers or nanoparticles. Compared to
traditional fibre-reinforced polymer composites, the combi-
nation of both macroscopic (fibres) and nanoscale (nano-
particle) reinforcement allows for a noticeable enhancement
in mechanical, thermal, and barrier properties [21]. Beemku-
mar et al. developed HC consisting of basalt/Kevlar fibre
reinforced with bran filler particulates. The results indicated
that the inclusion of bran filler improved thermal and flame-
retardant properties due to the synergistic effects of Kevlar
and basalt fibres, as well as the char-forming properties of the
bran fillers [22]. Turaka et al. (2021) examined the effect of
adding MWCNTs and graphene nanoparticles in glass fibre
polymer composites with distinct wt% of (0.1–0.3) nano-
particles. The study demonstrated that the glass fibre/epoxy
composite, when mixed with 0.2 wt% MWCNTs/graphene,
exhibited a 56% increase in fatigue life, a 36% enhancement
inTS, anda 92.7% improvement in energy absorption capacity
in notched types, compared to the pure composite [23].
Kamatchi et al. (2023) developed coir-based composites with
varying weight percentages of graphene nanoparticles (2.5, 5,
and7.5 %). The study revealed that 5 wt%graphene-reinforced
coir composites demonstrated higher TS (59MPa), flexural
strength (236MPa), and impact properties (37 kJ/m2) [24].
Reddivari et al. (2024) prepared composites made from jute
(jute + cotton)/glass fibre HC with multi-walled carbon nano-
tubes (MWCNTs) and graphene nanoplatelets (GNPs) at
various wt% (0, 0.25, and 0.5) using the vacuum bagging
method. Results showed that the 0.25 % MWCNT-GNPs
exhibited better mechanical properties compared to other
combinations [25]. Lal et al. observed the functional properties
of Timoho/epoxy composites with different wt% of graphene
filler (2, 3, and 4) using compression moulding. Experimental
findings indicated that the composites with 2 wt% graphene
exhibited superior tensile, flexural, impact, and interlaminar
shear strength [26]. Ganapathy et al. analysed flax/aerial root
banyan fibre composites with the inclusion of graphene par-
ticles (2, 4, 6, 8 wt%) using compression moulding. The results
demonstrated that an HC with 2% graphene played an
essential role in improving the strength of the composite [27].
Kamesh et al. (2024) fabricated composites using glass/sisal
fibre with varying amounts of graphene nanoplatelets (GNP)
(0 %, 0.25 %, 0.5 %, 0.75 %, and 1 %) in the epoxy matrix. The
results suggested that 1.0 wt% GNP in the sisal/glass fibre HC
increased TS by 49.7 % and Young’s modulus by 60%. Simi-
larly, flexural strength increased by 228% and flexural
modulus by 362% compared to sisal/glass HC [28]. Amer et al.
studied the impact of adding graphene (0%, 0.5 %, 1.0 %, and
1.5 %) in flax fibre-reinforced epoxy composites. The optimum
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value of 0.5% graphene nanoparticles enhanced flexural and
interlaminar shear strength by 77.7 % and 75.5 %, respectively,
compared to other combinations [29]. Dhilipkumar et al.
examined the effect of adding graphene to areca/ramie HC.
The experimental results concluded that 1.5 wt% graphene
increasedTS,flexural strength, and impact energy by 187.88%,
143.17 %, and 159.66 %, respectively [30]. Neuba et al. devel-
oped epoxy composites reinforced with sedge fibres (Cyperus
malaccensis) with the addition of graphene oxide (GO). Results
exhibited that incorporating GO into the epoxy matrix signif-
icantly improved mechanical properties compared to neat
composites [31]. Azka et al. (2025) fabricated composites from
bamboo/kenaf reinforced polylactic acid, incorporating gra-
phene nanoplatelets. The findings revealed that GNP-
dispersed composites exhibited enhanced mechanical per-
formance compared to pristine samples, and the addition of
GNPs also reduced water absorption, as GNPs act as a water
barrier within the composite structure [32]. Lubomír et al.
fabricated epoxy nanocomposites reinforced with GNPs and
halloysite nanotubes (HNTs). The results showed that GNPs
incorporation significantly increased ductility, with elonga-
tion at break improving by 39%, while HNTs led to a 20 %
reduction in Young’s modulus [33].

