
ORIGINAL PAPER

Polymer Bulletin          (2026) 83:247 
https://doi.org/10.1007/s00289-026-06294-9

Abstract
The demand for sustainable, high-performance composites has created a need for 
natural fiber–reinforced systems with improved mechanical, durability, and environ-
mental resistance properties. This study addresses this gap by developing epoxy-
based composites reinforced with 30 vol% areca nut fiber and varying pectin filler 
contents from Passiflora edulis husks, with both reinforcements silane-treated to 
enhance fiber–matrix adhesion. Mechanical tests showed that the optimum formu-
lation achieved ~ 28% higher tensile strength, ~ 24% higher flexural strength, and 
improved impact energy compared to the unfilled fiber composite. Fatigue life ex-
ceeded 27,000 cycles at 25% and 50% UTS, indicating strong cyclic load tolerance. 
Higher filler content enhanced hardness and creep resistance but resulted in a ~ 35% 
increase in water absorption. SEM analysis confirmed uniform filler dispersion and 
minimal interfacial gaps, correlating with the mechanical improvements. These re-
sults demonstrate that targeted filler loading can balance strength, durability, and 
moisture resistance, making the composites promising for demanding industrial 
applications.
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Abbreviations
SEM	� Scanning Electron Microscopy
MPa	� Megapascal
VHN	� Vickers hardness number
PLA	� Polylactic acid
3-APTMS	� 3-Aminopropyltrimethoxysilane
UTS	� Ultimate tensile strength
LLDPE	� Linear low-density polyethylene
J	� Joule
Vol. %	� Volume percentage
ASTM	� American Society for Testing and Materials

Introduction

The growing demand for sustainable and eco-friendly materials has increased interest 
in natural fibers for polymer composites. These fibers offer low density, biodegrad-
ability, and favorable mechanical properties, making them attractive for applica-
tions in packaging, construction, and automotive sectors [1]. Among them, areca nut 
fiber—extracted from the outer husk of the areca palm (Areca catechu)—is notable 
for its high cellulose, lignin, and hemicellulose content, which contribute to excellent 
tensile properties and suitability for load-bearing and semi-structural applications.

Previous studies have demonstrated the potential of areca fiber in enhancing com-
posite performance. Ramanan et al. [2] reported that adding 20 vol% areca fiber and 
filler improved hardness to 74.14 VHN and tensile strength to 66.32 MPa. Sakib et 
al. [3] achieved tensile strengths up to 20.38 MPa for betel nut–reinforced epoxy 
composites. These findings highlight the ability of lignocellulosic reinforcements to 
improve stiffness, strength, and wear resistance.

Despite these advantages, natural fiber composites often face drawbacks such as 
void formation, poor fiber–matrix adhesion, and high moisture uptake [4, 5]. Incor-
porating fillers can mitigate these challenges by enhancing interfacial bonding and 
load transfer [6]. Pectin, a biopolymer extracted from Passiflora edulis husks, is rich 
in galacturonic acid and provides hydrophilic functional groups for better interaction 
with the polymer matrix [7]. It also offers biodegradability, low toxicity, and potential 
for thermal insulation applications. However, studies on the use of pectin as a struc-
tural filler in epoxy composites remain limited in literature.

Surface modification with silane coupling agents is a proven method to improve 
compatibility between hydrophilic reinforcements and hydrophobic matrices. 3-Ami-
nopropyltrimethoxysilane (3-APTMS) is especially effective in forming covalent 
bonds with both filler and matrix, thereby improving interfacial adhesion. Balguri 
et al. [8] and Anžlovar et al. [9] reported significant gains in tensile and flexural 
strengths in silane-treated natural fiber composites, confirming the treatment’s effec-
tiveness in enhancing mechanical properties.Surface modification improves the inter-
facial adhesion of the composites [10].

1 3

  247   Page 2 of 16



Polymer Bulletin          (2026) 83:247 

Research gap and novelty

Although silane treatment is well-established for improving natural fiber–epoxy 
compatibility, the combined use of silane-treated areca nut fiber and pectin from Pas-
siflora edulis husks has not been systematically explored for mechanical, fatigue, 
creep, and water absorption performance. This study addresses this gap by opti-
mizing filler loading and surface treatment to produce a composite with improved 
strength, durability, and environmental resistance, suitable for marine, construction, 
and lightweight automotive applications.

