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HIGHLIGHTS

ABSTRACT

e Pistacia khinjuk and rapeseed straw fillers are
attracting interest due to their
biodegradability.

e Mechanical and thermal properties were
studied in polyester composites with PK, RS,
and hybrid fillers.

e Adding PK particles improved the tensile
strength and thermal insulation of pure
polyester composites.

Composite materials are widely employed across various industries due to their
superior mechanical and thermal properties compared to metals, offering improved
performance with reduced weight. Polyester-based composites, in particular, have
gained attention for their versatility and ease of processing, and their properties
can be further enhanced by incorporating suitable fillers. In response to increasing
environmental concerns, recent research has focused on natural fillers as
sustainable alternatives, owing to their biodegradability, low cost, and minimal
ecological impact. Despite growing interest, the combined application of
underutilized bio-based materials, specifically Pistacia khinjuk (PK) shell particles
and Rapeseed straw (RS) fibers within polyester matrices, remains largely

Keywords: unexplored. Addressing this gap, the present study investigates the mechanical and
Pistacia khinjuk shell thermal properties of polyester composites reinforced with PK shell particles, RS
Rapeseed straw particles, and hybrids. Fillers ranging from 53—-300 pm were used, with PK content
Polyester from 2 to 20 wt.% and RS at 2 wt.% and 5 wt.% in hybrid systems. Results indicate

’ . a 16.2% increase in tensile strength, reaching 40.81 MPa at 2 wt.% PK. In hybrid
Hybrid composite composites, the highest tensile strength of 37.97 MPa was observed at 2 wt.% RS

Mechanical properties +2 wt.% PK. However, bending strength decreased with increasing filler content,
while stiffness and thermal insulation improved. Thermal conductivity decreased
to a minimum of 0.281 W/m.°C at 20 wt.% PK. SEM analysis revealed more
uniform dispersion and stronger matrix adhesion of irregularly shaped PK particles
compared to elongated RS fibers. Findings demonstrate that PK and RS are

effective, sustainable fillers for enhancing polyester composite properties.

1. Introduction

Composite materials are increasingly important in various industries due to their versatile solutions and enhanced properties
that meet different application requirements [1, 2]. They are typically formed by incorporating synthetic or natural materials as
reinforcements or fillers; however, there is a growing shift toward natural materials as sustainable alternatives due to their ability
to enhance physical and mechanical properties [3—5]. Natural reinforcement and filler materials are promoting sustainability and
offer significant environmental benefits, such as; biodegradability, reduced energy consumption, lower processing costs, and
minimal impact on human health and the environment [6]. They are derived from renewable sources such as plants, minerals, or
waste materials. Lignocellulosic fibers have gained prominence as cost-effective and sustainable alternatives to synthetic fibers,
demonstrating their versatility across industries such as automotive, sports, and packaging [7]. They also facilitate recycling
processes and help reduce dependence on energy-intensive raw materials, aligning with the global push for sustainable
manufacturing [8]. Therefore, various lignocellulosic fibers, derived from plants, like peanut shells, palm and coir, jute, rice
husk, kenaf fiber, pistachio shells, nutshells, olive stones, sugarcane, Oak Sawdust, and bagasse, are increasingly used as
reinforcements in polymer composites due to their ability to enhance physical and mechanical properties [9—13]. Pistacia khinjuk,
commonly known as Baneh or Kolkhung, is a deciduous tree from the Anacardiaceous family, native to the Middle East and
Mediterranean regions [14, 15]. Moreover, rapeseed straw, a byproduct of Brassica napus (rapeseed), is a readily available and
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cost-effective agricultural residue, with France ranking among the top five producers based on cultivated area. Although rapeseed
is primarily grown for vegetable oil, animal feed, and biodiesel production [16], its straw remains underutilized despite its
potential applications in particleboards, construction materials, insulation in construction, cladding, paper, packaging purposes,
and biomaterials [17—19]. This study aims to investigate the thermal and mechanical properties of PK shell and RS particles and
their effects on hybrid polyester-based composites at various weight fractions.

Natural fillers are renewable and cost-effective alternatives to synthetic or inorganic fillers and offer several advantages.
Therefore, the researchers and manufacturers are increasingly focused on utilizing agricultural waste and residue particles as
reinforcements in polymer composites. For example, Njoku et al. [20], evaluated the periwinkle shell-reinforced polyester
composites fabricated by the hand lay-up technique. They found that the decrease in particle size improves both the tensile
strength and Young's modulus, and indicated that smaller particles promote higher surface area and better stress transfer.
Additionally, Nwigbo et al. [21], studied polyester composites reinforced with castor seed shells. They concluded that, compared
to unreinforced polyester, a filler content of 30 wt.% improves tensile strength by 49%, while flexural strength decreases with
increasing filler content. Moreover, a higher filler content enhances long-term creep durability by extending the time to failure.
On the other hand, for polyester-based palm kernel shell (PKS) particulate composites, Shehu et al. [22], deduced that the highest
tensile strength was recorded at 40 wt.% of the 300 um particle size of the filler. Similarly, the impact energy increases with the
increase of filler content for the particle size of 300 um. Nayeeif et al. [23], conducted a study on composite materials using
natural waste fillers, specifically sawdust and eggshell powder, combined with polyester resin to evaluate their mechanical
properties under bending and tensile stresses. Polyester composites were fabricated with 30% and 40% by volume of each filler
type. The study revealed that while the incorporation of these natural fillers decreased the tensile strength of the polyester matrix,
it significantly improved its flexural strength. In a related study, Rautaray et al. [24], studied polyester composites with pistachio
shell particles (PSP), finding improved tensile, flexural, and thermal properties, with maximum impact strength at 10 wt.% PSP
filler content.

