
4738 |  Mater. Adv., 2025, 6, 4738–4754 © 2025 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2025,

6, 4738

Enhanced properties of bamboo short fiber
reinforced polymer composites with alkali and
graphene oxide

Md. Ariful Islam, *a Mainul Islam,a Md. Shariful Islama and Tarikul Islam *bc

Bamboo short fibers (BSFs) have become popular as sustainable alternatives to synthetic fibers because

of their present affordable performance levels and environmentally friendly solutions. The main

challenge with bamboo fiber composites is their weak interfacial bonding and insufficient mechanical

strength. This research investigated mechanical and interfacial performance optimization of BSFs by

applying alkali treatment and graphene oxide (GO) coating methods. The alkali treatment successfully

eliminated non-cellulosic contaminants and strengthened the bond between fiber and matrix, and then

the sequential GO coating operation brought additional reinforcing benefits to the system. Various tests

analyzed the prepared composites, including tensile, flexural, impact, hardness, FTIR, DMA, TGA, water

absorption, and SEM analyses. The tensile strength of alkali-treated and GO-coated BSFs composites

surpassed untreated fibers by B113%, and their flexural strength achieved B93% increase. Impact

resistance also improved significantly. Definitive signs point to the modified BSFs having potential as

high-performance, environmentally sustainable reinforcements for polymer composites because of their

strengthened interface bond and improved thermal stability. The study brings forward valuable

information for developing sustainable composite materials that can serve structural needs and industrial

processing demands.

1. Introduction

The rising environmental concerns, declining fossil fuel sup-
plies, and changing climate patterns have elevated the interest
in using natural plant fibers to substitute synthetic fibers in
polymeric composites. The market has recently exhibited con-
siderable interest in utilizing plant fibers consisting of jute,
bamboo, coir, flax, hemp, banana, kenaf, sisal, etc. Plant-based
fibers are more popular among researchers because they pre-
sent low density, better thermal insulating performance, and
impressive mechanical properties.1,2 Natural plant fibers con-
stitute an excellent substitute for synthetic fibers because they
offer affordability and longevity while being environmentally
sustainable and biodegradable. Sustainability-compatible per-
formance features and cost-effectiveness make these materials
attractive worldwide as solutions to current environmental
protection issues. Manufacturers in various industries use

these fibers as appropriate replacements for synthetic fibers
when producing automobiles, together with aerospace equip-
ment, and constructing buildings.3,4

Bamboo is the most significant natural fiber plant due to its
incredibly fast growth rate and wide range of applications.1

Bamboo is important as a basic material for green product
development because it exhibits versatility, durability, and quick
regenerative capabilities. Bamboo and natural plant fibers will
thrive as sustainable solutions because the world seeks
environmentally friendly approaches to reducing both fossil
fuel consumption and synthetic material pollution of our
ecosystems.5 The extraction of bamboo fibers starts by proces-
sing bamboo culm using various methods such as mechanical
procedures, chemical procedures, and integrated chemical-
mechanical methods.6 Extracted bamboo fibers undergo a
combination of compression molding with roller mills, following
their treatment with chemicals that remove the remaining
materials.7 The bamboo culm contains three types of tissues,
which distribute their components as fibers, taking up 40%, and
parenchyma, carrying 50%, with conductive tissue occupying the
remaining 10%.5,7,8 Two types of cells comprise bamboo culm
parenchyma tissue, which has significant importance because
long parenchyma cells display thick poly lamellate lignified walls
while short parenchyma cells exhibit thin unlignified walls.5,9
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These parenchyma cells adhere to bamboo fiber surfaces, which
contributes to its complete structure and characteristics.
The bamboo fibers contain primarily three lignocellulosic com-
ponents, which are cellulose, hemicellulose, and lignin.9 The
lengthwise bamboo fibers stay directed for full culm extension to
give these materials outstanding tensile strength.10 The bamboo
culm extracts show fiber bundles extending 20 to 35 cm while
maintaining diameters between 90 and 280 mm.4 Most bamboo
fiber weight comes from cellulose, hemicellulose, and lignin,
which amount to more than 90%, with smaller amounts of
soluble polysaccharides, waxes, and ashes.11,12 When viewed
across their sections, bamboo fiber bundles consist of rod-
shaped elementary units between hexagonal and pentagonal
shapes. Bamboo fibers exist in dimensions between 10 to
40 micrometers in diameter, whereas their sizes range from
1.0 to 4.3 millimeters in length.4 The unique structure of
bamboo fibers enhances their strength and flexibility while
promoting sustainability, which allows them to succeed, espe-
cially in eco-friendly product development and composites. The
use of bamboo fiber-based unidirectional (UD) plant-based
composites becomes prevalent in mechanically demanding
applications because UD preforms provide higher load-bearing
capacity.13 Strength-wise, UD-based preforms deliver good results,
but weak resin infiltration leads to diminished fiber–matrix inter-
face and impaired composite engineering properties.13,14 Bamboo
fiber production requires substantial energy usage, resulting in
mechanical damage to the fibers.15,16 However, there is a problem
with the UD composite, as its transverse strength is low.17 The
development of innovative bamboo fiber preforms requires atten-
tion because they must show exceptional mechanical performance
despite a reduced number of manufacturing operations. The
integration of this method would protect fibers from damage
and cut production expenses while lowering resource require-
ments and production waste. The development of more effi-
cient bamboo-based composite materials requires optimized
bamboo fiber utilization in simplified processing systems.
The approach serves sustainability targets and enhances both
the mechanical properties of the composites. Technical bam-
boo fiber elasticity exists between 19 and 43 GPa, and tensile
strength spans between 341 and 860 MPa, while growth condi-
tions and species influence these properties.4 According to
research, the hydrophilic quality of bamboo fibers produces
poor bonding with hydrophobic polymer matrices, which dete-
riorates the mechanical composite properties.18,19 The mechan-
ical performance of bamboo fibers is negatively affected by
hemicellulose and lignin because they cause reduced fiber
crystallinity, according to a literature study.20,21 Improvement
of fiber–matrix bonding for specific applications is achieved
when bamboo fibers receive chemical treatments to reach the
required mechanical properties. Research shows that alkali
treatment is a simple yet effective method for improving the
bond between fibers and matrices.22–26 One of the most fre-
quently used methods for alkali treatment involves sodium
hydroxide (NaOH) solutions and effective methods for surface-
treating bamboo fiber bundles, enhancing both their physical
and mechanical properties.27

