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HIGHLIGHTS ABSTRACT
o Twelve formulations with HDPE, CaCOs, and Currently, the demand for sustainable materials has led to an interest in polymer
recycled plastic were prepared and tested composites filled with mineral fillers and recycled materials. High-density
e Higher CaCO; reduced tensile strength and polyethylene (HDPE) is a potential matrix for green composite production due to
elongation, increasing brittleness its widespread application, excellent mechanical properties, ease of recycling, and
o Recycled plastics enhanced elongation and high density. This study investigates the mechanical properties of HDPE
impact resistance, improving toughness composites containing different mix proportions of calcium carbonate (CaCO:s)
e Optimal blends of CaCOs and recycled plastics and recycled plastic. The mechanical performance of composites was evaluated by
balance strength and sustainability testing their tensile strength, elongation at break, Young's modulus, hardness,
e The composites are affordable, eco-friendly, flexural strength, flexural modulus, and impact strength. Inclusion of CaCO: in the
and suitable for various industries matrix resulted in improved stiffness and rigidity of HDPE, with the Young's
modulus increasing significantly to 1517.2 MPa for sample A3. However, with an
Keywords: increase in stiffness, there was a decrease in tensile strength and elongation at
break, indicating a transition to a more brittle behavior. Samples containing a
High-density polyethylene (HDPE) higher content of recycled plastic showed an increase in ductility and impact
CaCoO:; resistance, with sample A8 surpassing all others. The blends A9 to A12, which are

the most balanced mixtures of HDPE, CaCOs, and recycled plastic, offered the
. . best compromise in terms of mechanical strength and flexibility. Sample A12
Mechanical Properties demonstrated good performance in terms of tensile strength (18.71 MPa),
Sustainability elongation at break (90%), Young's modulus (210 MPa), and impact strength (69.9
kJ/m2). The results of the current study support the idea that plastic waste can be
recycled and used as components in functional materials, aligning with the
sustainable development goals. Recycling plastic reduces landfill waste, conserves
resources, and enables the creation of new products, thereby contributing to a more
circular economy.

Recycled Plastics

1. Introduction

High-density polyethylene is a thermoplastic polymer known for its superior mechanical strength and chemical resistance
[1]. It is widely used in applications such as packaging, coatings, and automotive parts [2]. In this investigation, calcium
carbonate was selected as the primary filler due to its widespread industrial use, cost-effectiveness, and ability to enhance specific
properties of polymer matrices. Compared to other fillers, CaCO:s offers advantages including increased stiffness, dimensional
stability, and thermal resistance. It is abundantly available, economically sourced, and enhances product opacity and a fine
surface finish desirable traits in sectors like packaging and construction. These properties make CaCO; a promising additive for
creating high-performance, sustainable polymer composites.

HDPE’s industrial significance began in the mid-20th century. Although first applied in radar cable insulation during world
war I, HDPE was synthesized in 1953 by Erhard Holzkamp and Karl Ziegler, and it was first commercialized in pipe production
in 1955. Its ongoing relevance stems from excellent mechanical properties, low plasticization time, ease of processing, and
affordability. Other polyethylene variants include medium-density polyethylene (MDPE) and low-density polyethylene (LDPE).
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Most studies in the literature investigate polymer composites reinforced with either mineral fillers or recycled plastics
separately. However, limited work explores the combined influence of both additives in HDPE-based composites. This study
addresses that research gap by systematically evaluating how various proportions of CaCOs and recycled plastics affect the
mechanical performance of HDPE composites. The objective is to harness the reinforcing effects of CaCOs stiffness and thermal
resistance while leveraging the flexibility and sustainability of recycled polymers. HDPE/CaCOs blends are widely used in
various industries due to their improved properties and cost-effectiveness. They are used in the automotive sector for lightweight
components, pipe construction, flooring, and panels, as well as packaging for rigid containers, films, and bottles [3, 4]. CaCO:
can be categorized into natural, ground, precipitated, coated, and uncoated forms. Natural calcium carbonate requires chalk,
limestone, or marble for whiteness and brightness. Ground calcium carbonate is produced by grinding natural sources, such as
limestone or marble, and is commonly used in the plastics, paints, and paper industries [5, 6]. Precipitated calcium carbonate
(PCC) was first commercially manufactured in England in the 1850s and has been used in the production of nylon for the plastic
industry [5, 7]. Coated calcium carbonate is coated with agents such as stearic acid to improve dispersion and compatibility with
polymer matrices [8]. The particle size of CaCOs has emerged as a critical area of research for enhancing polymer composites,
especially in HDPE-based nano- and microcomposites [9]. CaCO:s as a filler in HDPE and recycled Plastic blends can improve
stiffness and lower costs, but it can also cause defects or negative effects on the material's overall performance. These include
reduced impact strength [3, 10], agglomeration and poor dispersion [11], compatibility issues [12], decreased flexibility [13-17]
and thermal degradation [18-24]. To address these issues, methods such as optimizing filler loading, enhancing compatibility,
and using compatibilizers have been developed [25, 26]. Surface treatments, such as silane coupling agents and stearic acid, can
enhance the interaction between the polymer and the infill, while filler loading should be controlled to maintain a balance between
cost and mechanical performance [27-29]. Compatibilizers, such as MAPE [30-34] and EVA [35-37] , can also help mitigate
phase separation between the HDPE matrix and the CaCO:s infill, leading to improved mechanical properties and dispersion.
Environmental problems, primarily the growing issue of plastic waste and limited resources, have heightened the global demand
for sustainable composite materials. Under this critical scenario, preparing HDPE composites synergistically reinforced with
inorganic fillers and made from recycled plastic offers a very promising pathway. The present study elaborates on the
formulation, characterization, and testing of new HDPE-based composites that utilize CaCOs as a mineral filler and recycled
plastic to achieve partial substitution of virgin polymer. This research investigates the development of sustainable polymer
composites with varying proportions of HDPE, calcium carbonate, and recycled plastics. The primary importance is given to
studying how these compositional variations affect both the mechanical and thermal properties of the materials, to improve their
performance. The study's significance lies in its dual emphasis on advancing the mechanical properties of materials while
promoting environmental consciousness. Through the strategic incorporation of recycled plastic, the research reduces the use of
virgin polymers, thereby contributing to the preservation of resources and the prevention of waste buildup. At the same time, the
inclusion of CaCO:s has been proven to increase the material's stiffness and is relatively inexpensive to implement. Hence, the
findings are highly useful for practical applications in industries such as packaging, construction, and automotive, which are
trending toward lightweight and cost-effective material solutions with an environmentally friendly approach. This paper
describes the experimental method, presents the results of material characterization, and discusses the findings in terms of
sustainable composite materials.

This study aims to investigate the synergistic effects of combining recycled plastic and calcium carbonate in an HDPE-based
polymer matrix, addressing current obstacles in cost-effectiveness, environmental sustainability, and material performance.

2. Experimental method

2.1 Materials

A total of twelve HDPE matrix samples were prepared using varying proportions of HDPE, CaCOs, and recycled plastics.
High-density polyethylene (HDPE) HBM 5510 Virgin Granules were supplied by Arya Sasol Petrochemical Company (ASPC),
which provided the HDPE with a density of 0.955 g/cm? and a melt flow index of 0.504 g/10 min at a 5 kg load & 190 °C. The
resulting granules have a density of 0.915 g/cm?3 and a melt flow index of 5.94 g/10 min at a 5 kg load & 190 °C Figure la.
Calcium carbonate (CaCOs) was supplied by Pooya Polymer, Tehran Figure 1b. A variety of recycled plastic materials were
collected, mixed, crushed, and processed into granules using injection molding at a local manufacturing facility. Physical
condition: natural, solid color Figure 1c.