In addition, Mohammed et al. [25], investigated the composites unsaturated polyester reinforced with sunflower and
watermelon seed shells at 75 pm particle size. They concluded that the flexural strength, modulus of elasticity, hardness, and
compressive strength are improved with increasing shell powder content (wt.%) of the shell powder content. Abdullah [26], used
sunflower husk and pomegranate husk particles as fillers in unsaturated polyester resin composites. He obtained that, compared
to PP, the composite with 10 wt.% sunflower husks of 50 um particle size achieves the best results, with 46.6 and 27.2%
increases in tensile strength and Young’s modulus, respectively. On the other hand, Ahlawat et al. [27], investigated walnut shell
powder (WSP) reinforced polyester composites with particle sizes below 75um. Tensile strength decreased from 21 MPa for
neat polyester to 13 MPa at 30 wt.% WSP, while flexural strength declined from 24.2 to 16.3 MPa. In contrast, wear resistance
improved with higher WSP content. Furthermore, Alsaadi et al. [28], explored the unsaturated polyester composites incorporating
pistachio shell (PS) particles of less than 5 um in size. Their findings showed that the tensile strength improved by 19.9% at a
PS content of 10 wt.%, while the highest flexural strength and impact strength were observed at 5 wt.% PS. In other research,
coir powder particles-reinforced polyester composites were investigated by Karthik Babu et al. [29], revealed that as the filler
content increased, both the tensile and flexural strengths improved. Additionally, the highest tensile strength of 45.63 MPa was
observed at 4 wt.% of coir, meaning an increase of 24.1% over the unfilled polyester. Similarly, the flexural strength peaked at
3 wt.% coir, with a 75.5% increase. Moreover, Adeyanju et al. [30], investigated the polyester composites reinforced with
powdered snail shell (SNS) particles of sizes below 75 um. They revealed that the highest flexural strength of 15.31 MPa was
achieved at 15 wt.% SNS filler content, while the maximum flexural modulus of 710.36 MPa was obtained at 20 wt.% filler
content. In addition, optimal abrasion resistance, indicated by minimal wear loss, was achieved at 5 wt.% filler content.

In another study, the polyester composites reinforced with hazelnut shell (HS), pistachio shell (PS), and apricot kernel shell
(AKS) particles were examined by Celik et al., [31]. Results showed that the tensile strength decreases with increasing
reinforcement content, and the bending strength peaked at 10% reinforcement, especially with AKS. The compressive strength
improved at moderate reinforcement levels, but declined at 30% due to poor matrix-reinforcement bonding, while thermal
conductivity increased with filler content. Additionally, Paczkowski et al. [32], used peanut shell (PNS) powder as a natural filler
in unsaturated polyester resin composites. The tensile and thermomechanical test outcomes showed that increasing PNS content
enhances stiffness but reduces tensile strength. On the other hand, different studies examined RS particles, as fillers, to assess
their impact on the properties of their polymeric composites [33—36]. Lendvai [37], investigated the mechanical properties of RS
particles as a sustainable filler in bio-composites based on polylactic acid (PLA). Results showed that the tensile and flexural
strengths decrease with increasing RS content, while the stiffness improves according to the increase of Young’s modulus from
2.58 to 3.42 GPa by adding 20 wt.% of RSS. Hybrid composites have gained interest among researchers as an effective approach
to enhancing composite properties. Combining two fillers with distinct structural, morphological, chemical, and physical
characteristics offers advantages that neither filler alone can achieve in polymer matrix composites [38—42]. In a study by Essabir
et al. [43], the coir fibers and their shell particles were applied as hybrid reinforcement in polypropylene (PP) hybrid composite.
The composites were characterized through tensile and thermal tests. The best mechanical performance was observed at the
10:10 fiber-to-particle ratio, and the Young’s modulus was improved by 50%. Previous reviews demonstrate that numerous
studies have investigated the mechanical, thermal, and structural properties of composites reinforced with various individual and
hybrid natural fillers. However, limited research has specifically examined PK shell particles in polyester composites or their
hybridization with RS particles. This study addresses these gaps by evaluating the tensile and flexural properties, as well as the
thermal conductivity and insulation performance, of composites reinforced with RS particles, PK shell particles, and their hybrid
forms.

470



Sana A. Muhamadali & Rzgar M. Abdalrahman Engineering and Technology Journal 43 (06) (2025) 469-486

2. Experimental work

2.1 Materials preparation

Mature PK seeds were sourced from the local market, while rapeseed straw RS was harvested from a local farm in the
Sulaymaniyah Governorate, Kurdistan Region of Iraq. The skins (coats) of the PK seeds were manually peeled, and the RS was
subjected to a water retting process for 24 hours to initiate fiber separation. This retting process facilitated the breakdown of
pectin and partial degradation of lignin, enabling the natural separation of fibers from the plant stems while preserving their
structural integrity. The kernels were removed from the PK seeds, and the pith was extracted from the fibrous RS. Both the PK
shells and RS fibers were then treated with a 1% sodium hydroxide (NaOH) solution for 3 hours. After the alkali treatment, the
samples were thoroughly rinsed with distilled water at approximately 27 °C until a neutral pH (~7) was achieved. The treated
materials were then oven-dried at 55 °C for 4 hours to eliminate any residual moisture. The dried PK shells and RS fibers were
ground using a Chinese-made electric grinder, and the resulting particles were sieved using an RX-29-10 sieve shaker machine
(manufactured in the USA) to obtain the desired particle size distributions. Figure 1 shows a flow chart illustrating the
experimental procedure. The polymer matrix used in this study was Eskim ES-1060 polyester resin, with a density of 1.16 g/cm?,
supplied by a Turkish company. The resin system included methyl ethyl ketone peroxide (MEKP) as the hardener and cobalt
octoate as the accelerator to facilitate the curing process. Additionally, a platinum-based catalyst (of Turkish origin) and silicone
rubber were employed for mold fabrication.

2.2 Test plan

To evaluate the impact of the proposed PK and RS particles on the mechanical and thermal conductivity properties of their
polymer-based composites, various weight fraction ratios, as illustrated in Table 1, were considered for their individual or
combined contributions as fillers. Accordingly, five test groups with a total of 15 tests were designed to compare their results
with those of PrP in the first group. The proposed weight fractions of polyester, PK particles, RS particles, and their hybrids in
the composites were determined based on literature and preliminary test results. These fractions were defined according to the
rule of mixtures [26], as shown in Equations (1-4):

W, = Ypolyester o 4 1)

m Wtotal

_ Wpk+tWRs
VVp N Wtotal x 100 (2)
Wtotal = Wpk + Wgs + Wpolyester (3)
W + W, =1 4)

Based on the proposed applications of PK and RS filler-reinforced polymer composites in insulation boards, roof ceilings,
automotive components, and furniture, their mechanical properties were defined through tensile and flexural tests, in addition to
a thermal conductivity test.

