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ARTICLE INFO ABSTRACT
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Integrating natural fillers into polymer composites has been identified as a feasible and viable technique for
improving performance of the material with preserving sustainability. In this work epoxy-based composites are
Epoxy . . fabricated by incorporating Phoenix sp. natural fillers in different weight proportions using compression
FMrZZh‘ZI;:;ﬁ:;Opemes moulding process and subjected to various experimental testings. The findings indicated that, the composites
Thermal stability containing 10 wt.% of filler shows highest tensile, flexural and impact strengths, and vibration characteristics of

26 MPa, 47.6 MPa, 10.5 kJ/m?, and 24.16 Hz, respectively. In addition, morphological analysis of the me-
chanically tested samples provided insights into effective interfacial bonding. The thermal degradation analysis
showed higher stability at 15 wt.% filler content, with reduced weight loss (75.43%) during the main degra-
dation phase (stage-3) and the highest degradation temperature observed in the DTG curve is 391.9 °C. The
hydrophilic property was noted in the water diffusion process, where an increase in filler content affects the
water uptake rate of the composites. The Phoenix sp. filler added epoxy composites with increased mechanical,
thermal and vibration characteristics could be employed in engineering applications such as roofing panels,
insulation covers, and automotive and machine tool industries.

1. Introduction

The growing awareness on environmental concerns including air and
water contamination, rising carbon footprints, and stacking up in
landfills has encouraged the development and adoption of sustainable
alternatives to conventional materials. The initiatives in promoting
biodegradable and renewable-resource-based materials are part of a
greater global movement for environmentally friendly practices in sci-
ence, engineering, and technology is highly required [1,2]. This trend
aligns with environmental conservation and sustainable development
initiatives, which highlight the importance of reducing humankind's
ecological imprint while ethically fostering technological progress [3].
These concepts are being adopted by governments and businesses
worldwide in an attempt to strike a balance between preserving natural
resources for future generations and promoting economic growth.
Additionally, using renewable resources reduces reliance on petroleum
products, which negatively affects the environment through greenhouse
gas, increases the necessity in the production of distinctive bio-based
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products [4,5]. This shift positively impacts environmental restoration
by lowering atmospheric carbon dioxide levels. Recent research has
focused on integrating advanced decision-making frameworks to select
materials based on both performance and environmental impact. This
shift toward eco-friendly materials spans a wide range of categories and
types, extending to diverse applications such as construction, packaging,
textiles, and energy solutions [6-8]. Adoption of these materials pro-
motes waste reduction, resource conservation, and the transition to a
more sustainable future [9]. Many of such materials have high
strength-to-weight ratios, which enhance a material's performance for a
variety of applications, in addition to addressing concerns like biode-
gradability and dependability [10,11].

Polymer composites are popular due to their low density, high spe-
cific strength and stiffness, ease of manufacturing, and cost effective-
ness. Natural fillers have recently been considered as a viable
reinforcement in polymer composites due to their lightweight, biode-
gradable nature and other functional features equivalent to their syn-
thetic counterparts [12-14]. In particular, the plant-derived fillers have
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gained increasing attention due to their renewable origin, low cost, and
wide availability, particularly in regions where these plants grow
abundantly. Despite of their properties such as bio degradability and low
density, they also possess high surface area, which helps to improve the
bonding between matrix and reinforcement [15,16]. Therefore, re-
searchers have increasingly focused on the use of plant-based natural
particles as fillers in polymer composites [17]. Nagaprasad et al. [18]
investigated the impact of date palm seed filler loading on mechanical
and thermal properties of vinyl ester-based composites, highlighting the
suitability of natural particles in vinyl ester composites. The results
disclosed that, the composites added with 30 wt. % of filler significantly
enhanced the mechanical and thermal properties. Based on the out-
comes, the optimized composites were recommended for various ap-
plications, including automotive components and home appliances such
as table fan blades, self-motor guards for heavy load vehicles, and engine
guards for two-wheelers. Similarly, Nagarajan et al. [19] evaluated the
mechanical and thermal behaviour of polymeric composites reinforced
with agro waste a-cellulosic micro filler. Experimental data revealed
that the composites loaded with 15 wt. % exhibited superior mechanical
and thermal properties. This enhancement is attributed to improved
filler dispersion and strong adhesion between the matrix and a-cellulosic
microfiller, which facilitates more effective stress transfer. Recently
automotive industries are replacing their synthetic material with
bio-based composite, which include natural fillers as their major rein-
forcement due to the stringent environmental regulations. Applications
of natural filler reinforced polymer composites also includes aerospace,
defence, construction and electronic applications were keep on evolving
[20].

Phoenix sp. plants belong to the Arecaceae family and Coryphoideae
sub family, they are majorly found in Africa, China, Turkey, Canary
Islands, and India [21]. This plant's fruit is extremely small, with a wide
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opening seed protected by a thin layer of pulp, and it is barely consumed
by humans. Furthermore, these plants contain 15 to 25 petioles and are
majorly used for decoration purposes. Previous studies have employed
fibers isolated from petioles as reinforcement in polymer composites and
have reported considerable improvements in their properties [22,23]. In
the context of turning waste into useful materials, the petioles can be
processed into fillers for polymer reinforcement, which may help to
improve certain material properties, reduce the cost, and broaden their
potential applications.