Figure 1: Materials used: (a) recycled plastic; (b) CaCOs filler ;(c) HDPE
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2.2 The various steps involved in plastic recycling are outlined

To maintain consistency and quality of the material, recycled plastics were prepared in the study through a multi-step
procedure, as illustrated in Figure 2 (a-f). The procedure involved collection, washing, drying, shredding, and granulation. Each
step was necessary for removing contaminants and ensuring uniform particle sizes, which would lead to adequate recycled plastic
for composite fabrication. Collection of Plastic Waste: Figure 2 a, shows the collection of plastic waste, such as plastic films
or packaging, which are used as raw materials for recycling. Shredding and Sorting: Figure 2 b, shows the plastic waste is
being shredded into small pieces, thereby preparing it for the next stage in the recycling process. Extrusion Process: Extrusion,
depicted in Figure 2 c, is another way in which the shredded and melted plastic is forced into molds to achieve a new shape or
form for a given product. Cooling and Solidification: In this Figure 2 d, the water is utilized to cool and solidify the plastic
while it retains its new form. Granulating: In Figure 2 e, the granulating phase is shown, where the extruded plastics are turned
into small pellets, easier to handle and immediately ready for manufacturing into new plastic products. Final Product: The final
product-small plastic pellets that will be further processed into new products- is shown in Figure 2 f.

(¢) Extrusion Process

Wl pd

(d) Cooling Process (e) Granulation (f) Small Plastic Pellets
Figure 2: Procedure of recycled plastic preparation

2.3 Processing

The set of twelve composite samples was prepared by melt mixing HDPE with varying ratios of calcium carbonate and
recycled plastics, followed by compression molding. Incorporating CaCOs and recycled plastics at varying levels of 0, 25, 50,
and 75% by weight, these twelve formulations comprise virgin HDPE for the remainder.

The rationale behind opting for these levels was twofold. The first is that it establishes a broad yet systematically stepped
set of intermediate points to observe the gradual changes in composite properties, from zero (pure HDPE) to the heavily filled
(75% filler). These intervals, on the other hand, are very common in the current literature as well as in industrial practice, serving
as benchmark levels that permit meaningful comparisons and performance mappings. A 25% increment offers a fair balance
between resolution and the number of experiments required so that clear trends in mechanical behavior can be discerned. All
samples were processed using a single-screw extruder [38, 39]. At 200 °C, the mixing was carried out under a screw rotation
speed of 50 rpm and a mixing duration of 10 minutes [26], as illustrated in Figure 3. These parameters were established in
consideration of a preliminary trial to ensure adequate dispersion of the fillers while preventing thermal degradation of the
recycled plastics. No change was allowed in process conditions between samples. Hence, uniform processing conditions were
maintained across all formulations, allowing only the composite compositions to affect the mechanical properties investigated,
as shown in Table 1.

Table 1: Formulation and labeling of HDPE blends with recycled plastic and CaCO: fillers

Sample No. HDPE (%) CaCOs (%) Recycled Plastics (%0)
Al 75 25 0
A2 50 50 0
A3 25 75 0
Ad 100 0 0
A5 0 25 75
A6 0 50 50
A7 0 75 25
A8 0 0 100
A9 50 10 40
AL0 50 15 35
ALl 50 20 30
AL2 50 0 50
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Figure 3: Single screw extruder, a homemade machine

2.4 Testing

To ensure the accuracy and repeatability of the mechanical test results, each test was typically run three times for all
composite samples. Three identical specimens were created and tested for each formulation under standardized conditions. Figure
4 (a-d) displays the specimens prepared for (a) tensile testing, (b) hardness testing, (c) impact testing, and (d) flexural testing.
The average values and standard deviations were then calculated and reported to manifest the consistency and variability of the
data, respectively.

Before use in such testing, the instruments were calibrated according to the guidelines provided by the manufacturers, and
environmental conditions were maintained under control throughout the process to minimize other influences. No outlier points
or disturbances worthy of mention were observed in any of the repeat evaluations, which adds strength to the credibility of the
attained results.

Test method Sample

Tensile test
(€))

(b) i

impact test |
(© ?
il |
flexural test :
(@

Figure 4: Test specimens: (a) tensile test specimens, (b) hardness test specimens
(c) impact test specimens, (d) flexural test specimens
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2.4.1 Tensile test

The tensile test was performed on an ASTM D638-22 type | doghbone specimen at a constant strain rate of 50 mm/min.
Tensile properties of the samples were measured in a (XHG-50 RING STIFFNESS TESTER). The apparatus was calibrated to

a capacity of 50 kN, and axial displacement was measured using a clip-on extensometer with a gauge length of 50 mm, as shown
in Figure 5.

2.4.2 Flexural test

The flexural test was conducted using a GOTECH universal tester (Al-3000) with a maximum loading capacity of 5 kN, as
shown in Figure 6. Small specimens measuring 127 mm by 12.7 mm by 3.2 mm underwent three-point bending with a span of
51.2 mm. According to ASTM D790-15, these specimens were tested flatwise on the support span, with a span-to-depth ratio of
16:1. The test was conducted at a crosshead speed of 2.0 mm/min. The tests were conducted at a temperature of 20 °C.

XHG-50 RING STIFFNESS TESTER

Figure 5: Universal testing machine for tensile test Figure 6: Universal testing machine for flexural testing
2.4.3 Charpy Impact Test

Impact strength was assessed using notched specimens in a Charpy impact tester (Model XJJD-50 Series) used for Charpy
impact tests depicted in Figure 7. ASTM D6110-18 conducted tests. Heat was applied to the test samples, which measured 127
mm X 12.7 mm x 4 mm (length x width X thickness), and they were arranged into the specimen holder. The samples were V-
notched at the midpoint of the 10 x 63.5 mm? surface with a 2 mm depth notch inclined at 45°.

2.4.4 Hardness Test

Hardness measurement was conducted using a Shore D durometer hardness tester, as shown in Figure 8. The test was
conducted in accordance with the requirements of ASTM D2240-15 standard. The test samples, measuring 72 mm x 32 mm x 6
mm (length x width x thickness), were placed in the specimen holder. The range was 0.5 Shore D, while accuracy was 1-100
Shore D. A minimum of five points were tested per sample, and average results were computed.

Reading
gauge

Screen and
control machine

¢ Fastening
screw

Hammer
foundation

Specimen
table

Figure 7: Digital image of the Charpy Impact testing machine Figure 8: Shore D Hardness Tester
3. Results and discussion
3.1 Analysis of tensile strength of hybrid blends of HDPE, CaCOs, and recycled plastics: interplay and

material performance

The tensile test data are summarized in Table 2, where the variation in tensile strength observed across the different samples
is evident, along with their corresponding Standard Deviations (SD), which show the influence of the variation in proportions of
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HDPE, CaCOs, and recycled plastic. The pure HDPE sample (A4) without any fillers showed the highest tensile strength of 23.8
MPa, while the smallest tensile strength observed was 4.06 MPa in sample A7, which agrees with the published values for
unmodified HDPE in the literature [1, 2, 9, 40, 41]. This corroborates the expected behavior of pure HDPE, which is generally
characterized by high tensile strength due to its inherent material properties.

A significant reduction in tensile strength at high CaCO:s loading is a well-documented phenomenon in polymer composites
and can be attributed to several key factors. Firstly, excessive filler content often leads to poor dispersion and increased
agglomeration of CaCQs particles within the polymer matrix. These agglomerates act as stress concentrators, initiating
microcracks under mechanical loading and thus lowering the composite’s overall strength [40, 42, 43]. Secondly, high filler
concentrations reduce the volume of the load-bearing polymer phase, limiting the matrix's ability to transfer stress across the
composite structure efficiently [44]. Moreover, when the filler—matrix interfacial adhesion is insufficient—which is common
with untreated or non-reactively treated CaCOs the stress transfer becomes even more ineffective, further weakening the material
[10]. Lastly, high CaCOs content increases the brittleness of the composite, leading to reduced energy absorption and premature
failure under tensile load [45].