Table 1: Weight percentage (wt.%) of polyester, fillers, and hybrid composites

Composition (weight fraction)

Test Group Sample code short (RS) fibers (PK) shell Polyester
wt. %

1 PrP 0 0 100
2%PK 0 2 98
5%PK 0 5 95

2 10%PK 0 10 90
15%PK 0 15 85
20%PK 0 20 80

3 2%RS 2 0 98
5%RS 5 0 95
2%RS+2%PK 2 2 96

4 2%RS+5%PK 2 5 93
2%RS+10%PK 2 10 88
2%RS+15%PK 2 15 83
5%RS+2%PK 5 2 93

5 5%RS+5%PK 5 5 90
5%RS+10%PK 5 10 85
5%RS+15%PK 5 15 80
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Figure 1: Schematic representation of the experimental procedure (flow chart)

¥

2.3 Specimen Preparation

The dog-bone specimens for tensile testing shown in Figure 2(a), were prepared according to ASTM D638-01 standards
[44], while the three-point bending test samples, Figure 2(b), were designed in accordance with ASTM D790 standards [45].
Additionally, thermal conductivity specimens were prepared according to the ASTM D7340-07 standard using Lee’s disc method
[46] as shown in Figure 2(c).

The flexible silicone rubber molds, as shown in Figure 3(a—c), were designed and fabricated according to the standard
dimensions required for each specific test. Figure 3(a) shows the mold for tensile testing, Figure 3(b) presents the mold for
flexural testing, and Figure 3(c) displays the mold for thermal conductivity testing. A 3D printer initially fabricated a sample
model to be used as a template for preparing the desired mold. The silicone mold material was then prepared by mixing silicone
and a platinum-based curing agent in a 1:1 weight ratio. The mixture was poured over the specimen models, and a vibrator was
used to eliminate bubbles, ensuring a smooth, defect-free mold surface.

To prepare the composite test samples, the total weight of the mixture was determined initially, and the weight of each
component was calculated using Equations 1- 4. The required weights of cobalt octoate and methyl ethyl ketone peroxide
(MEKP) were determined to be 0.25% and 2% of the resin weight, respectively, according to the manufacturer's data sheet [47].
The polyester resin was first mixed with cobalt octoate and stirred for 2-3 minutes. Thereafter, the PK and RS particles were
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added either individually or in combination, based on the composite systems, and the mixture was homogenized at 1000 rpm for
20 minutes to ensure uniform dispersion. Finally, MEKP was added and mixed at a low constant speed for 1-2 minutes. The
prepared blend underwent vacuum degassing in two sequential steps of 10 minutes each, ensuring a total degassing duration of
20 minutes to remove the existing air bubbles. The final mixture was then poured into the molds’ cavities and kept at room
temperature for 24 hours for initial curing. After demolding, the composite specimens were stored at room temperature for two

weeks to complete the curing process.

57mm 3.2mm

—31mm__, ] ﬁﬁ..i

165mm

19mm

(a)

- 3.2mm

—

127mm

12.7mm

(b)
@40mm

©

Figure 2: Standard shapes and dimensions of a) tensile, b) flexural,
and c) thermal conductivity test specimens

C'
Figure 3: Molds of a) Tensile, b) Bending, and ¢) Thermal conductivity test samples

2.4 Tests and Inspections

2.4.1 Mechanical tests

The tensile tests were conducted using the Testometric universal testing machine, which has a maximum load capacity of
50 kN. The flexural tests were performed on the Cussons flexural testing machine, which is manufactured in the UK and has a
maximum load capacity of 100 kN. The specimens were tested at room temperature with a crosshead speed of 1 mm/min. The
span length for the flexural test was set to 51.2 mm. Figure 4 displays the tensile and flexural specimens before and after testing.
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(TR
I

Figure 4: The mechanical test specimens were examined before and after testing

—

2.4.2 Thermal properties test procedure

Thermal conductivity measurements were performed using Lee’s disc apparatus, manufactured by Griffin and George in
England, as shown in Figure 5. The apparatus consists of three copper discs, each with a diameter of 40 mm and a thickness of
12.25 mm, along with an electric heater connected to a DC power supply. The test samples, as shown in Figure 6, are placed
between discs A and B. At the same time, the electric heater is positioned between discs B and C. After operating the device for
30 minutes to achieve thermal equilibrium, heat was transferred from the heater to discs B and C, and then to disc A through the
sample. The temperatures of discs A, B, and C (T4, Tg, and T) were recorded using embedded thermometers, and the thermal
conductivity of the samples was calculated in accordance with Equations (5) and (6) [48]:

k[TBd;STA]=e[TA+§(dA+§dS)TA+§dSTB] 5)

H=1V= T[TZB(TA + TB) + 2nre [dATA + dS%(TA + TB) + dBTB + dcTc] (6)

Figure 5: Thermal conductivity apparatus (Lee’s disc method)
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Figure 6: Samples of thermal conductivity tests

3. Results and discussion
3.1 Mechanical test

3.1.1 Tensile test

Figures 7, 8, and 9 present the stress—strain curves for composites reinforced with PK shell particles, RS particles, and their
hybrid combinations. Interestingly, the addition of PK shell particles, individually and in combination with RS particles, leads
to an overall enhancement in stress—strain performance.

50
45
40
35
R PP
]
30 [ 2%PK
— |
§ 25 i 5%PK
|
=2 H 10%PK
] |
s 15 ! 15%PK
N |
[}
10 | 20%PK
5 !
|
|
0 .
0 0.5 1 1.5 2 2.5 3 3.5 4

strain (%)

Figure 7: Stress-strain curves for pure polyester resin (PrP) and PK particle composites
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Figure 8: Stress-strain curves for 2 wt.% short RS fibers and the first combination of the hybrid composite
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Figure 9: Stress-strain curves for 5 wt.% short RS fibers and the second combination of the hybrid composite

Figure 10 illustrates the effect of PK shell filler particles on the tensile strength and elongation at break of the polyester
matrix. It shows that the tensile strength increases with PK particle inclusion, with the highest improvement observed at 2 wt.%
PK particle content. At this concentration, the tensile strength reached 40.81 MPa, representing a 16.2% increase compared to
pure polyester. Beyond this point, it begins to decline. This reduction in tensile strength can be attributed to the agglomeration
of PK particles, which were not dispersed well. This poor dispersion hindered proper bonding between the agglomerated particles
and the polyester matrix, leading to stress concentrations and, consequently, a decline in strength. The agglomerated filler
particles act as barriers under stress, creating high stress concentration zones, particularly when interfacial compatibility is poor.
Furthermore, an inverse relationship exists between PK shell content and elongation at break. This reduction in elongation
suggests an increase in the brittleness of the composites.