Previous researchers have reported that alkali treatment
improves natural fiber–polymer interface adhesion and simulta-
neously results in superior physical attributes, mechanical
properties, and elevated thermal features.28–30 When applying
alkali treatment, the primary process involves dissolving hemicel-
lulose and lignin components from within the fiber structure
so that bamboo fibrils become a rougher surface and
decentralized.20,31 The surface area of the fiber increases through
this treatment, making the polymer matrix able to bond better
with interface.32 Thicker contact opportunities between the poly-
mer and surface improve the interface bonding with the fiber
material. Through alkali treatment, the chemical activity of
bamboo fibers is enhanced as the treatment breaks cellulose
chain hydrogen bonds and raises the concentration of surface
hydroxyl groups.32,33 Strong bonding results from the enlarged
fiber affinity toward the polymer matrix, which stems from the
higher density of hydroxyl groups accessible on its surface. The
surface of the treated fibers develops higher roughness, which
leads to improved mechanical locking between the fiber–matrix
elements, which strengthens the composite interphase.33–36 Mul-
tiple improved interfacial effects between the bamboo fiber and
polymer matrix create a stronger bond that results in superior
composite material performance.34 Research indicates that GO
becomes an effective coating material due to its numerous
superior properties, including high mechanical strength, thermal
stability, and exceptional barrier function.37 Applying GO to
bamboo fiber results in fibers that exhibit improved water
resistance, thermal stability, and mechanical properties, expand-
ing their potential applications.38

The two-dimensional material commonly known as gra-
phene consists only of carbon atoms because it uses a completely
carbon-atom structure.39 The production of graphene nanoplate-
lets starts with intercalating and exfoliating natural graphite
before performing strong oxidation to obtain GO. The hydrophi-
lic nature and chemical reactivity of GO sheets arise from oxygen-
bearing functional groups consisting of hydroxyl groups, epoxide,
carbonyl, and carboxyl groups.39–41 The oxygen-containing func-
tional groups allow GO to become hydrophilic, to disperse nicely
in water, and enable efficient functionalization. The approxi-
mately 1 mm lateral dimension of GO sheets makes them easily
compatible with polymer matrices to boost the performance
characteristics of composites.42 Its functional groups facilitate
effective chemical bonding and homogenous matrix dispersion,
which positions GO as a superior choice for reinforcing compo-
site materials while enhancing property performance.42,43

Research has shown that adding GO and GO-derived gra-
phene materials as composite fillers significantly enhances the
mechanical performance, electrical conductivity, and thermal
stability of polymer composites. Experimental evidence indicates
that GO and its derived graphene serve as excellent filler materi-
als for creating composites with improved multifunctional
properties.44–47 The incorporation of 0.7 wt% GO to Young’s
modulus increases by 62% while tensile strength improved by
76%.48 The effective load transfer mechanism between GO sheets
and the polymer matrix improves both stress distribution and
structural integrity, enabling further enhancements.48,49
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Many studies show that GO coatings improve synthetic fiber
property behavior, which results in improved mechanical effi-
ciency and enhanced interfacial contact throughout composite
materials.48–52 When GO sheets became part of carbon fiber-
reinforced epoxy composite sizing agents, they produced sub-
stantial tensile performance gains alongside enhanced interfacial
shear strength by 71%.53,54 High-quality surface bonding between
the GO coating and short carbon fibers led to increased tensile
strength that surpassed untreated controls by 12 percent, accord-
ing to research findings.55 The incorporation of GO into glass
fabric/epoxy composites caused a 33% enhancement in interla-
minar shear strength, which demonstrates GO’s effectiveness in
enhancing fiber–matrix attachments.56 Laboratory tests have
validated the effectiveness of covalent GO attachment to glass
fibers because it reinforces both interfacial regions and overall
material performance.57 When scientists applied alkali treatment
to jute fibers, leading to GO coating at different concentrations
between 0.25 to 1 wt%, researchers achieved better Young’s
modulus, tensile strength, and interfacial shear strength in epoxy
matrix composites versus non-treated fibers.21 Recently, surface
modification on natural fibers using nanostructured materials
has attracted considerable attention due to their biocompatibility
and ability to develop significant interfacial interactions due to
several reactive sites.58–61 Such treatments are potentially bene-
ficial for the adhesion between fiber and matrix to improve the
stability and compatibility of natural fiber composites.60 How-
ever, some works have presented the grafting of nanoparticles
such as NanoTiO2 and ZnO2 onto natural fibers.62,63 The effect of
alkali treatment and graphene or its derivatives as coating in
natural short fibers has not been studied. Studies have not been
conducted on this dual-modification strategy applied to common
natural random short fibers such as bamboo, thus indicating an
important gap in the field and its application in material-rich
composite development.

This study addresses the challenge of weak interfacial bond-
ing in bamboo short fiber composites by introducing an inte-
grated approach that combines chemical surface modification
and nanoscale reinforcement of bamboo short fiber (BSF) pre-
forms. BSFs were treated with an alkali to enhance fiber–matrix
compatibility and subsequently purified. Then, the surface mod-
ification of the GO coating was implemented to improve the
interfacial adhesion and mechanical properties. The modified
BSFs were then converted into dry preforms, which were used to
prepare bamboo/epoxy-based composites through conventional
molding methods. Mechanical properties of the prepared com-
posites were systematically assessed through tensile, flexural,
impact, and hardness tests, and thermal and structural proper-
ties were characterized using FTIR, DMA, TGA, water absorption
experiments, and SEM of fractured surfaces. This suggests that
the synergism of employing alkali treatment and GO coating can
greatly improve the mechanical strength, stiffness, durability,
and thermal stability of the composite. Finally, through extensive
characterization, the mechanical and sustainability performance
of the developed BSF composites was compared with synthetic
fiber-reinforced composites, elucidating the merit potential of
BSF composites as high-performance structural applications.

2. Experimental Methods
2.1. Materials

Bamboo (Bambusa Vulgaris) fibers (approximately 20–25 cm)
were collected from a local market near Gazipur, Bangladesh,
and were extracted by mechanical methods. The supplier has
submitted a comprehensive list of properties (see Fig. 1 and
Table 1). Graphene oxide (GO) was synthesized from graphite
powder, which was collected from the Institute of Atomic
Energy Research Establishment (AERE), Savar, Dhaka. Sodium
hydroxide (NaOH), sulfuric acid (H2SO4), potassium permanga-
nate (KMnO4), hydrochloric acid (HCl), and sodium nitrate
(NaNO3), Hydrogen peroxide (H2O2) were also used for GO
synthesis, NaOH was used for fiber treatment, epoxy resin,
and amine hardener were used for composite preparation. All
laboratory reagent-grade chemicals were purchased from
Jonaki Scientific House, Dhaka, Bangladesh, and used without
further conditioning or purification.

