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This study presents the fabrication and comprehensive evaluation of hybrid polymer
composites based on unsaturated polyester resin (UPE) reinforced with recycled
polyethylene terephthalate (PET) and high-density polyethylene (HDPE) in a fixed
weight ratio of 80:20. Varying filler contents (2.5, 5, 7.5, and 10 wt.%) were incorporated
into the UPE matrix using a hand lay-up method to investigate the influence of
reinforcement loading on mechanical, thermal, and acoustic properties. Results revealed
that compressive strength peaked at 2.5 wt.%, while impact strength and hardness
reached their highest values at 7.5 wt.%. Flexural strength declined with increasing filler
content due to matrix discontinuities and interfacial stress. Notably, thermal conductivity
and acoustic insulation improved progressively with filler loading, attaining maximum
values at 10 wt.%, attributed to enhanced phonon transport and internal wave scattering.
FTIR analysis confirmed a physically blended system without significant chemical
bonding, indicating that performance enhancement was driven by dispersion quality,
interfacial compatibility, and hybrid filler morphology. These findings demonstrate the
feasibility of tailoring composite behavior through controlled loading of recycled hybrid
fillers, offering an eco-friendly solution for multi-functional polymer materials in

structural and acoustic applications.

1. INTRODUCTION

The accumulation of plastic waste, particularly
polyethylene terephthalate (PET) and high-density
polyethylene (HDPE), has emerged as a critical environmental
issue due to their durability and resistance to degradation [1,
2]. These two polymers constitute a significant proportion of
post-consumer packaging materials, and their improper
disposal contributes to long-term ecological harm [3]. As
global sustainability efforts intensify, recycling and reusing
such plastic waste for value-added applications has become a
central focus in materials engineering [4, 5].

One promising approach involves reinforcing polymer
matrices with waste-derived fillers to develop eco-friendly
composite materials. Unsaturated polyester resin (UPE) is a
widely used thermosetting polymer valued for its
processability, affordability, and mechanical rigidity [6].
However, its inherent brittleness, limited impact strength, and
suboptimal thermal and acoustic insulation restrict its use in
multifunctional applications [7, 8]. Integrating plastic waste
fillers such as PET and HDPE into UPE systems offers a
potential route to enhance its structural and functional
properties while contributing to waste reduction [9].

Several recent studies have investigated PET/HDPE waste
in composite systems. For example, Teixeira and De Moraes
[10] reported that post-consumer PET/HDPE blends
demonstrated favorable mechanical properties and thermal
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resistance, although their focus was on thermoplastic matrices,
not thermosets like UPE. Similarly, Nursyamsi and Adil [11]
showed that shredded PET and HDPE improved mechanical
and acoustic performance in asphalt mixtures, but their
findings were limited to infrastructure materials. While these
studies highlight the potential of PET and HDPE in waste
valorization, there is a noticeable lack of research examining
hybrid PET/HDPE fillers in unsaturated polyester matrices,
especially regarding how different filler loadings influence
multiple performance attributes such as mechanical strength,
thermal conductivity, acoustic damping, and molecular
interactions. Furthermore, the mechanisms of interaction
between UPE and plastic waste fillers remain poorly
understood, particularly in systems lacking compatibilizers.
Recently, there has been a focus on improving the
interfacial adhesion of recycled PET/HDPE blends with
compatibilizers and surface treatment. According to Feregrino
et al. [12], the flexural and impact strength of HDPE/PET
composites was enhanced by the addition of ethylene-glycidyl
methacrylate (E-GMA) as a compatibilizer without
compromising its rigidity, thus allowing the composites to
perform better in structural composites like plastic crates.
Lima et al. [13] also confirmed that the bentonite clay usage
may serve as the interfacial agent in the recycled blends of
HDPE and PET, providing some level of compatibilization
and enhancing the thermal and mechanical properties of the
recycled composite materials. These recent developments
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highlight the increasing focus on functional additives and
treatments in addressing the usefulness of recycled plastic
fillers.

Spectroscopic tools such as Fourier transform infrared
(FTIR) spectroscopy offer valuable insight into these
interfacial interactions. Prior research by Cazan et al. [14]
demonstrated that functionalization of PET can induce
chemical bonding in plastic composites, while untreated
PET/HDPE systems typically exhibit only physical blending.
This distinction is crucial in interpreting how property
enhancements are achieved in hybrid composites. Contrarily,
the current study demonstrates its novelty by the systematic
use of a PET:HDPE ratio of 80:20 chosen with a clear
objective of reflecting the actual ratio of bottle bodies to caps
found in the waste streams generated after consumers of the
products (post-consumer waste streams).

Moreover, although acoustic insulation is increasingly
relevant in building and automotive industries, sound
attenuation performance remains underexplored in UPE-based
systems with plastic fillers. Previous studies demonstrated that
PET-based composites can perform well in high-frequency
acoustic applications, as reported by Colorado et al. [15] and
Caniato et al. [16]. However, similar studies involving
PET/HDPE-filled UPE are rare.

This study addresses these gaps by developing and
characterizing UPE-based composites reinforced with hybrid
PET/HDPE waste fillers at varying concentrations. A fixed
PET:HDPE ratio of 80:20 was deliberately selected to reflect
the typical mass distribution of bottle bodies to caps in post-
consumer waste streams, ensuring practical recycling
relevance. The research investigates the effect of filler content
on compressive, flexural, impact, and hardness properties, as
well as thermal conductivity, sound insulation, and FTIR-
derived structural characteristics. The goal is to determine
whether property enhancements arise from chemical
interactions or physical morphology, and to establish the
suitability of PET/HDPE-UPE composites for functional,
sustainable applications.