The influence of RS particle inclusion on the tensile strength and elongation at break of the RS particle/ polyester composites
is demonstrated in Figure 11. It presents that the increase of RS particles concentration slightly decreases the tensile strength of
pure polyester to 34.7 MPa at 2 wt.%, and significantly drops to 23.4 MP at 5 wt. %. This decline can be attributed to poor
interfacial adhesion between the matrix and the short RS fibers. Additionally, compared to that of PrP, the elongation at break
of RS particle/ polyester composites drops from 3.5 mm to 1.97 mm at 5 wt. %, which is lower than that observed for PK particle/
polyester composites. The reduction in elongation was more pronounced for RS than for PK particles, which can be attributed
to the elongated shape of RS.

Figures 12 and 13 present the ultimate tensile strength and elongation at break of the hybrid combinations. It can be observed
that in the first combination, the incorporation of PK particles enhances the tensile strength compared to pure polyester, up to a
filler content of 2% RS + 10% PK, after which the strength decreases with further increases in PK content. The highest tensile
strength of 37.97 MPa was recorded at 2% RS + 2% PK, followed by a decreasing trend. Additionally, the elongation at break
for both the first and second hybrid combinations decreases with increasing filler content.
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Tensile test of PK particles/polyester composite
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Figure 10: Effect of PK particle content on the UTS and elongation of PrP

Tensile test of short RS fibers/polyester composite
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Figure 11: Effect of RS particle content on the UTS and elongation of PrP
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Figure 12: UTS and elongation at break of the first hybrid composite combinations
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Seconed combination of the hybrid composite
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Figure 13: UTS and elongation at break of the second hybrid composite combinations

3.1.2 Bending test

Figures 14 and 15 show the peak bending strengths of PK and RS particles/ polyester composites, respectively, evaluated
by applying the three-point bending test method. It can be observed that the bending strength generally declines as the filler
content rises, but with various reduction percentages. For example, at 2 wt.% PK particles content, the bending strength of
polyester/PK composites decreased from 120.5 MPa to 118.3 MPa, resulting in a reduction % of 1.82%. In contrast, at 2 wt.%
RS the bending strength dropped to 90.0 MPa, corresponding to a reduction rate of 25.31%. The more pronounced reduction in
bending strength induced by RS filler, compared to PK particles, can be attributed to differences in filler particle morphology.
RS particles have a short, elongated shape (discussed in next section 3.3), whereas PK particles are approximately irregular and
spherical (discussed in next section 3.3). This difference affects the uniformity and distribution of particles within the matrix.
The irregular PK particles provide a better dispersion and higher particle-matrix interaction, enabling more effective stress
transfer and enhanced composite strength. In contrast, the short, elongated RS particles tend to agglomerate, introducing flaws
and creating voids within the composite structure, thereby weakening polymer-filler interfacial adhesion.

Bending test of PK particles/polyester composite

— 4244
§ 100 1505 1183 4031 400
S 1200 3475 3506 3521 e
= 100.0 0 g
_g 2687 4.1 3000 E
oo =]
§ 80.0 66.4 2500 -é
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£ £
S 1500 2
o0 1000
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0.0 0

PrP %2PK %5PK %10PK %15PK %20PK

Figure 14: Effect of PK particle content on the bending strength and bending modulus of PrP

Additionally, the bending strength at the peak of both the hybrid composite combinations under the effect of the PK and RS
particle content, as shown in Figures 16 and 17, is reduced with the increase of their contents. This observation in bending
strength suggests that the measured strength is affected by two main factors: weak interfacial adhesion between the polymer and
filler, and the agglomeration of composite components. However, the inclusion of these fillers increases the bending modulus
overall. The highest value of 5039 MPa was observed for the hybrid composition containing 5 wt.% RS and 15 wt.% PK,
indicating a significant improvement in stiffness. This enhancement is attributed to the presence of rigid particles, which exhibit
much higher flexural stiffness compared to the polyester matrix. The agglomeration of PK particles and short RS fibers does not
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affect the bending modulus (a measure of flexural stiffness) as it is measured at stress levels below those that encourage crack
propagation in the agglomeration zones. This finding is in agreement with the findings of [49, 50].

Bending test of short RS fiber/polyester composite
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Figure 15: Effect of RS particle content on the bending strength and bending modulus of PrP
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Figure 16: Bending strength and bending modulus of the first hybrid composite combination
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Figure 17: Bending strength and bending modulus of the second combination of the hybrid composite
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3.2 Thermal conductivity

Thermal conductivity represents a material’s ability to transfer heat, which is the opposite of its resistance to heat transfer.
It is a crucial property in the design of insulating components across various industries. Figures 18 and 19 illustrate that thermal
conductivity decreases linearly. The reduction in thermal conductivity with RS fibers is less significant compared to the irregular-
shaped PK particles. The elongated structure of short RS fibers facilitates continuous heat transfer paths, resulting in a less
significant reduction in thermal conductivity, as noted by Mishra et al. [51], thermal conductivity depends on the intrinsic thermal
conductivity of the filler materials and the differences in particle geometries.
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Figure 18: Effect of PK particles content on the thermal conductivity of PrP
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In the hybrid composites, as shown in Figures 20 and 21, increasing the contents of both fillers exhibits a decreasing trend
in thermal conductivity. The thermal conductivity of PrP decreases to 0.287 W/m.°C and 0.322 W/m.°C at 2RS + 15PK wt.%
and SRS+15PK wt.%, respectively. This behavior can be attributed to the way particles are arranged within the matrix, which is
influenced by their shape, size, and formation of agglomerates, all of which impact the overall heat transfer performance of the
composite system.
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3.3 SEM images analysis

