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A B S T R A C T

The increasing awareness on the harmful effects of synthetic materials, the use of natural and renewable re
sources such as natural fillers as reinforcement in polymer composites has drawn significant attention in recent 
years. The current study involves the use one such natural filler obtained from Artabotrys hexapetalus seeds (AHS) 
for fabricating epoxy-based composites. The scanning electron microscopy (SEM), X-ray Diffraction (XRD) and 
Fourier Transform Infrared Spectroscopy (FTIR) analysis were performed to examine the microstructure, crys
talline and chemical structure and intermolecular interaction of the seed particle. The crystalline size and 
crystalline index were found to be 14.03 nm and 10.8%, respectively. The outcomes of the composite’s char
acterization showed that the mechanical properties including tensile, flexural, shore D hardness and impact 
strengths attained their peak values of 27.67 MPa, 44.39 MPa, 75 and 3.37 kJ/m2, respectively when 10 wt% of 
particles were reinforced to epoxy. In addition, the thermal analysis indicated that the composites are majorly 
degraded at temperature range of 390 ◦C. The water absorption results indicate that the composite exhibits 
hydrophilic behavior and conforms to Fick’s law of diffusion. The findings clearly demonstrate that the rein
forcement of 10 wt% of AHS particles improves the overall properties of the composites and could be employed 
for light weight structural applications including automobile interiors, aircraft cabin interior panels, door frames 
and window panels.

1. Introduction

The rising demand for renewable, high-performance materials is 
driving research and industry towards eco-friendly substitutes to tradi
tional synthetic reinforcements for making polymer-based composites 
[1]. This shift is mainly due to the negative environmental impact of 
synthetic reinforcements, including non-biodegradability, resource 
depletion and carbon dioxide emission of 8–9 kg CO2 eq/kg during the 
production stage [2,3]. In this context, India, being one of the largest 
producers of agricultural waste, faces a significant challenge in man
aging the waste effectively, which leads to the burning of a large 
quantity of agro-waste and dumping, causing pollution to the environ
ment [4,5]. Therefore, this study addresses the demand for renewable 
sources by valorizing the agro-waste as fillers (reinforcements) to pro
duce bio-based composites. The necessity of adding reinforcement ma
terials to neat polymers, due to their inability to withstand higher loads 
and stress transfer within the material [6]. Furthermore, the use of 

agricultural waste to produce bio-based composites establishes a valu
able link between agriculture and industry [7], aligning with the UN 
Sustainable Development Goals (SDGs), particularly SDG− 9 (Industry, 
Innovation and Infrastructure), and SDG− 12 (Responsible Consumption 
and Production) [8,9]. Beyond the environmental advantages of these 
natural fillers, it also offers benefits such as abundance, lower produc
tion energy, cost and density [10,11].

In accordance with natural fiber reinforcements, natural particles or 
fillers are recently using as a potential reinforcement for polymer 
composites due to its advantages such as high surface area to volume 
ratio, higher strength to weight ratio, reducing void formation, 
increasing stiffness, better elevating dispersion with lesser weight per
centage and restricting crack development in the matrix [12,13]. Ven
gatesh et al. [14] highlighted that the integration of Terminalia arjuna 
seed particles into vinyl ester significantly improved the composite’s 
tensile and flexural strength with 15 wt% as optimum particle addition, 
emphasize that the inclusion of natural particles elevated the strength 
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and modulus of composites and suggesting that the optimum particle 
added composite can be used for structural, automobile, marine, and 
construction applications. Supporting this observation, Murugananthan 
et al. [15] documented the effect of Caesalpinia bonducella seed shell 
particles in epoxy matrix, revealing that the incorporation of seed par
ticles yields more than 1.3 times the mechanical strength of pure epoxy. 
Furthermore, Rajeshkumar et al. [16] assessed the mechanical and 
thermal characteristics of Phoenix sp. particles incorporated epoxy 
composites. The result demonstrates that the 15 wt% particles added 
epoxy composites have higher thermal stability due to the development 
of char protective layer and composites loaded with 10 wt% particles 
showed 41.14% improvement in mechanical (tensile) strength.