Although numerous studies have explored using NFs
hybridisation to enhance the mechanical properties of poly-
mer composites, the unique combination of ramie and abaca
fibres reinforced with GNPs has yet to be investigated,
particularly in terms of mechanical and vibrational perfor-
mance. Unlike previous studies that typically focus on single
NFs or various nanofillers, this research highlights the com-
bined effect of hybridising ramie and abaca fibres due to their
strength and toughness, alongside GNPs, which are known to
improve interfacial bonding and load transfer. The primary
aimof thiswork is to systematically evaluate the impact of this
hybridisation on various properties, including TS, flexural

strength, micro-hardness, water absorption, and free vibra-
tion characteristics such as natural frequency and damping
behaviour, in line with ASTM standards. Additionally, micro-
structural analysis of tested specimens using FESEM and AFM
will provide insight into the interfacialmechanisms that led to
enhanced performance. This study fills a crucial gap in the
literature by demonstrating how this specific combination of
NFs and nanofillers can effectively improve both the static
mechanical and vibration properties of ramie/abaca HC.

2 Experimental details

2.1 Materials

Ramie fibre and abaca fibre were procured from the Fibre
Source in Chennai, India. Epoxy LY556 and Hardener HY951
were also obtained from the same supplier. The graphene used
in this research had a purity of 99%, an average thickness of
2.5 nm, a length of 7.5 μm, a bulk density of 0.48 g/cm3, and a
surface area of 220m2/g. The graphene nanoparticles were
sourced fromShilpa Enterprises inNagpur,Maharashtra, India.

2.2 Alkali treatment of ramie and abaca
fibre

Initially, we cut the long fibres of ramie and abaca into short
fibres, each measuring between 5mm and 25mm in length.
The short fibres were then cleaned with distilled water to
remove dirt and foreign particles. Next, the fibres were
immersed in a 5 wt% NaOH solution for 2 h, followed by
washing with running tap water for 10–15 min to remove
residual NaOH from the fibre surface. Finally, the alkali-
treatedfibreswere dried in anoven at 70 °C for 24 h (Figure 1).

Figure 1: Alkaline treatment of ramie/abaca fibres.
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A 5 wt% NaOH solution was chosen based on literature
evidence showing it effectively removes hemicellulose,
lignin, waxes, and other amorphous components while
preserving the crystalline cellulose structure of natural fi-
bres, which is crucial for maintaining their mechanical
properties [34–36]. The 2-h treatment time was selected to
ensure sufficient removal of surface impurities while mini-
mising fibre damage. Jayabal et al. reported that alkali
treatment of coirfibre in epoxy composites using a 5 %NaOH
solution resulted in a 31 % increase in TS compared to lower
(2 %) and higher (8 %) concentrations [36].

Alkali treatment enhances the surface chemistry of NFs
by reducing lignin and waxy substances that act as barriers,
thereby exposing more cellulose content. This increases
surface roughness and crystallinity, improving mechanical
interlocking and chemical compatibility with the epoxy
matrix. The drying regime at 70 °C for 24 h was adopted to
remove moisture, ensuring stable and consistent fibre
properties for composite fabrication.