2.2. Methodology

2.2.1. Fiber individualization and preparation for different
short fiber lengths. Raw bamboo fibers were rinsed several
times with deionized water (DI) and then dried at 80 1C for 1
hour before use. The fibers were initially individualized using a
hand-combing tool. The fibers were then carefully cut into four
different lengths: 5 mm, 10 mm, 15 mm, and 20 mm, using
scissors (see Fig. 2).

2.2.2. Graphene oxide synthesis process. Graphene oxide
(GO) was synthesized using a modified Hummers’ method.64

Graphite powder was mixed with potassium permanganate and
sulfuric acid in a reaction vessel. The mixture was stirred and
maintained below 20 1C to prevent overheating. The strong
oxidizing agents oxidized the graphite, incorporating oxygen-
containing functional groups into the graphene structure. Post-
reaction, the experiment received an addition of hydrogen
peroxide solution to both stop the oxidation process and
counteract extra permanganate ions. The mixture was then
washed with water and treated with ethanol. This wash
removed acids, salts, and unreacted reagents. Finally, GO was
separated by filtration from the liquid phase (see Fig. 3).

2.2.3. BSFs treated with alkali. Table 2 lists the different
fiber treatments and their corresponding codes. Raw bamboo
fibers without chemical applications underwent no treatment
before different fiber lengths were optimized. Once the optimal
fiber length of 5 mm was determined, chemical treatments
were applied exclusively to the cut fibers of this optimized
length. The fibers were immersed in a 5 wt% NaOH solution at
a 1 : 30 liquor ratio for 1 hour at 100 1C for alkali treatment.65

After the treatment, the fibers were thoroughly rinsed with
deionized water until the pH reached a neutral level.

2.2.4. BSFs coated with GO. To apply the GO coating, the
alkali-treated fibers were immersed in a 1 wt% GO solution for
30 minutes, followed by a drying process to remove moisture
from the fibers.66 Both the alkali treatment and GO coating
were performed before the preform manufacturing process (see
Fig. 4).
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Table 1 Properties of BSFs

Material
Tensile modulus
(GPa)

Tensile
strength (MPa)

Density
(g cm�3)

Specific modulus
(GPa g�1 cm�3)

Specific strength
(MPa g�1 cm�3)

Failure
stain (%)

BSFs 38 665 1.5 21.33 315 1.13

Fig. 1 Chemical structures of bamboo (a) cellulose, (b) hemicellulose, and (c) lignin.

Fig. 2 Bamboo short fiber preparation process.
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2.2.5. Preform manufacturing of BSFs. Short bamboo fiber-
based dry preforms were produced using fibers of varying
lengths (UTB5, UTB10, UTB20, and UTB15) with and without
chemical treatments. The process began by placing the cut

fibers into a steel square box, which was then submerged in a
metal bowl containing deionized water. The box, perforated at
the bottom, allowed water to flow through while keeping the
fibers contained. The fibers were thoroughly wetted by stirring,
and the metal bowl was heated to approximately 80 � 5 1C to
enhance the interaction between the water and fibers. After
30 minutes, a fiber cake formed inside the box (see Fig. 4). The
wet fiber cakes were transferred to rectangular metal frames
(200 mm � 200 mm � 3 mm), where water was squeezed out
through compression in a molding machine. The frames were
pressed at 120 1C with 1 ton per square inch force for at least
30 minutes to dry and compress the fibers into preforms. For
alkali-treated and GO-coated fiber-based preforms, the treatment

Fig. 3 Synthesis process of graphene oxide from graphite powder.

Table 2 Different fiber lengths and treated composites and their coding

No. Name Code

1 Raw bamboo fiber with 5 mm length UTB5
2 Raw bamboo fiber with 10 mm length UTB10
3 Raw bamboo fiber with 15 mm length UTB15
4 Raw bamboo fiber with 20 mm length UTB20
5 5% alkali treatment of UTB5 fibers ATB
6 ATB dip-coated in 1 wt% GO solution AGB

Fig. 4 BSFs GO coating and dry preform manufacturing process.
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and coating were applied prior to the preform manufacturing.
This process resulted in highly packed, uniform, and high-
performance bamboo fiber dry preforms, as shown in Fig. 4.
The physical properties of the preforms are detailed in Table 3.

2.2.6. Composite manufacturing. The composites were
produced using a compression molding technique combined
with rapid-curing epoxy resin (see Fig. 5). All types of composites
were manufactured under identical conditions. The dry fiber
preforms were initially placed in an oven for 4 hours to decrease
the moisture content. Hardener was mixed with the epoxy resin
at a 1 : 10 ratio. This mixture was applied to both sides of the
preforms using the brush (see Fig. 5a). Teflon sheets were
placed on the top and bottom of the wet preform layup, which
was then placed between the upper and lower metal plates of
the compression molding machine. A high pressure of 1 ton was
applied for 30 minutes at a temperature of 70 1C. After the
molding process, the composites were removed from the
machine and kept to cool to room temperature (see Fig. 5b–d).

2.3. Characterization

2.3.1. Tensile test. The tests followed ASTM D 638-03
procedure using an AG-X Plus Universal Testing Machine
(Japan) with a 20 kN load cell. The dimensions of the speci-
mens were 165 mm long, 20 mm wide, and 3 mm thick. During
the test, the testing machine operated at a constant crosshead
speed of 1 mm min�1. The experiment included testing three
samples of each composite type to achieve dependable results.
Each specimen underwent testing to determine its tensile
strength, which resulted in mean calculation alongside stan-
dard deviation for data validation purposes.

2.3.2. Flexural test. For the flexural test, the Universal
Testing Machine AG-X Plus was operated using a three-point
bending procedure according to ASTM D 790. Scientists pre-
pared samples from the specimens by cutting them into
125 mm lengths and 20 mm widths with a thickness of 3 mm.
The testing area between supports was established at 50 mm
while the machine operated at 1.4 mm min�1 crosshead speed.
The flexural strength and modulus evaluation of each compo-
site type utilized no less than five testing specimens. Testing of
the hybrid composites through this process revealed important
information about their bending characteristics. The laboratory
testing of the samples relied on three-point bending analysis
through the application of eqn (1).

L = (D + 3a) � a/2 (1)

Here: L = distance between span, a = thickness of the
composite, and D = diameter of the span.

