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Abstract

The quest for sustainable and high-performance fibre reinforced polymer composite materials enhanced with com-
patibilisers has garnered significant attention for structural applications such as railway sleepers. This study explores
the effects of nanoclay incorporation on the physio-chemical, mechanical, thermal, and morphological properties

of hybrid polyamide biocomposites reinforced with treated kenaf and glass fibres. Aimed at addressing the limitations
of natural fibre composites in terms of dimensional stability and moisture resistance, and mechanical robustness.
hybrid composites were fabricated using varying contents of nanoclay (0-5 wt%) and fibre compositions (20-50
wt.%). Standardized tests including ASTM-based mechanical evaluations, thermogravimetric analysis (TGA), Fourier-
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) were employed. The optimal formula-
tion (E3-2) containing 30% hybrid fibre and 3% nanoclay exhibited superior performance, achieving a flexural strength
of 85.9 MPa, impact toughness of 35.30 kJ/m?, tensile modulus of 6.9 GPa, and water absorption of just 3.42%, thereby
surpassing I1SO 12856-1 and FFU standards. Nanoclay at 3 wt% was found to significantly enhance thermal stability
and interfacial bonding while minimising moisture uptake. However, higher nanoclay concentrations led to particle
agglomeration and compromised mechanical integrity. Well dispersed fibres and effective stress transfer mechanisms
revealed by SEM analysis, validating the synergy between nanoclay and hybrid fibres. The study concludes that mod-
erate nanoclay loading, especially at 3wt.%, exhibited an optimal balance between performance and processing, mak-
ing such composites viable for structural applications. It is recommended that future research further optimise fibre
treatments and explore long-term durability for broader engineering deployment.
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Introduction

Nanoclay hybrid polyamide biocomposites represent a
significant advancement in materials science, addressing
environmental concerns and economic drivers associ-
ated with sustainable material development. The incor-
poration of nanoclay into polyamide matrices enhances
mechanical and thermal properties while aligning with
contemporary sustainability goals. A compelling eco-
nomic driver for these composites is the optimization of
resource use; improving mechanical properties through
nanoclay allows for less material without compromising
performance. The addition of nanoclay can significantly
enhance tensile strength and stiffness, proving benefi-
cial in reducing material costs while achieving desired
mechanical properties [1, 2]. This corresponds with

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Mukaddas et al. Journal of Materials Science: Composites (2025) 6:12

findings highlighting the economic advantages of utiliz-
ing low-cost natural materials, such as montmorillonite,
due to their high aspect ratio and reinforcing capabilities
[3]. Recent research further highlights that maintaining
nanoclay concentrations between 3-5 wt.% is critical to
avoiding agglomeration and ensuring optimal dispersion,
which is essential for maximizing mechanical reinforce-
ment (Mylsamy et al., [4]).

The hybridization of natural and synthetic fibres in
polyamide matrices represents a significant advancement
in composite material science. By blending the advan-
tages of both fibre types, researchers enhance mechanical
properties while mitigating inherent weaknesses of natu-
ral fibres in engineered applications. Natural fibres such
as kenaf, bamboo, and sisal are valued for sustainability
and biodegradability but exhibit lower strength and poor
moisture resistance compared to synthetic fibres like
glass and carbon. For instance, bamboo fibre-reinforced
polyamide composites demonstrate effective hydrogen
bonding, leading to improved mechanical compatibility
without extensive fibre treatment [5]. This illustrates the
potential of natural fibres to bond effectively with polar
matrices, critical for overall hybrid composite perfor-
mance. Further research highlights the importance of
hybridization in balancing cost and mechanical perfor-
mance. Synthetic fibres, while stronger, face challenges
regarding recyclability and environmental impact. The
hybrid approach leverages mechanical advantages from
synthetic materials while addressing economic factors
and making it compelling for industries such as automo-
tive and aerospace [6, 7]. Moreover, studies suggest that
bamboo-glass-nanoclay hybrids exhibit superior dimen-
sional stability and moisture resistance, which broadens
their potential in high-humidity applications (Mylsamy
etal, [4]).

The challenge of enhancing dimensional stability
of polyamide composites has garnered considerable
research interest, particularly through the synergistic
effects of fibre hybridization and nanoclay incorpora-
tion. Various studies have elucidated how these meth-
odologies improve mechanical and thermal properties
of polyamide-based materials, ultimately addressing
dimensional instability. Fibre hybridization signifi-
cantly enhances the mechanical properties of compos-
ites. In 2017, [8] highlighted that incorporating hybrid
nanoparticles including nanoclay into carbon fibre-
reinforced plastics can significantly enhance impact
performance, leading to improved durability and
structural integrity. This observation aligns with find-
ings by Islam et al. [9], who demonstrated that com-
bining different natural fibres with montmorillonite
nanoclay resulted in marked transformation in struc-
ture and surface morphology of composite materials.
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These improvements proved critical in advancing
the composite’s strength and moisture resistance,
essential factors for dimensional stability. Addition-
ally, nanoclay in hybrid fibre composites enhances
interfacial adhesion and prevents void formation [10]
discussed how the synergistic effects of bamboo and
glass fibres combined with nanoclay contribute to
improved mechanical and water uptake properties,
further validating the role of nanoclay in enhancing
composite performance. Such synergy is attributed
not only to the physical reinforcement of nanoclay but
also to improved interfacial compatibility achieved via
the use of maleated compatibilizers such as MAPP,
which enhance covalent bonding and reduce micro-
void formation (Karthik et al., [11]).

In addition to fibre hybridisation and nanoclay incor-
poration, the use of compatibilisers has also emerged as
a crucial strategy for enhancing interfacial adhesion and
reducing void formation in polymer composites. In the
study by Zhang et al. [12], polypropylene grafted maleic
anhydride (PP-g-MAH) was selected as a compatibi-
lizer to improve the compatibility and interfacial bond-
ing between the polymer matrix consisting of recycled
high-density polyethylene (RHDPE) and polypropylene
(PP), and glass fibre (GF). The inclusion of PP-g-MAH
facilitates stronger chemical interactions at the matrix—
fibre interface, promoting improved dispersion and
mechanical reinforcement. They adopted a 3 wt.% con-
centration based on performance and industrial best
practices, which had demonstrated its effectiveness in
enhancing composite performance while maintaining
a balance between mechanical properties and material
cost. Similarly, the use of silane coupling agents and alka-
line-treated fibres, as reviewed by Karthik et al. [11], has
proven effective in further reducing moisture sensitivity
and enhancing tensile and flexural properties in nano-
clay-based fibre-reinforced systems.

Natural fibre-reinforced polymer composites have
emerged as highly valued materials in response to the
growing demand for sustainable and environmentally
friendly alternatives across various industries (Krishna-
samy et al., [13]). Beyond their intrinsic advantages—
such as low cost, renewability, and biodegradability.
The performance of natural fibres can be significantly
enhanced through surface modifications. Treatments
with additives such as silane coupling agents, graphene
oxide, or nano-metal particles like nano-silver and nano-
titanium dioxide have been shown to improve interfacial
adhesion and mechanical properties, making these com-
posites more suitable for specialised applications (Raj
et al,, [14]). Furthermore, green alternatives to traditional
chemical treatments which includes enzymatic, fungal,
and plasma-based modifications offer environmentally

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Mukaddas et al. Journal of Materials Science: Composites (2025) 6:12

benign pathways for improving fibre surface energy
and bonding without compromising biodegradability
(Karthik et al., [11]).

Significant strides in bio-based products are con-
strained by the intrinsic hydrophilicity of lignocellu-
losic plant fibers, whose hydroxyl-rich surfaces bond
poorly with hydrophobic polymer matrices. Traditional
adhesion-enhancing chemistries—such as merceriza-
tion, silanization, acetylation, permanganate or perox-
ide oxidation, benzoylation, stearic acid and isocyanate
treatments are increasingly questioned for their envi-
ronmental and practical drawbacks. Their study criti-
cally evaluates emerging, low-impact alternatives which
includes plasma processes and fungal, enzymatic, or bac-
terial treatments and detailing how they reengineer fiber
surfaces and ultimately improve composite performance.

The analysis of void content in natural fibres used with
polyamide matrices, particularly in composite materi-
als such as carbon fibre (CF) and various polyamide
combinations, is essential for understanding mechanical
properties and performance. Microscopic examination
techniques, especially electron microscopy and vari-
ous imaging methods, play a critical role in quantifying
and analyzing void structures, their distributions, and
impacts on composite properties. Recent studies have
highlighted that voids significantly affect mechanical
properties of fibre-reinforced composites. For instance,
Hu et al. demonstrated that reducing void content can
lead to notable increases in flexural strength of polyam-
ide composites, although the study primarily discusses
resin matrix behaviors rather than direct correlation with
specific void content levels, requiring cautious inter-
pretation of findings [15]. In 2018, [16] indicated that
higher void levels contribute to premature failure in lami-
nated composites due to insufficient load transfer, lead-
ing to earlier initial filament breakage, supporting the
claim regarding detrimental effects of voids in compos-
ite materials. Similarly, [17] emphasized the importance
of accurately determining void content using advanced
microscopy techniques, which can reveal microstructural
characteristics critical for optimizing composite perfor-
mance. Recent microscopy studies confirm that nano-
clay additions combined with appropriate compatibilizer
strategies effectively reduce voids and enhance impact
strength, enabling better load transfer and resistance to
environmental stress (Mylsamy et al., [4]).