2.3 Synthesis of graphene-modified epoxy
resin

Initially, acetone was added to varying weight percentages
of graphene particles (0.5, 1.0, 1.5, and 2.0) in the beaker. We
used an ultrasonication technique, with a power of 70W, to
mix the acetone and graphene at 40 kHz for 30 min. Next, we
added the required quantity of epoxy to the acetone-
graphene mixture. The resulting mixture was magnetically
stirred at 80 °C to remove the acetone, and the precise

amounts of epoxy, graphene, and acetone were carefully
measured and controlled to ensure complete solvent evap-
oration and prevent residual solvent from affecting the
curing process. It was then kept in a vacuum oven at 0.25 bar
pressure for 30 min at 28 °C to eliminate air pockets and any
remaining traces of solvent. The resulting graphene-epoxy-
modified blend was then mixed with hardener HY951 in a
10:1 resin-to-hardener ratio (Figure 2). This process ensured
strong interfacial bonding and uniform dispersion of gra-
phene, which was affirmed using AFM.

2.4 Ramie/abaca/epoxy HC preparation

The treated shortfibres of ramie (15 wt%) and abaca (15 wt%)
with various wt% of (0.5, 1.0, 1.5, and 2.0) graphene-
reinforced epoxy HC were prepared using the compression
moulding method. Initially, the required quantity of a
graphene-modified epoxy mixture (70 wt%) was poured
over the randomly oriented ramie-abaca short fibre in the
steel mould, as illustrated in Figure 3. The excess resin is
removed by rotating the roller over the fibre’s surface. The
top and bottom plates of the mould are enclosed by a steel
plate and placed over the compressionmoulding machine at
35 kg/cm2 pressure and a temperature of 50 °C for a duration
of 24 h. The hybrid composites were initially fabricated into
plates with fixed dimensions of 300 × 300 × 5 mm using the
compression moulding process. Afterwards, the test speci-
mens were carefully sliced according to the relevant ASTM
standard dimensions. The composition of the ramie/abaca
HC is illustrated in Table 1.

Figure 2: Preparation of graphene/epoxy
mixture.
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2.5 Density measurement

The theoretical density of the composites, based on the
weight fractions of the different constituents, can be calcu-
lated using the following Eq. (1).

ρct = 1/ wfa/ρfa( ) + wfr/ρfr( ) + wm/ρm( )[ ] (1)

Where ρct = theoretical density of the composite, ρfa = den-
sity of abaca fibre, ρfr = density of ramie fibre, ρm = density
of epoxymatrix,wfa,wfr, andwm =weight fractions of abaca
fibre, ramie fibre, and matrix, respectively. The experi-
mental density of the composites was determined using the
water immersion method based on Archimedes’ principle,
in accordance with ASTM D 570–98 (Table 1).

3 Material characterisation

3.1 Tensile, flexural and impact testing

Ramie/abaca HC were tested to determine their tensile and
flexural properties. Tensile properties were assessed by us-
ing an Instron 8801 universal testing machine (UTM), and
flexural properties were evaluated using the Tinius Olsen
UTM, as shown in Figure 4(a and b). For evaluating TS, a
2 mm/min strain rate and a 50 kN load cell were used. The
tensile specimens were made with dimensions of 250 mm,
25 mm, and 5 mm, as per the ASTM D 3039 standard. The
specimens utilised in the flexural test had the following di-
mensions: 127 mm by 25 mm by 5mm (ASTM D790), a strain

Figure 3: Preparation of ramie/abaca HC.

Table : Composition of ramie/abaca fibre reinforced epoxy composites.

Sl.
No

Sample
name

Epoxy resin
wt%

Ramie fibre
wt%

Abaca fibre
wt%

Graphene
wt%

Theoretical density (g/
cm)

Experimental density (g/
cm)

 RA.     . .
 RA.  . . . . .
 RA.  . . . . .
 RA.  . . . . .
 RA.    . . .
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rate of 2 mm/min, and a 10 kN load cell. For each experiment,
three samples were chosen to assess the composite’s tensile
andflexural strengths. Impact test was carried out according
to the ASTMD256. For that, the samples werefixed vertically,
and a 5 kg pendulum with a 150° folding angle and 2.5 m/s
velocity was used for impact loading.