Table 3 Physical dimensions of developed preforms

Preforms
Preform size
(mm)

Preform thickness
(mm)

Areal density
(GSM)

UTB5 200 � 200 2.93 � 0.23 1735 � 112
UTB10 200 � 200 2.98 � 0.35 1762 � 116
UTB15 200 � 200 3.01 � 0.24 1795 � 109
UTB20 200 � 200 2.94 � 0.18 1773 � 114
ATB 200 � 200 3.12 � 0.13 1812 � 120
AGB 200 � 200 3.05 � 0.18 1795 � 118

Fig. 5 BSFs composites (a) manufacturing process, (b) untreated composite, (c) alkali-treated composite, and (d) GO-treated composite.
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2.3.3. Impact test. Tests for impact resistance used a Charpy
impact tester (Zwick Roell model) in compliance with ASTM D
256 standards. The test specimens, composed of 60 mm �
20 mm � 3 mm dimensions each, received a hammer strike to
measure fracture energy absorption. The test calculated impact
strength by dividing the total absorbed energy values by the area
measurement of each specimen. Each type of composite material
underwent room temperature testing, by which the average
results from three specimens evaluated the toughness of the
material alongside impact-induced failure resistance.

2.3.4. Hardness test. Shore durometer hardness (Shore-D)
was used in this study to measure the surface hardness of the
UTB5, UTB10, UTB15, UTB20, ATB, and AGB samples. The test
was conducted according to the ASTM D2240 standard, with
sample dimensions of 26 mm � 26 mm � 3 mm.

2.3.5. FTIR analysis. To examine the changes in the
chemical structure of bamboo fibers after alkali treatment and
GO coating, Fourier transform infrared (FTIR) spectroscopy was
performed by dispersing powdered bamboo fiber composites in the
machine, using an FTIR spectrometer (FTIR-4700, Italy). The spectra
were recorded over a wave number range of 500–4000 cm�1.

2.3.6. TGA analysis. Thermogravimetric analysis of the
UTB5, ATB, and AGB samples was tested using a TA Instru-
ments Q500. The samples, typically around 10 mg in weight,
were heated in a nitrogen atmosphere at a constant rate of
10 1C min�1, from room temperature to 800 1C. Mass loss was
monitored as a function of temperature to identify degradation
patterns and determine the temperature.

2.3.7. SEM study. Fractographic analysis of the fractured
samples after tensile testing was conducted using a Phenom
Pro-G desktop scanning electron microscope (SEM) from the
Netherlands. All samples were coated with gold, and images
were captured at several magnifications.

2.3.8. Dynamic mechanical analysis. The DMA of UTB5,
ATB, and AGB composites was tested using a TA Q800 machine
in the double cantilever bending mode, applying a frequency of
1 Hz and a temperature ramp of 2 1C min�1 from 30 1C to
150 1C. The DMA analysis provided the storage modulus, loss
modulus, and damping factor (tan d) properties.

2.3.9. Water absorbency test. The hybridized composite
water absorption was measured according to ASTM D570-99
standards. The slicing process produced three specimen pieces
from each composite, ranging between lengths of 39 mm and
widths of 10 mm. Resin application, followed by curing,

occurred on the selvages to block water entry. A precision
balance measured the dried weight (Wi) of the samples once
they reached 105 1C for at least one hour. Researchers sub-
merged specimens in water at 23 1C (room temperature) for 30
days. The specimens underwent an additional weighing proce-
dure (Wf) after tissue paper was wiped over them to remove
residual water. The calculation of water absorption followed the
formula shown in eqn (2).

Water uptake ð%Þ ¼Wf �Wi

Wf
� 100 (2)

3. Results and discussions
3.1. Physical properties of composites

The physical properties of the several composites (see Table 4)
were significantly influenced by the fiber length and the treat-
ments applied. The volume fraction of fibers (FvF) in the
composites confirmed variation based on the treatment and
fiber length. The untreated raw bamboo composites (UTB5,
UTB10, UTB15, UTB20) showed a relatively low fiber volume
fraction, ranging from 38.9% to 44.17%, which aligns with the
findings of a former study.67,68 The FvF in these composites was
largely influenced by the inherent characteristics of the bam-
boo fibers, which include impurities like hemicellulose, lignin,
and wax. These impurities cramped the optimal packing of
fibers, resulting in lower fiber content of the composites.

After the alkali treatment (ATB) was applied to the fibers
(5 mm length fibers), the fiber volume fraction increased signifi-
cantly to 47.35%. This treatment is typically used to remove
impurities and improve fiber cleanliness, and plays a major role
in enhancing the packing of fibers in the composite. The alkali
treatment excellently increased the surface roughness and bond-
ing potential of the fibers, allowing for a higher volume fraction
and better interaction between the fibers and matrix. This result
aligns with findings from previous studies,69,70 where alkali
treatment improved fiber–matrix bonding and increased FvF.
When the ATB were dip-coated in a 1 wt% GO solution (AGB),
the volume fraction of fibers in the AGB composite was 46.14%,
slightly lower than that of the ATB composite but still showing a
marked improvement over the untreated composites. For the GO
coating, the FvF of the AGB composite was decreased.

The physical property results suggest that while the fiber
length does not substantially affect the fiber volume fraction in

Table 4 Measured and calculated weight and volume fractions, densities, and void content of short bamboo fiber composites

Composite
code

Weight
of fibers
(g)

Weight of
composite
(g)

Weight
fraction of
fibers (wf)

Weight
fraction of
matrix (wm)

Volume
fraction of
fibers (vf)

Volume
fraction of
matrix (vm)

Theoretical
density of
composite
(g cm�3)

Experimental
density of
composite
(g cm�3)

Void
content
(%)

UTB5 58.38 120.26 48.54 51.46 44.17 55.83 1.21 1.19 0.43
UTB10 56.36 119.23 47.27 52.73 41.81 58.19 1.19 1.18 0.55
UTB15 52.56 115.36 45.56 54.44 39.58 60.42 1.20 1.19 0.52
UTB20 51.65 116.62 44.29 55.71 38.9 61.42 1.19 1.17 0.64
ATB 59.12 114.25 51.74 48.26 47.35 52.65 1.22 1.20 0.33
AGB 65.15 125.32 51.98 48.02 46.14 53.86 1.23 1.20 0.38
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raw bamboo fiber composites, the application of chemical treat-
ments such as alkali treatment and the use of GO can signifi-
cantly improve fiber packing and bonding within the composite,
which reflects findings reported in previous literature.71,72 These
findings underscore the importance of chemical treatments in
enhancing the properties of fiber-based composites.