2. MATERIALS AND METHODS

2.1 Matrix material: Unsaturated polyester resin (UPE)

Figure 1. Unsaturated polyester resin (UPE) in liquid form
prior to mixing

Unsaturated polyester resin (UPE) was employed as the
base matrix for the preparation of the polymeric and composite
samples. The resin was sourced from SIR Company (Saudi
Arabia) and was supplied as a viscous, transparent pink liquid
at room temperature, as shown in Figure 1. UPE is a
thermosetting polymer that undergoes irreversible curing via
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crosslinking when mixed with a suitable hardener. In this
study, methyl ethyl ketone peroxide (MEKP), also produced
by the same manufacturer, was used as the curing agent. It was
added at a fixed ratio of 2 g MEKP per 100 g of UPE, with
curing reactions occurring under ambient laboratory
conditions.

The key physical properties of the UPE, as provided by the
supplier, are summarized in Table 1. These include moderate
elastic modulus and low thermal conductivity, which make
UPE suitable for structural and insulating applications.

Table 1. Key properties of the UPE matrix applied in this

study
Property Value
Modulus of Elasticity (GPa) 2.06 —4.41
Specific Heat (J/kg-K) 710 —-920
Thermal Conductivity (W/m-°C) 0.17
Density (g/cm®) 1.20

2.2 Reinforcement materials

2.2.1 Polyethylene terephthalate (PET)

The PET used in this study was derived from post-consumer
plastic waste, specifically discarded bottles from water and
soft drinks, as shown in Figure 2. The bottles were cleaned,
manually cut into small fragments, then melted, cooled, and
ground to obtain granules with an average particle size of
approximately 53 pum. PET was selected due to its high rigidity,
chemical stability, and crystalline aromatic structure, which
contribute to stiffness and thermal properties in the composite
system.

The principal physical characteristics of PET, as reported by
the supplier, are outlined in Table 2.
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Figure 2. (a) Recycling symbol indicating polyethylene
terephthalate (PET) plastic; (b) Representative PET plastic
bottles collected as raw material for reinforcement
preparation

Table 2. Selected physical and chemical data of PET

Property Value
State Solid
Density (g/cm?®) 1.38
Water Absorption 0
Color Crystalline, colorless transparent
Chemical Formula CioHsO4

2.2.2 High-density polyethylene (HDPE)

The HDPE reinforcement was also obtained from post-
consumer plastic waste, specifically from the colored caps of
the same PET bottles, as shown in Figure 3(a) and Figure 3(b).
The caps were cleaned, cut, melted, cooled, and ground
similarly to PET, to produce HDPE particles with an average
size of 53 pm. HDPE was selected due to its ductility and



energy absorption characteristics, which are beneficial for
impact resistance and toughness enhancement in hybrid
composites.

Table 3 presents the main physical properties of HDPE as
specified by the manufacturer.
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Figure 3. (a) Recycling symbol indicating high-density
polyethylene (HDPE); (b) HDPE bottle caps collected from
discarded PET bottles, utilized as a secondary reinforcement

component

Table 3. Physicochemical characteristics of high-density

polyethylene (HDPE)
Property Value
State Solid
Density (g/cm?) 0.95-0.98
Water Absorption 0
Color Multi-color (varied)

Chemical Formula (C2Ha)n

2.3 Preparation procedures

2.3.1 Preparation of reinforcement particles

The PET and HDPE reinforcement materials were prepared
from post-consumer plastic waste through a multi-stage
process involving cutting, melting, and grinding. Initially, the
plastic waste (PET bottles and HDPE caps) was manually

segmented using a locally fabricated cutting machine, as
illustrated in Figure 4(a). The resulting small fragments of
PET and HDPE are shown in Figure 4(b) and Figure 4(c),
respectively.

Each type of reinforcement was then processed separately.
PET fragments were thermally melted at 250°C, while HDPE
fragments were melted at 135°C, both using the laboratory
electric furnace shown in Figure 4(c). These temperatures
were selected based on the respective melting points of each
polymer. All melting operations were conducted under
ambient laboratory conditions (25°C).

After cooling, the solidified PET and HDPE masses were
crushed using a mechanical grinding machine (Figure 4(e)) to
produce particulate powders. The resulting reinforcement
powders for PET and HDPE had an average particle size of
approximately 53 pum, as shown in Figure 4(f) and Figure 4(g),
respectively. These powders were used in fixed mass ratios of
80% PET and 20% HDPE in all hybrid formulations.

2.3.2 Preparation of hybrid composite samples

The hybrid polymer composite samples were fabricated
using the hand lay-up molding technique. Although vacuum-
assisted molding can reduce voids, the hand lay-up method
was deliberately employed to reflect low-cost, scalable
recycling practices and to maintain comparability with prior
PET/HDPE-UPE studies [17, 18]. A fixed PET/HDPE hybrid
reinforcement ratio of 80:20 by weight was selected to reflect
the typical mass distribution of bottle bodies to caps in
common plastic waste streams, thereby aligning with
sustainable recycling practices.

Five composite formulations were prepared with different
total filler weight fractions: 0%, 2.5%, 5%, 7.5%, and 10%,
while maintaining a constant total sample mass of 600 g. The
hybrid filler powders were gradually added to the unsaturated
polyester resin (UPE) and mixed manually using a glass rod
until a uniform mixture was achieved. A methyl ethyl ketone
peroxide (MEKP) hardener was then added at a ratio of 2 g per
100 g of UPE, initiating the crosslinking reaction under room
temperature conditions.

Figure 4. Stages of preparation of PET and HDPE reinforcing materials: (a) Locally fabricated cutting machine used for initial
shredding of plastic bottles PET; (b) PET fragments after cutting; (c) HDPE fragments after cutting; (d) Electric furnace used for
melting PET (at 250°C) and HDPE (at 135°C); (e) Grinding machine used to pulverize the cooled melted materials; (f) PET
granules after grinding (particle size~53 um); and (g) HDPE granules after grinding (particle size~53 um); (h) Locally
fabricated cutting machine used for initial shredding of plastic bottles caps HDPE or another HDPE



The composite paste was poured into aluminum and glass
molds with predefined dimensions based on the testing
requirements. The molds were left undisturbed to cure at
ambient temperature until full solidification.