3.2 Free vibration analysis

For carrying out free vibrational analysis, the ramie/abaca HC
is stimulated using the impulse hammermethod (Figure 5). The
samples were excited using a Dytran impulse hammer, and a
lightweight sensor was utilised to record the vibration
response. The DEWE four-channel data-collecting system pro-
vides the force input and vibration response, which vary over
time, to theDEWE7modal analysis software. The software then
transforms the time-domain data into a frequency-domain
signal using Fast Fourier Transformation (FFT). The frequency
response function is produced by evaluating the reactions to
impulse excitations at different selected locations. The NF,
modal damping ratio, and free vibration mode for a particular
mode are then immediately provided by the software. The
modal damping of a given mode is determined using the circle
fitmethod,which involves a specific relationship (Equation (2)).

ε = ω2
2 − ω2

1

2ω0 ω2 tan α2
2 + ω1 tan α1

2[ ]
(2)

The angular frequency at resonance is represented as
ω0, whereω1 &ω2 denote angular frequencies α1 & α2 are the
angles between the angular frequencies.

3.3 Micro-hardness

Using a Shore D hardness tester (Model: MGW Precision
Tools), the hardness of the developed ramie/abaca HC was
assessed following ASTMD2240-15 testing guidelines. This test
measures the hardness of rubbers, elastomers, polymers, and
plastics. Ten different areaswere evaluated for hardness, and
the average value was determined. A material is considered
highly resilient if its digital value exceeds 60. Values under 60
suggest that the material is not very resilient.

3.4 Water absorption and contact angle
analysis

Ramie/abaca HC samples with dimensions of 64mm ×
12.7 mm × 5mm were used for the water absorption test, as
per ASTM D570–98 guidelines. The samples were placed in a
desiccator and dried for one day at 60 °C before being allowed
to cool to ambient temperature. The initial weight of the
specimen was then measured (Wi). After that, the samples
were immersed in deionised water at ambient temperature.
The composites were removed from the water every one day,
wipedwith a cotton cloth to removewater from the composite
surface, weighed again (Wf), and then returned to the water.
For 15 days, this method was repeated. The following Eq. (3)
was utilised to determine the amount of water absorbed by
the specimens. µ.

%W = Wf −Wi

Wi
× 100 (3)

Figure 4: Mechanical testing of ramie/abaca
fibre-reinforced HC (a) tensile analysis,
(b) flexural test.
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The contact angle analysis was conducted using a goni-
ometer, specifically the Kyowa contact anglemeter (DME-211
series). The water droplet size (4 μL) and capture time (40 s)
remained unchanged for all composites, following the
release of a droplet onto a 2 cm × 2 cm sample area. For each
configuration, three samples were assessed, and the average
contact angle values along with their corresponding stan-
dard deviations were recorded.

3.5 Microstructure analysis

FE-SEM, Carl Zeiss- Sigma 300, was used to analyse the frac-
tured HC samples, which had dimensions of 10mm ×
10mm × 5 mm, at an acceleration voltage of 20 kV. Gold
coating was applied to the samples using a sputter coating
process to improve conductivity. AFM, Model: Nanosurf AFM
was used to analyse the dispersion of graphene particles in
the prepared composite.

4 Results and discussion

4.1 Tensile behaviour of ramie/abaca HC

Figure 6(a–d) depicts the tensile behaviour of ramie/abaca
HC prepared with distinct wt% of graphene. The tensile
analysis (Table 2) shows that the addition of graphene im-
proves the TS of composites compared to neat composites.