This work aims to produce environmentally friendly composites with
considerable performance by incorporating Phoenix sp. petiole fillers
(PPF) into an epoxy matrix. The properties such as tensile, flexural,
impact, hardness, thermal stability, free vibration and moisture ab-
sorption characteristics were explored interms of PPF content.
Furthermore, the surface morphology and the fracture mechanism of
Phoenix sp. petiole filler Reinforced Epoxy Composite (PPFEC) were
examined using Scanning Electron Microscope (SEM). The outcome of
this study indicate that the resulting composite exhibits a favourable
balance on weight and mechanical performance. The findings suggest
that this material may be suitable for applications where lightweight
composites are required.

2. Materials and methods
2.1. Material

The Phoenix sp. petioles were obtained from in and around the
Coimbatore region, Tamil Nadu, India. The lengthy stalks were cut into
smaller pieces and dried in sun light for about 15 days. The stalks are
then ground into a fine powder, which is subsequently passed through a
sieve (100 um) shaker to eliminate any uneven particulates (Fig. 1). For

Resin + powder
mixture

Fig. 1. Preparation steps of PPF and PPFEC.
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fabricating composites, epoxy resin (LY556) and hardener (HY951)
procured from M/s Covai Seenu & Co., Coimbatore, India, were
employed as the matrix material and their characteristics are detailed in
the Table 1.

2.2. Fabrication of composite

The composite lamina was prepared by incorporating different wt. %
of PPF (5, 10, 15, and 20 wt. %) into epoxy matrix through compression
moulding method. The mixture was prepared by adding the PPF to the
resin and stirred using a mechanical stirrer for about 5 min to obtain
even distribution of PPF throughout the resin. The mixture is then
poured into the prepared mold having size of 300 mm x 300 mm x 3 mm.
To enable easy removal of the lamina, the silicone spray was applied on
all surfaces of the mold. The mixture was allowed to cure for about 8 h
under a constant load of 100 N to ensure uniform thickness (Fig. 1). The
specimens are subsequently cut using a CNC machine in accordance with
ASTM standards and stored in an airtight container until testing.

2.3. X-Ray diffraction (XRD)

XRD is a widely used analytical technique for characterizing the
material'scrystalline structure. It provides detailed information about a
material's crystalline structure, which is considered as important aspects
in understanding their performance when reinforced into a polymer for
composite applications. Additionally, the crystallinity index (CI) was
calculated applying the Eq. (1).

Ingo — 1
200~ Jam o 100 @

cr (%) = I200

where, Ipp denotes maximum intensity of the crystalline peak, and Ioyy
corresponds to intensity of the amorphous background.

2.4. FTIR

FTIR spectroscopy is an analytical technique for the detection of
functional groups and determining the composition of materials. The
SHIMADZU FTIR Spectrophotometer was employed in the investigation.
The spectrum is documented in the wavenumber range of 400 — 4000
em™!. Furthermore, the FTIR spectrum is recorded at a resolution of 4 cm”
1, with 45 scans averaged to achieve an optimal signal-to-noise ratio.

2.5. Morphological analysis

The morphological analysis of the particle as well as fractured
samples was accomplished using an FESEM (CARL ZEISS, USA) with a
resolution of 1.5 nm, and an accelerating voltage of 12 kV. To enhance
conductivity, the specimens were gold-coated before imaging.

2.6. Mechanical testings

A universal testing machine (INSTRON 8801) with a capacity of 100

Table 1

Characteristics of LY556 - Epoxy resin.
S. Test Test method Specification Unit
No.
1. Aspect Visual Clear-pale, yellow -

liquid.
2. Color Hardner, <2 -
1S0:4630
3. Epoxy content 1SO: 3000 5.30-5.45 eq/kg
4. Viscosity at 25 1SO: 12,058-1 10,000 - 12,000 mPa/
°C s

5. Density at 25 °C ISO: 1675 1.15-12.0 g/cm
6. Flash point 1SO: 2719 >200 °C
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kN was used to test the tensile properties of the composites. In adherence
to ASTM D638 standard, the samples were prepared with dimensions of
167 mm x 12 mm x 3 mm. The same machine, operating at a crosshead
speed of 2.5 mm/min was used to test the flexural properties of the
prepared samples with dimensions of 125 mm x 12.7 mm x 3 mm as per
ASTM D790 standard. The impact test was conducted using an Izod
impact testing machine (Deepak Poly Plast Pvt. Ltd, India) equipped
with a pendulum possessing a potential energy of 2.57 J. Test specimens
were made with specifications of 64 mm x 12.7 mm x 3 mm in line with
ASTM D256. Using a digital Shore D durometer with a range of 0-100
HD, a resolution of 0.5 HD, an indenter depth of 0-2.5 mm, and a test
pressure of 0-45.5 N, the hardness of the fabricated sample was
measured. The samples were firmly positioned on a slab, and the
indenter needle was applied vertically to measure the hardness value.
Five specimens from each variation were used for all the above tests, and
their average value was recorded.