Experimental procedure

Areca nut shells were obtained from Srinidi Trading, Chennai, India, and mechani-
cally ground into short fibers with an average length of 5–10 mm and diameter of 
80–120 μm. The density of the fibers was 1.23 g/cm³. The shells contained approxi-
mately 35–40 wt% cellulose, 25–28 wt% hemicellulose, and 28–32 wt% lignin, with 
trace extractives and ash.Pectin biopolymer derived from Passiflora edulis husks 
was procured from Adithya Chemicals, Chennai, India. The pectin had a degree of 
esterification of ~ 70%, purity > 98%, and moisture content < 8 wt%, with a density of 
1.50 g/cm³.Epoxy resin LY556 (diglycidyl ether of bisphenol-A, density 1.16 g/cm³, 
epoxy equivalent weight 182–192  g/eq, viscosity 10,000–12,000 mPa·s at 25  °C) 
and curing agent HY951 (triethylenetetramine, density 0.97  g/cm³, amine value 
480–520 mg KOH/g, viscosity 20–40 mPa·s at 25 °C) were obtained from Shield 
Solutions, Chennai, India.Silane coupling agent 3-aminopropyltrimethoxysilane 
(3-APTMS, purity ≥ 98%, density 1.03 g/cm³) and absolute ethanol (purity ≥ 99.9%, 
density 0.79 g/cm³) were supplied by Triveni Chemicals, Chennai, India. Both areca 
nut fibers and pectin filler were silane-treated before composite fabrication.

Fiber extraction from areca nuts

The following steps outline the technique for extracting areca nut fiber, which was 
used in this research. Figure 1 shows the many steps of the extraction process. The 
purchased areca nut shell was first washed under distilled water. Then dried under 
sunlight for exclude the moisture content. By using hammer mill fiber extractor 
(Model: HM-FE-5), the dried fiber is separated from the fruit husk. In order to elimi-
nate any further dust contaminants, it is washed under distilled water and dried out by 
using hot air oven for period of 4 h at temperature of 90 ℃ [11]. Now the extracted 
fiber is processed further for better reinforcement over matrix.

Extraction of Passiflora edulis husk derived pectin

Before being dried in an oven at 80 ℃ for five hours, the passion fruit husks were 
rinsed with distilled water, sliced into small pieces, and blanched for five minutes 
to kill any pectin-degrading enzymes. Afterwards, a high-speed grinder was used to 
break the dry husks into powder. In order to aid in the breakdown of cell walls and 
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the release of pectin, the husk powder was combined with hydrochloric acid while 
stirring continuously to maintain a pH around 4 [12]. After 80 min of heating in a 
water bath at 75 ℃, the pectin was extracted from the mixture. The liquid extract was 
then separated using vacuum filtering. The pectin was precipitated after 5 h of undis-
turbed addition of an equal volume of ethanol to the filtrate; centrifugation at 500 
rpm for 15 min recovered the pectin. In the end, the pectin filler that had precipitated 
was dried in a laboratory oven set at 70 ℃ for a duration of three hours. Figure 2 
illustrates the pectin synthesis process. Figure 3 presents SEM micrograph of synthe-
sised pectin biopolymer obtained from Passiflora edulis husks, showing irregularly 
shaped agglomerated particles (A)with rough surface morphology (B) and abundant 
micropores (C). These morphological features are expected to increase the specific 
surface area and improve interfacial bonding when incorporated into the composite 
matrix. Scale bar = 2 μm.

Surface treatment process

Silane treatment was performed to improve the interfacial bonding between the 
epoxy matrix and the reinforcements (fiber and filler). A 2 wt% 3-aminopropyltrime-
thoxysilane (3-APTMS) solution was prepared by first dissolving the silane in water, 
then mixing it separately with ethanol. Acetic acid was added to adjust the pH to 4. 
The fibers and fillers were individually immersed in the silane solution and stirred 

Fig. 1  Shows the many steps involved in extracting areca nut fiber
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Fig. 3  Field Emission Scanning 
Microscope (FESEM) of a 
pectin biopolymer

 

Fig. 2  Procedure for Passiflora edulis pectin extraction
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continuously to ensure uniform coating [13]. The soaking process was maintained at 
room temperature (≈ 25 °C) for 6 h. After soaking, the reinforcements were rinsed 
with clean water to remove excess silane, followed by drying in a hot-air oven at 60 
°C for 2.5 h. Figure 4 illustrates the silane treatment procedure.