The fractured surfaces of samples containing 2 wt.%, 5 wt.%, and 20 wt.% PK particles were analyzed using SEM (Figure
22) to evaluate particle shape, dispersion, distribution, and interaction with the matrix. The results indicate that the most uniform
distribution of PK particles is achieved at a 2 wt.% concentration (Figure 22 a). Additionally, the PK particles exhibit an irregular
spherical shape (Figure 22¢), which enhances interfacial adhesion between the particles and the matrix. In contrast, at 5 wt.%
and 20 wt.% PK content, agglomeration, and poor interfacial adhesion are observed. Furthermore, microcracks are present, which
can lead to brittle failure at the interface between the PK particles and the polyester matrix, as shown in Figure 22 b and c.
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Figure 22: SEM images of the fractured surface of (a) 2 wt.% (b) 5 wt.% and
(c) 20 wt.% PK  particles content/ polyester composites

The SEM images of the fractured surface of 5 wt.% RS specimens are shown in Figure 23. Unlike PK particles, RS particles
appear more like short fibers or elongated particles. Additionally, weak interfacial bonding between the RS filler and the matrix
can lead to the formation of voids or pits due to debonding or the pull-out of RS particles. This indicates poor interfacial adhesion
between the short RS fibers and the matrix. The elongated shape of the RS particles hinders effective bonding with the matrix
and results in weaker interfacial adhesion with the polyester resin. In contrast, the irregular, rounded PK particles enhance their
interaction with the polyester resin.
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Figure 23: SEM images of the fractured surface of 5% RS particle content/ polyester composite
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Figure 24 illustrates the structures of hybrid composites containing 2RS+2PK wt.%, 2RS+5PK wt.%, and SRS+15PK wt.%,
respectively. A uniform distribution of PK particles and short RS fibers, as shown in Figure 24 a, was observed at the low hybrid
fiber content of 2RS+2PK wt.%. However, in the composites with higher filler content of 2RS+5PK wt.% and SRS+15PK wt.%,
a poor interfacial adhesion, as depicted in Figures 24 b and c, was observed.
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Figure 24: SEM images of the fractured surface of a) 2RS+2PK wt.%, b) 2RS+5PK wt.%, and c¢) SRS+15PK wt.%
particles/ polyester composites

4. Conclusion

The current study examined various polyester composites reinforced with individually and hybrid-produced particles, which
were prepared at different weight percentages. Five levels of PK particles content, ranging from 2 to 20 wt.%, and two levels of
RS content, incorporating 2 wt.% and 5 wt.% RS were selected. Additionally, their hybrid combinations were also proposed.
The composites were tested to evaluate their mechanical properties and thermal conductivity under the impact of particle content
ratios. The results led to the following conclusions:

1) The tensile strength of PrP increased with the addition of PK particles, reaching a maximum value of 40.81 MPa at 2 wt.%
PK, representing a 16.2% improvement compared to PrP. Additionally, the incorporation of PK particles significantly
enhanced the first hybrid combination, with the highest tensile strength of 37.97 MPa observed at 2 wt.% RS + 2 wt.% PK.

2) SEM analysis revealed that the RS particles are elongated and resemble short fibers, whereas the PK particles exhibit
irregular, roughly spherical shapes. The results indicated that the irregularly shaped PK particles were more uniformly
distributed within the matrix, while the elongated RS fibers showed poor interfacial adhesion with the polyester.

3) The elongation at break decreases with the addition of PK and RS particles, both individually and in combination. However,
the reduction in elongation caused by short RS fibers is more significant than that caused by PK particles, likely due to the
elongated shape of the RS fibers.

4) Adding individual and combined PK and RS particles to PrP decreases its bending strength while significantly increasing
its stiffness. The highest bending modulus of 5039 MPa was observed with the hybrid composition of 5 wt.% RS + 15 wt.%
PK.

5) The addition of PK particles and RS fibers decreased the thermal conductivity of the composites, thereby enhancing their
thermal insulation properties. However, the reduction in thermal conductivity achieved with RS fibers was less significant
than that with the PK particles. The lowest thermal conductivity, measured at 0.281 W/m-°C, was observed at 20 wt.% PK
content.

483



Sana A. Muhamadali & Rzgar M. Abdalrahman Engineering and Technology Journal 43 (06) (2025) 469-486

Nomenclature
Symbol Unit Details
W - Weight percentage of matrix
w, - Weight percentage of particles
Weotal g Total weight of the mixture
Woolyester g Weight of the polyester resin
Wpk g Weight of the PK particles
Wgs g Weight of the RS particles
k W/m.°C The thermal conductivity coefficient.
dg mm Sample thickness
Ta, Tg, and T¢ °C Temperature of the copper discs respectively
r mm Radius of the disc
dy,dgandd, mm The thickness of the discs, respectively.
e W/m?, °C Heat transfer rate through the specimen's cross-sectional area.
1 Amp. Current through the heater.
\4 Volt Voltage applied

Author contributions

Conceptualization, S. Muhamadali, and R. Abdalrahman; data curation, S. Muhamadali, and R. Abdalrahman; formal
analysis, S. Muhamadali, and R. Abdalrahman; investigation, S. Muhamadali; methodology S. Muhamadali, and R.
Abdalrahman; project administration, R. Abdalrahman; resources, S. Muhamadali, and R. Abdalrahman; supervision, R.
Abdalrahman; validation, S. Muhamadali, and R. Abdalrahman; visualization, S. Muhamadali; writing — original draft, S.
Muhamadali; writing — review and editing, R. Abdalrahman. All authors have read and agreed to the published version of the
manuscript.

Funding

This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.
Data availability statement

The data that support the findings of this study are available on request from the corresponding author.
Conflicts of interest

The authors declare that there is no conflict of interest.