Recent studies have extensively analyzed various
natural fibre types in polyamide-nanoclay composites,
highlighting performance characteristics and strength
improvements attributable to different fibre reinforce-
ments and nanoclay incorporation. Natural fibres such
as jute, banana, coconut, and Napier grass demon-
strate unique properties that, when properly combined
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with nanoclay reinforcements, yield composites with
enhanced mechanical performance. The incorporation
of nanoclay into hybrid polyamide composites has gar-
nered significant attention due to its potential to enhance
mechanical properties and overall performance. Optimal
concentration of nanoclay plays a critical role in achiev-
ing desired property enhancements. Research indicates
that nanoclay can improve barrier properties of polyam-
ide composites up to a certain threshold. It was also dem-
onstrated that PA6/nanoclay composite films exhibited
improved oxygen barrier properties, with increases in
nanoclay loading resulting in notable mechanical prop-
erty enhancements by researcher in ref [18]. Specifically,
studies highlighted that the concentrations around 5wt%
often yield the best improvements, as higher levels tend
to introduce agglomeration, negatively affecting material
performance [19]. Similarly, optimization trials indicated
that maintaining nanoclay concentration between 4wt%
and 10 wt% provides a good balance between enhanced
mechanical integrity and processing reliability without
compromising material homogeneity [20]. Addition-
ally, Kaynak and Polat emphasized maintaining an opti-
mal concentration limit for flame retardancy, suggesting
approximately 5 wt% of nanoclay provides significant
improvements without substantial detriment to mechan-
ical properties [21].

Although many studies have investigated the hybridi-
zation of fibre-reinforced polymer composites, there
remains a gap in comprehensive understanding of nan-
oclay effects on flexural, impact, and physio-chemical
properties of hybrid fibre polymer composites. The cur-
rent research aims to develop and characterize a novel
hybrid composite system by investigating nanoclay incor-
poration effects on physical, mechanical, thermal and
chemical properties of treated natural/synthetic fibre-
reinforced polymer composites. This study will evaluate
interfacial bonding mechanisms and examine fracture
morphology to achieve enhanced dimensional stability,
moisture resistance, and overall performance for struc-
tural applications.

Materials and methods

Materials

For the experiments, Nylon 6 CM-1017 supplied by Inno-
vate Pultrusion Sdn. Bhd Malaysia, with density of 1.13 g/
cm?®, and melt flow index (230 °C/2.16 kg) of 19 g/10 min
as polymer matrix. Kenaf fibre from Lembaga kenaf dan
Tembakau Negara (LKTN), Kelantan, Malaysia. The
kenaf was treated according to [NO_PRINTED_FORM]
[22], resulting in treated kenaf fibre (TKF). A short uni-
directional 6 mm length glass fibre (GF), and a natural
montmorillonite clay (682,632-500G, Sigma-Aldrich),
surface-modified, containing 15-35 wt. % Octadecyl
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amine, and 0.5-5 wt. % aminopropyl triethoxysaline.
monodisperse particles in the form of faint beige pow-
der <20-micron, bulk density of 200-500 kg/m?>.

Method

Preparation of composite material

In this work, adherence to the following steps is essen-
tial to prevent the degradation of fibre-matrix interface,
including potential swelling or formation of micro cracks
within the composite. Prior to sample preparation, Nylon
6 (PA6) and treated kenaf fibre (TKF) were dried in a
ventilated oven at (70 £5) °C for 24 h. Then PA6, TKF, GF
and nanoclay (NC) were weighed and bagged according
to the formulations in Table 1. Previous researchers had
indicated that 10, 20, 30, 40, 50, and 60% are the most
common wood flour portions by weight used in making
starch, polylactic acid (PLA) etc. and reinforced compos-
ites [23]. Thus, a total of sixteen mixtures were prepared.
Four hybrid fibre-reinforced composite series E2, E3,
E4 and E5 containing 20, 30, 40 and 50% hybrid fibres,
respectively. For each series, one control (no nanoclay)
and three nanoclay modified formulations were pro-
duced, denoted for as E2-1, E2-2 and E2-3, where the
numerals indicate 1, 3 and 5 wt.% nanoclay. These nano-
clay loadings were chosen following Tay et al. [24], who
examined hybrid glass/kenaf epoxy composites at the
same organomodified nanoclay contents identified in
the literature as influential on composite performance.
Their findings showed that treated kenaf fibres improved
flexural strength and modulus, while higher nanoclay
contents (3—5 wt.%) reduced these properties due to

Table 1 Composition of the studied formulations
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agglomeration and poor dispersion. Impact testing estab-
lished 1 wt% nanoclay as optimal, yielding the lowest
absorbed energy and superior dispersion, as confirmed
by XRD and SEM analyses.

Mixing was done in an internal mixer—Brabender
815,652 which is manufactured by GmbH & Co KG Duis-
burg, Germany. The machine is equipped with a counter-
rotating twin screw, set at a speed of 50 rpm, with the
temperature profile in zones 1-3 set to 230 °C. First, the
PA6 was fed into the mixing chamber, after its melting
at 5 min, nanoclay was added. After mixing for another
5 min, the GF was fed into the system and mixed for
2-3 min, followed by TKF for another 2—3 min. The total
mixing time was 15 (+ 1) min. The resulting pellets (gran-
ules) were then grinded to prepare the granules using
a pilot scale grinder. The granules were then dried in a
drying oven (Protech, Gov-100, Malaysia) at 100 °C until
they were dry enough for hot pressing in a thermoset-
ting hydraulic compression moulding machine—Techno-
press—40HC-B, manufactured by Technopress Sdn. Bhd.,
Malaysia. The dried granules were weighed, poured into
a mould, and processed using a compression moulding
machine. The procedure involved preheating for 10 min,
compressing at 18 MPa for 5 min, and cooling for 2 min.
This method followed the approach described in our
earlier work [NO_PRINTED_FORM] [22] with modifi-
cation. The boards were then cut into various tests speci-
men using the small bandsaw (LB1200F, JM21080021
Makita Corporation,Anjo,Aichi, Japan) and plastic
pneumatic mould cutter (ST-7016-HA, GOTECH Test-
ing Machines inc., Taiwan). Finally, the specimens were

Sample Code Constituents PA6 (Wt%) Treated Kenaf Fibre (TKF) Glass Fibre (GF) Nanoclay
(wt%) (wt%) (wt%)
E2 80PA6 5TKF 15GF 80 5 15 0
E2-1 79PA6 5TKF 15GF TNC 79 5 15 1
E2-2 77PA6 5TKF 15GF 3NC 77 5 15 3
E2-3 75PA6 5TKF 15GF 5NC 75 5 15 5
E3 70PA6 10TKF 20GF 70 10 20 0
E3-1 69PA6 T0TKF 20GF 1NC 69 10 20 1
E3-2 67PA6 TOTKF 20GF 3NC 67 10 20 3
E3-3 65PA6 T0TKF 20GF 5NC 65 10 20 5
E4 60PAG 15TKF 25GF 60 15 25 0
E4-1 59PA6 15TKF 25GF TNC 59 15 25 1
E4-2 57PA6 15TKF 25GF 3NC 57 15 25 3
E4-3 55PA6 15TKF 25GF 5NC 55 15 25 5
E5 50PA6 20TKF 30GF 50 20 30 0
E5-1 49PA6 20TKF 30GF TNC 49 20 30 1
E5-2 47PA6 20TKF 30GF 3NC 47 20 30 3
E5-3 45PA6 20TKF 30GF 5NC 45 20 30 5
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kept under control condition (50% relative Humidity and
23 °C) for at least 40 h in a sample storage (APX-155EX,
AIPO sample storage, Malaysia) prior to testing. The fab-
rication processes is illustrated in Fig. 1.

Atmospheric conditions during testing were controlled
at 22+5 °C and 44 +5% RH using an EXTECH 42280 A
datalogger, China. All sample preparations were per-
formed at room temperature.

Physical properties characterisations

Water absorption

The water absorption test was conducted according to
international standard [NO_PRINTED_FORM] [25]. Five
replicates of samples with dimensions of 50X 50X 3.2 mm
were dried in an oven maintained at 50+2 °C for at least
24 h, placed in a desiccator, and allowed to cool to room
temperature before weighing them to the nearest 0.1 mg.
The process was repeated until the specimen mass
became constant (mass, m1,).

Mechanical properties characterisation
The flexural strength, flexural modulus, tensile strength
and impact toughness of hybrid and hybrid polyamide

230°C, 50rpm

15 mins

Blended composite
pellets

Corotating twin-screw
internal mixer
Fig. 1 Composite preparation process

100°C, 2h

Drying

(a)

L2

Diprnmmpnnzii.zz g b
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biocomposites containing nanoclay were evaluated
according to the American Standard Testing and Mate-
rials (ASTM) for plastic materials. A three-point flexural
test, which was set up in accordance with ASTM D 790-
14 [26], was conducted to assess the flexural strength
of the composites at a test speed of 1.36 mm/min,
R1=5.0£0.2 mm and R2=5.0+£0.2 mm. Figure 2 shows
the flexural test specimens on the test instrument. All
mechanical tests were performed by utilizing a univer-
sal testing machine (UTM-30, INSTRON, OHIO, USA),
and the strength was calculated by averaging the results
obtained from five replicates.