During the development of composites, the matrix used plays an 
important role, which influences the technical performance and molding 
technology of the composite [17]. Epoxy resins are the predominantly 
used thermosetting material as a matrix due to their significance, such as 
strong bonding with the filler, adhesion strength, solvent resistance, 
high modulus, chemical resistance, elevated mechanical strength, and 
their unique chemical structure, causing them to form ring-opening 
polymerization that enhances the bond strength with the reinforce
ment [18,19].

Artabotrys hexapetalus, commonly known as climbing ylang-ylang 
belongs to the Annonacea family. It is an average-sized climbing 
shrub, largely cultivated in India and predominantly found in the 
southern part of China [20]. The flowers of this plant are used for their 
fragrance and its roots and fruits are valued for the production of a 
medical drug to treat malaria and scrofula [21]. During the extraction of 
the fruit, only the peel is utilized, while the seeds are discarded as waste. 
The seeds, which are oval to oblong and measure approximately 5 – 
30 mm in length, contain lignin fiber cells that possess a resistance to 
thermal degradation, while the presence of stone cells contributes to 
hard seed coating, which enhances the overall structural strength of the 
seed [22]. Based on the above information, the Artabotrys hexapetalus 
seeds (AHS) can possess valuable structural characteristics suitable for 
reinforcement application in polymer composites, and it represents a 
promising biomass resource that can be utilized into value-added ma
terial under the waste-to-wealth concepts. In addition, natural 
seed-based fillers, including walnut shell, date seed, and tamarind seed 
particles, have been examined as reinforcements in polymer composites, 
research on Artabotrys hexapetalus seed particles is limited. To the au
thors' knowledge, no exhaustive investigation has documented the in
fluence of AHS particles on the mechanical, thermal, and water 
absorption characteristics of epoxy composites.

Therefore, this study systematically examines the properties of AHS 
particles utilizing advanced characterization methods, such as X-ray 
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), 
Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray 
Analysis (EDX). Additionally, the impact of different AHS particle 
loadings (5, 10, 15, and 20 wt%) on the performance of the composite is 
extensively evaluated. This includes static mechanical properties like 
tensile, flexural, impact, and hardness, as well as thermal behavior 
characterized by Thermogravimetric Analysis (TGA) and Differential 
Scanning Calorimetry (DSC). It also includes physical properties like 
water absorption, diffusion kinetics, and surface wettability (contact 
angle). The outcomes of this research are expected to find the ideal AHS 
loading that improves the composite's overall performance while 
maintaining the thermal stability and moisture uptake at acceptable 
levels, thereby demonstrating the potential of AHS particles reinforced 
composites as sustainable materials for lightweight structural 
applications.

2. Materials and methods

2.1. Materials

The fruit of Artabotrys hexapetalus were collected in the nearby areas 

of Coimbatore, Tamil Nadu, India. The seeds were manually separated 
from the fruit and sun-dried. Then the dried seeds were processed me
chanically to obtain a powder form and it was used as a primary rein
forcement material. The matrix consists of Epoxy polymer (LY556) and 
hardener (HY951), which were bought from Covai Seenu & Co., Coim
batore, Tamil Nadu, India. The properties of the LY556 resin in given in 
Table 1.

2.2. Methods

2.2.1. Fabrication of composites
The varied weight content (5, 10, 15, and 20 wt%) of AHS particle 

reinforced epoxy composites were fabricated using compression mold
ing process. Epoxy resin, filler, and hardener are carefully mixed using a 
mechanical stirrer for 10 – 15 min at a stable speed of 400 rpm. The 
obtained mixture is evenly filled into the mold and is compressed under 
5 bar pressure, then it was allowed to cure for 12 h to attain uniform 
thickness all over the plate. The composite plate was post-cured at room 
temperature for 14 days. Then, the samples were cut using the CNC 
machine according to ASTM standards for various property analysis. The 
fabrication process is illustrated in the Fig. 1.