3.2. Tensile properties

3.2.1. Effect of fiber lengths. The length of fibers plays a
critical role in determining the tensile properties of fiber-
reinforced composites. This is particularly important in natural
fiber composites where factors such as fiber alignment, matrix
interaction, and fiber packing are key to achieving optimal
mechanical performance. In this study, the tensile strength and
modulus of composites made from different fiber lengths were
evaluated, and the results are shown in Fig. 6. From the tensile
strength data (see Fig. 6a), the composite with 5 mm long fibers
(UTB5) exhibited the highest tensile strength of 65.58 MPa. The
tensile strength gradually decreased with increasing fiber
length, with UTB10, UTB15, and UTB20 composites showing
lower strengths of 58.35 MPa, 53.73 MPa, and 44.36 MPa,
respectively, which is similar to that observed in the previous
study.73,74 This tendency aligns with the general understanding
that shorter fibers deliver better stress transfer due to their
higher surface area and even distribution within the composite
matrix. The shorter fibers (UTB5) generate better fiber–matrix
bonding and a higher packing density. It leads to improved
load transfer efficiency, ultimately resulting in higher tensile
strength. The tensile modulus exhibited the same pattern, with
UTB5 showing the highest modulus of 3.55 GPa (see Fig. 6b).
The modulus regularly decreased as the fiber length increased,
with UTB10, UTB15, and UTB20 showing values of 3.12 GPa,
2.54 GPa, and 1.85 GPa, respectively. The tensile modulus
decreases when utilizing longer fibers because the aspect ratio
decreases, thus lowering the fiber–matrix interaction and
decreasing the load transfer throughout the fibers. A packed
structure forms within the composite when fibers are shorter

because of better material density and homogeneous distribu-
tion, which improves the stiffness.

3.2.2. Effects of chemical treatments. The application of
treated bamboo composites created significant tensile properties
(see Table 5), and these improvements were most pronounced in
the 5 mm bamboo fiber (UTB5) composites, which previously
demonstrated higher tensile strength and modulus results. In the
case of the alkali treatment (ATB) and GO coating (AGB), the
composites demonstrated a marked improvement in both tensile
strength and modulus compared to the untreated fibers.

The tensile strength measurement for UTB5 composite
materials revealed 65.58 MPa according to Fig. 6a. The tensile
strength test following ATB alkali application on the composite
rose to 83.58 MPa. Research indicates that the improvement level
reaches approximately 27.4%. The removal of surface impurities
through alkali treatment allows better bonding between fibers and
matrix and results in enhanced mechanical properties. The max-
imum tensile strength appeared in the AGB composite with
140.23 MPa. The tensile strength of ATB composite increased to
140.23 MPa, which represented a 67.8% enhancement over that of
ATB composite. The incorporation of GO probably increased the
fiber-to-matrix bond because GO creates enhanced mechanical
properties in composites because of its exceptional properties,
including high surface area and strong bond formation capabil-
ities, which had similarly been found in previous research.73–76

The tensile modulus showed similar trends in Fig. 6b. The
UTB5 composite displayed a tensile modulus of 3.55 GPa while

Fig. 6 Effect of fiber length and treatment on (a) tensile strength, and (b) tensile modulus of composites.

Table 5 Tensile and flexural properties of short banana fiber composites

Composite
code

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Flexural
strength
(MPa)

Flexural
modulus
(GPa)

UTB5 65.58 � 3.12 3.55 � 0.21 80.5 � 3.26 5.52 � 0.24
UTB10 58.35 � 2.44 3.12 � 0.23 73.83 � 4.22 4.43 � 0.31
UTB15 53.73 � 3.31 2.54 � 0.12 65.52 � 3.89 4.13 � 0.24
UTB20 44.36 � 2.96 1.85 � 0.2 58.13 � 3.51 3.86 � 0.19
ATB 83.58 � 3.13 4.12 � 0.18 93.35 � 4.12 5.56 � 0.28
AGB 140.23 � 3.56 6.11 � 0.22 155.62 � 4.32 6.03 � 0.33
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the ATB composite showed an increase to 4.12 GPa, a 16%
improvement. The AGB composite had the highest tensile
modulus at 6.11 GPa, marking a substantial improvement of
almost 48% compared to UTB5. This growth in tensile modulus
is compatible with the enhanced interfacial bonding and fiber–
matrix interaction resulting from the alkali treatment and GO
coating, which contribute to greater rigidity and resistance to
deformation in the composite.

3.3. Flexural properties

3.3.1. Effect of fiber lengths. Fig. 7 shows that the effect of
fiber length on the flexural properties of bamboo fiber compo-
sites was great, with shorter fibers showing better performance
compared to longer fibers.77 The flexural strength increased as
the fiber length decreased, as shown in Fig. 7a. The UTB5
composite exhibited the highest flexural strength of 80.5 MPa,
while the UTB10 composite showed a slightly lower strength of
73.83 MPa. The flexural strength continued to decrease for longer
fibers. The UTB15 and UTB20 composites showed 65.52 MPa and
58.13 MPa of flexural strength, respectively. These results specify
that shorter fibers lead to better overall composite performance.

In Fig. 7b, the improved flexural modulus observed in the
UTB5 composite can be attributed to some factors. First, shorter
fibers offer a greater surface area for bonding with the matrix. It
leads to better interfacial adhesion and load transfer between the
fibers and matrix. This allows for more effective stress distribution
and improved flexural performance. Also, shorter fibers tend to
have irregularities compared to longer fibers, which further con-
tributes to the strength of the composite. Flexural stress is a
combination of tensile and compressive stresses. In shorter fiber
composites, the compressive waves can propagate more uniformly,
resulting in more even stress distribution across the composite.
On the other hand, longer fiber composites have a higher possi-
bility of flaws and irregularities in the fibers, which can disrupt the
uniformity of the compressive stress. This behavior aligns with
findings from previous studies on natural fiber composites, which
have shown that shorter fiber lengths generally result in better
mechanical performance, as reported in previous work.78

3.3.2. Effects of chemical treatments. The flexural proper-
ties of bamboo fiber composites showed remarkable changes
through chemical treatments (see Table 5). This improvement
was observed in both flexural strength and modulus, as
reported in previous work.79 The raw, untreated 5 mm bamboo
fiber composite (UTB5) exhibited a flexural strength of
80.5 MPa, as shown in Fig. 7a, which was the highest among
the untreated fiber composites. After the application of alkali
treatment (ATB), a notable increase in flexural strength of
approximately 16% was observed. This enhancement in flexural
strength can be attributed to the alkali treatment in removing
impurities from the fiber surface, enhancing the surface rough-
ness by breaking down the hydrogen bonds on the fiber surface.
It improved the interfacial bonding between the fibers and the
matrix and enhanced the load transfer capabilities of the
composite. The most significant increase in flexural strength
was observed in the AGB composite. The flexural strength of the
AGB composite reached 155.62 MPa, representing a significant
66.7% development over the ATB composite. This result high-
lights the synergistic effect of GO on the composite properties.
The oxygen-containing functional groups of GO can form strong
bonds with alkali-treated fibers, enabling them to better transfer
loads from the matrix, which aligns with prior data.71,72,76

Fig. 7b shows that the UTB5 composite had a flexural
modulus of 5.52 GPa. The ATB composite showed an increase
in flexural modulus to 5.56 GPa. The AGB composite showed
the highest flexural modulus of 6.03 GPa, marking a 7.5%
improvement over the alkali-treated composite. This growth
can be attributed to the strong interfacial bonding formed by
the GO coating, which enhances the overall stiffness and
resistance to deformation of the composite.