Table 2: Mechanical Properties of HDPE-Based blend Samples with Varying Filler Ratios

Sample  Tensile strength Young’s modulus Elongation at break
No. (MPa)+SD (MPa)+SD (%)+SD

Al 15.13+0.82 770£10 475477

A2 9.99+£0.98 820 £ 40 17.33+£2.52
A3 5.72 £ 0.63 860 £ 20 8.46 £ 0.87

A4 23.81+1.64 440 + 40 435+ 3351
A5 9.06 £1.10 250 £50 111.33 £ 19.50
A6 6.86 £ 0.95 310+ 30 30.99 £7.85
A7 4.07+£0.31 360 £ 40 9.47+£1.41

A8 14.15+0.78 120+ 20 604 £ 49.27
A9 16.03 + 1.56 260 £50 46.79 + 3.35
Al0 1459 +1.69 306.67 + 20 4591 +1.86
All 1419+ 1.04 326.67 + 20 4457 +2.21
Al2 18.72 £ 0.30 210+ 10 89.60 + 1.15

Figure 9 a showed that the tensile strength decreased to 15.12 MPa with an increase in CaCOs, as in Al. The material still
exhibits acceptable tensile properties; however, its performance does decline. Though not without sacrifice.

The mechanical properties of sample A2, in particular, the tensile strength of 9.98 MPa, are lower than that of pure HDPE,
suggesting that the addition of CaCO:s causes a decrease in tensile strength. The weakening effect of CaCO: filler on the polymer
matrix, which may result in a weaker bond with the HDPE molecules and a lower stress tolerance [45, 46].

A significant turning point in the behavior of the tensile strength can be observed when the CaCOs content exceeds 50%.
Sample A3 shows a marked reduction in tensile strength, dropping to 5.71 MPa. This represents a considerable drop from the
tensile strength of pure HDPE (23.8 MPa), illustrating the negative impact that higher CaCOs content has on the material's
strength. Interestingly, sample A7 exhibited an even lower tensile strength of 4.06 MPa. The drastic reduction seen in these
samples highlights the weakening effect of combining large proportions of CaCOs and recycled plastic, which may disrupt the
overall structural integrity of the composite. In contrast, sample A8, which was made entirely from recycled plastics, exhibited
a tensile strength of 14.15 MPa. This result is consistent with the expected strength of recycled plastics. On the other hand, the
samples that were composed of recycled plastic and CaCOs, such as A5, A6, and A7, exhibited significantly lower stress
resistance. These samples, which incorporated substantial amounts of recycled plastics and CaCOs, generally showed poorer
stress resistance. The use of recycled plastic and CaCOs will cause a reduction in the tensile strength of the material, particularly
when used in large quantities [40, 47, 48]. Upon examining samples A9 to A12, which are composite materials containing a mix
of HDPE, CaCOs, and recycled plastics, we observe relatively higher stress values than those seen in the earlier samples. Sample
A9 achieved a tensile strength of 16.03 MPa. Similarly, sample A10 demonstrated a tensile strength of 14.59 MPa, and sample
Al1l yielded a value of 14.19 MPa. Sample A12 manifested 18.72 MPa of tensile strength, which is lower than pure HDPE (A4:
23.81 MPa) but considerably higher than CaCOs-filled blends. This implied that the tensile strength in the HDPE matrix remained
fairly high as recycled plastic was added without CaCOs. These results indicate that the inclusion of both HDPE and recycled
plastics, along with a small amount of CaCOs, leads to a balanced material with moderate stress resistance [48].

Overall, the stress resistance of blend materials made from varying combinations of HDPE, CaCOs, and recycled plastic
generally reflects a trade-off between strength and flexibility. The data in Figure 9 b, concerning the Young's modulus of various
samples, show that the Young's modulus values measured for the 12 samples follow a trend that links the stiffness of a material
more closely with its composition, specifically related to calcium carbonate and recycled plastics. An extreme stiffness of 860
MPa was recorded for sample A3, showing that the calcium carbonate reinforcement gave the highest rigidity. On the other hand,
the lowest value of 120 MPa was obtained by sample A8, which consisted of 100% recycled plastic, indicating maximum
flexibility. This value is in stark contrast to a pure HDPE sample A4, which has a Young's modulus of 440 MPa.

Samples A2 and Al exhibited slightly less stiffness than sample A3, with values of 820 and 770 MPa, respectively. This
indicates that the presence of calcium carbonate in these samples was the primary factor in increasing rigidity. The recycled
material has a lower Young's modulus, resulting from the loss of some mechanical properties caused by the recycling process.
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On the contrary, CaCOs reinforced the mechanical properties, giving maximum stiffness to the material by acting as a filler
that strengthened the bond between the polymer chains. Young's modulus, due to its properties, makes the material more rigid
and resistant to deformation. Samples A5, A6, and A7 demonstrated an increasing trend in Young's modulus as the CaCOs
content in the samples rose, with measured values of 250, 310, and 360 MPa, respectively. These results indicate that the stiffness
of the material improves with an increase in CaCOs content in the mixture.

Samples A9 to Al12, which are composites formed in different proportions of HDPE, calcium carbonate, and recycled
plastics, exhibit intermediate values of Young's modulus (260, 306.67, 326.67, and 210 MPa). These samples offer a trade-off
between stiffness and flexibility, as the calcium carbonate content increases rigidity, while the recycled plastic somewhat
counteracts this effect. Modifications are made in the elongation at break shown in Figure 9 c for different samples. The
elongation at break values reveal the ductility and flexibility of the materials. Sample A1l has an elongation at break of 47.5%,
indicating a moderate level of flexibility. This value suggests that the material can withstand some stretching before failure.
Sample A2, with an elongation at break of 17.33%, exhibits much less flexibility. This lower value suggests that the material is
more brittle and might break or crack under even minimal stretching or deformation.

In contrast, sample A3 shows an even lower elongation at break of 8.45%, further indicating poor ductility. Materials with
such low elongation at break are typically more prone to brittle failure. They may not perform well in dynamic applications that
require some degree of flexibility or adaptability. On the other hand, sample A4 (pure material), with an elongation at break of
435%, offers a good balance between flexibility and strength. While not as flexible as sample A8, which has a higher elongation
at break of 604%, A4 still exhibits significant stretchability before failure, making it suitable for applications where moderate
flexibility is required without compromising structural integrity. A8, with its higher elongation, is better suited for applications
that demand extreme flexibility; A4 is likely to perform better in applications where a balance of flexibility and strength is
crucial. While A8 offers superior flexibility, A4 retains more strength, making it a better choice for products that need to
withstand both stretching and mechanical stress.

Sample A5 follows with an elongation at break of 111.33%, indicating that it is more flexible than the samples with
elongations below 50%. This material would likely be used in applications where a balance between flexibility and strength is
needed. With the elongation at break at a mean of 30.99%, sample A6 is more ductile than A2 and A3 but less so than Al and
Ab5. It is considered a medium-firm material and can perform functions where some elongation is possible, but excessive
stretching should be avoided.

Sample A7, with a mean elongation at break of approximately 9.46%, exhibits similar features to sample A3, indicating low
ductility and high brittleness, which is less desirable for any application where tensile forces must offer more flexibility.
Providing a mean elongation at break of 46.78%, sample A9 is endowed with a moderate degree of ductility, much akin to Al.
The material in sample A9 can serve the purpose of some elongation in an application, while retaining sufficient strength to
avoid excessive elongation or failure.

In terms of elongation at break, sample A10 has a capacity with a mean value of 45.90%, almost equal to that of sample A9,
thus stipulating that both materials exhibit similar behavior based on elongation at break. Sample A11 is given with an elongation
at break of 44.6%, slightly less than that of A1, A9, and A10, but showing a reasonable level of flexibility. Although it is not the
most ductile, it still offers sufficient stretchability for applications that require a balance between strength and flexibility. Sample
A12 exhibited 90% elongation at break, which was significantly lower than that of pure HDPE (A4: 435%).