2.2.2. Morphological analysis
For analyzing the morphological characteristics of particles and 

fractured samples, they were gold-coated to enhance conductivity and 
were tested using FE-SEM (CARL ZEISS (USA), having a resolution of 
1.5 nm, accelerating voltage of 12 kV and working depth of 9–11.9 mm. 
In addition, energy dispersive X-ray spectroscopy (EDX) analysis was 
done along with the SEM to determine the elements present in the AHS 
particle. The EDX measures the intensity of X-ray emitted at a particular 
energy level. The obtained data is plotted in a graph for elemental 
analysis.

2.2.3. FTIR
FTIR spectroscopy determines the presence of functional groups, 

chemical and structural characteristic of the sample by subjecting it to 
an infrared radiation. At room temperature, the particle samples were 
analyzed using ATR SHIMADZU with a spectral output between 400 and 
4000 cm− 1. The resolution of FTIR-Spectra was 4 cm− 1.

2.2.4. XRD
XRD method is used to investigate the crystalline structure of the 

material. In this experiment a scanning step time of 48 s and a contin
uous scanning mode with range 5◦ to 90◦ at 2θ angle were used. The 
analysis was done using ‘powder X-ray diffraction’ method, at 25 ◦C 
with 45 kV voltage and 30 mA current by employing copper (Cu) anode.

2.2.5. Mechanical testings
The tensile strength of the composites was examined using the uni

versal testing machine (INSTRON 8801) with a capacity of 100 kN. The 
composite specimen was made in the size of 167 × 12 x 3 mm3 with 
respect to the ASTM D638 standard. For flexural testing (using the same 
machine), the specimen was cut to the size of 125 × 12.7 × 3 mm3 ac
cording to the ASTM D790 standards. For both the tests, the crosshead 
speed of 2.5 mm/min was maintained. The impact strength of samples 
(size of 64 ×12.7 ×3 mm3) was determined by ASTM D256 standard 
using Izod impact testing equipment (International Equipments, India) 

Table 1 
Properties of LY556.

Property Evaluation Method Value Unit

Appearance Visual Pale – yellow clear liquid. -
Viscosity at 25 ◦C IS 6749:1994 10,000 – 12,000 cP
Density at 25 ◦C IS 6746:1994 1.15 – 1.20 gm/cm3

Flash point - 195 ◦C
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which consist of a pendulum of potential energy 2.71 J. These tests were 
performed for five specimens and the average value was recorded. A 
digital Shore D durometer with a measuring range of 0 – 100 HD, res
olution of 0.5 HD, indenter depth of 0–1.5 mm, and test pressure of 0 – 
45.5 N was used to identify the hardness of the samples. The firmly fixed 
sample on the slab was pressed vertically by an indenter needle and it 
was repeated five times at different spots and the mean value was 
reported.

2.2.6. TGA
TGA is a method to find the thermal stability of the sample. The 

sample was heated till it reaches 800 ◦C from the ambient conditions 
with a heating rate of 20 ◦C/min. The TGA curve was obtained repre
senting the change in mass over a period of time as the temperature 
changes. The composite sample was kept under the nitrogen atmosphere 
and its thermal stability was determined by PerkinElmer – TGA 4000 
analyzer.

2.2.7. DSC
DSC is a technique used to assess the thermal behavior of the sample. 

PerkinElmer, DSC 6000 was used in analyzing the thermal behavior with 
a heating rate of 10 ◦C/min operating from room temperature to 400 ◦C. 
The sample was kept under the N2 atmosphere in an alumina crucible 
and analyzed to obtain DSC curves.

2.2.8. Water absorption
The samples which were made as per ASTM D570 standard of size 

64 × 12.7 × 3 mm3 was immersed in distilled water at room tempera
ture to obtain its water absorbing capacity. The weight was measured at 
regular intervals and the percentage of moisture absorbed was calcu
lated by observing the initial and final weights (Eq. 1). 

Water absorption(%) =
(W1 − W0 )

W0
× 100 (1) 

where: W1 – wet weight, in grams
W0 – dry weight, in grams

2.3. Water contact angle

Kyowa Goniometer was used to find the water contact angle which 
signifies the wettability of the sample’s surface. The measurement was 
carried out by placing a drop of deionized water on the sample surface 
and captured the same using a camera. Further the angle was obtained 
by image analysis software.