The tensile strength was determined (using the same
UTM-30, INSTRON, USA) by performing a tensile test
according to the standards stipulated in ASTM D638-
14 [27] with specimen preparation following ASTM
D638-14 [27] Type IV method, using a gauge length of
115 mm. The size of the tensile test specimen specified in
its standard and the clamping method on the test instru-
ment are presented in Fig. 3 and Table 2. Moreover, the
test was conducted at a speed of 5 mm/min. The impact
absorption test was conducted (using the Izod impact
CEAST 9050 series, INSTRON, USA) following the

Pneumatic I
cutting

Thermosetting hydraulic Specimens

moulding machine

Fig. 2 Flexural test specimen (a) specimen diagram in the ASTM standard, (b) Specimen on flexural test equipment. (1, test specimen; F,
applied force; R1, radius of the loading edge; R2, radius of supports; h, thickness of the specimen; |, length of the specimen; L, length of the span

between supports)
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Fig. 3 Tensile test specimen: (a) specimen diagram in the ASTM standard, (b) Test specimen on the Instron tensile test equipment

Table 2 Dimensions of tensile test specimen (Type IV)

Dimension Description Value

LO Overall length (min): mm >1150

D Distance between grips: mm 65.0+5.0
L Length of narrow section: mm 33.0%05
G Gage length: mm 250+0.13
WO Overall width: mm 19.0+64
W Width of narrow section: mm 6.0+£0.5
RO Outer radius: mm 250+10
R Radius of fillet: mm 140+1.0
T Thickness: mm 32+04

ASTM D256-10, the impact velocity was 3.8 m/s and the
frequency range was 30—-100 kHz.

Thermal characterisation

Hybrid and nanoclay hybrid polyamide biocomposites
were ground into fine particles, and thermo-gravimetric
analysis (TGA) was conducted to measure the weight loss
of the hybrid and nanoclay hybrid polyamide biocompos-
ites as temperature were varied. The test was conducted
under a controlled nitrogen atmosphere at a flow rate
of 50 ml/min, with thermal scans ranging from 25 °C to
600 °C at a heating rate of 10 °C/min. The TGA measure-
ments were performed using a TGA Q500-1660, Waters
TA Instruments, USA. This controlled atmosphere

ensured oxidative degradation was prevented, allowing
the measurement to reflect pure thermal decomposition
behavior of the composite constituents. Approximately
10 mg of each sample was used per run in accordance
with ASTM E1131-20 [28]. The purpose was to study
how much the composite constituents decomposed with
the temperature thereby evaluating the thermal stability
of the composite and its fraction of volatile components.

Chemical characterisation

Fourier transform infrared spectroscopy analysis The
composite board of size 10 mm X2 mmxX3.2 mm was
prepared for Fourier transform infrared spectroscopy
(FTIR) analysis. The FTIR test was conducted by using
Nicolet IS10-1810, Thermo.Scientific, USA. The spectra
were recorded in the range of 400—4000 cm ™' with the
resolution of 4 cm™. The purpose of FTIR test was to
observe the change of functional groups (if any) because
of nanoclay addition.

Morphological characterisation

Scanning electron microscopy test 'The microstructures
of composite specimen, particularly the surface of the
fracture, were sputter coated with gold (Au) prior to its
scanning by utilising the cold-field-emission scanning
electron microscopy (SEM) (JOEL JSM 6400 SEM, JEOL

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Mukaddas et al. Journal of Materials Science: Composites (2025) 6:12

Ltd., Japan), coupled with energy-dispersive X-ray spec-
troscopy over the voltage range 5-20 kV at the Institute
of Tropical Forestry and Forest Product (INTROP), and
Institut Biosains (IBS), both in Universiti Putra Malaysia.

Results

Water absorption

The water absorption results for hybrid polyamide bio-
composites with 0 wt.% nanoclay content demonstrate
a direct association between hybrid content and water
uptake, as illustrated in Fig. 4. Incorporating a fibre con-
tent of 20-50 wt.% enhances the water absorption capac-
ity of the hybrid composite by over 130%. The elevated
hybrid content intrinsically enhances the material’s natu-
ral fibre hydrophilic characteristics, presumably due to
the augmented presence of polar groups in the hybrid
component [22, 29, 30]. In similar research using more
percent of mineral filler, there is slight increase in the
level of water absorbed, which is consistent with the
hydrophilic nature of mineral materials [29-31].

The introduction of nanoclay content significantly
impacts water absorption behavior, particularly evident
in the transition from 0 to 3% nanoclay content. nano-
particles dispersed in the polymer matrix could lower
the water absorption of the composites and improve
their performance in humid environments [32]. The 50%
hybrid composition showed a significant reduction of up
to 17%, while maintaining the highest absorption among
all compositions. Similarly, all other hybrid composi-
tions exhibit reduced water absorption at 1% nanoclay,
with reductions ranging from 15-30% compared to the
hybrid composites. This trend continues with increasing
nanoclay content up to 3%, though the rate of reduction
diminishes. Hybrid nanocomposites can suppress water

8 T () w30 E— ()
s 5() 2 e= e= PW]
—~6 +
S
s - - [ - -
.2
R -
&4
s}
wv
<
52 1
=
3
0

0 1 3 5
Nanoclay content (%)

Fig. 4 Water Absorption of hybrid polyamide biocomposites
with different NC contents
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absorption by adding nanoclay, which reduces void con-
tent, creates a moisture barrier, and limits polymer chain
motions and relaxation [33, 34].

The role of nanoclay as a barrier material becomes evi-
dent through the consistent reduction in water absorp-
tion across all compositions. This can be attributed to
the creation of a tortuous path by the dispersed nano-
clay particles, which impede water molecule diffusion
through the composite matrix. The platelike structure
of nanoclay particles forces water molecules to navi-
gate a longer, more complex path through the material,
effectively reducing the overall water absorption rate [34,
35]. However, at 5% nanoclay content, a slight increase
in water absorption is observed across all compositions,
suggesting that higher clay concentrations may lead to
agglomeration and create additional pathways for water
penetration.

When compared to the Permanent Way Institution
(PWTI) final technical report 5% water absorption [36],
the results show that compositions with 20% and 30%
hybrid content consistently meet this requirement across
all nanoclay concentrations. The 40% and 50% hybrid
compositions initially exceed the PWI standard at 0%
nanoclay but achieve compliance with the addition of 1%
or more nanoclay content. This demonstrates that nano-
clay incorporation effectively brings the water absorp-
tion properties within acceptable industry standards,
particularly for compositions with higher hybrid con-
tent that would otherwise exceed the requirement. Here,
the optimal balance appears to be achieved at 3% nano-
clay content, where all compositions show stable water
absorption below or near the PW1I threshold while max-
imising the barrier effect of the nanoclay.

The integration of nanoclay demonstrates a crucial bar-
rier effect, optimally at 3 wt.%, significantly mitigating
water absorption by creating a tortuous diffusion path-
way, thereby enhancing composite resilience in humid
conditions. However, surpassing this optimal concen-
tration triggers particle agglomeration, inadvertently
compromising the composite integrity by facilitating
additional water ingress pathways.

Mechanical properties

Flexural strength

The flexural strengths and modulus of elasticity of
nanoclay hybrid kenaf/glass biocomposites at vari-
ous concentrations were shown in Fig. 5a. For all sam-
ples (20-50wt.%), hybrid treated kenaf/glass reinforced
biocomposite showed a 31% rise in flexural strength
(68.4 MPa—89.5 MPa). The increase in flexural strength
indicates that the kenaf and polymer matrix have adhered
successfully. This is because of the kenaf surface treat-
ment, earlier reported in [24, 37]. Consequently, resulting

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 5 Flexural properties of hybrid polyamide biocomposites with different NC contents: (a) flexural strength, (b) flexural modulus. CURT,
Standards of China Urban Rail Transit. ISO 12856-1, Plastic railway sleeper material characteristics for railway application

in the improved stress transfer under service loading dur-
ing testing. Thus, aligning in findings to those of [37] and
[24] indicating a favourable interfacial interaction (see
Fig. 10f and g) between the treated kenaf and polyamide
matrix. Furthermore, when kenaf was alkalised, the avail-
able hemicellulose and lignin on its surface were removed
by the sodium hydroxide (NaOH) solution treatment.
Absence of these ingredients results in a larger and
rougher surface area, thereby enhancing the interlocking
between the fibre and matrix [38, 39].

At 0% nanoclay content, the 30%, 40% and 50% hybrid
compositions exhibit the highest flexural strengths of
approximately 72 MPa, 90 MPa and 84 MPa respectively,
significantly exceeding both the Standards of China
Urban Rail Transit (CURT) standard (70 MPa) and ISO
12856—-1 [40] standard (28 MPa). The addition of 1%
NC content shows notable improvements, particularly
for the 30% and 50% hybrid compositions, with the 50%
composition reaching peak strength of about 95 MPa,
representing a 36% and 240% increase above CURT and
ISO 12586 respectively. However, further increases in
NC content to 3% and 5% lead to progressive deteriora-
tion in flexural strength across all compositions, with the
5% nanoclay content resulting in values falling below the
CURT standard, particularly for the 20% hybrid composi-
tion which drops to approximately 58 MPa.

The flexural strength analysis reveals that optimal
performance is achieved at 1% nanoclay content, sug-
gesting this concentration provides the best balance of
particle dispersion and matrix reinforcement. The 30%
hybrid composition demonstrates the most consistent
performance across varying nanoclay contents, maintain-
ing values above the CURT standard until 5% nanoclay
content. The significant decrease in strength at 5% nano-
clay content across all compositions indicates a potential

threshold where particle agglomeration begins to com-
promise the material’s structural integrity, resulting in
deteriorating mechanical properties.