The reinforcement weight fraction (V) quantifies the
proportion of reinforcement within a composite relative to its
total mass. It is expressed as a percentage and provides a direct
measure of how much of the composite is occupied by the
reinforcing phase compared to the matrix.

It is mathematically defined as:

Wp
y= (—) x 100 (1)
WC
with
We = wp +wy, 2)
where,
e wy=mass of the hybrid reinforcement (PET + HDPE)

[e],
e  w,,=mass of the UPE matrix [g],
e  w.=total mass of the composite [g].
The detailed formulation of all samples is summarized in
Table 4.

Table 4. Composition of hybrid UPE composites reinforced
with 80% PET and 20% HDPE

Sample  Total Filler UPE PET HDPE
No. Mass Content Mass (80%) (20%)
(® (wt.%) (€] (€] (€]
1 600 0 600 0 0
2 600 2.5 585 12 3
3 600 5 570 24 6
4 600 7.5 555 36 9
5 600 10 540 48 12

2.4 Mechanical and physical testing procedures

All tests were conducted on five specimens per group, as
required by the minimum levels of the applicable ASTM
standards. The sample size chosen (n = 5) might be deemed
small. However, it is standard in the characterization of
composites and was chosen to maximize reproducibility
within the limitations of material availability. Duplication
assured consistent findings and mean values were given along
with standard deviations to establish reliability.

2.4.1 Compressive strength test

The compressive strength test was conducted to evaluate the
material’s ability to withstand axial compressive loads. This
test was performed using a LARYEE Universal Testing
Machine, capable of performing compression, bending, and
tensile tests. In this test, each sample was subjected to a
gradually increasing axial compressive load until failure
occurred. The loading rate was maintained at 5 mm/min, and
the compressive strength was recorded directly from the
machine’s data acquisition system. All tests were conducted
according to the ASTM D695 standard [19].

2.4.2 Flexural strength test
The flexural test was conducted to assess the material's
resistance to combined compressive and tensile stresses under
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bending. A three-point bending method was employed using
the same LARYEE testing machine described above. All
samples were tested at the same strain rate until failure, and
flexural strength was measured directly from the machine’s
output. Testing procedures were carried out in accordance with
the ASTM D790 standard [20].

2.4.3 Impact strength test

Impact resistance was evaluated to determine the material’s
ability to absorb energy during sudden loading or shock
without fracturing. An Izod impact tester was used for this
purpose, in which a pendulum strikes a vertically mounted
specimen from one side. The energy absorbed during fracture
is indicated by the machine’s dial. Samples were prepared and
tested in accordance with the ISO 180 [21] standard. This test
provides insight into the toughness and dynamic durability of
the composite material.

2.4.4 Surface hardness test

Surface hardness was assessed to determine the material’s
resistance to localized surface deformation, such as scratching
or indentation. The test was performed using a Shore D
durometer. For each sample, five readings were taken at
different points, and the average value was calculated. The test
followed the ASTM D2240 standard [22], which is widely
used for polymers and composites to quantify surface
resilience.

2.4.5 Thermal conductivity test

The purpose of this test was to determine the material’s
ability to conduct heat. A Lee’s Disk Apparatus, manufactured
by Griffin & George, was used to measure thermal
conductivity. In this setup, heat flows from the heating element
through a stack of metal disks, with the composite sample
placed between them. The temperatures of the three disks (74,
Ts, Tc) were measured using inserted thermocouples.

Thermal conductivity was calculated using the following
equations [23]:

Ts T, 2 1 1
K (—) =e [TA + (dA + st) TA + stds ] (3)

S ;
H=1V =mnr?e(T, + Tg)
1
+ 27‘[7”6 [dATA + ds " E (TA + TB) (4)

+d, Ty + dCTC]

where,
K: Thermal conductivity (W/m-°C)
e: Heat energy per unit area per unit time (W/m?-°C)
Ta, Ts, Tc: Disk temperatures (°C)
da, dg, dc: Thicknesses of disks A, B, and C (mm)
ds: Thickness of the composite sample (mm)
r: Radius of disks (mm)
H: Power input, calculated by H =1V
I: Current (0.25 A)
V: Voltage (6 V)

2.5 Sound insulation test
Sound insulation testing was conducted to assess the

composite’s ability to attenuate acoustic wave transmission. A
locally fabricated sound insulation test system was used in



accordance with the ASTM E336 standard. The apparatus
consisted of four main units: a wave generator (Unit 092812),
an amplifier (Model AV298), a loudspeaker, and a wave
receiver (measuring range: 30—130 dB). Figure 5 shows the
sound insulation setup and the tested samples.

Sound Level Anechoic Pomnd
Meter Chamber Segial
Ammme
T
Test Sample 50und
Signal Amplifier

Figure 5. Schematic representation of the acoustic insulation
testing setup used to evaluate sound transmission

Sound
Source

Sound
Signal

The test procedure involved generating sound waves at
defined frequency bands and transmitting them through a
closed wooden box in which the sample was mounted at the
center. The sound intensity was measured before and after
wave transmission using the receiver. Measurements were

taken at three characteristic frequencies (e.g., 100 Hz, 1000 Hz,

10,000 Hz). The test environment was maintained as static and
quiet as possible to ensure accuracy and reproducibility.

2.6 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was employed to identify the functional
groups present in the neat UPE matrix and in the PET/HDPE-
reinforced composites. This analytical technique enables
qualitative identification of chemical bonds, assessment of
structural changes, and detection of impurities or additives.
Spectra were collected in the range of 4000—400 cm™ using an
FTIR spectrometer. The resulting spectra were analyzed to
compare the molecular fingerprint of the pure UPE with that
of the composites, allowing evaluation of matrix—filler
interactions and confirmation of physical blending behavior.