The tensile properties increased with up to 1.5 wt%
graphene inclusion; however, further additions resulted in
lower tensile properties compared to the presence of 1.0 and
1.5 wt% graphene. The sample reinforced with 1.5 wt% gra-
phene exhibited a TS of 22 MPa and a modulus of

3,116.897 MPa, which are 175 % and 93.77 %higher than those
of neat composites. This indicates that adding graphene to
epoxy enhances its ability to bear more load and provides
higher resistance to tensile loading. This improvement is a
result of the nanoscale reinforcement effect of well-
dispersed graphene, which strengthens interfacial adhe-
sion and stress transfer between the matrix and NFs.
Meanwhile, the inclusion of 2.0 wt% graphene demonstrated
lower TS (17 MPa) and modulus (2,835.162 MPa) compared to
samples prepared with 1.5 wt% graphene. This decline is
primarily caused by the agglomeration of excess graphene at
elevated filler contents, which acts as stress intensification
sites and disrupts the matrix’s continuity, thereby weak-
ening the composite. The reason for the improvement in TS
is the even distribution of graphene in the epoxy matrix,
which facilitates better bonding between NFs, as confirmed
by AFM (Figure 7).

Moreover, examining tensile-tested samples using FESEM
has revealed that the inclusion of graphene influences the
microstructure of the ramie/abaca HC. The damage to the ma-
trix and fibres, along with poor bonding between them, is
evident in Figure 8(a), which is the reason for the lower load-
carrying capacity of the neat composites. However, with a
1.5 wt% loading of graphene, the presence of nanoparticles
helps carry more load owing to better adhesion between the
matrix and NFs, as shown in Figure 8(b). The samples with
higher graphene content failed at a lower load compared to
those with 1.5 wt% loading, due to the accumulation
(Figure (8c)) of nanoparticles in the matrix, which decreased
the load-carrying ability and caused early failure from matrix
and fibre damage, as shown in Figure 8(d).

The TS of ramie/abaca HC was improved by 62.5 %,
137.5 %, 175 %, and 112.5 %, respectively, compared to un-
modified composites. A similar kind of observation was also

Figure 5: Free vibrational analysis of graphene-reinforced ramie/abaca HC.
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noted by researchers; for instance, Hosseini et al. found
that incorporating 2 wt% graphene to glass fibre/NFs has
enhanced the TS by 37 % [37]. Dhilipkumar et al. also stated
that adding graphene has improved the TS of kenaf/pine-
apple fibre composite by 133.75 %. The present study
confirmed that the incorporation of graphene significantly
enhances the tensile strength of HC, highlighting its po-
tential as an effective reinforcement in weight-sensitive
structural applications [38].

4.2 Flexural properties of ramie/abaca HC

The flexural behaviour of ramie/abaca HC infused with
graphene nanopowder is illustrated in Figure 9(a–c). A
transverse bending load was applied to assess the failure
loads of the HC. The flexural results indicated that the
addition of graphene improved the flexural strength of the
composites compared to neat composites (Table 3). Findings
show that ramie/abaca HC prepared with 1.5 wt% graphene

Figure 6: Tensile behaviour of ramie/abaca HC (a) load versus displacement, (b) stress versus strain, (c) tensile strength versus graphenewt%, (d) tensile
modulus versus graphene wt%.

Table : Tensile behaviour of ramie/abaca HC.

Sl. No Sample code Graphene wt% Tensile strength (MPa) % Increment tensile strength Modulus (MPa) % Increment modulus

 RA. .  ± . – ,. –

 RA. .  ± . . ,. .
 RA. .  ± . . ,. .
 RA. .  ± .  ,. .
 RA. .  ± . . ,. .
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enhanced the flexural strength of the composites compared
to neat composites. This improvement can be ascribed to the
more efficient distribution of stress and the crack-bridging
ability of the well-dispersed graphene, which reinforces the
epoxy matrix and strengthens the fibre-matrix surface. The
inclusion of graphene in the matrix reduced fibre pull-out
and matrix damage, enabling it to support higher loads than

other composites. Meanwhile, the sample containing
2.0 wt% graphene exhibited a lower flexural strength of
61.47 MPa compared to the samples with 1.5 wt% graphene
(70.64 MPa) due to the slight accumulation of graphene in the
epoxy matrix. Such agglomeration acts as micro-defects that
initiate premature cracking under flexural loads, thereby
lowering the overall strength.

Figure 7: Uniform dispersion of graphene 1.5 wt% in epoxy matrix.