Three distinct forms of reinforcement influence stress
transfer. The initial treatment of kenaf fibre created a
favorable bond with matrix, while stress transfer between
kenaf and glass fibre remained significant. If filler matrix
adhesion is inadequate, the filler cannot carry external
loads, resulting in no improvement in flexural strength
beyond that of the matrix alone [41, 42]. Increasing
the concentration of nanoclay can lead to agglomera-
tion, resulting in poor dispersibility within the polyam-
ide matrix. This also raises the viscosity of the polymer
matrix, which in turn increases internal porosity and
reduces flexural strength [43, 44]. Higher filler content
concentrates stress on the agglomerated nanoclay, pro-
moting crack propagation through the composite. A sim-
ilar trend was observed in nanocellulose biocomposites
filled with 2.5% to 50% nanoclay, where flexural strength
gradually decreased up to 10% concentration before sig-
nificantly deteriorating beyond that point [45].

Flexural modulus

As shown in Fig. 5(b), the incorporation of hybrid fibres
(natural and synthetic) 20-50% considerably enhances
the flexural modulus of the composite ranging between
6-7 GPa. As the kenaf/glass fibre increases in the range
of 20-50%, the overall flexural modulus of the hybrid
increased meeting the standard (6 GPa) stipulated by the
Ministry of Housing and Urban—Rural Development of
the Peoples’s Republic of China (Mohurd). This confor-
mation is mainly because of the synergistic role of both
fibres as the skeleton of the matrix, thereby improving
the flexural modulus of the matrix due to the removal of
hemicellulose and lignin on the natural fibre’s surface by
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the NaOH solution resulting in the rougher surface area.
It could be responsible for the formation of some troughs
on the fibre. The increase in fibre surface area might
increase the matrix penetration and wetting onto the
rough surface of the fibre which results in the enhanced
interfacial bonding within the composite [46].

The addition of nanoclay (1-3%) showed a negligi-
ble showed a negligible effect on the flexural modulus.
However, at higher nanoclay concentration 5wt.%, a
significant decline in the composites flexural modulus
was seen. Agglomeration of a greater quantity of nano-
clay within the polymer matrix occurs because of their
high surface area, thereby attracting other neighbouring
clays. During the bending test, load was first applied to
the matrix (by right) before transferring the stress to the
nanoclay. Here, nanoclay had filled the polymer matrix,
probably resulting in an uneven of the composite which
would lead to inadequate stress transfer. Voids serving as
crack initiation points are formed by the agglomeration
of the nanoclay (see E3-3, Fig. 11). Therefore, an insuf-
ficient dispersion of the nanoclay within the polymer
matrix will cause degradation of the composite’s overall
properties and performance [47-49]. Furthermore, it had
been reported elsewhere that the addition of nanoclay
at higher concentration results in a decrease of flexural
modulus [24, 50].

Firstly, other reasons for the flexural modulus decrease
could be because of the anisotropic behaviour (compres-
sion and tension) displayed by the composite during
bending test [51]. Secondly, it could be because of the
hybrid reinforcement with fibres and nanoclay which
could greatly disrupt the viscosity of the polymer matrix
as well as its properties [52]. Thirdly, the nano-hybrid
composites with its different reinforcing materials could
experience multiple fibre breakage during testing at the
time load was continuously applied. The natural (kenaf)
fibre is likely to first give way (break) because the syn-
thetic (glass) fibre is known for superior strength than
natural fibres [53]. Despite the kenaf fibre breakage, the
composite continues to sustain the applied load without
any sign of degrading because of the presence of the glass
fibre within the composite which continues to support
the load after the breakage of the kenaf fibre, until the
glass fibre breaks. This indicates the synergistic behav-
iour as displayed by the hybrid in its ability to transfer of
stresses [54, 55].

To this end, the presence of nanoclay further increases
the uncertainties of the composite flexural strength,
being a measure of the change in transfer of stress from
particle to fibrous materials. Here, the transfer of stress
could have primarily occurred between nanoclay and
hybrid fibres because of its insufficient adhesion with
the polymer matrix. The 30-50% composition maintains
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relatively stable performance around 6-7 GPa through-
out the nanoclay content range, while the 20% compo-
sition shows a declining trend with increasing nanoclay
content. This suggests that applications requiring high
stiffness might benefit from higher hybrid and nanoclay
contents, while those prioritizing strength should main-
tain lower nanoclay concentrations around 1-3%.

In contrast to some literature, the flexural strength of
the composite was significantly improved by the inclu-
sion of high strength and alkali free glass fibre, which
maintained its rigidity due to its chopped strand form
with optimal dimensions. During mixing, nanoclay and
PA6 were added first, followed with glass GF and TKF
at the final stage, minimising shear effects. This method
preserved fibre length, ensured a high length to diame-
ter (L/D) ratio, and promoted uniform dispersion in the
matrix. The result was enhanced reinforcement efficiency
and improved mechanical performance of the composite.

The composite sample E3-2, comprising 30% hybrid
fibre reinforcement (10wt.% TKF and 20wt.% GF)
along with 3wt.% nanoclay in a 70wt.% PA6 matrix, dis-
played notable mechanical and physical performance.
It achieved a flexural strength of 85.9 MPa, a flexural
modulus of 6.13 GPa, tensile strength of 43.1 MPa, ten-
sile modulus of 6.9 GPa, impact toughness of 28.24 kJ/
m?, and water absorption of 3.42%. These values clearly
outperform many traditional and emerging composite
materials. When compared to conventional concrete,
geopolymer concrete, steel fibre-reinforced geopolymer
concrete, and particulate-filled resins with hybrid steel
fibres, which exhibit lower flexural strengths of 5.67 MPa,
6.17 MPa, 8.42 MPa, and 22 MPa respectively [56, 57],
sample E3-2 offers a distinct mechanical advantage.

Additionally, sample E3-2 surpasses the performance
benchmarks established by both ISO 12856-1 [40] and
fibre foamed Urethane (FFU) standards for railway appli-
cations. The flexural strength exceeds the ISO minimum
of 28.0 MPa by 206%, and the FFU standard of 70.0 MPa
by 23%, highlighting its suitability for structural functions
such as railway sleepers. The results affirm that increas-
ing the hybrid fibre content (TKF/GF) generally leads to
enhanced mechanical performance, in line with the rule
of mixtures principle, and findings from [58] and [12],
which establish that higher proportions of stiff reinforce-
ments improve composite stiffness. However, a give and
take exists, as increased reinforcement content can also
elevate brittleness, necessitating a balanced formulation
for practical applications.

Flexural strength and impact toughness observed in
this study were further benchmarked against various
hybrid composites from prior literature. The flexural per-
formance of E3-2 exceeds that of epoxy polymer/crumb
rubber composites (23.12 MPa), epoxy polymer/PP fibre
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(30.66 MPa) [59], and RHDPE/Calcium Carbonate com-
posites (20.4 MPa) [31]. Nevertheless, it remains below
the flexural strengths recorded for higher performing
composites such as RHDPE/glass fibre/PP/compatibiliser
(167.80 MPa) [12] and epoxy hybrid glass/kenaf/nanoclay
composites (152.0 MPa) [24] as summarised in Table 3.
These comparisons substantiate the high but not peak
performance level of E3-2 in the broader context of com-
posite development.

Overall, the mechanical evaluation confirms that
the nanoclay hybrid PA6 biocomposite meets interna-
tional plastic sleeper standards, qualifying it for railway
infrastructure deployment. While it does not match the
flexural strength of the high grade composites, its perfor-
mance clearly surpasses several benchmark and stand-
ard materials, including the ISO 12856—1 minimum and
FFU standard. The balanced integration of TKF/GF, and
nanoclay into a PA6 matrix presents a strong, durable,
and industrially relevant solution. These findings collec-
tively affirm the potential of E3-2 as a structurally reli-
able composite, demonstrating that properly engineered
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biosynthetic hybrids can serve as effective materials for
high performance applications in rail transport systems.

The incorporation of 1 wt.% nanoclay synergistically
enhances flexural strength and modulus by promoting
effective fibre-matrix stress transfer, while exceeding this
limits initiates particle agglomeration that could be detri-
mental. These affirms the critical importance of control-
ling nanofiller dispersion and hybrid fibre proportions to
maximise structural integrity and durability for advanced
composite applications.

Tensile stress

The tensile strength results shown in Fig. 6(a) demon-
strate a clear declining trend with increasing nanoclay
content across all hybrid compositions. At 0% nanoclay
content, the 30% hybrid composition exhibits the high-
est tensile strength of approximately 55 MPa, followed
closely by 20% composition at 52 MPa. The addition of
1% nanoclay content results in a moderate decrease, with
values ranging from 42—-48 MPa across all compositions,
representing a 10-15% reduction from baseline values.

Table 3 Comparison of the flexural strength of composite in published literature with E3-2

Specimen Flexural strength (MPa) Reference
E3—2* 85.9+0.05 present study
RHDPE/glass fibre/PP/compatibiliser 167.80+0.05 [12]
RHDPE/Calcium carbonate 204+0.05 [31]

Epoxy hybrid glass/kenaf/nanoclay composite 152.0+0.05 [24]

Epoxy polymer/crumb rubber 23.12+0.05 [59]

Epoxy polymer/PP fibre 30.66+0.04 [59]

FFU 70.00+0.05 [60]

Other composites 21.45+0.05 [61]

Plastic railway sleeper material characteristics for railway applications (railroad  28.0+0.05 [40]

ties)

E3-2: E stands for hybrid batch E, 3 stands for 30% hybrid (i.e., 10 Treated kenaf fibre, and 20% glass fibre), while 2 stands for second nanoclay addition (i.e., 3%). The

remaining percentage for the polyamide six matrix
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Fig. 6 Tensile properties of hybrid polyamide biocomposites with different NC contents: (a) tensile strength, (b) tensile modulus
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Further increases in nanoclay content to 3% and 5% lead
to more significant decreases, with the most pronounced
drop observed in the 50% hybrid composition at 3%
nanoclay, showing approximately a 45% reduction from
its initial value. The 20% hybrid composition consist-
ently shows the lowest tensile strength at higher nanoclay
contents.