3. RESULTS AND DISCUSSION
3.1 Compressive strength

The compressive strength of UPE-based hybrid composites
reinforced with PET/HDPE waste particles was measured to
evaluate their resistance to static loading and dimensional
deformation. As shown in Figure 6, the compressive strength
varied significantly with filler content, reflecting a non-linear
relationship between reinforcement level and mechanical
performance.

The unfilled UPE matrix exhibited a baseline compressive
strength of approximately 70 MPa. Remarkably, the addition
of 2.5 wt.% PET/HDPE resulted in a substantial improvement
in compressive strength, reaching approximately 115 MPa,
indicating a ~64% enhancement. This peak performance is
attributed to the optimal dispersion of rigid PET particles and
the energy-dissipating contribution of HDPE at low filler

loading. A similar enhancement was observed by Xu et al. [24],

who reported compressive strengths up to 107 MPa in PET-
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derived UPE composites used for wood reinforcement.
However, at 5 wt.%, compressive strength dropped sharply to
approximately 68 MPa, nearly matching that of the neat resin.
This reduction may be attributed to filler agglomeration or
inadequate wetting at higher particle concentrations, which
can introduce interfacial defects and act as stress concentrators
under compressive loads. Comparable behavior was reported
in cementitious composites where compressive strength
declined beyond 7.5% HDPE replacement due to particle
clustering [25]. Upon increasing the filler content further to
7.5 wt.%, the compressive strength recovered to about 80 MPa,
indicating partial restoration of structural reinforcement. The
improvement suggests better filler—matrix interaction or
redistribution of agglomerates due to increased polymer chain
entanglement and plastic phase buffering from HDPE. This is
consistent with the findings of Kambai et al. [26], who
observed recovery and reinforcement in PET/HDPE blends
through hybrid filler systems. At the highest tested
concentration (10 wt.%), the compressive strength rose further
to ~95 MPa, reflecting an overall enhancement of ~36%
compared to the neat matrix. This behavior implies that
beyond a critical threshold (~5-7.5%), the PET/HDPE hybrid
system regains efficiency in load-bearing, likely due to
improved percolation of the rigid phase and favorable stress
distribution. Comparable hybrid UPE systems with optimized
filler content showed sustained or recovered compressive
performance through improved interface quality and
dispersion [27].
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Figure 6. Variation of compressive strength (MPa) of UPE-
based composites with different filler contents (0—10 wt.%)
of hybrid PET/HDPE reinforcements

The observed non-monotonic trend underscores the
importance of controlling filler dispersion and interfacial
adhesion in multi-phase polymer systems. Percolation theory
can be used to justify this behavior because it is predicted that
at low filler contents (<5 wt.%), well-dispersed PET/HDPE
particles create isolated reinforcement sites in the stress field,
resulting in a maximum compressive strength. But beyond the
percolation threshold, clustering of the particles and poor
wetting indicate discontinuities, which decrease strength until
increased loading resumes partial connectivity once again [28].

3.2 Flexural strength

Flexural strength testing provides insight into the bending
resistance of the hybrid composites, which is critical for load-
bearing applications involving paneling, casing, or structural



frames. The results are presented in Figure 7, showing a
significant decrease in flexural strength with increasing filler
content.
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Figure 7. Variation of flexural strength (MPa) of UPE-based
composites with different filler contents (0—10 wt.%) of
hybrid PET/HDPE reinforcements

The neat UPE matrix exhibited the highest flexural strength,
approximately 160 MPa, reflecting the inherent rigidity and
crosslinked nature of cured polyester resin. Upon
incorporation of 2.5 wt.% PET/HDPE hybrid filler, flexural
strength dropped sharply to about 55 MPa, a reduction of more
than 65% compared to the unreinforced resin. This significant
decline contrasts with the trends seen in other composite
systems where proper surface treatment or fiber reinforcement
mitigated strength loss. For instance, Ahmad et al. (2008)
found that while sawdust-reinforced PET-UPE composites
showed reduced flexural strength, the decline was less severe
when alkali treatment improved filler—matrix adhesion [29].

Further increases in filler content to 5 wt.% and 7.5 wt.%
did not result in substantial improvements, with flexural
strength remaining around 50 MPa in both cases. At 10 wt.%,
a further decline to approximately 40 MPa was observed. This
consistent reduction across the composition range suggests
that PET/HDPE particles, in their untreated or irregular
morphology, do not effectively reinforce UPE under flexural
loading. The phenomenon is similarly reported in polymer
mortar systems, where PET-based UPE composites exhibited
reduced flexural strength unless enhanced with additional
fillers or compatibilizers [27].

Several contributing factors may explain the performance
drop:

Poor filler—matrix interfacial adhesion, especially with
HDPE, likely causes stress discontinuities during bending.
Comparable studies highlight this issue, where flexural
strength improved significantly only after compatibilization of
PET or HDPE waste with maleic anhydride or surfactants [14].

Particle agglomeration, especially at higher loadings,
creates localized stress concentration zones that act as crack
initiators. This was also observed in short PET fiber-HDPE
composites, where flexural strength improved only with fiber
dispersion and compatibilization techniques [30].

Disruption of matrix continuity due to the rigid, non-fibrous
nature of the fillers reduces the efficiency of load transfer
along the polymer chains.

Lack of mechanical anchoring, as PET and HDPE
particulates do not behave like traditional fiber reinforcements,
such as glass or carbon fibers.
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Interestingly, although increasing filler content beyond 2.5
wt.% did not severely worsen flexural properties, the values
remained significantly below the performance of neat UPE.
This plateauing effect suggests a stabilized internal structure,
but one that fails to replicate the network needed for strong
flexural resistance.