Figure 8: FESEM image of ramie/abaca HC (a) neat composite, (b) 1.5 wt%, (c) 2.0 wt%, (d) 2.0 wt%.
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The examination of tensile test samples using FESEM
has revealed that the incorporation of graphene has influ-
enced the microstructure of the ramie/abaca HC. As shown
in Figure 10(a), adding 1.5 wt% graphene has aided in better
bonding between fibre and matrix, with resin-rich regions
providing more resistance to transverse loading. The well-
bonded interface facilitates effective load transfer, delays
crack propagation, and enhances energy absorption during
flexural deformation. Meanwhile, increasing the concen-
tration leads to lower resistance to transverse loading
because matrix accumulation reduces interfacial adhesion,

which in turn prompts significant matrix and fibre damage,
as evident from Figure 10(b–d).

The flexural strength of ramie/abaca HC was improved
by 47.83 %, 73.23 %, 139.29 %, and 108.23 %, respectively,
compared to unmodified composites. Researchers also noted
a similar observation; for instance, Sasikumar et al. also
reported that adding graphene to caesar weed fibre and
roselle fibre HC has enhanced flexural properties owing to
better bonding between the fibre and matrix [39]. Ashok
et al. fabricated and inspected the luffa/Kevlar fibre com-
posite reinforced with graphene. Results have shown that
the accumulation of graphene improved the flexural
strength by 25.2 % compared to neat composites [40].

4.3 Impact properties of ramie/abaca HC

Figure 11 illustrates the impact behaviour of HC under
impact loading according to ASTM D 256 standards. The
addition of graphene significantly enhanced the energy-
absorbing capacity of the composites compared to the pure

Figure 9: Flexural behaviour of ramie/abaca HC (a) load versus displacement, (b) stress versus strain, (c) flexural strength versus graphene wt%.

Table : Flexural behaviour of ramie/abaca HC.

Sl.
No

Sample
code

Graphene
wt%

Flexural strength
(MPa)

%
increment

 RA. . . ± . –

 RA. . . ± . .
 RA. . . ± . .
 RA. . . ± . .
 RA. . . ± . .
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HC (RA0.0), which had an impact strength of 2.41 J. When
0.5 wt% graphene was added (RA0.5), the impact strength
increased to 3.58 J, a 48.54 % rise. Increasing the graphene
content to 1.0 wt% (RA1.0) resulted in an impact strength of
4.69 J, a 94.60 % improvement over the neat composite. The
highest increase was observed at 1.5 wt% graphene (RA1.5),
where the impact strength reached 5.94 J, a 146.47 % increase.

This notable enhancement is due to better interfacial bonding
between the ramie/abaca fibres and the epoxy matrix, facili-
tated bywell-dispersed GNPs, which improved stress transfer
and energy dissipation during impact loading. However, at
2.0 wt% graphene (RA2.0), the impact strength decreased to
3.13 J, showing only a 29.87 % increase compared to the neat
composite. This decline is caused by graphene agglomeration
at higher concentrations, which weakens interfacial bonding
and promotes crack growth under impact. These findings
emphasise that an optimal graphene content (1.5 wt%) is
crucial for maximising impact performance, while excessive
loading results in lower impact resistance.

4.4 Free vibrational behaviour of ramie/
abaca HC

The free vibration properties of areca/ramie HC with vary-
ing graphene content were evaluated under fixed-free
boundary conditions using an impulse hammer technique.
The results demonstrated that the existence of graphene
significantly influenced both the NF and the damping
behaviour of the composites for the three mode shapes
(Figure 12(a–c)).

The unmodified sample (RA0.0) without graphene
exhibited NF of 45.775 Hz, 270.94 Hz, and 784.5 Hz for modes

Figure 10: FESEM image of ramie/abaca HC (a) 1.5 wt%, (b) 2.0 wt%, (c) 2.0 wt%, (d) 2.0 wt%.