Fabrication of composites

The matrix and its consistent hardener, triethylenetetramine, were combined in a 
10:1 (w/w) ratio, and the two components were then thoroughly blended to create a 
homogenous solution. To avoid lumps and uneven distribution, the produced mixture 
was slowly added to the chopped areca nuts and pectin while being constantly stirred 
with a mechanical stirrer that had been coated with silane. Pouring the slurry into a 
clean mold that had been treated with a releasing agent made demolding the finished 
product after it had cured much easier [26]. The hand lay-up method was used to 
increase consolidation and surface smoothness when fabricating composite panels. 
The composites were post-cured for three hours at 70 °C in a hot air oven after being 
cured for 23 h at room temperature to boost their mechanical strength. Table 1 dis-
plays the reinforcing concentration. In Fig. 5, the composite plate is shown.

Fig. 4  Silane process for reinforcing fibers and fillers
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Testing of composite and their details

In order to get the specimen ready for testing, the manufactured laminates were cut 
to standard proportions with a water abrasive jet cutting machine. This study used 
mechanical, fatigue, creep, and water absorption testing. Five specimens were tested 
for each test.

Table 1  Composite sample codes, composition ranges, and total reinforcement content
Specimen labels Reinforcements Total rein-

forcement 
content 
(Vol. %)

R 100 Vol. % epoxy resin 0
RA 70 Vol. % epoxy resin + 30 Vol. % areca nut fiber 30
RAP0 69 Vol. % epoxy resin + 30 Vol. % areca nut fiber + 1 Vol. % 

pectin
31

RAP1 67 Vol. % epoxy resin + 30 Vol. % areca nut fiber + 3 Vol. % 
pectin

33

RAP2 65 Vol. % epoxy resin + 30 Vol. % areca nut fiber + 5 Vol. % 
pectin

35

Fig. 5  Test specimens of the composite RA
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Mechanical strength

The composite’s strength, stiffness, and deformation resistance were measured using 
conventional test methods. Using the following standards: ASTM D3039 for tensile 
testing, D790 for flexural testing, D2240 for hardness testing, and D256 for impact 
testing. Tests for tensile strength and elongation at break were conducted on speci-
mens shaped like dumbbells using a universal testing machine. In order to find the 
modulus and flexural strength, rectangular specimens were bent in three different 
directions. The hardness test was carried out using a digital shore-D hardness tester 
to provide information about the material’s resistance to targeted surface deforma-
tion. To evaluate impact resistance, a Charpy impact tester was used to determine the 
energy absorbed during rapid fracture.

Fatigue strength

The fatigue performance of the composites was assessed at ambient conditions 
(≈ 25 °C) using a rotational bending fatigue apparatus, following the guidelines of 
ASTM D3479.Specimens were subjected to a constant amplitude cyclic loading with 
a stress ratio (R = 0.1). Load levels were set at 80%, 70%, and 60% of the ultimate 
tensile strength (UTS) obtained from static tensile tests. The number of cycles to 
failure (Nf) was recorded for each load level. The test was continued until specimen 
fracture occurred or until 10⁷ cycles were reached, which was considered the run-out 
limit. This method allowed assessment of the composite’s resistance to repeated flex-
ural stresses and its fatigue endurance limit.

Creep strength

Creep testing was conducted according to ASTM D2990 to determine the time-
dependent deformation characteristics under constant tensile load. Specimens were 
subjected to constant stress levels of 20%, 30%, and 40% of the UTS at room tem-
perature (≈ 25 °C). Axial elongation was measured continuously using an extensom-
eter over a duration of 100 h. The collected strain-time data provided insight into the 
primary, secondary, and tertiary creep regions, enabling evaluation of the composite’s 
long-term load-bearing capacity.

Water absorption behaviour

Water absorption tests were performed following ASTM D570. Specimens were 
oven-dried at 60 °C for 24 h, cooled in a desiccator, and weighed to obtain the ini-
tial dry weight (W₀). They were then fully immersed in distilled water at room tem-
perature (≈ 25 °C). At predetermined intervals (2 h, 6 h, 12 h, 24 h, 48 h, 72 h, and 
every 24 h thereafter up to 7 days), and the specimens were weighed (Wt). The water 
absorption (%) was calculated using:

	
Water absorption (%) = Wt − W0

W0
× 100
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This procedure enabled quantification of the composite’s hydrophilicity and evalua-
tion of its dimensional stability in humid or wet environments.