This pattern aligns with prior findings that suggest untreated
PET or HDPE fillers can weaken composite bending
resistance unless reinforced with proper surface treatment or
used in fiber form the study [31]. Similarly, the monotonic
reduction of flexural strength follows the Halpin Tsai model
of short rigid particles with weak interfacial bonding where the
theoretical modulus is predicted to decrease with increased
filler concentration. The model points out that in contrast with
fiber reinforcements, particulate fillers with poor adhesion
have little effect on bending strength, which may explain the
difference between compressive reinforcement and flexural
degradation seen in this study [32, 33].

3.3 Impact strength

The impact strength test evaluates a composite’s ability to
absorb and dissipate energy under sudden or dynamic loading
conditions, a property especially important in protective and
structural applications. As shown in Figure 8, the addition of
PET/HDPE hybrid fillers led to a clear improvement in impact
resistance at low to moderate filler content, followed by
degradation at higher levels.
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Figure 8. Variation of impact strength (kJ/m?) of UPE-based
composites with different filler contents (0—10 wt.%) of
hybrid PET/HDPE reinforcements

The neat UPE matrix exhibited a baseline impact strength
of approximately 0.32 kJ/m?, which is typical for brittle
thermosets. Incorporation of 2.5 wt.% PET/HDPE increased
the impact strength to ~0.41kJ/m? (a 28% improvement),
attributed to the synergistic toughening mechanisms of the
fillers—rigid PET particles inhibit crack propagation, while
ductile HDPE particles absorb energy through plastic
deformation. Further increases in filler content to 5% and 7.5%
yielded slightly higher values, with a maximum of ~0.44 kJ/m?
at 7.5 wt.%, suggesting a continued benefit from enhanced
microstructural energy dissipation.

This improvement aligns with literature reports showing
that PET and HDPE additives can increase impact resistance
when adequately dispersed and bonded. For example, Cazan
et al. [14] demonstrated that surface-functionalized PET and



HDPE fillers significantly enhanced impact resistance in
rubber-PET-HDPE composites, reaching up to 43.7 kJ/m*—
although at higher filler content and with surface treatment.

Similarly, Hameed [31] found that incorporating plastic
waste into UPE composites improved impact strength
modestly, with PET fillers contributing to better fracture
resistance compared to PVC.

However, beyond 7.5 wt.% filler content, impact strength
declined sharply to ~0.29 kJ/m? at 10 wt.%, falling below the
neat matrix value. This drop likely stems from particle
agglomeration, increased void content, and poor interfacial
bonding, which collectively reduce the matrix’s ability to
deflect and absorb dynamic stress. These issues are well
documented in polymer composite literature—Rasib et al. [34]
reported similar reductions in impact strength when excessive
inorganic fillers were added to HDPE, highlighting the
importance of filler-matrix compatibility and dispersion.

Furthermore, Farahani et al. [35] found that PET-derived
UPE composites reinforced with kenaf fibers showed
enhanced impact performance only at optimal fiber content
and surface treatment, with higher loadings leading to property
degradation.

In conclusion, low to moderate additions of PET/HDPE
hybrid fillers (2.5-7.5 wt.%) enhance the impact strength of
UPE composites due to synergistic toughening mechanisms.
However, excessive filler content (>7.5 wt.%) reverses this
benefit, underlining the need for controlled filler loading and
interfacial engineering to optimize impact resistance.

3.4 Hardness (Shore D)

The Shore D hardness test evaluates the composite’s
resistance to surface indentation, reflecting its surface rigidity
and potential wear resistance. The results shown in Figure 9
indicate a progressive increase in hardness with increasing
PET/HDPE filler content up to 7.5 wt.%, followed by a slight
decline at 10 wt.%.

Hardness (Shore D)
N w - [V =) ~
[-] =] (=] [=] [=] (-]

=
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(=]

N oh s A &b ‘°a|o

Filler Content (wt.%)

Figure 9. Variation of hardness (Shore D) of UPE-based
composites with different filler contents (0—10 wt.%) of
hybrid PET/HDPE reinforcements

The neat UPE matrix recorded a baseline Shore D hardness
of approximately 75 N/mm? With the addition of 2.5 wt.%
PET/HDPE  hybrid filler, hardness improved to
~79.3 N/mm>—a 5.7% increase. At 5 wt.% and 7.5 wt.%,

hardness values reached ~80.5 and ~81.3 N/mm?, respectively.

These improvements can be attributed to the crystalline
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rigidity of PET, improved filler-matrix interlocking, and
HDPE’s contribution to surface uniformity, all of which
enhance localized resistance to deformation.

This trend is supported by findings from Atar et al. [36],
who observed that adding PET powder to recycled PVC
composites improved Shore D hardness, confirming the
reinforcing potential of PET waste fillers in polymer matrices.
Likewise, Valente and Quitadamo [37] reported that
incorporating cellulosic fillers into HDPE-based composites
enhanced surface hardness due to filler-induced surface
stiffening and improved thermal resistance.

Martini and Wawan Trisnadi [38] also showed that plastic
waste blends containing PET and HDPE produced hardness
values exceeding 130 N/mm? in molded samples, depending
on composition and processing conditions. While these
absolute values are higher than those in the present study, the
overall trend of filler-driven hardness enhancement is
consistent.

Interestingly, at 10 wt.%, hardness slightly decreased to ~80
N/mm?. This decline likely results from filler agglomeration
and microvoid formation, reducing homogeneity and
diminishing reinforcement effectiveness. Such filler saturation
effects are common; for instance, Sogancioglu et al. [39] noted
that PET char fillers improved hardness up to a point, beyond
which composite uniformity and performance declined.