3.4. Effect of fiber length and treatment on impact strength of
composites

Impact strength is a parameter that shows the ability of a
composite material to absorb energy upon impact (see
Fig. 8a). It is faithfully related to the toughness of the compo-
site. The relationship between fiber length, fiber loading, and

Fig. 7 Effect of fiber length and treatment on (a) flexural strength, and (b) flexural modulus of composites.
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impact strength is essential to understanding the overall per-
formance of the material. The impact strength of the bamboo
fiber composites varies based on both the fiber length and the
chemical treatments applied to the fibers.

The UTB5 composite exhibited the highest impact strength
of 25 kJ m�2. This was higher than the composites made with
longer fibers (UTB10, UTB15, and UTB20). The decrease in impact
strength with increasing fiber length may be attributed to several
factors. Longer fibers tend to create micro-spaces between the
fiber and the matrix. This led to a less effective transfer of impact
forces. These micro-spaces can serve as sites for crack initiation,
reducing the capability to absorb energy and increasing the
probability of crack propagation of the material. On the other
hand, after treatment with alkali treatment (ATB) to the 5 mm
bamboo fibers, the impact strength of the composite increased
slightly to 24 kJ m�2. The alkali treatment removed impurities
and increased the bonding strength between the fibers and the
matrix. The alkali treatment enhances energy absorption capacity
and improves material toughness, aligning with prior data.75,76

GO coating treatment produced the highest effect on impact
strength in the AGB composite. It showed an impact strength of
30 kJ m�2. The GO creates better bonding at fiber-to-matrix
interfaces, resulting in the smooth transfer of loads while upgrad-
ing the energy dissipation during impact situations. This result
recommends that the combination of chemical treatments not
only enhances fiber–matrix bonding but also contributes to the
overall toughness and impact resistance of the composite.

3.5. Effect of fiber length and treatment on hardness of
composites

The hardness of a material refers to its capability to resist external
deformation when subjected to an applied force. It is a crucial
mechanical property for composites. It directly influences their
performance under wear, abrasion, and indentation conditions.
The effect of fiber length and chemical treatments on the hard-
ness of bamboo fiber composites is shown in Fig. 8b.

The UTB5 composite exhibited the highest hardness value of
32 HV. This recommends that the shorter fiber length provides

better reinforcement and surface strength in the composite,
because of more uniform distribution of fiber. Fiber length was
increased, and the hardness values slightly decreased. The
UTB10, UTB15, and UTB20 composites displayed hardness values
of 29.5 HV, 29 HV, and 25.5 HV, respectively. The decrease in
hardness with increasing fiber length may be due to the creation
of micro-spaces between the fibers and the matrix. Longer fibers
tend to align less uniformly within the matrix, which reduces the
overall hardness of the composite. The hardness level of 5 mm
bamboo fibers was enhanced after subjecting them to alkali
treatment, as reported in previous work.80,81 The ATB composite
measured 33.5 HV as its hardness. Alkali treatment makes
composite material more rigid because it eliminates surface
impurities. Testing revealed that the GO-coated composite
(AGB) presented the maximum hardness of 38.5 HV. The hard-
ening effect on the AGB composite originates from the combined
treatment of alkali and GO.

3.6. FTIR analysis of composites

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of
the bamboo fiber composite (UTB5, ATB, and AGB) provide
valuable insights into the functional groups present in the fibers.
Also, give the effects of chemical treatments on their surface
chemistry. The FTIR spectra showed significant changes in the
functional groups of the fibers with different treatments (see
Fig. 9).

The FTIR spectrum of UTB5 composite has a distinct peak at
3382 cm�1 representing the vibration stretch of O–H. The O–H
stretching vibration at 3382 cm�1 is a common characteristic of
cellulose in bamboo fibers. The C–H symmetrical stretching
appears together with cellulose units in the fiber structure,
which is shown in the 2900 cm�1 peak. CQO groups appear at
1745 cm�1 due to carbonyl bonds that typically exist within
lignin and hemicellulose components. The peaks at 1617 cm�1

and 1316 cm�1 are linked to CQC aromatic stretching and C–O
bond vibrations, respectively. It is confirmed that lignin and
other non-cellulosic components are present in the untreated
fiber. In the ATB composite, the CQO peak at 1745 cm�1 and

Fig. 8 Effect of fiber length and treatment on (a) impact strength, and (b) hardness test of composites.
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the C–O bond peak at 1316 cm�1 experience significant inten-
sity reduction, similar to that observed in the previous study.82

The decreased peak intensity reveals the successful removal of
lignin and hemicellulose during treatment. The surface reactivity
of the fibers increases after alkali treatment because the treat-
ment removes both hemicellulose and lignin components from
the natural fiber material. A new peak OQCQO and intensified
C–O absorption became visible in the FTIR spectrum of the AGB
composite when recorded at 2350 cm�1 and 1316 cm�1, respec-
tively. The data confirms that GO integration on the surface of the
fiber exists successfully. The graph of intensities shows GO bonds
to bamboo fiber oxygen groups, which strengthens fiber–matrix
bonding. The presence of the characteristic GO peak at 2348 cm�1

is observed as OQCQO through FTIR spectral analysis, which
was reported before.82,83 The analysis verified that GO succeeded
in modifying the fiber surface properties.

3.7. TGA analysis and DTG of composites

Fig. 10a shows the thermogravimetric analysis (TGA) curves.
These provide valuable insights into the thermal degradation
behavior of the bamboo fiber composites (UTB5, ATB, and AGB).
TGA measures a weight loss of material as a temperature func-
tion, which indicates its thermal stability and decomposition
characteristics.