2.7. Numerical analysis

The tensile modulus of the PPFECs was theoretically estimated using
a micromechanical model based on the Halpin-Tsai approach. This
model has been chosen for natural filler composites owing to its
simplicity and applicability, regardless of the existence of various
theoretical prediction models. The composite was assumed to be
isotropic, homogeneous, and linearly elastic in behaviour. The Egs. (2)-
(4) were used to determine the modulus values [24,25].

wr/py
V= (2)
T o) + (1 =w) fom)
_ E—En
n= B + eE» 3)
1+ &V
E_Em<1*'1Vf> @

where Er and E, are the Young’s modulus of filler and matrix material,
respectively. Vy and V;, are volume fractions of filler and matrix mate-
rial, respectively. pf and pp, denotes the density of filler and matrix,
respectively. & is an arbitrary variable, also called an empirical factor,
considered based on the assumptions. It depends on particle geometry;
therefore, several values were evaluated (¢ = 0, 1, 2), and the final
comparison was made using the value that best matched the experi-
mental trend.

2.8. Vibration test

Free vibration tests were performed using the experimental setup
imported from Hottinger Briiel & Kjaer, Denmark, to determine the
natural frequency of the specimen having size of 250 mm x 25 mm x 3
mm. For conducting the test, a triaxial accelerometer (10 mV/g) was
fixed at the free end of the specimen and the other end was fixed using a
clamp to make cantilever arrangement. An initial force was applied on
the specimen using the impact hammer (22.7 mV/N) at several points
and the obtained data was analysed by Fourier transform. The readings
were obtained from five distinct points of the composite and their
average is reported as the natural frequency of the specimen.

2.9. Thermogravimetric analysis (TGA)

The TGA was performed using a PerkinElmer, TGA 4000 analyzer
under a nitrogen atmosphere to assess the thermal stability of the
sample. A sample of 5 mg were heated at a rate of 20 °C/min up to a
temperature of 900 °C and the weight loss was recorded. For each
sample, the test was performed twice to confirm the consistency of the
results.


astm:standards
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2.10. Differential scanning calorimetry (DSC)

The thermal properties of the prepared samples were studied using
PerkinElmer, DSC 6000 with the heating rate of 10 °C/min from ambient
conditions to 400 °C. The test samples of 2 mg were placed in an alumina
crucible and the temperature was varied under nitrogen atmosphere.
The test was conducted twice for every sample to verify the consistency
of the measurements. Finally, the DSC curves were plotted using the
obtained data.

2.11. Water absorption test

In accordance with ASTM D570, the test pieces were cut with a size
of 64 mm x 12.7 mm x 3 mm and soaked in distilled water at ambient
temperature to evaluate their water absorption capacity. At periodic
intervals, the sample’s weight was measured and using the samples
initial and final weights the moisture absorption percentage was
computed.

Results in Engineering 29 (2026) 109291

incorporated into a polymer for composite applications. The diffraction
pattern of PPF depicted in Fig. 2 exhibited two peaks at 20 = 16.3° and
20 = 22.6° Notably, the peak at 20 = 22.6° corresponds to the (200)
crystallographic plane, indicating an organised cellulose structure in
natural biomass particles [26]. Furthermore, the CI of PPF was found to
be 60.97 %, indicating a moderate degree of crystallinity. This reflects a
balance between ordered and disordered regions, suggesting a
semi-crystalline structure of the particles. This semi-crystalline structure
is essential for determining the compatibility of the fillers with polymer
matrices, as well as its ability to influence the composite's mechanical
and thermal properties.

3.2. FTIR

The functional groups that exist in the PPF (Table 2) holds an ability
to affect the overall properties of the PPFEC. The FTIR curve and the

Table 2
2.12. Water contact angle Functional groups present in PPF.
Wavenumber Functional Group Type of Vibration References
1 . .
The water contact angle that reflects the wettability of the samples (em™) (stretching/Bending)
was measured using a Kyowa Goniometer. A droplet of deionized water 3357 —OH (Hydroxyl) O-H Stretching (Broad)  [30]
was gently placed on the surface, and its image was captured with a 2925 ~CH (aliphatic C-H)  C-H Stretching (28]
camera. The contact angle was then calculated through image analysis _ (Asymmetric)
2364 —C=C (Alkyne) C=C Stretching [30]
software. 1611 C=C(Aromaticor  C = C Stretching [30]
Alkene) (Conjugated)
3. Result and discussion 1369 —CHs (Methyl) C-H Bending [30]
(Symmetric)
. 1103 C-O (Ether or Ester) C-O Stretching [31]
3.1. XRD analysis 1035 C-O (Carbohydrate/  C-O Stretching [30]
Alcohol)
The structural characteristics of PPF were analyzed to ascertain their 860 Aromatic C-H C-H Bending [28]
crystallinity, a crucial factor in comprehending their performance when
1250
- 22.6°
1000 -
e
= 750 4 16.3°
]
S’
) .
~—
> —
=
=500 -
et
=
H -
250
0 -
T T T T T T T I T
0 20 40 60 80 100

20 (degree)

Fig. 2. XRD pattern of PPF.
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obtained peaks are displayed in Fig. 3. The O-H (hydroxyl) group in
cellulose, hemicellulose, and lignin enhances hydrophilicity and
hydrogen bonding, resulting in improved polymer-matrix interaction
[27]. However, it promotes moisture absorption, which might reduce
mechanical and thermal durability of the composites. The C-H (aliphatic
C-H) group commonly present in the primary constituents of biomass
such as lipids, lignin, and hemicellulose reflects the organic content of
PPF which influences the thermal stability of resulting composites [28].
Furthermore, the aliphatic structures degrade at a lower temperature
than aromatic structures. The C=C groups, which are less prominent,
may arise from lignin or protein changes which affects the chemical
reactivity [29]. The presence of these functional groups determines
thermal stability, hydrophilicity, and interfacial adhesion in polymer
composites, necessitating proper biomass treatments to maximise the
performance.