More precisely, the mean elongation at break values represent the resulting flexibility levels of the samples, where A4 and
A8 are highly ductile; on the other hand, A2, A3, and A7 show very low elongation at break, rendering them susceptible to
brittle-type failure. All the other samples lie in the middle with mixed potentials for both flexibility and strength, depending on
application requirements [2, 40].

3.2 The influence of HDPE, calcium carbonate, and recycled plastics on composite hardness

In this study, the effect of varying proportions of the components, HDPE, CaCOs, and recycled plastics, on the hardness of
composite materials is explored. Understanding such effects will help determine the best combinations of materials for various
industrial applications, as summarized in Table 3.

Significant variations in hardness were observed across the composite samples. The inclusion of recycled plastics generally
led to a notable reduction in hardness compared to pure HDPE. This reduction can be attributed to several factors: recycled
plastics often contain degraded polymer chains due to previous processing cycles, which decrease the molecular entanglement
density and soften the material. Moreover, recycled materials may include LDPE or contaminants, which are inherently more
flexible and less crystalline than virgin HDPE, further contributing to a lower surface resistance to indentation [49, 50]. It is
worth noting that the recycled material used in this study has a relatively low density of 0.915 g/cm3.

On the other hand, increasing the content of calcium carbonate in the matrix tends to counteract this softening effect by
increasing the overall rigidity and surface resistance of the composite. CaCOs, being a hard and stiff inorganic filler, restricts the
mobility of polymer chains and increases the resistance to localized plastic deformation, which manifests as higher hardness
values [51, 52]. Additionally, the uniform dispersion of CaCO:s particles enhances the load distribution under compressive force,
thereby reinforcing the composite surface against indentation. This compensatory effect becomes more pronounced at higher
filler loadings, effectively offsetting the plasticizing behavior introduced by the recycled content.

It is well known that incorporating a more rigid filler into the polymer matrix results in an increase in the final material's
rigidity. This filler performs the function of a nucleating agent, which in turn diminishes the elasticity of the materials and
ultimately results in a decrease in the composite's ductility [53].
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Figure 9: Mechanical properties of HDPE matrix with varying percentages of CaCOs and recycled
plastic (a) Tensile strength, (b) Young’s modulus, and (c) Elongation at break

Table 3: Results of Hardness Tests Performed on HDPE Blends with Varying Proportions of Calcium Carbonate and Recycled Plastics

Sample No. Hardness (Shore D)+ SD
Al 71.00 £ 1.55
A2 74.16 £0.75
A3 77.33+1.66
A4 64.16 £ 1.47
A5 63.33 £ 2.66
A6 66.00 £ 1.10
A7 71.00+£1.26
A8 58.33+£1.03
A9 60.58 £ 1.91
Al10 67.91+1.36
All 69.96 + 0.90
Al2 62.41 £ 2.94

The addition of the filling to the polymer matrix alters the hardness behavior of these polymers. Increased filler concentration
leads to a decrease in the free space available to polymer chains, ultimately resulting in a decrease in the material's flexibility.
Restricting the motion of the polymer chains would consequently lead to a more rigid structure due to this decrease in free
volume. The filler increases rigidity and hardness by restricting the motion and deformation of polymer chains under stress.
Therefore, the polymer matrix becomes more rigid, and the composite material becomes less deformable, thus becoming more
resistant to wear and mechanical forces. Thus, important behavior in applications where high hardness and durability are required
[54]. Additions of CaCO3 into polymers such as HDPE have undergone much research to determine the intended enhancement
of material properties, particularly hardness. Calcium carbonate is a crucial filler agent that significantly impacts the mechanical
properties of polymer composites. Adding CaCO3 into the polymer matrix can, as a rule, increase the hardness of the matrix
material due to the reinforcing effect of the filler[40, 47].

From Figure 10, it can be inferred that sample A3 yielded a hardness test value of 77.33, which was the highest, indicating
a rigid and strong combination of materials. Sample A8 is made up of 100% recycled plastics, and its hardness value of 58.33 is
the lowest. This value indicates that recycled plastic contributes to the softness and flexibility of the material. Samples Al, A2,
and A3 were largely made up of HDPE, with varying amounts of calcium carbonate. These samples presented relatively high
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hardness values of 71, 74.16, and 77.33, respectively, indicating that calcium carbonate increases the hardness of the materials
significantly [55]. However, A4, which contains 100% HDPE, showed a hardness of 65 [2, 40].

The inclusion of recycled plastics in the samples leads to a noticeable reduction in hardness. For instance, A8 has the lowest
hardness of 58.33, emphasizing the softness and flexibility of recycled plastics. Recycled materials tend to be more flexible and
less rigid compared to virgin HDPE or filled composites, resulting in lower hardness. The samples A5, A6, and A7, made from
recycled plastics with calcium carbonate, showed mean hardness values of 63.33, 66, and 71 Shore D, respectively. These results
reveal that recycled plastics exhibit reduced hardness levels; however, the introduction of added reinforcements such as calcium
carbonate can partially compensate for this reduction.

The Shore D hardness test was applied to the samples A9 to A12 to determine surface rigidity and resistance to indentation.
Some noticeable differences in hardness variations were observed, as summarized in Table 3, which depend upon compositional
changes, especially the percentages of CaCOs and recycled plastic. Sample A9 registered the lowest average Shore D hardness
value of 60.58, presumably owing to the relatively low amount of CaCOs (10%) and high amount of recycled plastic (40%). The
softer nature of recycled plastic contributed to a lower surface hardness, thereby increasing ductility and decreasing rigidity.
Sample A10, which contained 15% CaCOs and 35% recycled plastic, imparted further hardness to the composite with an average
hardness value of 67.92. The increase in hardness shows the effect of CaCOs, which makes the composite stiff and resistant to
surface deformation. Sample A1l scored the highest average Shore D hardness of 69.97 among the four tested samples. With
20% CaCO:s and 30% recycled plastic, this mix improved surface hardness because it has a lot of mineral filler, which is strong
because of the natural stiffness of calcium carbonate. Sample A12, which contains 50% recycled plastic and 50% HDPE, has
yielded an average hardness value of 62.42.
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Figure 10: Hardness dependencies of HDPE loaded with different percentages of CaCOs and recycled plastic

3.3 Effect of high-density polyethylene, calcium carbonate, and recycled plastics on flexural strength and
flexural modulus of blended materials

The mechanical properties of blends based on HDPE vary significantly among the samples, depending on the mix of HDPE,
CaCOs, and recycled plastics, as illustrated by the flexural strength and modulus in Table 4.

Table 4: Bending test rResults of HDPE blends with vVVarying proportions of calcium carbonate and recycled plastics

Sample no. Flexural Strength (MPa) + SD Flexural Modulus (MPa) + SD
Al 20.70 £ 0.50 561.84 + 1.34
A2 22.99+0.33 743.82 +35.94
A3 23.67+0.11 1517.21 £ 93.00
A4 20.33+0.33 504.74 + 46.33
A5 8.91+0.27 120.47 +3.92
A6 10.76 £ 0.16 149.45 + 2.59
A7 13.07£0.21 184.04 +5.70
A8 7.07£2.83 76.78 +1.89
A9 19.68 + 0.40 324.56 +3.38
Al0 20.79 £ 0.57 403.84£1.71
All 23.28+0.46 506.93 + 48.80
Al12 19.33+0.27 275.27 +8.89

Figures 11a and 11b show that the addition of CaCOs to HDPE increases its flexural strength and flexural modulus. At 25%

CaCO:s, it enhances the structural integrity of the polymer matrix, thereby improving flexural strength. Strength continues to
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increase at 50% CaCOs, although beyond a certain level, the flexibility of the polymer matrix may start to decrease. At 50%
CaCO0:s, the flexural modulus is higher due to the additional stiffness; however, excessive filling could result in brittleness of the
material and loss of overall toughness, as may be the case at 75% CaCOs. Flexural strength at 75% may be equal to or slightly
lower than that value due to excessive filling. The highest flexural modulus occurs at 75% CaCOs; however, this may reduce
resistance to impact and overall toughness.