Analysis of the tensile strength results indicates that the
incorporation of nanoclay has a predominantly negative
effect on the material’s ultimate strength. The consistent
decline across all compositions suggests that nanoclay
particles may be acting as stress concentrators or creat-
ing weak interfaces within the matrix, leading to prema-
ture failure. The most significant deterioration occurring
between 0 and 3% nanoclay content points to a critical
concentration range where the material’'s load-bearing
capacity is most compromised, with relative stability
observed between 3 and 5% nanoclay content, albeit at
lower strength values.

The tensile modulus trends illustrated in Fig. 6(b) reveal
a contrasting behavior, particularly for the 50% hybrid
composition. At 0% nanoclay, all compositions show sim-
ilar modulus values of approximately 8 GPa. However,
with increasing nanoclay content, the 50% composition
demonstrates significant improvement, reaching peak
values of about 9.5 GPa at 1% nanoclay (representing an
18% increase) and maintaining elevated values through
5% nanoclay content. Conversely, the 20% composition
shows a substantial decline, dropping to approximately 4
GPa at 1% and 3% nanoclay contents, representing a 50%
decrease.

40

35
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(¢}

30 T T I
25
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The tensile modulus behavior reveals that while higher
nanoclay contents may compromise strength, they can
enhance the material’s stiffness, particularly in higher
hybrid compositions (50%). This dichotomy suggests that
the nanoclay particles effectively restrict polymer chain
mobility, increasing stiffness, but may simultaneously
create discontinuities that reduce ultimate strength. The
recovery in modulus observed at 5% nanoclay content
for some compositions indicates a possible secondary
reinforcement mechanism at higher clay concentrations,
though this benefit is offset by the corresponding reduc-
tion in tensile strength. Notably, increasing nanoclay
concentrations has compromised tensile strength across
all hybrid compositions, highlighting the role of nano-
clay as stress concentrators and interfacial disruptors.
Conversely, increased tensile modulus in high hybrid
compositions at moderate nanoclay inclusion (1-5%)
indicates beneficial stiffening effects through constrained
polymer chain mobility, aligning the critical balance
required between stiffness enhancement and strength
preservation.

Impact toughness

The impact toughness of polyamide biocomposites is sig-
nificantly influenced by the content and composition of
hybrid fibres as shown in Fig. 7. Increasing the content
of hybrid fibre from 20% (E2) to 30% (E3) enhances the
impact toughness, with E3 composites achieving a peak
value of 31.2 kJ/m? being approximately 4% close to that
of the fibre-reinforced foamed urethane (FFU) products
(32.40 kJ/m?) used in the Chinese railway system. This

s 20 e 30 e 40 meem 50 = - FFU

5

Nanoclay content (%)
Fig. 7 Impact toughness of composite at different hybrid fibre and nanoclay content
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improvement is attributed to the balanced reinforce-
ment effect provided by the hybrid combination of TKF/
GE, which offers an effective synergy between stiffness,
energy dissipation, and interfacial bonding with the poly-
amide matrix [12].

However, further increasing the fibre content beyond
30%, as observed in E4 (40%) and E5 (50%), leads to a
decline in impact toughness. This reduction is attrib-
uted to matrix saturation, fibre agglomeration, and poor
dispersion at higher hybrid fibre loadings, which hinder
stress transfer and promote premature failure. These
findings are consistent with previous studies emphasiz-
ing the importance of maintaining optimal fibre vol-
ume fractions to balance reinforcement benefits and
matrix continuity [57, 62]. Additionally, a reduction in
impact toughness is a common phenomenon in plas-
tics, particularly those with high strength, such as those
reinforced with hybrid kenaf/glass (TKF/GF) fibres in a
PA6 matrix. The inclusion of TKF/GF enhances the stiff-
ness of the composite and contributes to heterogeneous
nucleation, thereby increasing the crystallinity of the
matrix. However, higher crystallinity reduces the mate-
rial's deformation ability and consequently diminishes
its impact strength. Furthermore, while a strong bond
between the matrix and TKF/GF fibres facilitates effec-
tive stress transfer under tensile loading thereby result-
ing in enhanced tensile strength. Additionally, it restricts
crack propagation under impact loads. As a result, the
impact energy is not effectively absorbed, leading to a
further reduction in impact toughness [59].

The incorporation of nanoclay further modifies the
impact performance of these composites. At low nano-
clay content (1wt.%), marginal improvements in impact
toughness were observed, particularly in E2-1 and E3-1.
The limited reinforcement effect at this level may arise
from suboptimal nanoclay dispersion or insufficient
interfacial interaction. Remarkably, the introduction of
3% nanoclay results in a significant increase in tough-
ness across all hybrid systems, with E3-2 composites
reaching approximately 36 kJ/m?, surpassing the Chinese
railway system fibre reinforced foamed urethane (FFU)
product reaching (32.40 kJ/m?) as shown in Fig. 7. This
enhancement suggests that nanoclay content at this con-
centration is well dispersed within the matrix, promoting
mechanisms such as crack deflection, crack pinning, and
increased fibre matrix adhesion. These mechanisms col-
lectively contribute to energy dissipation during impact
loading. Similar observations have been reported in
the literature, where nanoclay platelets improved the
mechanical performance of fibre reinforced polymers by
reinforcing the matrix and delaying crack propagation
(63, 641].
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Nevertheless, at a higher nanoclay content of 5wt.%,
there is a consistent reduction in impact toughness
across all hybrid fibre composites, with the E5 composite
showing the most severe decline to approximately 26 kJ/
m? The negative effect at this loading is attributed to
nanoclay agglomeration, which induces stress concentra-
tion zones, matrix embrittlement, and inhomogeneity in
the microstructure. These defects impair the load-bear-
ing capability of the matrix and diminish the reinforcing
potential of both the nanoclay and fibres. Excessive nano-
clay content has been previously shown to compromise
toughness and ductility, especially in hybrid composites
where the matrix-fibre-nanoclay interfacial balance is
delicate [63].

In summary, the results obtained demonstrate that
both hybrid fibre ratio and nanoclay content play criti-
cal roles in optimising the impact performance of poly-
amide six composite. An optimal fibre hybrid content of
30% (E3) yields superior toughness due to the well bal-
ance contribution of TKF/GF to load transfer and energy
absorption. Concurrently, the incorporation of 3% nano-
clay further enhances this effect, likely through improved
interfacial bonding and crack resistance mechanisms.
Although, any deviations from these optimal values
(either by increasing fibre content or nanoclay concentra-
tion) result in diminished mechanical performance due
to fibre saturation or nanoclay agglomeration. To this
end, these findings support the hypothesis that a syner-
gistic balance between fibre reinforcement and nanofiller
dispersion is essential for maximising the toughness of
hybrid fibre reinforced nanocomposites.

The strategic integration of 3 wt.% nanoclay jointly ele-
vates impact toughness beyond industrial benchmarks,
signifying optimal dispersion, enhanced crack resist-
ance, and improved fibre-matrix interfacial interactions.
However, surpassing this critical concentration level
will compromises mechanical resilience due to nano-
clay agglomeration and structural heterogeneity, signify-
ing the delicate interplay required for maximised energy
absorption performance.

Thermal properties

Thermogravimetric analysis (TGA)

The TGA and DTG curves of nanoclay hybrid polyamide
biocomposite are shown in Fig. 8. The loss of physically
bound or interlayer water for polyamide six composite is
mainly between 40-275 °C and, to a lesser extent, low-
molar-mass extractables [65]. The increase in weight loss
shown in Table 4 at a temperature range up to 300 °C is
about 2% (0.12% to 1.81%). The higher figures recorded
for the most highly loaded formulations (E3 and E5)
reflect the greater number of hydrophilic silicate galleries
able to trap moisture. Similar trends have been reported
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Fig. 8 (a) TGA, and (b) DTG curves of nanoclay hybrid polyamide biocomposite

Table 4 Weight loss (WL) of hybrid polyamide bicocomposite

with various nanoclay loadings

Sampleld 240 Tonset - Tonset “C Tenaset’C  Residue (%)

Tonset C endset®

(W (%)) (W (%))
E2 0.12 75.17 25416 464.39 1773
E2-1 0.22 74.22 256.57 45842 1833
E2-2 0.71 74.72 28582  483.12 17.72
E2-3 0.75 73.12 294.21 47115 1942
E3 134 69.63 29546 48133 2264
E3-1 1.01 68.43 28537  471.02 23.98
E3-2 1.16 66.47 29166  465.12 26.16
E3-3 1.35 66.07 29660  461.94 26.60
E4 0.74 68.94 27692 54285 24.38
E4-1 0.19 63.75 25404 48550 3035
E4-2 0.27 63.02 25784 46351 31.09
E4-3 0.21 62.57 25424 47523 31.58
E5 1.81 64.57 300.76  549.13 30.28
E5-1 0.70 59.55 26654 57342  36.18
E5-2 0.68 5861 26646  565.01 3736
E5-3 045 59.31 25967 58228  36.50

for PA-6/montmorillonite nanocomposites, where the
first DTG shoulder scales with clay content [65].