Analysis of testing result

Examination of mechanical properties

Figure 6 presents the mechanical properties of areca nut fiber reinforced epoxy com-
posites under varying loading conditions, including tensile strength, flexural strength, 
impact strength, and Shore-D hardness. The neat epoxy resin sample (R) exhibited 
the lowest performance, with a tensile strength of 65 ± 1.2 MPa, flexural strength of 
94 ± 1.3 MPa, impact energy of 3.1 ± 0.1 J, and Shore-D hardness of 75 ± 1.1. These 
low values are attributed to the brittle nature of epoxy resin and its low elongation at 
break, which make it prone to cracking under stress [15].

The composite RA, containing 30 vol% areca nut fibers, displayed a tensile 
strength of 107 ± 1.4 MPa, representing a 64.6% increase compared to R. Flexural 
strength improved to 113 ± 1.5 MPa (20.2% increase), impact energy reached 3.5 ± 
0.1 J (12.9% increase), and Shore-D hardness increased to 80 ± 1.3 (6.66% increase). 
This improvement is attributed to the fiber’s ability to bridge cracks, limit deforma-
tion, and distribute loads effectively, along with strong fiber–matrix adhesion, which 
improves stress transfer and overall toughness [16, 17].

For pectin-containing composites, RAP0 (1 vol% pectin) achieved a tensile 
strength of 119 ± 1.5 MPa, an 11.2% increase compared to RA, and a 83.1% increase 
compared to R. Flexural strength reached 137 ± 1.6 MPa (21.2% higher than RA), 
impact energy increased to 4.1 ± 0.2 J (17.1% higher than RA), and Shore-D hardness 

Fig. 6  Composites’ mechanical properties
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improved to 83.6 ± 1.4 (4.5% higher than RA). RAP1 (3 vol% pectin) showed further 
improvements, with tensile strength of 147 ± 1.6 MPa (37.4% increase vs. RA), flex-
ural strength of 169 ± 1.7 MPa (49.5% increase vs. RA), impact strength of 4.9 ± 0.2 J 
(40% increase vs. RA), and Shore-D hardness of 86.6 ± 1.5 (8.25% increase vs. RA). 
These enhancements are attributed to pectin’s ability to improve stress distribution, 
form hydrogen bonds with fiber surfaces, and create a more continuous matrix that 
enhances both flexibility and toughness [18, 19].

However, RAP2 (5 vol% pectin) showed a tensile strength of 134 ± 1.6 MPa, 
flexural strength of 158 ± 1.8 MPa, and impact energy of 4.7 ± 0.2 J, which repre-
sent decreases of 8.8%, 6.5%, and 4.08% respectively compared to RAP1, although 
still higher than R by 106%, 68%, and 51.6%. This decline is attributed to particle 
agglomeration at higher pectin loading, which introduces weak zones and stress con-
centration sites that reduce interfacial adhesion [17]. Shore-D hardness continued to 
increase, reaching 92 ± 1.9 (22.6% higher than R), due to the stiffness of the filler 
materials.

The SEM analysis (Fig. 7) provides further insights into these mechanical trends. 
Images at magnifications of 500× and 2.50 kx revealed that the R and RA samples 
(Fig. 7a) exhibited micro-voids and fiber pull-outs, indicating localized fiber debond-
ing and insufficient stress transfer. In RAP0 and RAP1 (Fig. 7b and c), pectin par-
ticles were uniformly distributed within the matrix with minimal void formation, 
suggesting strong particle–matrix bonding. The smooth encapsulation of fibers and 
the presence of well-integrated pectin indicated effective load transfer and crack 

Fig. 7  Composites SEM examination
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bridging. For RAP1, silane treatment resulted in a more uniform dispersion of pectin 
particles across the matrix, further minimizing interfacial defects. In RAP2 (Fig. 7d), 
higher pectin content led to visible particle agglomeration and roughened fracture 
surfaces, with clusters of fibers and filler that likely contributed to reduced tensile and 
flexural performance. Overall, SEM observations confirm that optimal pectin loading 
promotes uniform particle distribution, improved interfacial adhesion, and enhanced 
load-bearing capacity, whereas excessive loading can lead to agglomeration-related 
defects.