3.3. Morphological analysis

The SEM images (Fig. 4a) show the uneven, rough surface of the PPF
with uneven edges, suggesting its irregular appearance, which improves
interfacial adhesion when added to a polymer matrix. The increased
surface roughness improves mechanical interlocking, allowing for
greater stress transmission between the matrix and the filler, potentially
leading to improved mechanical characteristics [32]. The particle shape
is noted to be a combination of angular and elongated structures which
improve mechanical support by enhancing load bearing capability by
developing the aspect ratio. In addition, the size range of the particles is
crucial which affects the dispersion ability of the filler within the
polymer matrix [33]. The particle size distribution graph (Fig. 4b) assists
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in characterising the filler, by displaying a histogram with a Gaussian fit
which demonstrates a normal distribution of particle sizes. The graph
indicates that, the majority of the particles fall within the 42 um size
range, with minimal size deviation. A controlled particle size distribu-
tion ensures, homogeneous stress distribution that lowers the possibility
of presence of weak regions in the composites.

The chemical composition of PPF particles was analyzed using En-
ergy Dispersive X-ray Analysis (EDAX), which revealed a major presence
of carbon (56.99 %) and oxygen (40.86 %), along with minor amounts of
silicon (0.17 %), chlorine (0.83 %), potassium (0.82 %), calcium (0.14
%) and magnesium (0.19 %) (Fig. 4c). The high carbon content indicates
the organic nature of the filler, enhancing its compatibility with polymer
matrices and improving mechanical strength [34]. The presence of sil-
icon and calcium indicates thermal stability and stiffness of the PPF,
whereas magnesium and potassium involve in promoting the interfacial
adhesion between polymer and reinforcement, resulting in effective
stress transmission. These characteristics make PPF a promising natural
filler for enhancing the mechanical strength and thermal stability of
polymer composites while promoting sustainability.

3.4. Mechanical properties

The tensile characteristics of PPFEC specimens is presented in the
Fig. 5a, revealing the influence of filler content on tensile strength (TS)
and tensile modulus (TM). The TS and TM of neat epoxy is noted to be
22.02 MPa and 1.7 GPa, respectively. Incorporating PPF particles to the
composite increases both the TS and TM of the composite compared to
neat epoxy, demonstrating the effect of particle reinforcement on tensile
properties. This enhancement is due to the high aspect ratio of PPF,

100
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65 T

2364 cm™

1035 cm™!
860 cm™!

u¥em? 0 ===
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Fig. 3. FTIR curve of PPF.
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Fig. 4. Particle size analysis: (a) SEM, (b) particle size distribution, and (c) elemental composition (EDS analysis) of PPF.

which facilitate efficient stress distribution at the interface [35]. As the
concentration of the particle increases the TS and TM also following a
rising trend. Especially, the TS and TM reaches its peak value of 31.08
MPa and 3.52 GPa, respectively when 10 wt. % of the PPF is reinforced
in to the epoxy. This enhancement is mostly attributed to strong
resin-particle interfacial adhesion. However, increasing the PPF content
beyond 10 wt. % reduces the TS and TM due to the increased void
content and filler agglomeration, leading to poor dispersion and weak
interfacial bonding between the filler and the matrix. Additionally, an
imbalance in the filler-to-matrix ratio creates particle blockage, hin-
dering stress transfer and contributing to premature fracture and com-
posite failure [36].

Fig. 5b shows the flexural strength (FS) and flexural modulus (FM) of
the PPFEC samples. It is evident that, the addition of PPF increase the FS
(44.82 MPa) and FM (1.92 GPa) of neat epoxy, highlighting the critical
impact that particle reinforcement plays in enhancing stiffness, inter-
facial bonding, and stress transfer between the matrix and filler [35]. As
the filler loading increases, both FS and FM improve significantly,
reaching their peak values at 10 wt. % reinforcement (i.e. highest FS and
FM of 53.31 MPa and 3.09 GPa, respectively). This enhancement is
credited to the strong adhesion and better interfacial adhesion between
the particle and the matrix. The flexural characteristics starts to dete-
riorate as the filler content increases above this limit since the particles
start to accumulate at some regions in the composites, decreasing the
filler-matrix adhesion and causing cracks and decreased bending stress
in the composite [37,38].