References

[1] D. Rajak, D. Pagar, P. Menezes, and E. Linul, Fiber-Reinforced Polymer Composites: Manufacturing, Properties, and
Applications, Polymers, 11 (2019) 1667. https://doi.org/10.3390/polym11101667

[2] T. G. Yashas Gowda, M. R. Sanjay, K. Subrahmanya Bhat, P. Madhu, P. Senthamaraikannan, and B. Yogesha, Polymer
Matrix-Natural Fiber Composites: An Overview, Cogent Eng., 5 (2018) 1446667.
https://doi.org/10.1080/23311916.2018.1446667

[3] S. Hussein, A Study of Some Mechanical and Physical Properties for Palm Fiber/Polyester Composite, Eng. Technolo. J., 38
(2020) 104-114. https://doi.org/10.30684/etj.v38i3B.598

[4] L. C. Bank, T. R. Gentry, and A. Barkatt, Accelerated Test Methods to Determine the Long-Term Behavior of FRP Composite
Structures: Environmental Effects, J. Reinf. Plast. Compos., 14 (1995) 559-587. https://doi/10.1177/073168449501400602

[S] M. M. Kabir, H. Wang, K. T. Lau, and F. Cardona, Chemical Treatments on Plant-Based Natural Fibre Reinforced Polymer
Composites: An Overview, Composites, Part B Eng., 43 (2012) 2883-2892.
https://doi.org/10.1016/j.compositesb.2012.04.053

[6] M. Idicula, S. K. Malhotra, K. Joseph, and S. Thomas, Dynamic Mechanical Analysis of Randomly Oriented Intimately
Mixed Short Banana/Sisal Hybrid Fibre Reinforced Polyester Composites, Compos. Sci. Technol., 65 (2005) 1077-1087.
https://doi.org/10.1016/j.compscitech.2004.10.023

[7] H.-S. Yang, H.-J. Kim, J. Son, H.-J. Park, B.-J. Lee, and T.-S. Hwang, Rice-Husk Flour Filled Polypropylene Composites;
Mechanical and Morphological Study, Compos. Struct., 63 (2004) 305-312. https://doi.org/10.1016/S0263-8223(03)00179-
X

[8] G. S. Mann, L. P. Singh, P. Kumar, and S. Singh, Green Composites: A Review of Processing Technologies and Recent
Applications, J. Thermoplast. Compos. Mater., 33 (2020) 1145-1171. https://doi/10.1177/0892705718816354

[9] C. Sareena, M. T. Ramesan, and E. Purushothaman, Utilization of Peanut Shell Powder as a Novel Filler in Natural Rubber,
J. Appl. Polymer Sci., 125 (2012) 2322-2334. https://doi/10.1002/app.36468

[10] S. N. Monteiro, R. J. S. Rodriquez, M. V. D. Souza, and J. R. M. D’ Almeida, Sugar Cane Bagasse Waste as Reinforcement
in Low Cost Composites, Adv. Perform. Mater., 5 (1998) 183-191. https://doi.org/10.1023/A:1008678314233

484


https://doi.org/10.3390/polym11101667
https://doi.org/10.1080/23311916.2018.1446667
https://doi.org/10.30684/etj.v38i3B.598
https://doi/10.1177/073168449501400602
https://doi.org/10.1016/j.compositesb.2012.04.053
https://doi.org/10.1016/j.compscitech.2004.10.023
https://doi.org/10.1016/S0263-8223(03)00179-X
https://doi.org/10.1016/S0263-8223(03)00179-X
https://doi/10.1177/0892705718816354
https://doi/10.1002/app.36468
https://doi.org/10.1023/A:1008678314233

Sana A. Muhamadali & Rzgar M. Abdalrahman Engineering and Technology Journal 43 (06) (2025) 469-486

[11] L. Fereidooni, A. R. C. Morais, and M. B. Shiflett, Application of Pistachio Shell Waste in Composites, Nanocomposites,
and Carbon Electrode Fabrication: A  Review, Resour. Conserv. Recycl, 203 (2024) 107403.
https://doi.org/10.1016/j.resconrec.2023.107403

[12] R. O. Akaluzia, F. O. Edoziuno, A. A. Adediran, B. U. Odoni, S. Edibo, and T. M. A. Olayanju, Evaluation of the Effect of
Reinforcement Particle Sizes on the Impact and Hardness Properties of Hardwood Charcoal Particulate-Polyester Resin
Composites, Mater. Today: Proceedings, 38 (2021) 570-577. https://doi.org/10.1016/j.matpr.2020.02.980

[13] I. Kartal and M. Tung, Investigation of Mechanical Properties of Oak Sawdust Filled Polyester Composites, IICESEN, 10
(2024). https://doi.org/10.22399/ijcesen.245

[14] S. M. B. Hashemi, J. Michiels, S. H. Asadi Yousefabad, and M. Hosseini, Kolkhoung (Pistacia Khinjuk) Kernel Oil Quality
Is Affected by Different Parameters in Pulsed Ultrasound-Assisted Solvent Extraction, Ind. Crops Prod., 70 (2015) 28-33.
https://doi.org/10.1016/j.indcrop.2015.03.023

[15] B. E. Ak, . Acar, E. Sakar, and S. Gursoz, The Importance of Pistacia Species for Pistachio Production in Turkey, Acta
Hortic., 1139 (2016) 183-188. https://doi.org/10.17660/ActaHortic.2016.1139.32

[16] M. Brahim, N. Boussetta, N. Grimi, E. Vorobiev, 1. Zieger-Devin, and N. Brosse, Pretreatment Optimization from Rapeseed
Straw and Lignin Characterization, Ind. Crops Prod., 95 (2017) 643-650. https://doi.org/10.1016/j.indcrop.2016.11.033

[17] E. Julian, M. Alcala, M. A. Chamorro-Trenado, M. F. Llop, F. Vilaseca, and P. Mutj¢é, Stiffness of Rapeseed Sawdust
Polypropylene Composite and Its Suitability as a Building Material, BioResources, 13 (2018) 8155-8167.