Figure 11: Impact behaviour of ramie/abaca HC.
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1, 2, and 3, respectively, with damping factors of 0.021945,
0.021887, and 0.0036083. With the introduction of 0.5 wt%
graphene (RA0.5), there was a slight reduction in NF, while
damping factors increased to 0.11134, 0.035496, and 0.015821,
respectively, possibly due to changes in interfacial bonding.
As the graphene content increased to 1.0 wt% (RA1.0), the
NF improved to 47.952 Hz, 280.78 Hz, and 768.59 Hz, with
moderately lower damping values, indicating that the pres-
ence of graphene enhanced the stiffness and reduced energy
dissipation to some extent. The most significant improve-
ment was observed at 1.5 wt% graphene (RA1.5), where the
composite achieved the highest NF of 64.39 Hz, 328.41 Hz, and
859.6 Hz, along with the lowest damping values of 0.012628,
0.0099287, and 0.00076811. This indicates that the presence of
graphene at this concentration greatly improved the fibre–
matrix interaction and stiffness of the composite. However, a
further increase in graphene content to 2.0 wt% (RA2.0) did
not yield additional benefits; the NF dropped back to values
similar to the 1.0 wt% sample, and damping increased again.
This may be ascribed to the potential agglomeration of gra-
phene at higher concentrations, which could reduce inter-
facial efficiency. In summary, 1.5 wt% graphenewas found to
be the most effective concentration for increasing the
vibrational enactment of areca/ramie HC.

4.5 Shore D hardness

The Shore D hardness of ramie/abaca HC was assessed with
varying graphene content ranging from 0 to 2.0 wt%, and the
results are shown in Figure 13. The neat composite without
graphene exhibited an average hardness value of 76, which
increased progressively with the inclusion of graphene. At
0.5 wt% graphene, the hardness improved to 78.8, and further
increased to 80.8 at 1.0 wt%. The highest Shore D hardness was
observed for the composite with 1.5 wt% graphene, reaching
an average value of 82.2, as shown in Figure 13. This significant
enhancement can be attributed to the presence of graphene,
which reinforces the polymer matrix and restricts localised
deformation, thereby increasing surface resistance to inden-
tation. However, at 2.0 wt% graphene, a slight reduction in
hardness was noted (79.2), possibly due to graphene agglom-
eration, whichmay have led to stress concentration points and
uneven distribution, thereby affecting the material’s surface
integrity. Overall, the results suggest that incorporating gra-
phene up to 1.5 wt% significantly enhances the surface hard-
ness of ramie/abaca HC, while higher concentrations may lead
to a reduction in hardness due to potential graphene agglom-
eration and compromised filler dispersion.

Figure 12: Free vibrational behaviour of ramie/abaca HC (a) mode 1, (b) mode 2, (c) mode 3.
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4.6 Wettability analysis of ramie/abaca HC

Figure 14 depicts the water absorption performance of ramie/
abaca fibre-reinforced epoxy composites with varying gra-
phene content (0–2.0 wt%). NFs like ramie and abaca have
hydroxyl-rich cellulose structures that easily form hydrogen
bonds with water molecules, making them naturally hydro-
philic. When used as reinforcements in polymer composites,
their ability to absorb moisture can limit the long-term per-
formance of these materials. However, hybridisation and the
use of nanofillers, such as graphene, can help mitigate this
behaviour by improving the fibre-matrix interface and
reducing water diffusion pathways.