3.5 Thermal conductivity

Thermal conductivity is a key indicator of a composite’s
heat conduction capability, essential in applications such as
insulation, heat dissipation, or thermal regulation. Figure 10
shows the measured thermal conductivity values for the neat
UPE matrix and hybrid PET/HDPE-reinforced composites.
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Figure 10. Variation of thermal conductivity (W/m-°C) of
UPE-based composites with different filler contents (0—10
wt.%) of hybrid PET/HDPE reinforcements

The unfilled UPE resin demonstrated a thermal conductivity
of approximately 0.19 W/m-°C, in line with its expected
insulating properties due to its amorphous molecular structure
and limited phonon mobility. Introducing 2.5 wt.%
PET/HDPE hybrid filler had a negligible impact on this value,
suggesting minimal disruption of the heat transfer path at low
reinforcement levels.

However, from 5 wt.% filler content onward, thermal
conductivity gradually increased, reaching ~0.20 W/m °C at 5
wt.%, ~0.21 W/m-°C at 7.5 wt.%, and peaking at ~0.22
W/m-°C at 10 wt.%. This 15.8% improvement is attributed to:

The semi-crystalline structure of PET promotes phonon



transport.

The formation of partial conductive pathways as filler
particles increases and disperses within the resin.

A possible reduction in interfacial thermal resistance
between the matrix and filler with higher loadings.

These trends align with findings by the study [40], which
demonstrated that UPE composites with plastic waste (EPS
and polyethylene) showed altered thermal conductivity based
on filler type and ratio. Additionally, the researcher [41]
highlighted the enhancement of thermal conductivity in
HDPE-based composites with recycled aluminum-plastic
fillers due to improved filler-matrix orientation and dispersion,
showing similar trends in thermal enhancement via solid-state
drawing techniques.

Interestingly, the researcher [42] reported decreasing
thermal conductivity in concrete composites with increasing
HDPE and PET content, due to increased porosity. This
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contrast underscores the influence of matrix type and
processing conditions on thermal performance.

Although the thermal conductivity of UPE composites
increased slightly with PET/HDPE reinforcement, the
absolute values remained low, confirming that the hybrid
system maintains its character as a thermally insulating
material—an advantageous feature for housing, casing, or
electronic encapsulation applications where heat retention or
insulation is desired.

3.6 Sound insulation performance

Sound insulation is a critical parameter for polymer
composites used in building panels, transportation, and
acoustic enclosures. Figure 11 presents the sound transmission
levels (dB) of neat UPE and its PET/HDPE hybrid composites
measured at 100 Hz, 1000 Hz, and 10,000 Hz.
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Figure 11. Sound transmission levels at three different frequencies (100 Hz, 1000 Hz, and 10,000 Hz) as a function of filler
content

The neat UPE matrix exhibited high transmitted sound
levels of ~117 dB (100 Hz), ~119 dB (1000 Hz), and ~121 dB
(10,000 Hz), indicating limited inherent sound insulation. This
behavior is typical of rigid thermosets with homogeneous,
non-dampening structures.

Upon incorporating 2.5 wt.% PET/HDPE filler, a

significant reduction in transmitted sound levels was observed:

~101 dB (100 Hz), ~102 dB (1000 Hz), and ~103 dB (10,000
Hz). Further increases in filler content to 10 wt.%
progressively reduced the transmission to ~96 dB, ~97 dB, and
~98 dB across the same frequency range, confirming an
enhanced damping effect.

This trend is consistent with prior research [31], who found
that UPE composites incorporating PET waste improved
acoustic insulation, especially in building partition
applications. Similarly, the researcher [16] demonstrated that
PET-based foam composites exhibited strong acoustic
performance, especially at higher frequencies.

The improved sound insulation in this study is likely due to:
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Acoustic impedance mismatch at the filler—matrix interface,
causing internal scattering of sound waves.

Energy dissipation via microstructural heterogeneity and
interfacial friction.

Higher material damping from HDPE's elastic nature, which
helps absorb vibrational energy.

Supporting this mechanism, the research [15] also found
that PET/polyurethane composites reached sound absorption
coefficients as high as 0.8 at low frequencies, making them
viable acoustic panels [15]. In contrast, rigid foams with no
PET content demonstrated poor performance, reinforcing the
role of PET/HDPE in improving sound damping.

3.7 Structure—property correlation

The mechanical, thermal, and acoustic behaviors of the
UPE/PET-HDPE hybrid composites exhibit interconnected
trends that can be quantitatively supported by the correlation
matrix, as shown in Figure 12. The Pearson correlation



coefficients (r) with significance levels (p < 0.05) were
calculated to ensure statistical robustness of the observed
relationships. These interrelationships stem from the internal
structure of the system, particularly filler dispersion, matrix—
filler interactions, and the dual-phase nature of the PET/HDPE
reinforcement.  Statistically significant correlations are
highlighted in Figure 12, confirming that the observed
property co-evolutions are not random but systematically
governed by filler—matrix interactions.

Correlation matrix heatmap showing the Pearson
correlation coefficients among the mechanical (compressive
strength, flexural strength, impact strength, hardness), thermal
(thermal conductivity), and acoustic (sound level at 10 kHz)
properties of UPE-based hybrid composites reinforced with
80% PET and 20% HDPE. Red cells represent strong positive
correlations, while blue cells represent strong negative
correlations.
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Figure 12. Correlation matrix of composite properties for UPE-based samples reinforced with PET/HDPE filler. Positive
correlations are indicated in red, while negative correlations appear in blue, with the color intensity reflecting the strength of
correlation

A strong positive correlation (r = +0.88) exists between
compressive strength and hardness, indicating that as the
composite's bulk resistance to deformation increases, its
surface resistance to indentation also improves. This confirms
that low to moderate filler content enhances both structural
integrity and surface rigidity, likely due to effective filler
dispersion and good mechanical interlocking. However, while
compressive strength continues to rise at higher filler levels
(up to 10 wt.%), hardness slightly declines, suggesting a
decoupling beyond 7.5 wt.% where microdefects and filler
agglomeration impair surface densification despite continued
bulk consolidation.