3. Results and discussion

3.1. Morphological analysis

The SEM images of the AHS particles is illustrated in Fig. 2(a). It 
signifies the presence of rough surface of the particles which is due to the 
agglomerates formed by the micro particles that exhibit amorphous 
nature. The increased surface roughness leads to efficient interlocking 
mechanisms between matrix and the reinforcement influencing the 
mechanical properties of the composites Small particles provide greater 
contact area with the matrix, initiating better interfacial attractions 
between the composite elements with establishing uniform dispersion of 
fillers that enhances the composite's mechanical stability [23,24]. The 
surface is observed to be irregular, fragmented and has sharp edges 
confirming that the material has undergone mechanical processing. The 
scattered pores ensure the efficient filling of resins exhibiting enhanced 
adhesion and stress transfer. In addition, the distribution of the particle 
size is depicted in the Fig. 2(b), which shows that the AHS particles used 
in this study has a mean size as 80 µm.

EDX analysis shown in Fig. 2(c) revealed the elemental composition 
of AHS particles. The existence of carbon (C), oxygen (O) and potassium 
(K) is found to be 55.69%, 39.65% and 2.48%, respectively by weight. 
Carbon being in major composition confirms the organic nature of the 
particle, influences the stiffness of the composites and provides better 
load bearing capacity [25]. The notable oxygen percent confirms the 
particle’s hydrophilic nature and relates with the presence carbonyl and 
hydroxyl functional groups of particles correlates with the FTIR analysis.

3.2. XRD

The Fig. 3 illustrates the X-ray diffractogram, exhibiting the crys
talline arrangement of AHS particles. The graph exhibited two distinct 

Table 2 
Degradation temperature of NE and AHS particle-based composites.

AHS particle content (wt%) Degradation temperature (℃)

0 373
5 385
10 387.18
15 387.45
20 375

Fig. 1. Fabrication methodology.
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peaks at 2θ = 34.49◦ and 2θ = 22.29◦, attributes to the (0 0 4) and (0 
0 2) miller indices respectively, indicating the existence of cellulose I 
[26,27]. The crystallite size calculated using the Scherrer equation (Eq. 
2) for the above two diffraction peaks are 14.03 nm and 21.97 nm, 
respectively. 

D =
kλ

β cosθ
(2) 

where, D is the crystallite size, k represents shape factor, λ is the 
wavelength of X - ray, β is full width of half maximum in radians and θ is 

denotes the Bragg’s angle or the incident angle of the X-ray. Further
more, the crystalline index (CI) of AHS particles is determined (Eq. 3) to 
be 10.8% using deconvolution technique [28]. Lower crystalline size 
corresponds to a larger surface area and enhanced water exposure [29]. 

CI =
∑

area under cystalline peak
Total area

× 100 (3) 

3.3. FTIR

Fig. 4 shows distinct peaks, each of which corresponds to different 
functional groups, bonding interaction, and molecular structure of AHS 
particles. The AHS particle contains hydroxyl groups in polysaccharides 
which is represented by a peak in the range of 3300–3350 cm− 1, caused 
by their stretching vibrations [30]. A peak at 2922 cm− 1 is due to the 
existence of -OH and -CH stretching of α cellulose [31]. The peak at 
1240 cm− 1 and 3340 cm− 1 is observed owning to asymmetrical 
stretching vibration of C-O-C and -OH stretching vibrations, respec
tively. At 1733 cm− 1 the peak corresponds to C––O stretching vibrations 
of carboxylic acid and amide [32]. The peak at 1030 cm− 1 is correlated 
with C-O-C and C-O stretching vibrations, which indicate the existence 
of ether linkages and polysaccharide backbones [33]. The presence of 
aromatic ring in lignin is the reason for the peak at 1552 cm− 1 [6]. These 
functional groups have a significant influence on thermal stability, hy
drophilicity and interfacial adhesion in composite application.

3.4. Mechanical properties

The Tensile Strength (TS) and Tensile Modulus (TM) of the com
posites loaded with AHS particles in different proportions is illustrated 
in Fig. 5(a). The TS and TM of neat epoxy (NE) is found to be 19.15 MPa 
and 1.85 GPa, respectively, when it was reinforced with 5 wt% AHS 

Fig. 2. Particle examination: (a) SEM, (b) Distribution of particle sizes, (c) EDX.