The addition of nanoclay obviously delays the start of
degradation by 10—40 °C relative to the hybrid compos-
ite (E2 to E2-3 and E4-1 to E4-3). This shift supports the
barrier effect where the exfoliated silicate platelets create
a tortuous path that slows oxygen diffusion and volatile
escape resulting in suppressing radical chain scission at

the surface of the composite [66]. Interestingly, T ...
does not consistently increase with residue yield. For
instance, E5-1 to E5-3 records higher char (36—37%) but
with a slight decrease in T, (266 to 260 °C). This cross-
over signifies competition between kinetic stabilisation
and catalytic effects of iron or sodium traces in organo-
clays, which can accelerate amide pyrolysis once the opti-
mum loading of the nanofiller is exceeded [67].

The total mass loss 59% —-75% between T .. and
T endser COrresponds to the random chain scission of the
polyamide backbone and volatilisation of e-caprolactam
and cyclic oligomers. The width of T, 4. broadens when
well-dispersed clay is present (E4 and E5 series), indicat-
ing a distributed degradation pathway rather than a sin-
gle kinetic process.

From Table 4, residue rosed from 17.7% to 37.36%
(E2, E5-2) as clay content increases, in excellent agree-
ment with the formation of an inorganic—carbonaceous
char documented in PA/nanoclay systems [68]. This char
layer shields the underlying polymer, further lowering
the maximum mass-loss rate as the peak temperature
shifts from 451 °C to 411 °C for E2-3 and E5-2 and fur-
ther explaining the smaller change in mass values in the
E5 series.

The systematic evolution of T, ., and T, 4.0 S€g-
mental weight loss and residue across the E2-E5 series
confirms that nanoclay acts through a combined bar-
rier/char mechanism. Optimal loadings E2-E3 series
maximise the thermal-stability envelope, whereas exces-
sive clay E2-3, E3-3, E4-3 and E5-3, sacrifices onset tem-
perature despite higher char formation. These insights
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provide a quantitative basis for tailoring hybrid polyam-
ide biocomposites for high-temperature or flame critical
applications.

Considering the E3-2 formulation having 292 °C onset
temperature, showed approximately a 40 °C of pro-
cessing headroom over typical PA6 melt temperatures
(approximately 250 °C), so E3-2 can be extruded or injec-
tion-moulded without need for special precautions. In
compared with E3-3, the T ., is only 5 °C lower, yet the
T endset is reached 15 °C earlier, indicating that the main
scission/volatilisation sequence completes faster. This
kind of behaviour is often attributed to partially inter-
calated rather than fully exfoliated clay galleries, which
shorten the diffusion path for volatiles and act as nano-
reactors that accelerate the latter half of degradation [69].

In addition, at 26% residue, E3-2 outperforms both E3
(22.6%) and E3-1 (24.0%), confirming that its clay loading
is high enough to generate a coherent silicate-rich char
that shields the melt. The char rise, which is about 4%, is
proportionally larger than the decrease in onset between
4 °C and E3. Therefore, the char per onset temperature
efficiency is highest for E3-2 in this set.

Hence, E3-2 strikes a balanced middle ground by yield-
ing a robust 26% char for condensed-phase flame inhibi-
tion and maintains a comfortable margin of processing
window of about 40 °C. Uptake of moisture was kept low,
which aids drying and dimensional control. For general
flame retardant or electrically insulated PA components
such as connector housing, LED back shells that will gen-
erally not be prolonged above 260 °C in service. E3-2 is an
economical yet thermally robust choice. If peak oxidative
stability is paramount, E3-3 (or the E5 family) remains
superior; yet for a cost-performance compromise, E3-2
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compares favourably with widely reported 5-7 wt% nan-
oclay benchmarks that raise Tonset by about 25 °C and
boost char by 3 to 5 wt% in PA6 matrices [70].

Nanoclay incorporation strategically increases thermal
stability and char yield through collective barrier and
catalytic char-forming mechanisms, significantly extend-
ing the processing and service temperature windows of
polyamide composites. However, exceeding the optimal
nanoclay content initiates accelerated pyrolysis, under-
lining the necessity of precise filler dispersion to balance
thermal resilience with processability for advanced ther-
mal management applications.

Chemical properties

Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectra of hybrid polyamide biocomposite con-
taining various dosages of nanoclay particle concentra-
tions is shown in Fig. 9, by which the change in functional
groups can be clearly identified. Table 5 shows the func-
tional groups and the respective possible assignments for
each peak position. The O-H stretching vibration and
hydrogen bonding of hydroxyl groups are represented
by the peak at @’ (between 3400 to 3200 cm™!). These
are ascribed to both intramolecular and intermolecu-
lar hydrogen bonding as well as free OH groups [71].
The main component of this band is the superposition
of structural silanol -OH groups from montmorillon-
ite and surface hydroxyls from treated kenaf fibre (TKF)
cellulose. The peak intensity rises approximately lin-
early as the TKF content rises (5 to 20 wt.%) because of
the increasing contribution of free -OH groups from the
cellulose surface [72]. Structural silanol OH groups are
introduced by the gradual addition of montmorillonite

4200 3600 3000

2400

1800 1200 600

Wavenumbers (cm™)
Fig.9 FTIR Spectra of hybrid and nanoclay hybrid polyamide biocomposites
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Table 5 FTIR spectral data for nanoclay hybrid polyamide biocomposites

Peak Wavelength peak positions Possible Assignment
Label (cm™) E2 E2-1 E2-3 E2-2 E3 E3-1 E3-2 E3-3 E4 FE41 E4-2 E4-3 ES5 ES-1 ES-2 ES-3

a 3400-3200 3296 3292 3292 3287 3296 3290 3289 3288 3295 3286 3289 3291 3295 3291 3288 3286 O-H stretching vibration
(hydrogen-bonded
hydroxyl)

b 3000-2850 2932 2924 2922 2922 2931 2921 2922 2923 2928 2922 2923 2921 2924 2923 2922 2921 C-H stretching vibration
in cellulose and
hemicellulose
(asymmetric =CH,/=CH,)

c 2900-2800 2861 2855 2854 2854 2861 2854 2855 2855 2855 2854 2855 2854 2854 2855 2854 2854 C-H stretching
(symmetric =CHy/=CH;3)

d 1680-1600 1634 1633 1631 1632 1635 1633 1632 1632 1634 1633 1632 1632 1633 1633 1631 1633 Amide | (C=0 stretch of
PAG), absorbed moisture

e 1550-1475 1538 1541 1541 1545 1538 1542 1545 1546 1537 1542 1545 1545 1538 1541 1541 1545 Amide Il (N-H bend + C~
N stretch), aromatic C=C
stretching in lignin

f 1470-1450 1462 1461 1461 1461 1462 1461 1461 1461 1462 1461 1461 1461 1462 1461 1460 1461 C-H bending (methylene
scissoring)

g 1450-1400 1417 1436 1436 1436 1417 1436 1436 1436 1416 1436 1436 1436 1416 1436 1436 1436 O-H in-plane bending

h 1380-1350 1372 1366 1366 1366 1373 1366 1366 1366 1373 1367 1366 1366 1374 1367 1365 1366 Amide lll/N=O
symmetric overlap

i 1280-1250 1263 1265 1264 1268 1262 1265 1267 1268 1263 1263 1267 1267 1262 1264 1265 1266 C-N stretching (aromatic
amine)

i 1220-1190 1201 1213 1213 1214 1201 1213 1213 1213 1201 1213 1213 1213 1201 1212 1213 1213 C-O/Si=O stretching
(ester / Si=0=Si)

k 1180-1150 1170 1169 1169 1169 1170 1169 1169 1169 1169 1169 1169 1169 1169 1169 1169 1168 Aromatic C-H in-plane
bending

| 1130-1090 1121 1120 1119 1101 1117 1119 1118 1101 1116 1101 1101 1101 1116 1115 1101 1101 Aromatic C=H in-plane
bending

m 720-700 709 710 710 711 709 710 711 711 709 711 711 711 709 709 710 713 Aromatic C-H
out-of-plane bending

n 710-670 687 707 707 707 685 707 707 707 684 707 707 707 684 707 703 700 Aromatic C-H
out-of-plane bending

o 590-560 576 S80 580 580 576 583 586 S80 576 581 580 583 576 579 589 577 Ring skeletal deformation

at 1, 3, and 5 weight percent, which causes a discernible
shoulder between 3600 and 3400 cm™. this is due to the
increased interactions of hydrogen bonding between cel-
lulose and the Si—OH groups of the clay, this broadens
and strengthens the whole band [73, 74].

The peaks at ‘b’ and “c” (between 3000—2850 cm™)
reflect the C—H stretching vibrations of methyl (—~CH,)
and methylene (—CH,) groups. These vibrations are
mostly derived from PA6 chains, with a small contribu-
tion from the cellulose matrix [75]. These peaks display
a distinctive doublet, the overall intensity of which drops
because the mass fraction of PA6 drops (80-50 wt.%)
resulting in the decrease of all peak height ratio (between
2932-2860) for all sample. Due to its inorganic nature
and absence of aliphatic C—H groups, nanoclay has lit-
tle to no effect on these bands [75]. Therefore, any spec-
trum attenuation in this region is directly related to the
decrease in PA6 content.