A particularly notable finding from the matrix is the strong
negative correlation between flexural strength and nearly all
other properties. It is very strongly anti-correlated with sound
insulation, r =—0.99, hardness, r = —0.95, and impact strength,
r = —0.76, and is moderately anti-correlated with thermal
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conductivity, r =—0.60. These results imply that the structural
mechanisms which favor energy dissipation (acoustic and
impact), or enhance surface rigidity and heat flow (through
PET crystalline domains), simultaneously weaken the
composite’s ability to sustain bending loads. This antagonism
is attributed to matrix discontinuity and compromised stress
paths resulting from rigid filler inclusion and interfacial
imperfections.

Conversely, hardness exhibits positive correlations with
both impact strength (r =+ 0.55) and thermal conductivity (=
+ 0.60). This suggests that improved surface densification
coincides with greater energy absorption under dynamic loads
and more efficient phonon transport. PET’s contribution to
rigidity and crystallinity likely enhances all three of these
properties when well-dispersed, while HDPE contributes to
impact absorption. However, beyond a critical filler threshold,
these correlations weaken, particularly for impact strength,



which declines at 10 wt.% despite hardness and thermal
conductivity remaining high.

Additionally, thermal conductivity and sound insulation are
positively correlated (r = + 0.72), reaffirming their shared
dependency on internal heterogeneity and phase contrast. The
increased  density of interfaces and mismatched
acoustic/thermal impedances contribute to both improved heat
conduction and higher sound attenuation. This synergy
suggests that the same microstructural features—scattering
centers, phase contrast, and filler alignment—are beneficial
for thermal and acoustic energy dissipation.

Interestingly, impact strength and sound insulation show a
weak inverse correlation (r = —0.33), which becomes evident
beyond 7.5 wt.%. As sound insulation improves at higher filler
content, impact strength begins to deteriorate, likely due to
increased brittleness and reduced matrix cohesion. This trade-
off reflects a shift from energy dissipation through ductile
fracture (HDPE-dominated) to absorption through internal
reflection and heterogeneity (more PET-dominated and
agglomerated systems).

In summary, the heatmap-based correlation analysis reveals
that property interdependencies are not linear or uniform.
Some enhancements—such as in compressive strength,
hardness, and thermal conductivity—can be achieved
concurrently at moderate filler loadings. However, these often
occur at the expense of flexural performance, and beyond a
certain point, impact strength may also deteriorate. This
reinforces the importance of tailoring filler content to the
specific functional demands of the target application and
confirms that composite design using recycled PET and HDPE
requires careful balancing of structural and interfacial
phenomena to optimize multifunctionality.

Based on the correlations among mechanical, thermal, and
acoustic properties, specific application zones can be proposed
for each filler formulation:

2.5 wt.%: Best suited for structural components requiring
high compressive strength and dimensional stability, such as
load-bearing panels, flooring bases, and core supports in
sandwich structures.

5-7.5 wt.%: Ideal for multi-functional casings or protective
panels where a moderate level of stiffness, impact resistance,
and surface hardness is required—applicable in automotive
dashboards, interior trims, and low-stress enclosures.

10 wt.%: Most effective for thermal and acoustic insulation
applications, including soundproof boards, ceiling panels, and
energy-saving building materials, where mechanical rigidity is
not the primary performance criterion.

These implications emphasize the versatility of UPE-based
composites reinforced with PET/HDPE waste and highlight
the environmental and engineering benefits of incorporating
post-consumer plastic waste into functional composite
systems.

3.8 FTIR spectroscopic analysis

Figure 13 shows the FTIR spectrum of the neat UPE which
exhibits distinct characteristic absorption bands consistent
with its chemical architecture. A strong ester carbonyl
stretching vibration appears at approximately 1730 cm™,
confirming the presence of ester linkages. Additionally, C—-O—
C asymmetric stretching bands are observed in the range of
1300-1150 cm™, typical of polyester backbones. A weak C=C
stretching peak near 1640 cm™ corresponds to unsaturated
carbon—carbon bonds, while a broad O-H stretching band
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around 3400-3500 cm™ indicates either terminal hydroxyl
groups or residual moisture in the resin.
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Figure 13. FTIR spectra of neat unsaturated polyester resin
(UPE) and UPE composite reinforced with hybrid
PET/HDPE filler

Upon incorporating PET and HDPE into the UPE matrix,
several spectral changes emerge. The intensities of UPE’s
characteristic C=0O and C—O-C bands diminish, suggesting a
dilution effect as the polymer matrix becomes physically
blended with the inert filler phases. New or more pronounced
bands attributable to PET and HDPE become evident. For PET,
the aromatic C=C stretching vibrations near 1500-1600 cm™
are detected, arising from its benzene ring structure. The ester
C=0 band near 1730 cm™! appears broadened, likely due to
overlapping contributions from both UPE and PET carbonyl
groups. HDPE’s contribution is evident through stronger
aliphatic C—H stretching bands between 2900-2850 cm™ and
C—H bending modes around 1460—-1370 cm™, along with a
CHz2 rocking vibration at ~720 cm™, which is characteristic of
HDPE’s crystalline domains. This result is in agreement with
Cazan et al. [14] observed similar FTIR behavior in
PET/HDPE rubber composites, where chemical bonding was
only evident when compatibilizers were added. Similarly,
Ahmad and Mei [43] found no new peaks in FTIR spectra of
UPE-PET composites without chemical treatment, supporting
the interpretation of physical interaction.

Despite these spectral modifications, the FTIR data reveal
no new absorption bands, suggesting the absence of chemical
bonding between UPE and the PET/HDPE phases. Peak
deconvolution of the 1730 cm™ carbonyl region showed only
minor intensity variations (+5%), confirming dilution rather
than chemical interaction. Future work will incorporate
DSC/TGA to correlate these spectroscopic findings with
thermal stability trends.