Fig. 3. XRD graph of AHS particles.
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particle the TS and TM elevate by 16.39% and 21.62%, respectively. 
This increase in the property determines a positive correlation with an 

addition of AHS particles. Subsequently, the inclusion of 10 wt% AHS 
particles provides a peak TS of 27.67 MPa and TM of 2.6 GPa, with an 
uplift of 24.14% and 15.55%, respectively compared to 5 wt% AHS 
particle loaded composites. Polyalithia longifolia seed filler reinforced 
composites exhibited a similar trend where the tensile strength rose with 
the filler addition and attained a maximum value of 32.50 MPa at 10 wt 
% loading [34]. This increase in TS and TM is attributed to the presence 
of cellulosic content in the particle which leads to effective stress 
transfer and the ability of the reinforcement to strengthen and stiffen the 
composite. Further, the TS and TM decreases while loading the com
posite with 15 and 20 wt% AHS particles. This is due to non-uniformity 
in the arrangement of the particles along with the formation of ag
glomerates and micro voids that accelerates the cavities and such 
defective nature subsequently reduces the composite’s load bearing 
capacity [35,36]. Moreover, the excess particle content disrupts the 
continuity of the matrix and leads to improper wetting [37]. Thus, the 
optimal AHS particle quantity for the higher TS and TM is found to be 
10 wt%, and at this loading the material tends to possess a strong 
filler-matrix interface, better particle dispersion and effective stress 
transfer.

As illustrated in Fig. 5(b) the flexural strength (FS) and flexural 
modulus (FM) of 5 wt% AHS particle loaded composite is evaluated to 
be 34.56 MPa and 2.2 GPa which is 18.96% and 30.97% higher than the 
FS and FM of NE, respectively. The further addition of particles 

Fig. 4. FTIR curve of AHS particle.

Fig. 5. Mechanical properties of AHS particle-based composites: (a) Tensile, (b) Flexural, (c) Impact, and (d) Hardness.
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increased the bending strength of composites, especially the composites 
added with 10 wt% of AHS particles attains the maximum FS of 
44.39 MPa and FM of 2.6 GPa. This is due to the rigidity and successive 
stress transfer within the material [38]. Similar pattern was seen in 
Phoenix sp. filler reinforced epoxy composites where flexural strength 
and modulus increased with filler addition and attained a maximum 
value of 53.31 MPa and 3.09 GPa respectively at 10 wt% loading [39]. 
Conversely, the FS and FM reduced when the material was loaded with 
15 and 20 wt% AHS particles. The excess amount of particle accumu
lates as clusters and forms poor interface with the matrix [40]. Also, 
these agglomerates block the even spreading of particles in all directions 
in the matrix which reduced the flexural property of the composites.

The variation in impact strength (IS) of the samples due to changes in 
reinforcement quantity is shown in Fig. 5(c). It is observed that the IS of 
5 wt% particle added composite is 24.38% more than the NE, which 
attribute to the ability of the AHS particles to prevent further propaga
tion of cracks at certain regions [41]. Similarly, for the composite with 
10 wt% particle content, the IS increases to a maximum of 3.37 kJ/m2 

which is the result of uniformity in particles spreading throughout the 
matrix [42]. On further increasing the concentration of particle to 15 
and 20 wt%, the IS decreases as excess addition of particle creates stress 
at specific points which decreases the potential of the material to absorb 
impact energy caused due to sudden force. Furthermore, the increase in 
particle lowers the bonding between the particle and the matrix due to 
which failure occur at less impact load [41].

Fig. 5(d) signifies variation in hardness of composites reinforced with 
varied amount of AHS particles. The hardness of NE is noted to be 64.33, 
whereas the hardness of 5 wt% AHS particles reinforced composite is 
determined as 68 which confirms that the addition of seed particle 
creates a strong interphase with matrix that enhances the rigidity of the 
composite structure. The hardness of the 10 wt% filled composite is 
observed to be 75 and this could be attributed to the increased density 
and adhesion in the composites and resistance to the stretching of matrix 
molecules [43]. On further increase in the reinforcement content a 
gradual decline in hardness is noted and this decrease can be referred to 
the fact that increment in particles causes defects and stress concen
trations at certain sites of the composite that invariably detriments the 
hardness value [44].