[18] S. M. Mazhari Mousavi, S. Z. Hosseini, H. Resalati, S. Mahdavi, and E. Rasooly Garmaroody, Papermaking Potential of
Rapeseed Straw, a New Agricultural-Based Fiber Source, J. Cleaner Prod., 52 (2013) 420-424.
https://doi.org/10.1016/j.jclepro.2013.02.016

[19] J. Dusek, M. Jerman, M. Podlena, M. Bohm, and R. Cerny, Sustainable Composite Material Based on Surface-Modified
Rape Straw and  Environment-Friendly = Adhesive, Constr. Build. Mater., 300 (2021) 124036.
https://doi.org/10.1016/j.conbuildmat.2021.124036

[20] R. E. Njoku, A. E. Okon, and T. C. Ikpaki, Effects of Variation of Particle Size and Weight Fraction on the Tensile Strength
and Modulus of Periwinkle Shell Reinforced Polyester Composite, Niger. J. Technol., 30 (2011) 87-93.
https://doi.org/10.4314/njt.302.32

[21] S. C. Nwigbo, T. C. Okafor, and C. U. Atuanya, The Mechanical Properties of Castor Seed Shell-Polyester Matrix
Composites, Res. J. Appl. Sci., 5 (2013) 3159-3164.

[22] U. Shehu, O. Aponbiede, T. Ause, and E. F. Obiodunukwe, Effect of Particle Size on the Properties of Polyester/Palm
Kernel Shell (PKS) Particulate Composites, J. Mater. Environ. Sci., 5 (2014) 366-373.

[23] A. A. Nayeeif, Z. K. Hamdan, Z. W. Metteb, F. A. Abdulla, and N. A. Jebur, Natural Filler Based Composite Materials,
Arch. Mater. Sci. Eng., 116 (2022) 5-13. https://doi.org/10.5604/01.3001.0016.0972

[24] S. Rautaray, P. Senapati, H. Sutar, and R. Murmu, The Mechanical and Thermal Behaviour of Unsaturated Polyester Matrix
(UPM) Composite Filled with Pistachio Shell Particles (PSP), Mater. Today: Proceedings, 74 (2023) 581-586.
https://doi.org/10.1016/j.matpr.2022.09.460

[25] M. R. Mohammed, Study of Some Mechanical Properties of Unsaturated Polyester Filled with the Seed Shells of Sunflower
and Water-Melon, J. Babylon, 21 (2013).

[26] O. S. Abdullah, Experimental Study to the Effect of Natural Particles Added to Unsaturated Polyester Resin of a Polymer
Matrix Composite, Al-Khwarizmi Eng. J., 13 (2017) 42-49. https://doi.org/10.22153/kej.2017.08.004

[27] V. Ahlawat, S. Kajal, and A. Parinam, Experimental Analysis of Tensile, Flexural, and Tribological Properties of Walnut
Shell Powder/Polyester Composites, Euro-Mediterr J. Environ. Integr., 4 (2019) 1. https://doi.org/10.1007/s41207-018-
0085-6

[28] M. Alsaadi, A. Erklig, and K. Albu-khaleefah, Effect of Pistachio Shell Particle Content on the Mechanical Properties of
Polymer Composite, Arab J. Sci. Eng., 43 (2018) 4689-4696. https://doi.org/10.1007/s13369-018-3073-x

[29] N. B. Karthik Babu, S. Muthukumaran, S. Arokiasamy, and T. Ramesh, Thermal and Mechanical Behavior of the Coir
Powder Filled Polyester Micro-Composites, J. Nat. Fibers, 17 (2020) 1058-1068.
https://doi/full/10.1080/15440478.2018.1555503

[30] B. Adeyanju, Mechanical Properties of Polyester Reinforced with Powdered Shells of the Snail Composites, IJRE, 5 (2018)
373-377. https://doi.org/10.21276/ijre.2018.5.5.1

[31] Y. H. Celik, R. Yalcin, T. Topkaya, E. Bagaran, and E. Kilickap, Characterization of Hazelnut, Pistachio, and Apricot Kernel
Shell Particles and Analysis of Their Composite Properties, J. Nat. Fibers, 18 (2021) 1054-1068.
https://doi/full/10.1080/15440478.2020.1739593

[32] P. Paczkowski, A. Puszka, and B. Gawdzik, Effect of Eco-Friendly Peanut Shell Powder on the Chemical Resistance,
Physical, Thermal, and Thermomechanical Properties of Unsaturated Polyester Resin Composites, Polymers, 13 (2021)
3690. https://doi.org/10.3390/polym13213690

[33] S. M. Zabihzadeh, A. Omidvar, M. A. B. Marandji, F. Dastoorian, and S. M. Mirmehdi, Effect of Filler Loading on Physical
and  Flexural  Properties of Rapeseed  Stem/PP  Composites, BioRes, 6 (2011) 1475-1483.
https://doi.org/10.15376/biores.6.2.1475-1483

485


https://doi.org/10.1016/j.resconrec.2023.107403
https://doi.org/10.1016/j.matpr.2020.02.980
https://doi.org/10.22399/ijcesen.245
https://doi.org/10.1016/j.indcrop.2015.03.023
https://doi.org/10.17660/ActaHortic.2016.1139.32
https://doi.org/10.1016/j.indcrop.2016.11.033
https://doi.org/10.1016/j.jclepro.2013.02.016
https://doi.org/10.1016/j.conbuildmat.2021.124036
https://doi.org/10.4314/njt.302.32
https://doi.org/10.5604/01.3001.0016.0972
https://doi.org/10.1016/j.matpr.2022.09.460
https://doi.org/10.22153/kej.2017.08.004
https://doi.org/10.1007/s41207-018-0085-6
https://doi.org/10.1007/s41207-018-0085-6
https://doi.org/10.1007/s13369-018-3073-x
https://doi/full/10.1080/15440478.2018.1555503
https://doi.org/10.21276/ijre.2018.5.5.1
https://doi/full/10.1080/15440478.2020.1739593
https://doi.org/10.3390/polym13213690
https://doi.org/10.15376/biores.6.2.1475-1483

Sana A. Muhamadali & Rzgar M. Abdalrahman Engineering and Technology Journal 43 (06) (2025) 469-486

[34] D. Paukszta, M. Szostak, and M. Rogacz, Mechanical Properties of Polypropylene Copolymers Composites Filled with
Rapeseed Straw, Polimery, 59 (2014) 165-169. https://doi.org/10.14314/polimery.2014.165

[35] R. Aguado, F. X. Espinach, F. Vilaseca, Q. Tarrés, P. Mutjé, and M. Delgado-Aguilar, Approaching a Zero-Waste Strategy
in Rapeseed (Brassica Napus) Exploitation: Sustainably Approaching Bio-Based Polyethylene Composites, Sustainability,
14 (2022) 7942. https://doi.org/10.3390/sul4137942