The peak at ‘d’ (centered around 1634 cm™) represents
the stretching vibration of the carbonyl group (C=0)
associated with the amide I band of polyamide 6 (PA6)
[75]. This band gradually decreases in intensity as the PA6
content is reduced. Upon addition of 0-5 wt. % montmo-
rillonite, a small red shift of approximately 1-4 cm™ is
observed, along with band broadening. These changes
indicate hydrogen bonding between the amide C=0
groups and the —OH or —O-Si functional sites within the

silicate clay galleries, suggesting partial intercalation or
exfoliation of PA6 chains within the clay layers [75, 76].

The peak at ‘e’ (1538 cm™) corresponds to the Amide
II band, primarily arising from N-H bending and C-N
stretching vibrations in PA6. This band shows a progres-
sive decrease in intensity as the PA6 content is reduced,
mirroring the behavior of the Amide I band. However,
with the addition of montmorillonite clay, the Amide II
peak broadens noticeably, reflecting enhanced hydrogen
bonding between the N-H groups of PA6 and the O-Si
groups within the silicate layers. The resulting increase
in the Amide II to Amide I intensity ratio is a spectral
marker of stronger polymer—clay interactions [77, 78].

The peaks from ‘" to ‘h’ (between 1462-1372 cm™)
represent overlapping vibrational modes affected by
compositional changes. The CH, scissoring band at
1462 cm™ diminishes with decreasing PA6 content,
while the cellulose-associated O—H bending vibration at
1416 cm™ intensifies as the TKF fraction increases [72].
Near 1372 cm™!, a composite band attributed to Amide
III, N-O, and CH bending broadens in the presence of
clay, reflecting reduced polymer chain mobility within
the constrained clay matrix [72].

The peaks from T to T (1263, 1201, 1170, and
1121 ¢cm™) correspond to overlapping C-N and C-O
stretching vibrations from PA6 and cellulose, respec-
tively, along with contributions from Si—O-Si stretching.
While these bands are only marginally affected by the
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TKF content, they intensify significantly with increas-
ing nanoclay loading. This is due to the in-plane Si—-O-Si
stretch of 2:1 smectite montmorillonite, centered near
1030-1010 cm™}, which overlaps and extends into the
1200-1100 cm™ region. The resulting envelope serves
as a sensitive spectral indicator of clay presence and con-
centration (Shelly et al., [79].

The peaks at ‘m’ and ‘n’ (between 729-687 cm™) cor-
respond to aromatic C-H out-of-plane bending vibra-
tions associated with residual lignin in treated kenaf
fibre (TKF). These weak bands increase slightly with ris-
ing fibre content but remain unaffected by the addition
of nanoclay, which does not contribute to this spectral
region [80].

The peak at ‘0’ (between 590-560 cm™) corresponds to
a skeletal ring and Si-O bending vibration, arising from
a combination of aromatic structures in lignin or cellu-
lose and the bending modes of montmorillonite silicate
sheets. While this band remains relatively unchanged
with varying TKF content, it intensifies consistently with
increasing nanoclay, reflecting the contribution of Si-O
bending modes [79].

Figure 9 shows that, as TKF adds hydroxyl polar sites,
and nanoclay adds both silanol groups and high-aspect
reinforcement, the hybrid shows a gradual transforma-
tion from a PA6-dominated “amide” spectrum toward a
fibre/clay-dominated “hydroxyl-silicate” spectrum. The
simultaneous down-shift of amide peaks and up-shift
(intensity) of Si—-O and O-H bands signal synergistic
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Fig. 10 SEM micrographs of hybrid TKF/GF composite: (a, b) 0%; (c, d) 20%; (e, f) 30%; (g, h) 40%; (i,j) 50%. ( (f}

magnification (1000x) images of (a), (c), (e), (g) and (j) respectively
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hydrogen-bond networks between PA6/NC/fibre inter-
faces, which supports the mechanical improvements
typically seen in such hybrids. This is consistent with the
finding obtained by Kis et al. [77] and Wu et al [78].

FTIR spectroscopy showed that the strategic incor-
poration of nanoclay and treated kenaf fibres induces
a pronounced shift from polyamide-dominated amide
functionalities toward a hydroxyl-silicate network, indic-
ative of robust interfacial hydrogen bonding. This spec-
tral evolution highlights the critical synergy between
nanoclay exfoliation, fibre functionalisation, and matrix
interactions, which fundamentally showcase enhancing
composite integrity and performance.

Microstructures

Scanning electron microscopy (SEM)

The scanning electron micrographs of hybrid composites
with varying ratios of treated kenaf fibre (TKF) and glass
fibre (GF), ranging from 0 wt.% to 50 wt.% total fibre con-
tent, reveal critical morphological features that correlate
closely with the mechanical behavior of the materials. In
the neat matrix without any fibre reinforcement (Fig. 10 a
and b), the surface appears smooth, indicating the char-
acteristic of a homogeneous and brittle fracture. This is
consistent with the literature, which attributes such fail-
ure in polymer matrices to the absence of stress transfer
mechanisms provided by reinforcing fibres [81]. How-
ever, the addition of fibres at E2 (5 wt.% TKF and 15 wt.%
GF) begins to show interaction between the matrix and

b2 e FQ 1 WS el
' re{-mam \ 5 L
o A AR Fibre,distribution#
agglomeratian.’

and (j) are h|gher
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the hybrid fibres, with partially pulled-out fibres and vis-
ible interfacial gaps signifying moderate adhesion and the
early stages of hybrid fibre (natural and synthetic) syn-
ergy [82].

Moreover, when the hybrid fibre content was increased
to E3 (10 wt.% TKF and 20 wt.% GF), the observed
microstructure becomes more refined, with improved
dispersion of fibre, fewer voids, and stronger fibre-
matrix interfacial bonding. Although, some debonding
and matrix deformation zones are present. However, the
minimal fibre breakage or pullout indicates an enhanced
load transfer with better mechanical interlocking. This is
largely attributed to the surface treatment done on the
TKF to improve hydrophobicity and compatibility [83].

Similarly, the enhanced dispersion and balanced hybrid
fibre ratio, helps to promote a synergistic toughening
effect that is consistent with hybrid reinforcement theory
[83, 84]. The E4 composite (15 wt.% TKF and 25 wt.%
GF) shows similar favourable features, reinforcing this
optimal interaction zone.

At the highest hybrid fibre content, E5 (20 wt.% TKF
and 30 wt.% GF), the micrographs reveal signs of fibre
agglomeration, voids, and fibre pullout, particularly con-
spicuous at higher magnifications (Fig. 10i and j). These
features suggest poor dispersion of fibres having a com-
promised matrix continuity because of the overcrowding
which hinders effective wetting. This is a common sce-
nario associated with composites exceeding critical fibre
volume [85]. The morphological evidence across all com-
positions indicates a varied failure mechanism involving
fibre pullout, interfacial debonding, matrix plastic defor-
mation, and fibre breakage. Notably, hybrid contents
of 30-40wt.% appear to have a moderately best balance
between interfacial strength and energy absorption which
is critical for optimal mechanical performance. The com-
plex patterns of stress distribution suggest that future
enhancements in composite behavior could be achieved
through careful selection, treatment and arrangement of
fibres to adequately control interfacial properties tailored
to specific application needs.

In addition, the incorporation of varying nanoclay
loadings (1wt.% to 5wt.%) showed a distinct micro-
structural characteristic that critically influences the
mechanical performance of hybrid biocomposites as
shown in Fig. 11. At low nanoclay content (1wt.%), poor
matrix-fibre adhesion, minimal nanoclay interaction, and
low surface roughness were observed, reflecting weak
reinforcement due to insufficient surface area for effec-
tive load transfer [86]. Conversely, moderate nanoclay
loading (3wt.%) exhibited improved filler dispersion,
tighter fibre—matrix bonding, and enhanced interfacial
adhesion. These features align with an optimal balance
between dispersion and mechanical enhancement [87,
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88]. Ultimately, at higher clay loading (5 wt.%), significant
agglomeration, re-agglomerated clay domains, and stress
concentrators were observed from the micrographs,
affirming that the use of excess filler beyond the perco-
lation threshold disrupts dispersion and hampers struc-
tural performance [89].

These morphological observations clearly indicate that
a 3wt.% nanoclay loading (E3-2) offers the most favora-
ble microstructure, characterised by uniform dispersion,
strong interfacial bonding, and reduced void forma-
tion. In contrast, the 1wt.% loading lacks adequate rein-
forcement capability, while the 5wt.% loading promotes
nanoclay clustering and poor stress transfer, as consist-
ently noted in previous studies [86, 88]. Such insights
are essential for optimising nanofiller content to achieve
desired structural integrity and functional performance
in hybrid biocomposite applications.

Characterisation of nanoclay powder

The results of the nanoclay characterisation by the ther-
mogravimetric analysis (TGA), FTIR spectroscopy analy-
sis and SEM/EDX spectrum are presented in Fig. 12a, b, ¢
and d respectively.

The thermogravimetric analysis (TGA) and deriva-
tive thermogravimetry (DTG) curves signifies that the
nanoclay exhibits a multi-stage decomposition process
and good thermal stability across a temperature range of
30 °C to 600 °C. The material remains stable up to around
200 °C, with minimal weight loss due to the evapora-
tion of surface moisture. A significant weight loss occurs
between 200 °C and 500 °C, attributed to the decompo-
sition of organic modifiers like surfactants or quater-
nary ammonium salts, with a DTG peak at 330-350 °C
marking the highest degradation rate. Beyond 500 °C,
the weight stabilizes, reflecting the presence of thermally
stable inorganic silicate structures. These findings align
with those reported for organically modified montmoril-
lonite clays and are crucial for evaluating the structural
integrity of nanoclay and suitability for high temperature
applications.