The impact characteristics of the PPFEC interms of PPF content is
illustrated in the Fig. 5c. It is noticed that, the neat epoxy exhibits a
relatively low impact strength (IS) of 4.83 kJ/m?, indicating that the
unreinforced polymer lacks the ability to withstand applied impact
loads, resulting in limited energy absorption. As the reinforcement
quantity increases, the IS also improves, which can be ascribed to the

high modulus of the particles that enhance the toughness of the com-
posite. The composites incorporated with 10 wt. % of PPF recorded the
maximum IS of 9.92 kJ/m?, which is 105.38 % greater than the neat
epoxy. When the filler content is further increased (i.e. 15 wt. % and 20
wt. %), it produces a contrast effect with a reduction in IS. This could be
due to the formation of clusters that introduce the agglomeration effect
where the fillers restrict the even distribution throughout the matrix.
This phenomenon involves the occurrence of stress concentration, which
induces the propagation of a crack and finally attains the failure of the
composite [39].

Fig. 5d depicts the hardness of the PPFEC with respect to the varia-
tions in filler content. The neat epoxy composite exhibits hardness of 64.
When reinforced with PPF, the composite's Shore D hardness increase
compared to the pure epoxy composite. It is evident that, the hardness of
the neat epoxy increases after the inclusion of PPF. This is because, the
addition of PPF resist deformation under applied stress, as a result of
better bonding among the filler and matrix [40]. Furthermore, the
hardness of PPFEC increases proportional to the increase in particle
content. Especially, when the composite is loaded with 10 wt. % of PPF,
the hardness reaches to a value of 83, which is due to the strong adhe-
sion between the composite parts, that enhances the composite's stiff-
ness. In addition, this value is 29.68 % greater than the neat epoxy.
Contrarily, when the reinforcement exceeds 10 wt. %, the hardness of
the composite tends to decrease due to a weakened interfacial bond
between the matrix and PPF, which compromises the structural integrity
and reduces the composite's durability under external loads [41].

Table 3 presents a comparative analysis of the mechanical properties
of the present study with other natural filler reinforced composites. The
results indicate that PPFEC exhibits tensile and flexural strengths that
are comparable to those reported for similar natural filler-based com-
posites. Notably, the hardness of PPFEC is significantly higher than that
of the other composites considered, highlighting its superior resistance
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Fig. 5. Mechanical characteristics: (a) tensile, (b) flexural, (¢) impact, and (d) hardness properties of PPFEC.

Table 3
Comparison of mechanical properties of different natural filler added composites.

Filler Matrix Manufacturing Loading Tensile Tensile Flexural Flexural Hardness  Impact Reference

Method wt. % Strength  Modulus  Strength Modulus Properties
(MPa) (GPa) (MPa) (GPa) (kJ/m?)

Phoenix sp. Epoxy Compression 10 31.08 3.52 53.31 3.09 82 10.5 Present
moulding work

Elaeocarpus Epoxy Hand lay-up 10 42.30 0.91 87.4 5.5 - [42]

ganitrus seeds

Wood apple shell Epoxy Hand lay-up 15 45.6 - 78.19 - - - [43]

Ipomoea carnea Epoxy Hand lay-up 30 23.75 7.2 52.47 4.38 23.1 9 [44]

Tamarind seed Polypropylene  Melt mixing 30 20.6 - - - [45]

Orange peel Epoxy Hand lay-up 20 5.85 - 62.35 20.72 - [46]

Tamarind seed Vinyl ester Compression 15 34.1 2.05 121 42.33 14.02 [47]
moulding

Polyalthia Vinyl ester Compression 25 32.50 1.23 125 36.5 31.09 [48]

longifolia seed moulding

Date palm seed Vinyl ester Compression 30 40.3 149 51.08 17.03 [18]
moulding

Tea dust Epoxy Hand lay-up 40 14 1.442 39 2.17 0.625 [49]

to indentation.

The results clearly indicate that the mechanical properties are
influenced by the filler content, which served as the sole independent
variable in this study. Since the filler content included five levels, a one-
way ANOVA was conducted for all the mechanical properties, and the
corresponding outcomes are presented in the Table 4. It is evident that
the p-values for all the mechanical properties are <0.05, confirming that
the filler content has a statistically significant effect on the mechanical
performance of the composites. Notably, the flexural strength exhibits
the lowest p-value of 0.018104, indicating that it is the most strongly

influenced by changes in filler content. On the other hand, all the
computed F-value was higher than the F-critical value, the null hy-
pothesis of equal group means was rejected, demonstrating that the
factor under study (filler content) has a significant influence on the
response variable (mechanical properties).

3.5. Comparison between theoretical and experimental modulus values

The comparison of Halpin-Tsai model predictions and experimental
tensile modulus of the composites with different filler contents is
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Table 4
ANOVA results for the mechanical properties.