Evaluation of fatigue properties

The fatigue behavior of the composites was assessed using a rotational bending 
fatigue test machine at room temperature, in accordance with ASTM D3479. The tests 
were conducted at a constant stress ratio (R = 0.1), a loading frequency of 8 Hz, and 
under ambient laboratory conditions (27 ± 2 °C, relative humidity 50–55%). Three 
load levels corresponding to 25%, 50%, and 75% of the ultimate tensile strength 
(UTS) were applied to determine the number of cycles to failure. Each test was per-
formed on three specimens per group, and the average values with standard devia-
tions (± 1.1–1.9) were reported.At 25% UTS, the unreinforced epoxy resin (R) failed 
after 17,981 ± 1.5 cycles; at 50% UTS, after 16,551 ± 1.4 cycles; and at 75% UTS, 
after 15,515 ± 1.6 cycles, representing the lowest fatigue life among all samples. The 
reduced performance is attributed to the absence of reinforcement and the presence 
of micro-voids, which limited the ability to absorb and redistribute cyclic stresses.

Silane-treated areca nut fiber composites (RA) showed improved fatigue resis-
tance, with 18,316 ± 1.3 cycles (25% UTS), 17,958 ± 1.5 cycles (50% UTS), and 
16,851 ± 1.4 cycles (75% UTS). The enhancement is due to improved interfacial 
adhesion from silane functionalization, which promotes covalent bonding between 
fiber and matrix, reducing microcrack initiation and interfacial debonding during 
cyclic loading [19].The addition of pectin further enhanced performance. RAP0 (1 
vol% pectin) exhibited 25,521 ± 1.4 cycles (25% UTS), 24,188 ± 1.7 cycles (50% 
UTS), and 23,781 ± 1.6 cycles (75% UTS). RAP1 (3 vol% pectin) achieved the high-
est fatigue life, with 28,781 ± 1.3 cycles (25% UTS), 27,517 ± 1.5 cycles (50% UTS), 
and 26,995 ± 1.4 cycles (75% UTS), representing an increase of 57–74% compared 
to RA. This superior performance is attributed to a balanced filler content, uniform 
dispersion of silane-treated particles, and optimal stress transfer, which collectively 
enhance energy absorption and delay crack propagation.

RAP2 (5 vol% pectin) displayed slightly reduced fatigue life at 27,184 ± 1.5 cycles 
(25% UTS), 26,885 ± 1.6 cycles (50% UTS), and 26,135 ± 1.7 cycles (75% UTS). 
The decline is likely due to filler agglomeration at higher loadings, which disrupts 
the polymer matrix continuity and acts as defect initiation sites, reducing deform-
ability and cyclic energy absorption capacity. The observed failure modes under SEM 
included matrix cracking, fiber pull-out, and localized fiber–matrix debonding in R 
and RA specimens. RAP0 and RAP1 exhibited fewer pull-outs and smaller crack 
widths, indicating improved interfacial bonding. RAP2 showed micro-void cluster-
ing near agglomerates, which acted as fatigue crack initiation points. The fatigue life 
results for all composites are presented in Fig. 8.
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Evaluation of creep properties

Figure 9 displays the creep behavior of the composites under a constant tensile load 
of 10 MPa, measured using a contact extensometer with 0.001 mm resolution. At 
times of 5000, 10,000, and 15,000 s, the creep strain values for the base resin sample 
(R) are 0.0081 ± 0.0002, 0.0150 ± 0.0003, and 0.0378 ± 0.0005, respectively. This 
behavior is attributed to the amorphous polymer’s molecular chain relaxation under 
prolonged stress, where chain segments gradually reorient and slip past each other, 
leading to time-dependent deformation [20]. Composite RA, containing fibers, exhib-
its slightly reduced creep strain values of 0.0079 ± 0.0002, 0.0138 ± 0.0003, and 
0.0350 ± 0.0004 at the same time intervals. The presence of fibers partially restricts 
chain mobility, slowing the relaxation process that causes creep, as fiber-matrix inter-
faces act as anchoring points for the polymer chains [21]. Further improvement is 
observed in the pectin-filled composites RAP0, RAP1, and RAP2. At 5000, 10,000, 
and 15,000 s, RAP0 records 0.0065 ± 0.0001, 0.0130 ± 0.0002, and 0.0335 ± 0.0004; 
RAP1 shows 0.0054 ± 0.0001, 0.0128 ± 0.0002, and 0.0298 ± 0.0003; and RAP2 