The FTIR spectroscopy analysis affirms the hybrid
organic—inorganic nature of the supplied nanoclay,
revealing a combination of structural clay features and
organic modifications. A strong absorption band at
3628.90 cm™! indicates O—H stretching from hydroxyl
groups within silicate layers, characteristic of smectite-
type clays like montmorillonite, reflecting a preserved
layered structure. Peaks at 2919.90 cm ™! and 2849.98 cm™
correspond to aliphatic C—H stretching, confirming the
presence of quaternary ammonium salts or surfactants
from organo-modification. Additional bands, includ-
ing 1617.19 cm™! (H-O-H bending), 1466.99 cm™ (CH,
scissoring), 988.95 cm™ (Si—O stretching), 796.25 cm™
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Fig. 11 SEM images of hybrid composite E3 series (E3-1, E3-2, E3-3) with different nanoclay content: (a-c) 1%, (d-f) 3%, (g-i) 5%; (b, e, h), and (c, f, i)
are higher magnifications (2500 x and 5000x) images of (a), (d) and (g) respectively. The SEM analysis reveals that optimal hybrid fibre content (30—
40 wt.%) combined with precise 3 wt.% nanoclay loading achieves exceptional microstructural uniformity, interfacial integrity, and effective stress
transfer, crucially enhancing mechanical performance. Exceeding these limits promotes agglomeration, fibre overcrowding, and compromised
dispersion, thereby highlighting the critical importance of tailored reinforcement strategies for advanced biocomposite applications

(Si-O-Si bending), and 722.31 cm™ (CH, rocking), fur-
ther support the coexistence of silicate frameworks and
organic moieties, validating the material’s structural
integrity and functionalization for advanced applications.

The SEM/EDX analysis showed that the synthesized
nanoclay exhibits a heterogeneous, porous morphology
composed of aggregated, irregularly shaped particles,
suggesting a high surface area beneficial for adsorption
and catalytic applications. Elemental analysis through
EDX identifies key constituents such as carbon (C), oxy-
gen (O), iron (Fe), aluminum (Al), magnesium (Mg),
chlorine (Cl), and traces of gold (Au), with gold attrib-
uted to the sputter coating used during imaging. The
presence of Fe and O suggests iron oxide formation,
while Al and Mg point to clay-based minerals like mont-
morillonite or aluminosilicates. Normalised elemental
composition data show high proportions of carbon and
oxygen (29.16—-43.37% and 33.86—37.64%, respectively),
indicating organic modification or residual carbona-
ceous content. Significant silicon (15.17-25.24%) and

aluminum levels further confirm a silicate-based matrix,
while minor amounts of Mg and Fe suggest structural
substitution or functional enhancement. Trace chlorine
likely originates from precursor salts used in synthe-
sis. Together, these findings confirm a multifunctional
nanoclay structure with potential applications in envi-
ronmental remediation, catalysis, and nanocomposite
formulation.

The comprehensive thermal, spectroscopic, and mor-
phological analyses confirm the successful synthesis
of a structurally robust and multifunctional nanoclay
composite with broad application potential. Its thermal
stability and distinct decomposition stages validate its
suitability for high temperature uses, such as in poly-
mer nanocomposites and flame-retardant systems. The
FTIR results reveal the integration of organic functional
groups within a preserved silicate framework, enhanc-
ing compatibility with hydrophobic environments and
supporting applications in drug delivery and wastewater
treatment. Meanwhile, SEM/EDX analysis highlights a
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Fig. 12 Nanoclay characteristic properties (a) TGA-DTG curves, (b) FTIR peaks, () SEM micrograph, (d) EDX spectrum

porous morphology and a hybrid elemental composi-
tion, indicating strong potential for pollutant adsorption,
catalysis, and nanocomposite reinforcement. Altogether,
the balanced organic/inorganic nature of the nanoclay
corroborate its versatility in diverse environmental and
industrial contexts. Integrated TGA, FTIR, and SEM/
EDX analyses collectively affirm the multifunctional and
thermally robust nature of the synthesized nanoclay,
exhibiting a distinct organic—inorganic hybrid configura-
tion ideal for high-temperature polymer composites and
advanced environmental remediation. Its hierarchical
porosity and surface chemistry provide strategic inter-
facial interactions, highlighting its broad applicability
in adsorption, catalysis, and nanostructured composite
enhancement.

In summary, the enhanced interfacial adhesion
observed at 3 wt.% nanoclay loading is attributed to the
optimal dispersion of exfoliated silicate layers within
the polyamide matrix, which facilitates effective stress

transfer and interfacial interactions between the matrix
and reinforcing fibres. At this concentration, the nano-
clay platelets are well-dispersed and aligned, creating a
tortuous path that reduces polymer chain mobility, sup-
presses microvoid formation, and enhances the mechani-
cal interlocking with both treated kenaf fibre (TKF) and
glass fibre (GF). Furthermore, FTIR analysis indicates
increased hydrogen bonding between the amide (C=0
and N-H) groups of PA6 and the hydroxyl (-OH) and
silanol (Si—OH) groups present in both the treated natu-
ral fibres and the organo-modified nanoclay. This chemi-
cal affinity promotes better fibre wetting and tighter
fibre—matrix interfaces. SEM images of the 3 wt.% nan-
oclay-loaded composite (E3-2) further confirm improved
morphology, with reduced fibre pullout, minimal voids,
and a continuous matrix phase, supporting the conclu-
sion that this loading level achieves a synergistic balance
between dispersion, interfacial bonding, and reinforce-
ment. In contrast, higher nanoclay contents (e.g., 5 wt.%)
lead to particle agglomeration, poor wetting, and stress
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concentration sites, which diminish interfacial integrity
and overall composite performance.

Conclusions

Polyamide based composites that combine hybrid fibres
(TKF/GF) and nanoclay (each performing a role specific)
offers a synergistic means of engineering the material’s
mechanical, thermal, and structural characteristics to
advantage. Hybrid fibres provide stiffness and mechani-
cal reinforcement, while nanoclay modifies moisture
resistance, interfacial bonding, and thermal behavior. The
strength, toughness, water absorption, and microstruc-
tural integrity of the finished composites, are among the
performance criteria that are impacted by these interre-
lated elements as highlighted below.

Hybrid Fibre (TKF/GF) Effects:

> Hybrid fibre addition (20 to 50 wt.%) significantly
improves flexural strength (31% approx., from 68.4 to
89.5 MPa) and flexural modulus (up to 7 GPa) due to
improved interfacial bonding and fibrous reinforce-
ment.

> Peak tensile strength occurs at 30 wt.% hybrid
fibre loading (55 MPa), with a consistent tensile mod-
ulus (8 GPa approx.) across the 20-50 wt.% hybrid
fibre loadings.

> Impact toughness decreases notably (from 35.3 to
18.2 kJ/m?) with increased fibre content, reflecting
rigidity and reduced energy absorption capacity.

> Water absorption sharply increases by over 130%
with higher fibre content due to cellulose hydrophi-
licity.

> Thermal stability is enhanced, raising degradation
onset temperature (from 254 °C to 301 °C) and char
yield (from 17.7% to 30.3%).

> FTIR confirms enhanced fibre-matrix hydrogen
bonding; SEM shows improved fibre wetting and
optimized stress distribution between 30-40 wt.%
fibres.

Nanoclay Effects:

> Optimal nanoclay loading (1-3 wt.%) significantly
improves interfacial quality, reduces water absorp-
tion (15-30%), and enhances thermal stability by
delaying degradation onset (10 to 40 °C increase) and
increasing char residue (up to 37%).

> Peak flexural strength (95 MPa) is observed at 1
wt.% nanoclay, decreasing with higher loading due to
agglomeration and porosity.

> Tensile strength progressively decreases with
nanoclay addition (up to 45% reduction at 3 wt.%),
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whereas tensile modulus improves by up to 18% at
high fibre (50 wt.%) and low clay loadings.

> Nanoclay positively impacts toughness (35.3 kJ/
m? at E3-2 blend), enhancing crack deflection and
adhesion.

> FTIR confirms improved polymer—clay intercala-
tion; SEM highlights refined morphology and struc-
tural integrity due to effective nanoclay dispersion.

Recommended Formulation:

> Optimal performance achieved with 30-40 wt.%
hybrid fibre (E3 and E4) to balance mechanical
strength, interfacial adhesion, and water resistance
without excessive stiffness.

> Ideal nanoclay content is 3 wt.%, effectively max-
imising thermal stability, reducing voids, improving
water resistance, and avoiding agglomeration.

> Final recommended formulations: E3-2 and E4-2
(30-40 wt.% hybrid fibres with 3 wt.% nanoclay)
suitable for advanced structural, environmental, and
industrial applications.

Abbreviations

CF Carbon fibre (CF)

LKTN) Lembaga kenaf dan Tembakau Negara

TKF Treated kenaf fibre

GF Glass fibre

PA6 Nylon 6 / Polyamide 6

NC Nanoclay

PLA Polylactic acid

ISO International standard

ASTM American Standard Testing and Materials

TGA Thermo-gravimetric analysis

FTIR Fourier transform infrared spectroscopy analysis
SEM Scanning electron microscopy

INTROP Institute of Tropical Forestry and Forest Product, and
IBS Institut Biosains

PwiI Permanent Way Institution

NaOH Sodium hydroxide

CURT Standards of China Urban Rail Transit

Mohurd ~ Ministry of Housing and Urban-Rural Development of the Peo-
ples's Republic of China

FFU Fibre foamed Urethane
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