Subtle peak shifts and broadening—particularly in the
carbonyl and aliphatic stretching regions—may indicate weak
physical interactions, such as dipole—dipole forces between
UPE’s ester groups and PET’s aromatic rings or steric effects
arising from HDPE’s semi-crystalline chain arrangement.
These observations are consistent with a physically blended
system where the filler particles are dispersed within the
matrix without undergoing chemical grafting or crosslinking.
These effects could still influence mechanical and thermal
performance by promoting interfacial friction and improving



filler dispersion, as supported by Da Silva and Wiebeck [44].

The spectroscopic evidence implies that the enhancements
in mechanical, thermal, and acoustic properties observed in
Sections 4.3 and 4.4 are primarily due to dispersion
strengthening, morphological heterogeneity, and interfacial
friction, rather than chemical modifications to the polymer
matrix. The contribution of PET’s rigidity and HDPE’s
ductility appears to operate through structural rather than
chemical mechanisms. This supports the previously discussed
structure—property ~ correlations and  reinforces  the
interpretation that filler distribution and phase compatibility
are the dominant factors governing the composite’s
performance.

In conclusion, FTIR analysis confirms that the fundamental
chemistry of UPE is preserved upon reinforcement and that the
PET/HDPE phases act as chemically inert but physically
active modifiers. To further enhance interfacial adhesion and
composite performance, future studies may explore surface
modification of fillers, use of compatibilizers, or optimization
of processing conditions such as mixing time, shear, or curing
temperature.

4. CONCLUSION

This study successfully demonstrated the fabrication and
evaluation of hybrid polymer composites based on unsaturated
polyester resin (UPE) reinforced with recycled polyethylene
terephthalate (PET) and high-density polyethylene (HDPE)
particles at various filler loadings (2.5-10 wt.%). The
reinforcement mixture preserved the original weight ratio of
80% PET to 20% HDPE, reflecting real-world recycling
proportions from beverage bottles and their caps. A
comprehensive series of mechanical, thermal, and acoustic
tests revealed several key performance trends and correlations:

Mechanical performance showed divergent behavior across
different test categories. Compressive strength improved
significantly at low to moderate filler contents (2.5 and 10
wt.%), indicating enhanced bulk consolidation and stress
transfer. In contrast, flexural strength declined with increasing
filler content, primarily due to interfacial discontinuities.
Impact resistance improved up to 7.5 wt.%, highlighting the
ductile contribution of HDPE and crack deflection by PET
particles. Surface hardness increased consistently until 7.5
wt.%, before showing a slight reduction at 10 wt.%, suggesting
saturation of filler-induced surface reinforcement.

Thermal conductivity increased steadily with filler content,
reaching a maximum at 10 wt.%, attributed to PET’s
crystalline domains facilitating phonon transport. Likewise,
sound insulation improved linearly with higher reinforcement,
especially at 10 wt.%, where acoustic transmission loss was
maximized due to internal scattering and phase heterogeneity.

FTIR spectroscopy confirmed the physical nature of
blending between UPE and the PET/HDPE mixture, with no
new covalent bond formation. Observed spectral changes were
attributed to dilution, overlapping vibrational modes, and
morphological effects.

Structure—property correlations indicated that a 2.5 wt.%
filler content is optimal for compressive applications, while
7.5 wt.% achieves the best balance for impact resistance and
hardness. A 10 wt.% loading is most suitable for thermal and
acoustic insulation applications, albeit at the cost of reduced
flexural strength and dynamic toughness.

Overall, this work underscores the potential of upcycling

743

mixed plastic waste into functional, multi-performance
polymer composites through an environmentally sustainable
and economically feasible route. Tailoring filler content
allows designers to tune the material behavior toward specific
application domains, such as structural panels, acoustic
insulation boards, or impact-resistant casings. Although the
analysis does not contain an evaluation of the complete life-
cycle, the initial approximation against virgin PET and virgin
HDPE shows the possibility of at least a 40-60% reduction in
the cost of raw material and landfill diversion. These results
show both environmental and economic viability, but
quantitative LCA is still a desirable step in the future of
research.

However, certain limitations should be acknowledged. The
current composite system lacks strong chemical interfacial
bonding, which may affect long-term durability under cyclic
loading or environmental exposure. Furthermore, only a single
PET/HDPE ratio (80/20) was explored, limiting the scope of
optimization. Future optimization should evaluate alternative
ratios such as 70:30 or 60:40 to determine the most effective
balance between stiffness, toughness, and acoustic
performance.

Future work should focus on surface functionalization or
compatibilization strategies to improve matrix—filler adhesion,
long-term environmental durability studies, and exploration of
other recycled polymer blends or nano-reinforcements to
broaden the composite's applicability in structural and
engineering fields. Also, this work has not evaluated
flammability performance (i.e., ASTM E84), a requirement in
construction and vehicle applications. Such testing should be
conducted in the future, in order to reaffirm safety standards
and expand the interdisciplinary application of the composite’s
materials.
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NOMENCLATURE

b4

W,
Wi
Wt

pf
Pm
K
H

e

Ta, Ts,

Tc

da,ds,dc

ds
-

Weight fraction of reinforced material, in
percentage

Total weight of the composite material, g
Weight of the matrix material, g

Weight of the reinforced material, g

Density of the reinforced material, g/cm?
Density of the matrix material, g/cm?

is the thermal conductivity (W/m-°C)

Power input (W)

Rate of heat energy transfer (W/m?-°C)
Temperatures (°C) of the top, middle, and
bottom copper discs, respectively.

Thicknesses (mm) of the respective copper
discs.

Sample thickness (mm)

Radius (mm) of the discs