Fig. 9  Test analysis of creep behavior of the composite

 

Fig. 8  (a) Fatigue life countsand (b) S-N curve for the composites that were prepared
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achieves the lowest creep strain values of 0.0048 ± 0.0001, 0.0123 ± 0.0002, and 
0.0256 ± 0.0003, respectively. The reduced creep strain is linked to the dual role of 
pectin: it reinforces the matrix through physical entanglement and hydrogen bonding, 
and it promotes better stress transfer between fibers and matrix. These effects hinder 
chain slippage, limit free volume expansion, and reduce localized molecular mobil-
ity. Additionally, improved fiber-matrix interfacial adhesion minimizes microvoid 
growth and structural relaxation, enhancing the composite’s long-term dimensional 
stability under sustained loading [22].

Evaluation of water absorption

In order to assess their longevity, dimensional stability, and functionality in damp or 
humid conditions, polymer composites undergo water absorption analysis. Figure 
10 presents the water absorption behavior of epoxy composites. The base sample R, 
composed of pure epoxy resin, absorbed 3.5% water due to its densely crosslinked 
molecular structure, which limits the passage of water molecules. Its inherent hydro-
phobicity also helps maintain dimensional stability and prevents moisture-induced 
degradation [23]. With the incorporation of areca nut fiber, the water absorption in 
composite RA increased to 4.7% because the cellulose-rich fibers are hydrophilic, 
readily absorbing moisture. These fibers increase the number of accessible channels 
and sites for water uptake [24].

Composites RAP0 and RAP1 exhibited reduced water absorption of 4.5% and 
4.2%, respectively, compared to RA when pectin was added at 1 and 3 vol%. At these 
low concentrations, pectin fills micro-voids in the matrix, creating a denser structure 
that limits water penetration. Additionally, improved fiber–matrix adhesion leaves 
less interfacial space for water ingress.

However, at a higher pectin loading of 5 vol% (RAP2), water absorption increased 
to 4.9%. This is because pectin, being a hydrophilic polysaccharide, contains abun-
dant polar –OH groups that readily bind water. At high concentrations, excess pectin 
can agglomerate, disrupting matrix homogeneity and creating micro-voids, which in 
turn provide pathways for water infiltration [25]. Thus, pectin plays a dual role: at 
low content, it acts as a void-filling barrier to moisture, but at high content, its hydro-
philicity and agglomeration promote water uptake.

Fig. 10  Water absorption behavior of the composite
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Conclusion

This study examined epoxy composites reinforced with silane-treated areca nut fiber 
and pectin extracted from Passiflora edulis husks, focusing on mechanical, water 
absorption, fatigue, and creep behaviors. The key findings are:

	● The RAP1 composite (30 vol% silane-treated fiber + 3 vol% silane-treated pec-
tin) showed the highest mechanical performance, achieving tensile strength of 
149 MPa, flexural strength of 169 MPa, and impact strength of 4.9 J.

	● RAP1 exhibited excellent fatigue resistance with 27,517 failure cycles at 25% 
UTS and 26,995 cycles at 75% UTS.

	● Improved interfacial bonding and uniform filler dispersion due to silane treatment 
enhanced stress transfer and reduced stress concentrations, contributing to the 
superior performance.

	● The RAP2 composite (5 vol% silane-treated filler) recorded the highest hardness 
(92 Shore-D) but also the highest water absorption (4.9%) due to filler agglom-
eration.

	● Silane treatment reduced overall water absorption by forming a hydrophobic 
coating on the reinforcements.

	● RAP2 demonstrated outstanding creep resistance, with strains of 0.0048 at 
5000 s, 0.0123 at 10,000 s, and 0.0256 at 15,000 s.

Limitation

This study did not evaluate the composites’ durability under environmental aging 
conditions such as prolonged UV exposure, cyclic humidity–temperature fluctua-
tions, or biological degradation. These factors may significantly influence long-term 
mechanical integrity, moisture resistance, and overall service-life performance.

Future recommendations

Further research should explore long-term durability under cyclic moisture–thermal 
conditions, optimization of filler dispersion techniques to minimize agglomeration, 
and scaling up the fabrication process for industrial applications in marine, construc-
tion, and lightweight automotive components.
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