Sample A4, which comprised pure HDPE, reported flexural strength values of 20.33 MPa and flexural modulus of 504 MPa.
Incorporation of CaCQO:s increased flexural strength and flexural modulus, thus indicating improvements in the performance of
the material. Sample Al showed an average flexural strength (20.70 MPa) and modulus (561.84 MPa), indicating the provision
of strength with flexibility by the addition of CaCOs. The equal part of HDPE and CaCO:s is A2, which shows increased flexural
strength (22.99 MPa) and corresponding modulus (743.82 MPa), indicating more benefits with increasing filler content. A3
shows the maximum performance (23.67 MPa strength, 1517.21 MPa modulus) with 75% CaCQOs, indicating that the higher
percentage of CaCOs present in the sample leads to increased rigidity and strength. Sample A5, which contains 75% recycled
plastics, exhibits the lowest properties (8.91 MPa strength, 120.47 MPa modulus), demonstrating the reduction in integrity of
recycled plastic materials. A modest increase is shown in A6, which has a ratio of 50% CaCOs and 50% recycled plastics (10.76
MPa strength, 149.45 MPa modulus). In contrast, advanced properties are shown in A7, which consists of more CaCOs (75%)
and less recycled plastics (25%), compared to the earlier-mentioned mechanical properties (13.07 MPa strength, 184.04 MPa
modulus). A8 is composed entirely of recycled ply and shows the lowest performance, highlighting the disadvantages of using
recycled materials alone (7.07 MPa, 76.78 MPa).

Samples A9 to A12 exhibited significantly improved mechanical properties when using different ratios of HDPE, CaCOs,
and recycled plastics. Of note is that A9 (50% HDPE, 10% CaCOs, 40% recycled plastics) yielded a moderately promising
performance (19.68 MPa strength, 508.98 MPa modulus) whereas A10 (50% HDPE, 15% CaCOs, 35% recycled plastics) and
All (50% HDPE, 20% CaCOs, 30% recycled plastics) gave an even greater improvement in performance, with A1l being
recorded with the highest values (23.28 MPa strength, 744.36 MPa modulus). Sample A12 experienced a flexural modulus of
19.33 MPa, which expresses the almost stiff nature of the sample. Additionally, the flexural strength value was found to be
275.27 MPa, indicating resistance to bending failure. Hence, the calcium carbonate was dispersed well, creating reinforcement
within the HDPE matrix. Such performance makes sample A12 an apt candidate for applications requiring rigidity and strength,
such as automotive components, construction panels, or rigid packaging materials. Having such a combination means that this
composite formulation for A12 strikes a good balance between reinforcement and matrix continuity. An increase in flexural
strength and modulus was observed with rising CaCOs content up to a certain threshold, typically due to the inherent stiffness
and high modulus of calcium carbonate particles, which restrict polymer chain mobility and enhance the composite’s ability to
resist bending. This improvement is further supported by good filler dispersion and filler—matrix adhesion, which enable effective
stress transfer from the matrix to the filler [2, 29, 56, 57].

3.4 Impact of Calcium Carbonate and Recycled Plastics on the Mechanical Performance of HDPE Blends

Impact testing is a crucial test for evaluating a material's ability to absorb sudden forces or shocks. It is primarily important
in evaluating the toughness of materials, which refers to their ability to absorb energy before fracturing. Impact testing evaluates
the performance of materials when exposed to rapid loading and assesses their durability under these conditions.

The impact test calculates the hammer's potential energy when a large pendulum strikes a sample. The procedure involves
starting a crack and enlarging it until it breaks. To increase the repeatability of the failure mode, the specimen is often notched.
The test can identify brittle-ductile transitions in polymer composites. In impact testing, polyethylene (PE) gains impact strength
when calcium carbonate is added [10]. The impact test, as part of this research, aims to assess the mechanical properties of the
materials through real-world simulation, thereby determining the points of maximum resilience and failure for these materials.
This information will help select the right materials for various uses within the system. Results from this testing are considered
crucial in designing each component of a system to withstand the forces it will be subjected to during its operational life. The
results obtained are presented and discussed in Table 5.

The influence of CaCOs concentration on the impact strength of CaCOs/HDPE blends. Experimental findings demonstrate
that the impact strength of the mixes diminishes as the CaCOs component increases. The incorporation of CaCOs results in a
marginal reduction in impact strength, attributed to the pronounced molecular confinement effect of CaCOs.

Variations in impact strength were observed across different composite formulations, with samples containing higher
proportions of recycled plastics demonstrating enhanced impact energy, despite typically exhibiting lower stiffness and modulus.
The mechanism of energy absorption explains this seemingly contradictory behavior during impact loading, which differs
fundamentally from that of tensile or flexural loading. Unlike stiffness-driven properties, impact strength is more influenced by
a material’s ability to deform plastically and dissipate energy rather than resist deformation. Recycled plastics often contain
shorter, degraded polymer chains and may comprise more ductile components, such as LDPE and polypropylene (PP), or even
minor contaminants from previous use cycles. These characteristics result in a more flexible, less crystalline polymer matrix,
allowing greater molecular mobility under sudden loading and thereby enhancing the material’s energy absorption capacity
before fracture [49, 50]. Moreover, the heterogeneous structure of recycled plastic-rich composites, with their less ordered and
more amorphous regions, creates multiple localized yielding zones during impact.

These regions act to dissipate Kinetic energy more effectively than in highly crystalline or rigid structures, such as pure
HDPE, which tend to fail in a more brittle manner. Changes in hardness are closely linked to the degree of crystallinity; higher
crystallinity results in increased molecular packing, leading to greater resistance to deformation. Conversely, reduced
crystallinity introduces more amorphous regions, lowering the material's hardness [58]. In contrast, composites with high CaCOs
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content or pure HDPE, while stiffer, tend to be more brittle and less capable of absorbing impact energy, resulting in lower
impact strength. The rigid filler particles restrict chain mobility, and at high loading levels, stress concentration around filler
particles can cause early crack initiation and propagation under impact [59]. Thus, despite lower stiffness, the increased ductility
and plastic deformation potential of recycled plastic-based composites account for their superior impact performance. A
noticeable variation was evident in the impact strength of the HDPE-based blends, as shown in Figure 12, with changes in
composition.
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Figure 11: Flexural properties of HDPE composites with varying percentages of CaCOs and recycled
plastic — (a) Flexural Modulus and (b) Flexural Strength

Table 5: Impact Test Results of HDPE Blends with Varying Proportions of Calcium Carbonate and Recycled Plastics

Sample Impact Strength (kJ/m?) + SD
Al 24.84+0.18
A2 23.79+0.38
A3 7.84+£0.42
A4 29.44+1.20
A5 57.20 +5.26
A6 28.31+0.47
A7 15.06 + 0.69
A8 76.71+9.15
A9 4422 +3.22
A10 43.63 +2.49
All 39.87 +5.06
Al12 69.91+2.48

The tests revealed a singular trend, with an increase in CaCOs, in the impact strength testing of the HDPE-based blends. All
samples, from A1 to A12, with varying ratios of HDPE to CaCO:s to recycled plastics, exhibited different levels of impact strength
depending on their respective compositions. The concentration of CaCOs impinged greatly on the mechanical properties, notably
impacting strength-the precarious equilibrium common to rigidity, and toughness, in these blends. Sample A8 consisted entirely
of recycled plastics and exhibited the highest impact strength, approximately 73 kJ/m2. It is suggested that recycled plastics could
provide better energy absorption and flexibility, allowing the material to resist rapid impacts. Such high formation resistance
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may result from the inherent ductility of the recycled plastics, as they can deform and absorb the impact energy of a blow more
easily than rigid materials.