Results in Engineering 29 (2026) 109291

Tensile strength

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 85.23873 3 28.41291 4.502175 0.024538 3.490295
Within Groups 75.73116 12 6.31093 - - -

Total 160.96989 15 - - - -

Tensile modulus

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 2.081875 3 0.693958 4.331599 0.027516 3.490294
Within Groups 1.9225 12 0.160208 - - -

Total 4.004375 15 - - - -
Flexural strength

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 86.72846 3 28.90948 4.970281 0.018104 3.490294
Within Groups 69.79762 12 5.81646 - - -

Total 156.52609 15 - - - -
Flexural modulus

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 2.66 3 0.886667 4.172549 0.030676 3.490294
Within Groups 2.55 12 0.2125 - - -

Total 4.004375 15 - - - -

Impact strength

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 3.4402 3 1.146733 3.71933618 0.042260 3.490294
Within Groups 3.6998 12 0.308316667 - - -

Total 7.14 15 - - - -
Hardness

Source of Variation Sum of Squares df Mean Square F p-value Ferit
Between Groups 319.37 3 106.45667 4.10006 0.032256 3.490294
Within Groups 311.58 12 25.965

Total 4.004378 15 - - - -

illustrated in Fig. 6. The theoretical model predicts an upward trend in
modulus with increasing filler content as the particles restrict the
deformation of the polymer and improve the stiffness of the material. In
line with the theoretical predictions, the experimental results follow the

similar increasing trend up to 10 wt. % filler, exhibiting the maximum
tensile modulus with the value of 3.52 GPa. Beyond this loading, a
reduction in modulus is observed. This deviation from the theoretical
curve is expected because the Halpin-Tsai model assumes ideal
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Fig. 6. Theoretical and experimental elastic modulus of PPFEC.
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dispersion and perfect particle-matrix bonding. At high filler loadings,
the agglomeration of particles arises within the matrix, causing poor
interfacial bonding between composite elements. These factors reduce
effective stress transfer and lower stiffness, leading to negating the
modulus that the Halpin-Tsai model does not capture. As a result, the
micromechanical model acts as a baseline prediction, although the dif-
ferences at higher filler levels underline the effect of real microstructural
effects.

3.6. Free vibration

The free vibration characteristics of PPF reinforced epoxy composites
were investigated to evaluate their natural frequency. Fig. 7 illustrates
the fundamental natural frequency (NFY) of the PPFEC in accordance
with filler content. The NFY of the composites enhances with the addi-
tion of filler into the epoxy matrix. It is observed that the neat epoxy
exhibits an NFY of 17.09 Hz and reaches to a maximum value of 24.16
Hz when 10 wt. % of PPF is reinforced in to the epoxy. This enhancement
is attributed to the strong interfacial bonding of composite elements,
which makes the composites stiffer than the matrix. Moreover, improved
mechanical attributes that influence vibration behaviour are also
responsible for higher NFY. This leads to more rigid composites that
resonate at elevated NFY in comparison to neat epoxy and composites
with insufficient filler content [50]. Further addition of filler results in a
decrease in NFY due to filler agglomeration within the matrix. This
agglomeration increases the composite's mass and reduces its stiffness,
as natural frequency is directly proportional to stiffness and inversely
proportional to mass [51].
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3.7. Thermogravimetric analysis

The TGA analysis was performed on PPFEC to assess thermal sta-
bility, a critical factor in polymer materials that determines the re-
strictions of the composite in production and applications. Fig. 8a
illustrates the relationship between temperature and weight loss for
PPFEC, reveals a four-stages degradation mechanism. The stage 1 is
attributed to the moisture evaporation with weight loss increasing from
0.83 % (for neat epoxy) to 2.6 % (for composites with 20 wt. % of PPF)
due to the existence of moisture in PPF. The stage 2 corresponds to the
degradation of low-molecular-weight volatiles and hemicellulose
(220-315 °C degradation temperature), leading to the moderate weight
loss ranges from 2.35 to 2.98 wt. %, indicating the minimum degrada-
tion of hemicellulose present in the PPF. A maximum degradation is
observed in the stage 3 for to all the composites irrespective of rein-
forcement content, and weight loss ranges from 77.54 %-80.51 %. These
losses collectively attribute to the reinforcement constituents (hemi-
cellulose, cellulose, partial lignin) and polymer which initiates degra-
dation above 300 °C. Specifically, the weight loss at this region is
relatively identical for composites loaded with 10 wt. % (75.34 %), and
15 wt. % (75.44 %) of PPF. The cellulosic content present in the fillers
plays a key role in enhancing the structural integrity of the composites.
At this stage, these cellulosic components begin to deteriorate, thereby
delaying polymer degradation by absorbing significant amount ofther-
mal energy prior to their breakdown [52]. Char development and
gradual lignin breakdown occur in Stage 4 (300-600 °C). In addition,
residual char content ranging from 5.6 % to 10.68 % was obtained across
different samples. Notably, composites containing 10 wt. % and 15 wt.
% PPF exhibited improved char retention, attributed to enhanced
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Fig. 7. Free vibration characteristics of PPFEC.
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polymer-biomass interactions. In contrast, a higher particle loading of
20 wt. % led to reduced residue formation, suggesting increased volatile
release and more complete combustion [53]. Furthermore, the neat
polymer retains a higher residual char content (10.68 %) than PPF
reinforced composites due to differences in thermal degradation
behaviour, as polymer matrices, particularly thermosets like epoxy or
phenolic resins, exhibit higher char yield due to their inherently
cross-linked structure, which resists complete thermal decomposition
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[28].