3.5. TGA and DTG

Thermal stability and degradation behavior of the AHS particles 
loaded composites were determined using TGA and its derivative (DTG). 
Fig. 6(a) illustrates the weight loss of the composite with increasing 
temperature up to 825 ℃ for various AHS particle contents. The TGA 
curve reveals a tripartite degradation pattern governed by the compet
itive breakdown of the lignocellulose constituents and the cross-linked 
epoxy. In the initial stage (dehydration phase), the degradation occurs 
in the temperature range of 29–266 ℃, exhibiting a relatively constant 
weight loss of 2 – 4% for all variations of composites. The minor weight 
loss corresponds to the evaporation of moisture (29–100 ℃), desorption 
of physically bound water from the hydroxyl group of AHS particles 
(100–200 ℃) as indicated in FTIR analysis, and removal of low- 
molecular-weight volatiles (200–266 ℃), such as residual solvent, nat
ural fats, and waxes inherent to the seed. Notably, the onset of hemi
cellulose degradation falls in the initial stage due to its thermally 
unstable amorphous structure, which starts to degrade above 200 ℃ 
[45]. The primary pyrolytic degradation occurs in stage II, with a 
decomposition of hemicellulose, cellulose, and the epoxy matrix. This 
greater weight loss (80.1%) is primarily due to the simultaneous 
degradation of the cross-linked epoxy matrix and the cellulosic AHS 
particles. Observation revealed that the weight loss percentage was 
slightly higher for the NE and the 20 wt% AHS particle added composite 
compared to the 5, 10 and 15 wt% variations. In the case of NE, weight 
loss is attributed to the rapid depolymerization and absence of rein
forcement to resist thermal degradation. Conversely, the weight loss for 

the composite containing 20 wt% AHS particles may be due to the 
increased concentration of hemicellulose [46], and increased particle 
content leads to agglomeration and weaker interfacial bonding, which 
reduces the ability of the reinforcement as a thermal barrier and facili
tates faster heat transfer within the composites. Intermediate loading 
(5–15 wt%) exhibits relatively lower weight loss due to the better 
dispersion of AHS particles and strong adhesion within the composites 
[47]. In the final stage, the residual mass of 10 wt% particle loaded 
composites are 1.27 times higher than NE and relatively higher than 
other composites. While it is theoretically expected that the 20 wt% 
added composites would yield a higher residue due to the increased 
mineral and lignin contents, but the results indicate a different trend 
[48]. This may be attributed to particle agglomeration, which causes 
localized heat concentration areas promoting greater thermal degrada
tion [49]. Similar to this, the composites containing 10 – 15 wt% of 
Phoenix sp. fillers exhibited enhanced thermal stability attributable to 
improved epoxy-filler interactions [39].

DTG helps to identify the peak stability parameter for the TGA curve 
that characterizes the thermal decomposition kinetics of the AHS 
particle-based composites. Fig. 6(b) illustrates the DTG curve, which 
reveals a prominent peak between 266 – 470 ℃. This peak corresponds 
to the breakdown of cellulose and hemicellulose. Furthermore, it is 
evident from the Table 2, that the degradation temperature increases for 
composites added with AHS particles and shows a higher temperature 

Fig. 6. Thermal analysis of AHS particle-based composites: (a) TGA curve, and 
(b) DTG curve.
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for the composites incorporated with 15 wt% of AHS particles. These 
increments imply that the incorporation of AHS particles increases the 
thermal stability of the epoxy matrix.