Conversely, sample A5 exhibited lower impact strength than 55 kJ/m? but still retained its strength. The presence of 25%
CaCOs means the filler offers rigidity, which reduces the flexibility that recycled plastics typically provide. The toughness of
this blend remained reasonably high, as the compromise between rigidity (from CaCOs) and ductility (from recycled plastics)
enabled a significant absorption of energy during impacts. Sample A6 registered an impact strength of 28.31 kJ/m2—A6 with an
equal mix of 50% CaCOs and 50% recycled plastics. Sample A7 showed an impact strength of 15.05 kJ/m2. A7 consisted of 75%
CaCOs and 25% recycled plastics, resulting in a sample that was significantly stiffer than A6 but less flexible. The high
concentration of CaCOs reduced the ductility of the material, making it more brittle.

Sample Al showed an impact strength of 24.83 kJ/m2. Al contained 75% HDPE, which was relatively flexible, and 25%
CaCOs, which increased rigidity. However, the inclusion of CaCOs enhanced the material's stiffness, resulting in a reduction in
toughness compared to pure HDPE, as reflected in its impact strength of 24.83 kJ/m2. The material was still able to absorb some
impact energy, but it wasn’t as flexible as pure HDPE due to the presence of CaCOs. Sample A2 showed an impact strength of
23.78 kJ/m?. The high proportion of CaCO:s increased rigidity further, but the presence of HDPE mitigated the negative effect
on toughness. This blend offered a compromise between rigidity and toughness, as reflected in its slightly lower impact strength
of 23.78 kJ/m? compared to Al. The increased stiffness provided by CaCOs improved the material's structural integrity. Still, it
came at the cost of flexibility, making the material less effective at absorbing high-impact energy than blends with higher HDPE
or recycled plastic content. Sample A3, consisting of 75% CaCOs and 25% HDPE, had the lowest impact strength at around 7
kJ/m2. This drastic reduction in impact resistance was attributed mostly to the substantial proportion of CaCOs, which enhanced
rigidity but reduced the material’s ability to deform under impact. The presence of a large filler component contributed to the
material’s brittle behavior, causing it to break more easily under stress. Sample A4, made from pure HDPE, had a moderate
impact strength of around 29.44 kJ/m2. As expected, HDPE itself provided a balance of strength and flexibility. However,
compared to the recycled plastic-based samples, it showed a lower energy absorption capacity, as HDPE is inherently more rigid
and less flexible than recycled plastics. This highlighted the role of recycled plastics in enhancing impact resistance, a property
that HDPE alone could not match. Samples A9 to A12, which had more balanced compositions of HDPE, CaCO:s, and recycled
plastics, exhibited intermediate values of impact strength. Specifically, A9 exhibited an impact strength of around 44.22
kJ/m2This suggested that a relatively low concentration of CaCOs contributed to increased rigidity while the higher percentage
of recycled plastic maintained decent toughness, offering a good compromise between strength and flexibility. A10 had an impact
strength of around 43.63 kJ/m?, indicating a slight decrease compared to A9. The increase in CaCOs content suggested a further
enhancement in rigidity but at the cost of some toughness. This balance showed that as CaCOs increased, the material became
stiffer but slightly more brittle. A11 showed the lowest impact strength among the balanced samples at 39.87 kJ/m2, indicating
that the increase in CaCO:s further reduced impact resistance. However, this sample still exhibited moderate toughness due to the
presence of 30% recycled plastic. This demonstrated that while increasing CaCOs enhanced stiffness, it also led to a decrease in
toughness, which highlighted the importance of maintaining a balance between the filler and the polymer matrix. Sample A12,
with an impact strength of 69.90 kJ/mz, reflects very high energy absorption capabilities and resistance to sudden fracture. The
high toughness makes this composite suitable for applications where resistance to impact loads is needed, such as automotive
components, housings for consumer goods, or packaging materials. The experimental results demonstrated that the optimal level
of toughness was achieved by using a higher proportion of recycled plastics in conjunction with a lower quantity of CaCOs [2,
9, 45, 56, 58].
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Figure 12: Impact strength dependencies of HDPE loaded with different
percentages of CaCOs and recycled plastic

588



Yassin M. Ahmed et al. Engineering and Technology Journal 43 (07) (2025) 577-592

4. Conclusion and recommendation

The mechanical properties of HDPE composites with varying degrees of CaCQOs were analyzed, along with the incorporation
of recycled plastics. The key findings included:

1)  Tensile Strength: The highest tensile strength was exhibited by the pure HDPE. Introducing CaCO:s at a moderate level
(25-50%) gave a balance between the strength and rigidity, whereas anything above 50% resulted in more brittle
behavior and loss of tensile strength. The strength of recycled plastics was lower due to degradation during the recycling
process.

2)  Flexural Strength and Modulus: Calcium carbonate improved both flexural strength and modulus, with the optimum
values of strength and modulus occurring at 75% by weight of CaCOs.

3) Impact Strength: Recycled materials had higher impact strength, probably due to the additives used to facilitate
recycling and the molecular restructuring of polymers during recycling, thereby enhancing energy absorption.
Conversely, pure HDPE and samples with higher CaCOs content exhibited a low impact strength.

4)  Hardness: With arise in the CaCOs content, the hardness of the composites also rose, thereby confirming its role as a
reinforcing filler.

The article offers recommendations for future research on recycled plastics, identifying three areas for investigation.

1)  These areas are investigating other types of post-consumer recycled plastics, including PET, PP, and PS, other than the
single type investigated in this study.

2)  Working further on interfacial bonding by compatibilizers or surface-treatment agents such as silane couplers to
disperse the filler;

3) Investigating scale-up of production processes using twin-screw extruders for better dispersion and homogeneity so
that improved reproducible performance of these composites might be obtainable.

Author contributions

Conceptualization, M. Ahmad and Y. Ahmad; data curation, M. Ahmad and Y. Ahmad; formal analysis, M. Ahmad and
Y. Ahmad; investigation, M. Ahmad; methodology, M. Ahmad and Y. Ahmad; project administration, Y. Ahmad; resources,
M. Ahmad and Y. Ahmad; software, M. Ahmad; supervision, Y. Ahmad; validation, M. Ahmad and Y. Ahmad; visualization,
M. Ahmad and Y. Ahmad; writing—original draft preparation, M. Ahmad; writing—review and editing, Y. Ahmad. 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] M. O. Awan, A. Shakoor, M. S. Rehan, and Y. Q. Gill, Development of HDPE Composites with Improved Mechanical
Properties Using Calcium Carbonate and NanoClay, Physica B: Condensed Matter, 606 (2021) 412568.
https://doi.org/10.1016/].physb.2020.412568

[2] H. Sepet, N. Tarakcioglu, and R. Misra, Determination of the Mechanical, Thermal and Physical Properties of Nano-CaCOs
Filled High-Density Polyethylene Nanocomposites Produced in an Industrial Scale, J. Compos. Mater., 50 (2016) 3445-
3456. https://doi.org/10.1177/0021998315621371

[3] S. C. S. Teixeira, M. M. Moreira, A. P. Lima, L. S. Santos, B. M. da Rocha, et al., Composites of High Density Polyethylene
and Different Grades of Calcium Carbonate: Mechanical, Rheological, Thermal, and Morphological Properties, J. Appl.
Polym. Sci., 101 (2006) 2559-2564. https://doi.org/10.1002/app.23920

[4] J. Gonzélez, C. Albano, M. Ichazo, and B. Diaz, Effects of Coupling Agents on Mechanical and Morphological Behavior of
the PP/HDPE Blend with Two Different CaCOs, Eur. Polym. J., 38 (2002) 2465-2475. https://doi.org/10.1016/S0014-
3057(02)00120-9

[5] K. Ddlle, In-Situ Precipitated Calcium Carbonate Paper Filler Material: A Review, J. Eng. Res. Rep., 21 (2021) 38-58.
https://doi.org/10.9734/jerr/2021/v21i1117502