The Derivative Thermogravimetric (DTG) analysis highlights the
thermal degradation behaviour of PPFEC, showing shifts in peak
degradation temperatures with the introduction of PPF, indicating its
impact on thermal stability (Fig. 8b). A reasonably stable thermal profile
is shown by the neat epoxy with peak breakdown temperature of 387.52
°C. While adding PPF, the corresponding peak represents the varied
degradation temperatures of 386.77 °C for 5 wt. %, 388.36 °C for 10 wt.
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%, 391.9 °C for 15 wt. %, and 386.41 °C for 20 wt. %. These variations
indicate a change in the degradation process, due to the formation of a
protective char layer that slows down decomposition, enhancing the
composite’s thermal stability.

3.8. DSC

The DSC analysis of the PPFECs indicates a notable shift in thermal
behavior, with the plain epoxy displaying an endothermic peak at 19.55
mW, whereas the composites presented exothermic peaks (Fig. 9). The
presence of an endothermic peak in the neat epoxy implies an energy-
absorbing phase shift, which is most likely induced by polymer relaxa-
tion and this is due to amorphous character of the polymer [54]. The
PPF-reinforced composites exhibit exothermic peaks ranging from 20.81
mW to 24.22 mW within the temperature range of 50-80 °C. The for-
mation to exothermic peaks indicates an energy-releasing mechanism,
which can be attributed to crosslinking processes and post-curing reac-
tion. Furthermore, the biomass-based particles act as nucleation sites
that allows polymer chains to align and to reorganise structurally, hence
improving heat transfer [55]. The elevated exothermic peak intensities
recorded in the 5 wt. % (24.22 mW) and 10 wt. % (23.64 mW) reinforced
composites indicate strong polymer-filler interactions, signifying
improved structural integrity. As the filler loading increases, the heat
flow gradually dropped at 15 wt. % (22.23 mW) and 20 wt. % (20.81
mW) reinforcement loaded PPFEC. This downward trend implies that
even though filler contributes to thermal resistance, excessive filler
loading may lead to agglomeration and a reduced effective surface area,
as well as weak interfacial bonding, thereby reducing the heat distri-
bution in addition to overall stability [56] . Also, exothermic degrada-
tion peaks become broader as well as less intense, pointing to a shift
from sharp energy absorption to more distributed energy release. In
conclusion, such observations suggest that 5 wt. % PPF particle rein-
forcement provides optimum enhancement in thermal behaviour
through promotion of effective filler content that restricts the free
movement of polymer.
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3.9. Water uptake behaviour

The water absorption behaviour of PPFEC with different filler con-
tent is depicted in the Fig. 10a. It can be noted that the water uptake by
the composites augmented with the rise in PPF content. Specifically, the
water absorption potential of PPFEC ranges from 14.96 % to 18.91 %,
corresponding to the particle content range of 5 wt. % to 20 wt. %. The
increasing pattern can be ascribed to the hydrophilic characteristics of
the PPF, as the cellulose component containing hydroxyl groups (OH)
affects the composite's water absorption. Furthermore, higher particle
concentration reduces stiffness due to agglomeration, resulting in crack
development that retains water, and also an increase in particle
composition enhances the surface area of the filler exposed to water
[57]. The water uptake is noted to be drastic during the initial period
and attains a saturation point approximately around 64 h. The satura-
tion point of the composites and corresponding water contact angle is
displayed in Fig. 10b The water contact angle of the composite decreases
with increasing PPF quantity. Specifically, the contact angle is 92.5° for
the 5 wt. % PPF reinforced composite, which reduces to 85.3° at 10 wt.
%, 78.4° at 15 wt. %, and further to 74.7° at 20 wt. %. This trend in-
dicates enhanced surface hydrophilicity with increasing particle
loading. The reduction in contact angle can be credited to increased
surface roughness and the presence of microcracks, which promote
water absorption and thereby lower contact angle is obtained [58].

The study of water absorption has been broadened to include the
diffusion mechanism and kinetics of the PPFEC, applying Fick's law.
There are three designated methods for transporting water in polymer
composites: (i) Fickian diffusion, (ii) relaxation regulated, and (iii)
pseudo-Fickian or anomalous diffusion. The parameter n governs the
PPFEC diffusion process. Where n = 0.5 for Fickian diffusion; 0.5 (n < 1
for Pseudo-Fickian diffusion; and n ) 1.0 for relaxation control [59].

To investigate the kinetics of water absorption, the experimental
data were fitted to the sorption curves (Fig. 10c), as illustrated by the Eq.
(5).
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Fig. 9. DSC curve of PPFEC.
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where, M, represents the water uptake at a given immersion time t, Mgy
denotes the water uptake at saturation, n is the slope of the logarithmic
plot of M/Mgy, k is the intercept of the logarithmic plot of M/Mgy;.

In the current study, all PPFEC formulations exhibited 'n' values
ranging from 0.5 to 0.56, indicating that the composites followed
Fickian diffusion. Additionally, all formulations showed R? values close
to 1, demonstrating a good fit of the model to the experimental data.

The diffusion coefficient (D), is a material-specific constant that
quantifies the rate of moisture diffusion within the composite. This can
be calculated using the Eq. (6) [60].

o= = () (=)
- \aw,) U=

where, T, and T}, represent selected square root of time points at linear
portion of curve, and M, and Mj, denote the % of moisture uptake at T,
and Ty,

The absorption coefficient (S) is another crucial element in the ki-
netics of water absorption behaviour, which quantifies the rate and
extent of water uptake by a material when it is exposed to moisture over
time. The value of ‘S’ can be computed by using the Eq. (7) [61].