3.6. DSC

DSC helps to measure the energy absorbed or released by the sample, 
and its curve demonstrates the heat flow in the composites in terms of 
temperature. The results indicate that the NE demonstrate a heat- 
absorbing (endothermic) transition while AHS particles-reinforced 
epoxy matrix exhibit a heat-releasing (exothermic) transition (Fig. 7). 
The heat-absorbing peaks observed in the NE exhibits relatively a lower 
heat flow value of 19.55 mW, which is attributed to the polymer chain 
relaxation. On contrary, the 5 – 20 wt% AHS particles added composite 
exhibits heat flow values ranging from approximately 21–23 mW, along 
with noticeable exothermic transition in the temperature range of 65–75 
℃. This exothermic behavior can be related to the residual curing re
action and interaction between AHS particles and epoxy matrix, which 
may restrict the motion of polymer chain and alter the composite's 
thermal response [50]. The maximum heat flow of 22.75 mW was 
recorded for the composite with 5 wt% AHS particles, which is likely a 
result of stronger interfacial bonding and enhanced distribution of 
particles within the epoxy matrix, which eventually strengthens the 
material’s structural and thermal integrity [51]. A similar trend of 
observation was reported by Rajeshkumar et al. [39], where the com
posite containing 5 wt% filler exhibited an exothermic peak intensity of 
24.22 mW, indicating comparable thermal behavior at lower filler 
loadings. On further increasing the AHS particle content the energy re
leases per second declined. This reduction may be due to the insufficient 
wetting of particles and weakened interfacial interaction.

3.7. Water absorption

The amount of moisture absorbed by the AHS particle incorporated 
composites with respect to the immersion time is presented in Fig. 8(a). 
It is evidence that the increase in particle concentration increased the 
amount of water absorption which is the outcome of the hydrophilic 
nature of AHS particles. However, the water absorption reached satu
ration state around 70 hrs of soaking time. The water absorption in 
epoxy composites is modulated by voids content in composite, perme
ability of particle, immersion temperature, water-soaked area, quantity 
of particle and its dispersion [52]. The intrusion of moisture into the 
composite causes the water molecules to diffuse and adhere to the 
particle's hydrophilic groups, generating an intermolecular bond 

between the hydrogen and particle which improves the water intake 
ability [53]. However, the hydrophilic nature of the particles does not 
completely alter the hydrophobic nature of the composite (due to 
smaller particle size) rather, it persists with lesser the hydrophobic ca
pacity [54].

The water absorption tendency of AHS particle composites was 
further studied by understanding the water penetration mechanism and 
diffusion kinetics based on Fick's law, where the diffusion parameter ‘n’ 
is equal to 0.5 for Fickian diffusion [55]. For this, the experimental data 
were fitted to the Eq. (4) [56], and the fitted curve is shown in Fig. 8(b). 

log
(

Mt

Msat

)

= log(k)+ n log(t) (4) 

where, Mt and Msat are the quantity of water intake at time ‘t’ and at 
saturation point, respectively; k and n are the constants. The value of n is 
found to be in the spectrum of 0.43–0.58 (Table 3), which confirms the 
behavior of Fickian diffusion. Moreover, the coefficient of determination 
(R2) value for all formulations approached unity, indicating an excellent 
agreement between predicted model and experimental data. The rate of 
moisture transport into the composites is given by diffusion coefficient 
(D), whose value is determined by the Eq. (5) [55]. 

D = π
[

h
4Msat

]2[ Mb − Ma
̅̅̅̅̅
Tb

√
−

̅̅̅̅̅
Ta

√

]2

(5) 

where, h is specimen thickness (mm), Ta and Tb are time period between 
the linear region of the absorption curve, Ma and Mb are percentage of 
water absorption at time Ta and Tb. Furthermore, two important pa
rameters, absorption coefficient (S) and Permeability (P) are determined 
to completely understand the sorption kinetics. The absorption coeffi
cient (S) is calculated to find the extent of penetrant uptake using the Eq. 
(6) [55]. 

S =
Msat

Mc
(6) 

And permeability is given by, 

P = D × S (7) 

where, mc denotes the mass of the composite sample. The findings 
revealed that, with increase in filler quantity the values of D, P and S also 
increase, indicating the hydrophilic nature of the filler, which facilitates 
faster and easier penetration of water.

Furthermore, the water contact angle measurement shown in the 
Fig. 8(c), also demonstrates the hydrophilic nature of composites. It is 
important to note that, at lower filler loadings, the filler particles were 
evenly distributed in the matrix, with better interfacial adhesion and 
reasonably compact surface structure. This decreased the hydrophilic 
sites at the surface of the composite and hence increased the contact 
angle. However, the contact angle was reduced with increase filler 
content due to agglomeration of the particles, weak interfacial bonding 
and creation of micro voids. These flaws enhance water uptake and 
expose more hydrophilic hydroxyl groups from the lignocellulosic filler, 
thus enhancing the surface wettability [16].