[6] S. Wardhani, R. M. Igbal, D. Darjito, D. Kurniassri, S. Q. Ayuningtyas, Surface Modification of Precipitated Calcium
Carbonate(PCC)-Derived From Indonesia’s Limestone Using Sodium Tripolyphosphate and Sodium Stearic, Biointerface
Res. Appl. Chem., 14 (2024) 87. https://doi.org/10.33263/BRIAC144.087

589


https://doi.org/10.1016/j.physb.2020.412568
https://doi.org/10.1177/0021998315621371
https://doi.org/10.1002/app.23920
https://doi.org/10.1016/S0014-3057(02)00120-9
https://doi.org/10.1016/S0014-3057(02)00120-9
https://doi.org/10.9734/jerr/2021/v21i1117502
https://doi.org/10.33263/BRIAC144.087

Yassin M. Ahmed et al. Engineering and Technology Journal 43 (07) (2025) 577-592

[7] C. S. Baek, K. H. Cho, and J.-W. Ahn, Effect of Grain Size and Replacement Ratio on the Plastic Properties of Precipitated
Calcium Carbonate Using Limestone as Raw Material, J. Korean Ceram. Soc.,, 51 (2014) 127-131.
http://dx.doi.org/10.4191/kcers.2014.51.2.127

[8] S. Sahebian, S. M. Zebarjad, S. A. Sajjadi, Z. Sherafat, and A. Lazzeri, Effect of Both Uncoated and Coated Calcium
Carbonate on Fracture Toughness of HDPE/CaCOs; Nanocomposites, J. Appl. Polym. Sci, 104 (2007) 3688-3694.
https://doi.org/10.1002/app.25644

[9] H. Sepet, B. Aydemir, and N. Tarakcioglu, Evaluation of Mechanical and Thermal Properties and Creep Behavior of Micro-
and Nano-CaCOs Particle-Filled HDPE Nano- and Microcomposites Produced in Large Scale, Polym. Bull., 77 (2020) 3677-
3695. https://doi.org/10.1007/s00289-019-02922-9

[10] R. Dweiri, Processing and Characterization of Surface Treated Chicken Eggshell and Calcium Carbonate Particles Filled

High-Density Polyethylene Composites, Mat. Res., 24 (2021) e20210078. https://doi.org/10.1590/1980-5373-MR-2021-
0078

[11] M. S. Mohsenzadeh, Fracture Mechanisms and micromechanical Deformation Processes of Polyethylene/Calcium
Carbonate Nanocomposite Films, Polym. Compos., 41 (2020) 5096-5103. https://doi.org/10.1002/pc.25777

[12] A. L. Catto, B. V. Stefani, V. F. Ribeiro, and R. M. C. Santana, Influence of Coupling Agent in Compatibility of Post-
Consumer HDPE in Thermoplastic Composites Reinforced with Eucalyptus Fiber, Mat. Res., 17 (2014) 203-2009.
https://doi.org/10.1590/S1516-14392014005000036

[13] M. Hesabi, S. Brennan, Q. Boulard, F. Le Blanc, and I. Major, J. Thermoplast. Compos. Mater., 36 (2023) 728-748.
https://doi.org/10.1177/08927057211031956

[14] S. Kherici, D. Benouali, and C. Nouredine, The Effects of Calcium Carbonate Filler on HDPE Pipe, Adv. Sci. Technol. Res.
J., 16 92022) 213-218. https://doi.org/10.12913/22998624/149606

[15] Z. Bartczak, A. S. Argon, R. E. Cohen, and M. Weinberg, Toughness Mechanism in Semi-Crystalline Polymer Blends: Il.
High-Density Polyethylene Toughened with Calcium Carbonate Filler Particles, Polymer, 40 (1999) 2347-2365.
https://doi.org/10.1016/S0032-3861(98)00444-3

[16] A. G. De Oliveira, A. L. N. Da Silva, A. M. Furtado De Sousa, M. C. A. M. Leite, J. C. Jandorno, and V. A. Escécio,
Composites Based on Green High-Density Polyethylene, Polylactide and Nanosized Calcium Carbonate: Effect of the
Processing  Parameter and Blend Composition, Mater. Chem. Phys., 181 (2016) 344-351.
https://doi.org/10.1016/j.matchemphys.2016.06.068

[17] Q. Lu and Q. Dou, Investigation of the Microstructures, Properties, and Toughening Mechanism of Polypropylene/Calcium
Carbonate Toughening Masterbatch Composites, J. Appl. Polym. Sci., 134 (2017) 45515. https://doi.org/10.1002/app.45515

[18] S. Chai, J. Zhao, P. C. Lee, and D. Choi, The Effect of Coupling Agents and Graphene on the Mechanical Properties of
Film-Based Post-Consumer Recycled Plastic, Polymers, 16 (2024) 380. https://doi.org/10.3390/polym16030380

[19] M. A. A. Ghalia, Mechanical, Rheological, And Thermal Properties Of Calcium Carbonate Filled Polypropylene/Linear
Low Density Polyethylene Composites, J. Appl. Polym. Sci., 121 (2011) 2413-2421 http://dx.doi.org/10.1002/app.33570

[20] S. Bellayer, E. Tavard, S. Duquesne, A. Piechaczyk, and S. Bourbigot, Mechanism of Intumescence of a
Polyethylene/Calcium  Carbonate/Stearic ~ Acid  System, Polym. Degrad. Stab.,, 94 (2009) 797-803.
https://doi.org/10.1016/j.polymdegradstab.2009.01.032

[21] R. Yang, Y. Liu, J. Yu, and K. Wang, Thermal Oxidation Products and Kinetics of Polyethylene Composites, Polym.
Degrad. Stab., 91 (2006) 1651-1657. http://dx.doi.org/10.1016/j.polymdegradstab.2005.12.013

[22] R. H. Elleithy, I. Ali, M. A. Ali, and S. M. Al-Zahrani, High Density Polyethylene/Micro Calcium Carbonate Composites:
A Study of the Morphological, Thermal, and Viscoelastic Properties, J. Appl. Polym. Sci., 117 (2010) 2413-2421.
http://dx.doi.org/10.1002/app.33064

[23] S. Sahebian, S. M. Zebarjad, J. V. Khaki, and S. A. Sajjadi, The Effect of Nano-Sized Calcium Carbonate on
Thermodynamic ~ Parameters of HDPE, J. Mater. Process. Technol., 209 (2009) 1310-1317.
https://doi.org/10.1016/j.jmatprotec.2008.03.066

[24] C. Wang, L. Cai, S. Q. Shi, G. Wang, H. Cheng, and S. Zhang, Thermal and Flammable Properties of Bamboo Pulp
Fiber/High-Density Polyethylene Composites: Influence of Preparation Technology, Nano Calcium Carbonate and Fiber
Content, Renewable Energy, 134 (2019) 436-445. https://doi.org/10.1016/j.renene.2018.09.051

[25] M. Barczewski, K. Lewandowski, M. Schmidt, and M. Szostak, Melt Fracture and Rheology of Linear Low Density
Polyethylene - Calcium Carbonate Composites, Polym. Eng. Sci., 57 (2017) 998-1004. https://doi.org/10.1002/pen.24477

[26] U. Atikler, D. Basalp, and F. Tihminliog, Mechanical and Morphological Properties of Recycled High-Density
Polyethylene, Filled with Calcium Carbonate and Fly Ash, J. Appl. Polym. Sci.,, 102 (2006) 4460-4467.
https://doi.org/10.1002/app.24772