[36] Q. Zhang, Y. Ma, Z. Qi, C. Jia, Y. Yao, and D. Zhang, Optimisation on Uniformity and Compressibility of Rapeseed Straw
Cellulose Fiber Mixtures for Straw/Mineral Hybrid Natural Fiber Composite, Ind. Crops Prod., 189 (2022) 115852.
https://doi.org/10.1016/j.indcrop.2022.115852

[37] L. Lendvai, Lignocellulosic Agro-Residue/Polylactic Acid (PLA) Biocomposites: Rapeseed Straw as a Sustainable Filler,
Cleaner Mater., 9 (2023) 100196. https://doi.org/10.1016/j.clema.2023.100196

[38] M. Idicula, N. R. Neelakantan, Z. Oommen, K. Joseph, and S. Thomas, A Study of the Mechanical Properties of Randomly
Oriented Short Banana and Sisal Hybrid Fiber Reinforced Polyester Composites, J. Appl. Polym. Sci., 96 (2005) 1699-1709.
https://doi/10.1002/app.21636

[39] A. Onat, S. S. Pazarlioglu, E. Sancak, S. Ersoy, A. Beyit, and R. Erdem, Thermal and Mechanical Properties of Walnut
Shell and Glass Fiber Reinforced Thermoset Polyester Composites, Asian J. Chem., 25 (2013) 1947-1952.
https://doi.org/10.14233/ajchem.2013.13247

[40] P. Sabarinathan, K. Rajkumar, and A. Gnanavelbabu, Mechanical Properties of Almond Shell-Sugarcane Leaves Hybrid
Epoxy Polymer Composite, AMM, 852 (2016) 43-48. https://doi.org/10.4028/www.scientific.net/ AMM.852.43

[41] D. Chandramohan and A. J. Presin Kumar, Experimental Data on the Properties of Natural Fiber Particle Reinforced
Polymer Composite Material, Data in Brief, 13 (2017) 460-468. https://doi.org/10.1016/1.dib.2017.06.020

[42] P. Hiremath, M. Shettar, M. C. G. Shankar, and N. S. Mohan, Investigation on Effect of Egg Shell Powder on Mechanical
Properties of GFRP Composites, Mater. Today: Proceedings, 5 (2018) 3014-3018.
https://doi.org/10.1016/j.matpr.2018.01.101

[43] H. Essabir, M. O. Bensalah, D. Rodrigue, R. Bouhfid, and A. Qaiss, Structural, Mechanical and Thermal Properties of Bio-
Based Hybrid Composites from Waste Coir Residues: Fibers and Shell Particles, Mech. Mater., 93 (2016) 134-144.
https://doi.org/10.1016/j.mechmat.2015.10.018

[44] ASTM International, D20 Committee, Standard Test Method for Tensile Properties of Plastics, 2022.
http://www.astm.org/cgi-bin/resolver.cgi?D638-14

[45] ASTM International, Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical
Insulating Materials, 2017. https://doi.org/10.1520/D0790-17

[46] Standard Practice for Thermal Conductivity of Leather, ASTM D7340-07,2023.

[47] Manufacturer’s Data Sheet ESKIM ES-1060, [Online], Available: https://composite-
shop.ru/upload/iblock/354/354d34522£6561995¢1fadaal0bf0114.pdf

[48] F. A. Abbas and M. H. Alhamdo, Enhancing the Thermal Conductivity of Hot-Mix Asphalt, Results Eng., 17 (2023) 100827.
https://linkinghub.elsevier.com/retrieve/pii/S2590123022004972

[49] A. J. Al-Obaidi, S. J. Ahmed, and A. T. Abbas, Investigation The Mechanical Properties Of Epoxy Polymer By Adding
Natural Materials, J. Eng. Sci. Technol., 15 (2020) 2544-2558.

[50] A. Gharbi, R. B. Hassen, and S. Boufi, Composite Materials from Unsaturated Polyester Resin and Olive Nuts Residue:
The  Effect of  Silane  Treatment, Industrial ~ Crops and  Products, 62 (2014)  491-498.
https://doi.org/10.1016/j.indcrop.2014.09.024

[51] D. Mishra, J. Dehury, L. Rout, and A. Satapathy, The Effect of Particle Size, Mixing Conditions and Agglomerates on
Thermal Conductivity of BN-Polyester & Multi-Sized BN-Hybrid Composites for Use in Micro-Electronics, Materials
Today: Proceedings, 26 (2020) 3187-3192. https://doi.org/10.1016/j.matpr.2020.02.685

486


https://doi.org/10.14314/polimery.2014.165
https://doi.org/10.3390/su14137942
https://doi.org/10.1016/j.indcrop.2022.115852
https://doi.org/10.1016/j.clema.2023.100196
https://doi/10.1002/app.21636
https://doi.org/10.14233/ajchem.2013.13247
https://doi.org/10.4028/www.scientific.net/AMM.852.43
https://doi.org/10.1016/j.dib.2017.06.020
https://doi.org/10.1016/j.matpr.2018.01.101
https://doi.org/10.1016/j.mechmat.2015.10.018
http://www.astm.org/cgi-bin/resolver.cgi?D638-14
https://doi.org/10.1520/D0790-17
https://composite-shop.ru/upload/iblock/354/354d34522f6561995e1fadaa10bf0114.pdf
https://composite-shop.ru/upload/iblock/354/354d34522f6561995e1fadaa10bf0114.pdf
https://linkinghub.elsevier.com/retrieve/pii/S2590123022004972
https://doi.org/10.1016/j.indcrop.2014.09.024
https://doi.org/10.1016/j.matpr.2020.02.685

	1. Introduction
	2. Experimental work
	2.1 Materials preparation
	2.2 Test plan
	2.3 Specimen Preparation
	2.4 Tests and Inspections
	2.4.1 Mechanical tests
	2.4.2 Thermal properties test procedure


	3.  Results and discussion
	3.1  Mechanical test
	3.1.1 Tensile test
	3.1.2 Bending test

	3.2 Thermal conductivity
	3.3 SEM images analysis

	4. Conclusion
	Author contributions
	Funding
	Data availability statement
	Conflicts of interest
	References