Across all tested samples, the composites demonstrated
a typical two-stage water absorption pattern: an initial rapid
intake followed by gradual stabilisation as saturation
approached. The neat ramie/abaca composite without gra-
phene had the highest water uptake, reaching 14.1 %, owing
to the NFs high moisture affinity. The addition of 0.5 wt%
graphene reduced water absorption to 13.0 %, indicating
improved interfacial adhesion that limited capillary voids
andmicro-channels in thematrix. Further graphene loading
to 1.0 wt% and 1.5 wt% resulted in reduced uptake values of
11.7 % and 10.8 %, respectively, which were the lowest
recorded in the study. These reductions indicate that the
presence of graphene improves the matrix’s compactness
and effectively acts as a water barrier. However, a slight
increase inwater absorptionwaswitnessed in the composite
containing 2.0 wt% graphene, which had a water uptake of
12.3 %. This marginal increase can be attributed to graphe-
ne’s tendency to agglomerate at higher concentrations,
resulting in microstructural defects and loosely bonded re-
gions that allow moisture to penetrate.

Water contact angle (WCA) measurements supported
these findings (Figure 15(a–e)). The ramie/abaca composite
had a WCA of 67.2°, indicating its hydrophilic nature. The
addition of graphene increased the contact angle in all
modified composites, indicating a lower surface affinity for
water. Composites with 1.0 wt% and 1.5 wt% graphene had
the highestWCAs of 79.3° and 80.7°, respectively. Composites

Figure 13: Shore D hardness of ramie/abaca HC.

Figure 14: Water absorption behaviour of ramie/abaca HC.

Figure 15: Water contact analysis of ramie/abaca HC (a) neat
composites, (b) 0.5 wt%. (c) 1.0 wt% (d) 1.5 wt% (e) 2.0 wt%.
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with 1.5 wt% and 2.0 wt% graphene showed improved
resistance to wetting in contrast to the unmodified sample.
The enhancement in WCA is attributed to graphene’s ability
to reduce the composite’s surface energy and partially shield
thefibres fromdirect contactwithmoisture. Ganapathy et al.
(2024) also found that adding 2.0 wt% graphene has reduced
the moisture absorption behaviour of HC made from flax
fibre and aerial root banyan fibre [27]. In summary, adding
graphene to ramie/abaca HC effectively reduces water ab-
sorption and improves surface hydrophobicity, with optimal
performance observed at 1.0–1.5 wt% graphene. Beyond this
point, the benefits begin to wane due to nanoparticle
agglomeration.

5 Conclusions

This study thoroughly investigated how the varying con-
centrations of graphene nanoparticles (0.5, 1.0, 1.5, and
2.0 wt%) affected themechanical, vibrational, andmoisture
resistance properties of ramie/abaca HC. The optimal
loading was found to be 1.5 wt% graphene, leading to a TS of
22 MPa and amodulus of 3,116.897 MPa, reflecting increases
of 175 % and 93.77 %, respectively, over the neat composite.
Likewise, theflexural strength reached a peak of 70.64 MPa,
representing a 139.29 % improvement over the unmodified
sample, attributed to enhanced stress transfer and crack
resistance. FESEM and AFM analyses validated improved
fibre/matrix adhesion and a uniform distribution of gra-
phene at this concentration. Vibrational analysis revealed
that the highest NF and lowest damping ratios were
observed at a 1.5 wt% graphene concentration, indicating
enhanced dynamic stiffness and energy retention. Surface
hardness also increased significantly, achieving a
maximum Shore D value of 82.2. Water absorption tests
demonstrated a consistent reduction in moisture uptake
with rising graphene levels up to 1.5 wt%, decreasing from
14.1 % in the neat composite to 10.8 %. However, beyond
1.5 wt%, performance metrics in all evaluated parameters
saw a slight drop due to graphene agglomeration, which
caused defects and weakened interfacial interactions.
Overall, the results confirm that graphene acts as an
effective reinforcing agent for ramie/abaca fibre compos-
ites, with 1.5 wt% providing the best enhancements in both
structural and functional properties. The developed abaca/
ramie HC with graphene filler are suitable for secondary
applications in the automotive, marine, and aerospace
sectors. They can be used in automotive interior panels,
dashboard components, and seat backs; marine cabin
panels and storage compartments; and aerospace interior
linings and luggage compartments. These applications

leverage the lightweight nature and improved vibration
resistance of the composites, where moderate mechanical
strength is sufficient.
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