The UTB5 composite showed a significant weight loss at
around 200 1C to 380 1C. This temperature range is similar to
the degradation of hemicellulose, cellulose, and lignin. The
untreated fibers exhibit a rapid weight loss in this range,

indicating lower thermal stability. When the temperature
reaches around 400 1C, the composite has lost nearly 80% of its
initial weight. This means that the thermal stability of the
untreated bamboo fiber composite is poor. The ATB composite
showed improved thermal stability compared to the UTB5 compo-
site, as aligned with the previous article.84 The weight loss in the
ATB composite started at a slightly higher temperature, and the
degradation rate was slower in the temperature range from 200 1C
to 380 1C. This indicates that the alkali treatment has removed
some non-cellulosic components, which can undergo thermal
degradation. As a result, the ATB composite shows less weight
loss in the critical degradation region. The AGB composite exhib-
ited the highest thermal stability among the three composites,
which agrees with a previous study.85,86 The weight loss in the AGB
composite started at a higher temperature and proceeded more
slowly than in the UTB5 and ATB composites. The additional GO
coating delivers better thermal stability to the ATB composite by
improving fiber–matrix interaction and creating a stable physical
structure that protects against thermal degradation.

From the DTG curves (see Fig. 10b), the UTB composite
decomposes sooner compared to the treated composite. The
delayed peak observed in the ATB composite indicates that
alkali treatment has increased thermal stability. Significantly,
the AGB composite demonstrates the most significance, with
its major decomposition occurring at the highest temperature.
The enhancement comes from the combined treatment with
alkali and GO, which likely improves both the structure of the
composite and its thermal capability of the composite.

Fig. 9 FTIR analysis of untreated (UTB5), alkali-treated (ATB5), and GO-coated (AGB) composites.
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3.8. SEM analysis

The SEM images in Fig. 11 comparatively illustrate the morpho-
logical changes and failure mechanisms in untreated (UTB5),
alkali-treated (ATB), and GO-coated bamboo fiber composites
(AGB) after tensile testing. In Fig. 11a, corresponding to the
UTB5 composite, extensive fiber pull-outs and irregular fiber
breakages are clearly observed (highlighted with red circles).
These features indicate a weak fiber–matrix interface, leading
to ineffective stress transfer during tensile loading. The hetero-
geneous structure and rough fracture surface suggest poor adhe-
sion and are responsible for the lower mechanical strength of the
UTB5 composite. Fig. 11b shows the morphology of the ATB
composite. Alkali treatment has significantly reduced the amount
of fiber pull-out, as highlighted, and fibers exhibit more linear
and clean breakages. This change suggests that the removal of
hemicellulose from the fiber surface enhanced interfacial bond-
ing, improving load transfer efficiency between the fibers and the
matrix. The improved adhesion led to a stronger and more
cohesive fracture surface than the untreated sample. Further
improvements are evident in Fig. 11c for the AGB composite,
where alkali-treated bamboo fibers were coated with 1 wt%

graphene oxide (GO). The presence of GO layers (indicated with
arrows) on the fiber surfaces forms a uniform and continuous
coating. This coating introduced additional oxygen-containing
functional groups, facilitating strong chemical bonding with the
matrix. As a result, the fracture surface appears highly compact
with no noticeable fiber pull-outs and minimal fiber breakage.
The improved fiber distribution, enhanced matrix bonding, and
absence of interfacial defects indicate a significant increase in the
mechanical performance of the composite, which was reported in
previous work.87

3.9. Dynamic mechanical characterization

DMTA is a method to investigate the thermo-mechanical proper-
ties with the application of mechanical force, frequency, time,
and temperature. The DMTA outcomes show mainly how stiff
fiber-reinforced composites are and how well they crosslink and
integrate fiber and matrix components, which are explained by
terms like damping factor (tan d), loss modulus (e00), and storage
modulus (e0). The DMA parameters of the material demonstrate
its two capabilities to absorb heat energy that results in damping

Fig. 10 (a) TGA analysis curves, and (b) DTG curve of composites.

Fig. 11 SEM image of (a) UTB5, (b) ATB, and (c) AGB composites.
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while maintaining its original shape upon removal of periodic
stress forces.

3.9.1. Storage modulus. The data shown in Fig. 12a illus-
trates the changes in the storage modulus (E0) of the composites
as a function of temperature, ranging from 30 1C to 150 1C. The
storage modulus of the composites decreased with increasing
temperature. It is a common characteristic of polymer-based
composites. Temperature elevation induces polymer chain relaxa-
tion in the matrix, thus lowering the material stiffness. A quick
decline in storage modulus values occurred between 60 1C and
80 1C, which represents the glass transition zone of the matrix
material. During the glass transition temperature (Tg), the poly-
mer changes from its rigid glassy state to its flexible rubbery
state, and this transition is characterized by a substantial
decrease in storage modulus value. The storage modulus for
the untreated 5 mm bamboo fiber composite (UTB5) reached its
peak value of 9000 MPa in the temperature range. Both alkali-
treated (ATB) and GO-coated (AGB) composites decreased in
storage modulus values but maintained slightly higher values
than the UTB5 composite during the temperature increase. The
storage modulus from ATB powder composites reached
8000 MPa, yet the AGB powder composites demonstrated higher
stiffness when their measurements yielded 8500 MPa. Alkali
treatment and GO coating implemented separate effects on
storage modulus values among untreated and treated compo-
sites. Treatment with alkali removes surface impurities, resulting
in enhanced bonding between fiber and matrix, improving the
composite mechanical properties and increasing storage modu-
lus values, which agrees with a previous study.88,89 The storage
modulus of the AGB composites reached its maximum value at
higher temperatures, becoming the highest among the treated
composites after receiving the GO treatment. The additional GO
interaction with bamboo fibers produces enhanced fiber–matrix
connection, which drives improved mechanical properties.

3.9.2. Loss modulus. The loss modulus (E00) measures the
ability of the material to absorb and dissipate mechanical energy,
which indicates its damping behavior. As shown in Fig. 12b, the
loss modulus curves of the bamboo fiber composites UTB5, ATB,
and AGB demonstrate significant differences in their energy
dissipation capabilities as a function of temperature.