3.8. Failure mechanism

The SEM image of fractured surface of AHS particle added compos
ites is shown in Fig. 9. The formation of craters observed in Fig. 9(a) is 
due to hydrophilic nature of the filler and hydrophobic nature of epoxy 
which leads to incompatibility between the filler and the matrix, 
moreover there is a shrinkage effect during curing period of the com
posite which leads to debonding of the reinforcements [57]. The number 
of craters will be more in the case of composites loaded with higher filler 
contents which may acts as a stress concentration zone leads to reduced 
mechanical properties. Fig. 9(b) depicts the matrix crack which arises Fig. 7. DSC curves of AHS particle-based composites.
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from stress concentration sites due to mechanical loading, and their 
propagation is limited due to the existence of AHS particle having good 
interfacial bonding with matrix. Fig. 9(c) exhibits uniform dispersion of 
particle which ensures effective stress transfer and boost the load 
bearing capacity of the material [6]. These are responsible for enhanced 
mechanical performance of the composites. Moreover, increase in the 
amount of particle enables agglomeration within the matrix at certain 
sites which are prone to destruction due to the insufficient bonding 
which affects the ability to support loads and influences the stress 
transfer within the composites Fig. 9(d) [58].

4. Conclusions

In this study, the composites were fabricated by varying the content 
of AHS particles and investigated their physical, mechanical, morpho
logical, and thermal properties. The presence of cellulose in AHS par
ticles is noted in FTIR analysis and XRD analysis infers the crystalline 

size (14.03 nm) and index (10.8%) of AHS particles. The tested com
posite sample attained a peak tensile, flexural and impact strengths of 
27.67 MPa, 44.39 MPa, and 3.37 kJ/m2, respectively at 10 wt percent
age filler loading, indicating that the addition of AHS particles improved 
the mechanical properties of the epoxy. Accordance with Fickian 
diffusion mechanism the higher AHS particle content allows the water 
with faster penetration and the contact angle impose the hydrophilic 
nature of AHS particles. SEM analysis revealed the presence of craters, 
voids, micro-cracks and particle agglomeration at higher filler loadings 
is identified as the primary failure mechanism. The results of TGA 
showed that the composite with 15 wt% AHS particles possessed the 
highest thermal stability at 387.45 ◦C. Furthermore, the onset of major 
degradation occurred later in the composites (compared to NE), indi
cating improved thermal resistance. The DSC results indicate the pres
ence of an endothermic peak in NE, whereas the AHS particles- 
reinforced epoxy matrix exhibit an exothermic transition. The latter 
results from the augmented crosslinking reactions prompted by the AHS 

Fig. 8. Water uptake pattern: (a) water absorption, (b) water kinetics, (c) water contact angle.

Table 3 
Water kinetic parameters of AHS particle loaded composites.

AHS 
content 
(wt%)

Saturated water 
absorption 
Msat (%)

Diffusion coefficient 10¡10 

(D) 
(m2 /min)

Absorption coefficient (S) (g/ 
g)

Permeability coefficient 10¡11 (P) (m2/ 
min)

n k

5 7.607 1.66 0.0662 1.1 0.43 0.1741
10 10.81 2.11 0.981 2.07 0.58 0.0575
15 13.06 3.49 0.1209 4.22 0.53 0.0818
20 14.32 5.25 0.1331 6.99 0.50 0.1144
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particles, signifying enhanced temperature stability and interfacial in
teractions. Overall, including AHS particles into the epoxy resulted in 
light weight composites at a reasonable cost, as well as significant me
chanical and thermal qualities that aligned with sustainable develop
ment goals (SDG 9 and 12). The developed composites have low density, 
adequate mechanical performance and enhanced thermal stability, 
which demonstrates their potential for application in lightweight 
structural and semi-structural applications such as automotive interior 
components, ceiling panels, wall panels, partition boards and household 
and sporting products.
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