Wsat
Wi

(6)

S—= 7)

where, W; indicate the mass of the sample, and Wy, represent the
amount of solvent absorbed at equilibrium swelling.

Also, the permeability coefficients (P) were determined by evalu-
ating the net product of diffusion and absorption, as described by the
following relation (8) [61].
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P=Dx S ®

Table 5 illustrates the kinetics and transport coefficients of PPFEC.
The D value of the composites notably increases from 3.08 x 107:% m2/
min to 8.88 x 107° m?/min, as filler content varied from 5 wt. % to 20
wt. %. This indicates increased mobility of water molecules through the
PPFEC, probably due to increased micro voids and less resistance path
created by the filler matrix interface. Similarly, the S value also
increased from 0.15 to 0.19 g/g, reflecting the improved affinity of the
composite towards water uptake with filler content. This behaviour
represents the hydrophilic nature of the PPF, which promotes interac-
tion with water. Since P depends on D and S, it also exhibits an increase
in value from 0.46 x 107'° to approximately 1.69 x 1071° m?/min. This
demonstrates that, the water not only enters into the material more
readily, but also penetrates much more easily at higher filler loadings.

3.10. Morphological analysis

The SEM images of the fractured surface of PPFEC, shown in Fig. 11,

Table 5
Kinetics and transport coefficients of PPFEC.
Filler Waat n k Diffusion Absorption Permeability
wt. % % coefficient coefficient coefficient
107°Mm)  (5)(g/9) 107 (P)
(mz/min) (mz/min)
5 14.98 0.56 0.08504 3.08 0.15 0.46
10 16.27 0.54 0.09548 5.79 0.16 0.92
15 17.71 0.52 0.10436 7.22 0.18 1.42
20 18.94 0.50 0.11538 8.88 0.19 1.69
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Fig. 11. SEM micrographs of PPFEC.

provide insights into the failure mechanisms, including fiber pull-out,
voids, particle dispersion, and crack propagation. The uniform distri-
bution of PPF observed in Fig. 11a facilitates effective stress transfer
between the composite components, thereby enhancing the overall
properties, as evidenced by the experimental results of the current study.
The presence of voids and pull-outs noted in Fig. 11b-11c are the sign of
poor adhesion between the PPF and the polymer matrix, which attri-
butes to the trapped air, improper mixing, and insufficient matrix for
wetting the filler during fabrication [62]. When mechanical load is
applied, the existence of voids causes stress to build up, which initiates
fractures and ultimately results in the complete failure of the composites
[63]. Moreover, during the pull-out process, frictional and residual
clamping stresses develop at the filler-matrix interface. These localized
stresses contribute to elevated stress concentrations as the filler slips or
debonds, serving as potential sites for stress accumulation leading to
damage of the composites. From the Fig. 11d, it is clear that the prop-
agation of crack starts from high stress concentration areas, suggests a
mixed-mode of failure that includes matrix cracking and interfacial
debonding. The presence of these failure mechanisms highlights the
need of strong interfacial adhesion and uniform filler dispersion in
reducing mechanical defects and increasing composite durability.

4. Conclusions

In the present study, polymer composites were successfully fabri-
cated using Phoenix sp. petiole particles and an epoxy matrix through
the compression moulding method. This research utilizes Phoenix sp.
petiole particles as filler materials in polymer composites and to inves-
tigate their various properties. The following are the main conclusions
drawn from this investigation - the incorporation of 10 wt. % of PPF
increased tensile, flexural, and impact strengths to 41.27 %, 18.94 %,
and 105.38 %, respectively compared to neat epoxy, due to uniform
dispersion of PPF, better stress distribution, and enhanced stiffness of
the composites. A notable improvement in hardness from 64 to 83
(Shore D) was observed with the incorporation of 10 wt. % PPF, con-
firming the role of effective filler—matrix bonding in enhancing
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mechanical properties. The natural frequency of PPFEC increases with
filler content, reaching a maximum of 24.16 Hz at 10 % filler loading.
However, excessive filler content leads to a reduction in both natural
frequency and stiffness. Composites with finely powdered PPF exhibit
improved free vibration characteristics. The TGA thermogram indicates
that PPF enhanced the heat stability of the epoxy polymer by preventing
early degradation, weight loss, and the evaporation of volatile compo-
nents. The water absorption capacity of PPFECs increases with higher
particle content, leading to greater water retention. This is attributed to
enhanced surface hydrophilicity at higher filler concentrations, which
promotes microfracture formation and further water uptake. The
morphological analysis revealed failure mechanisms such as fiber pull-
out, voids, and crack propagation, primarily attributed to poor adhe-
sion between the PPF and the polymer matrix, weak interfacial bonding,
and mixed-mode failure. These findings suggest that the material may be
suitable for lightweight applications in areas such as automotive, aero-
space, and structural components. Future studies will focus on
improving the compatibility between the PPF and the epoxy matrix
through various chemical modifications of the fillers, as well as by
incorporating nanoparticles as secondary reinforcements.
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