The loss modulus peak detected between 60 1C and 90 1C in
all composites matched exactly with the glass transition region
of the epoxy matrix. The material undergoes a stiffness change
between rigid and flexible states, leading to a strong increase in
energy loss. After the peak point, the material achieves its lowest
loss modulus rate because it continues into the polymer chain
flexible rubbery plateau. The intrinsic peak loss modulus value
found for the untreated 5 mm bamboo fiber composite reached
800 MPa, indicating a standard energy dissipation ability. The
peak loss modulus value for the ATB and AGB composites
exceeded 800 MPa because these composites demonstrated peak
loss modulus values at 900 MPa and 1000 MPa, respectively, as
reported in previous work.89 The energy dissipation capacity of
composites is improved through chemical treatments, which
result in higher peak loss modulus values. The enhanced fiber–
matrix interaction caused by alkali treatment and GO coating
increases the loss modulus value. Alkali treatment creates a
purification effect that strengthens the bond between the fiber
and matrix, which increases the mechanical energy absorption
capacities of the composite. The addition of GO coating enhances
composite interfacial adhesion, which leads to better damping
performance across the material. The highest loss modulus of the
AGB composite predicts that it will demonstrate superior flex-
ibility and impact resistance than the UTB5 composite. The
application could benefit from such properties within structural
composites, which have to withstand dynamic loading conditions
because of improved damping and energy absorption.

3.9.3. Damping factor. The damping factor, known as tan
d, gives researchers information about the energy absorption
ability of composite materials, polymeric chain movement, and
their matrix-fiber interfacial relationships. The peak value of
the glass transition temperature (Tg) of the composite material
emerges from tan d, which represents the ratio between loss
modulus (E00) and storage modulus (E0). This value marks the
temperature range during which the material transforms from
inflexible to flexible state. The damping factor measuring the
temperature-dependent behavior displays separate patterns
among bamboo composites UTB5, ATB, and AGB when studied
under Fig. 12c. All composites displayed an increase in tan d
while temperature rose until it reached 90 1C, where the peak

Fig. 12 DMA analysis of untreated (UTB5), alkali-treated (ATB), and GO-coated (AGB) composites at a wide range of temperatures (a) storage modulus
(MPa), (b) loss modulus (MPa), and (c) tan delta (tan d) curves.
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occurred, matching the glass transition temperature of epoxy.
The tan d values descended after the peak temperature, corres-
ponding to the rubbery region when the polymer chains became
loose and used less energy for dissipation. The tan d peak in
UTB5 remained small, indicating decreased energy dissipation
compared to samples with further treatment. The energy-
absorption and dissipation properties of UTB5 material show
a peak tan d level at 0.1, thus indicating moderate performance.
The peak tan d measurement for ATB reached about 0.15, hence
demonstrating better energy absorption in the material. Better
fiber–matrix interaction from alkali treatment enhances the
viscoelastic behavior of the composite because it leads to higher
tand value in the ATB composite. When compared to the other
composites, the GO-coated composite (AGB) displayed the high-
est peak tan d value at 0.25. Energy dissipation capacity of the
AGB composite increases because GO addition helps the mate-
rial achieve better damping factor performance. The unique
bonding characteristics of GO improve fiber–matrix interactions
because they enhance energy absorption combined with struc-
tural flexibility. The data from tan d measurements delivers
valuable information regarding the mechanical traits of the
material. The ductility of critical applications that demand
energy dissipation benefits from higher damping factor values
because they enable flexible materials that can absorb impacts.
The superior damping factor of AGB composite is recom-
mended for such applications since it would outperform UTB5
composite performance, as aligned with the previous article.90

3.10. Water absorption behavior of the composites

Bamboo fiber composites require assessment of how they
absorb water before being suitable for applications that experi-
ence moisture or wetness. The water absorption data show that
all bamboo fiber composites, including UTB5, UTB10, UTB15,
UTB20, ATB, and AGB, demonstrate Fickian behavior, which
results in time-dependent increasing water absorption until
reaching saturation (see Fig. 13).

The untreated bamboo composites with 5 mm fiber length
(UTB5) demonstrated the minimum water absorption at 5%
during 50 hours immersion period. The water absorption
amount increased across the board as the length of fibers grew
longer from the 10 mm (UTB10) to the 15 mm (UTB15) and
20 mm (UTB20) composite types. After the testing period
ended, the UTB10, UTB15, and UTB20 composite materials
achieved water absorption levels reaching 5%, 4.5%, and 4%.
The extended fibers in the composite allowed additional water
absorption because they presented higher surface area com-
bined with better hydrophilic properties that facilitate moisten-
ing over time. The placements of water molecules onto fibers
are enhanced when fibers extend due to better water penetra-
tion potential. The alkali treatment on the composite material
(ATB) produced well-regulated water absorption. From the first
hours, the AT composite displayed increased water absorption
until it reached stability at 3%. After alkali treatment, the fiber–
matrix bond improves because removing lignin and hemi-
cellulose from the fiber surfaces enables enhanced chemical
interaction. The surface of alkali-treated fibers contains more

hydrophilic sites after treatment, which temporarily absorb
higher amounts of water than untreated familiar fibers during
the early stages of water exposure. Water absorption levels from
the GO-coated composite (AGB) exhibited the most intriguing
results of all test groups. The addition of AGB in the composite
material resulted in the lowest possible water retention, reach-
ing equilibrium at 2% after 50 hours, which is in agreement
with a previous study.87,91,92 GO coating lowers water absorp-
tion because its hydrophobic nature creates a protective barrier
that stops water from penetrating the fiber surface. The coating
enhances the fiber–matrix bond, while the hydrophilic sites on
fiber surfaces experience lower visibility, which results in better
water resistance.

4. Conclusions

This study demonstrates the mechanical performance of epoxy
composites reinforced with untreated and treated bamboo
short fibers. The untreated bamboo fiber composites (UTB series)
exhibited a decreasing trend in tensile and flexural properties
with increasing fiber length. The highest mechanical perfor-
mance was observed for UTB5. UTB5 achieved a tensile strength
of 65.58 MPa and a flexural strength of 80.5 MPa. In comparison,
the treated bamboo composite (ATB) demonstrated improved
tensile strength of 83.58 MPa and flexural strength of 93.35 MPa.
It indicates that alkali treatment effectively enhanced fiber–
matrix bonding. Further improvement was achieved with com-
posites by GO-coated bamboo fibers (AGB). It exhibited superior
tensile strength (140.23 MPa) and flexural strength (155.62 MPa).
The observed improvements are attributed to the improved
interfacial bonding facilitated by graphene coating and alkali
treatment. The improvement in mechanical properties suggests
that graphene-coated bamboo fiber composites have promising
potential for structural applications where lightweight and eco-
friendly materials are required, such as automotive body parts,

Fig. 13 Water absorption behavior of untreated, alkali-treated, and GO-
coated composites.
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and construction materials, etc. Future research should explore
the optimization of treatment parameters and graphene loading,
as well as their impact on fracture toughness and thermal
properties. These findings contribute to the ongoing efforts to
develop sustainable alternatives to synthetic fiber-reinforced
composites for applications in aerospace, aircraft, automotive,
construction, and household sectors.
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