590


http://dx.doi.org/10.4191/kcers.2014.51.2.127
https://doi.org/10.1002/app.25644
https://doi.org/10.1007/s00289-019-02922-9
https://doi.org/10.1590/1980-5373-MR-2021-0078
https://doi.org/10.1590/1980-5373-MR-2021-0078
https://doi.org/10.1002/pc.25777
https://doi.org/10.1590/S1516-14392014005000036
https://doi.org/10.1177/08927057211031956
https://doi.org/10.12913/22998624/149606
https://doi.org/10.1016/S0032-3861(98)00444-3
https://doi.org/10.1016/j.matchemphys.2016.06.068
https://doi.org/10.1002/app.45515
https://doi.org/10.3390/polym16030380
http://dx.doi.org/10.1002/app.33570
https://doi.org/10.1016/j.polymdegradstab.2009.01.032
http://dx.doi.org/10.1016/j.polymdegradstab.2005.12.013
http://dx.doi.org/10.1002/app.33064
https://doi.org/10.1016/j.jmatprotec.2008.03.066
https://doi.org/10.1016/j.renene.2018.09.051
https://doi.org/10.1002/pen.24477
https://doi.org/10.1002/app.24772

Yassin M. Ahmed et al. Engineering and Technology Journal 43 (07) (2025) 577-592

[27] R. Misra, P. Nerikar, K. Bertrand, and D. Murphy, Some Aspects of Surface Deformation and Fracture of 5-20% Calcium
Carbonate-Reinforced ~ Polyethylene  Composites,  Mater.  Sci. Eng. A, 384  (2004)  284-298.
https://doi.org/10.1016/j.msea.2004.06.047

[28] H. Huang, Structure Development and Property Changes in High-Density Polyethylene/Calcium Carbonate Blends during
Pan-Milling, J.  Appl. Polym.  Sci.,, 74 (1999)  1459-1464.  https://doi.org/10.1002/(SICI)1097-
4628(19991107)74:6%3C1459::AID-APP19%3E3.0.C0O;2-D

[29] B. A. Alshammari, A. M. Alenad, F. S. Al-Mubaddel, et al., Impact of Hybrid Fillers on the Properties of High Density
Polyethylene Based Composites, Polymers, 14 (2022) 3427. https://doi.org/10.3390/polym14163427

[30] Q. Yuan, J. S. Shah, K. J. Bertrand, and R. D. K. Misra, On Processing and Impact Deformation Behavior of High Density
Polyethylene (HDPE)-Calcium Carbonate Nanocomposites, Macromol. Mater. Eng., 294 (2009) 141-151.
https://doi.org/10.1002/mame.200800300

[31] A. O. Ogah, O. E. Ezeani, S. C. Nwobi, and I. I. Ikelle, Physical and Mechanical Properties of Agro-Waste Filled Recycled
High Density Polyethylene Biocomposites, South Asian Res. J. Eng. Techol., 4 (2022) 55-62.

[32] C. Wang, Xian Yu, and L. M. Smith, Interfacial Properties of Bamboo Fiber-Reinforced High-Density Polyethylene
Composites by Different Methods for Adding Nano Calcium Carbonate, J. Polymers, 9 (2017).
https://doi.org/10.3390/polym9110587

[33] C. Wang, X. Wei, L. M. Smith, G. Wang, S. Zhang, and H. Cheng, Mechanical and Rheological Properties of Bamboo Pulp
Fiber Reinforced High Density Polyethylene Composites: Influence of Nano CaCOj3; Treatment and Manufacturing Process
with Different Pressure Ratings, J. Renewable Mater., 10 (2022) 1829-1844. https://doi.org/10.32604/jrm.2022.018782

[34] C. Wang, S. Wang, H. Cheng, Y. Xian, and S. Zhang, Mechanical Properties and Prediction for Nanocalcium Carbonate-
Treated Bamboo Fiber/High-Density Polyethylene Composites, J. Mater. Sci., 52 (2017) 11482-11495.
https:/link.springer.com/article/10.1007%2Fs10853-017-1285-1

[35] K. Mitsuishi, S. Kodama, and H. Kawasaki, Mechanical Properties of Polyethylene/Ethylene Vinyl Acetate Filled with
Calcium Carbonate, Polym. Compos., 9 (1988) 112-118. https://doi.org/10.1002/pc.750090203

[36] N. F. Ramli, S. A. Ghani, T. P. Leng, and Y. C. Keat, Effects of Poly(Vinylchloride)-Maleic Anhydride as Coupling Agent
on Mechanical, Water Absorption, and Morphological Properties of Eggshell Powder Filled Recycled High Density
Polyethylene/Ethylene Vinyl Acetate Composites, J. Adv. Res. Appl. Sci. Eng. Techol.,, 28 (2022) 33-43.
https://doi.org/10.37934/araset.28.1.3343

[37] A. G. Supri, R. N. Farahana, and P. L. Teh, Effect of Filler Loading and Benzyl Urea on Tensile, Water Absorption, and
Morphological Properties of Recycled High-Density Polyethylene/Ethylene Vinyl Acetate/Calcium Carbonate
(rtHDPE/EVA/CaCQ3) Composites, J. Adv. Res. Mater. Sci., 11 (2015) 20-29.

[38] A. B. Maulana, E. Widodo, A. Fahruddin, and S. Yulianto, Design of a Single Screw Extruder Machine for 3d Printing
Filament Production Application, Sintek. J. llm. Teknik. Mesin, 17 (2023) 24. http://dx.doi.org/10.21070/ups.1113

[39] C. Abeykoon, Single Screw Extrusion Control: A Comprehensive Review and Directions for Improvements, Control Eng.
Pract., 51 (2016) 69-80. https://doi.org/10.1016/j.conengprac.2016.03.008

[40] T. Flieh Hassen, Influence of Glass Fiber and Calcium Carbonate on The Mechanical and Rheological Properties of High
Density Polyethylene (HDPE), J. Phys.: Conf. Ser., 1279 (2019) 012076. https://doi.org/10.1088/1742-6596/1279/1/012076

[41] S. Chariyachotilert, N. Kooudomrut, and W. Rittisith, Properties of Recycled Plastics from HDPE Drinking Water Bottles,
J. Kasetsart, 171 (2006).

[42] L. Zhang, X. Chen, and C. Li, Mechanical Properties of P\VVC/Nano-CaCOs; Composites, J. Mater. Sci., 40 (2005) 2097-
2098. https://doi.org/10.1007/s10853-005-1244-0

[43] S. N. Maiti and P. K. Mahapatro, Mechanical Properties of i-PP/CaCO3 Composites, J. Appl. Polym. Sci., 42 (1991), 3101-
3110. https://doi.org/10.1002/app.1991.070421204

[44] J. Cherusseri, S. Pramanik, L. Sowntharya, D. Pandey, K. K. Kar, and S. D. Sharma, Polymer-Based Composite Materials:
Characterizations, Compos. Mater., (2017) 37-77. http://link.springer.com/10.1007/978-3-662-49514-8 2

[45] N. L. Batista, E. Helal, R. S. Kurusu, N. Moghimian, E. David, et al., Mass-produced Graphene—HDPE Nanocomposites:
Thermal, Rheological, Electrical, and Mechanical Properties, Polym. Eng. Sci., 59 (2019) 675-682.
https://doi.org/10.1002/pen.24981

[46] S. Kwon, K. J. Kim, H. Kim, P. P. Kundu, T. J. Kim, Y. K. Lee, et al., Tensile Property and Interfacial Dewetting in the
Calcite Filled HDPE, LDPE, and LLDPE Composites, Polymer, 43 (2002) 6901-6909. https://doi.org/10.1016/S0032-
3861(02)00399-3

[47] J. Suwanprateeb, Calcium Carbonate Filled Polyethylene: Correlation of Hardness and Yield Stress, Compos. Part A-Appl.
Sci. Manuf., 31 (2000) 353-359. https://doi.org/10.1016/S1359-835X(99)00076-7

591


https://doi.org/10.1016/j.msea.2004.06.047
https://doi.org/10.1002/(SICI)1097-4628(19991107)74:6%3C1459::AID-APP19%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1097-4628(19991107)74:6%3C1459::AID-APP19%3E3.0.CO;2-D
https://doi.org/10.3390/polym14163427
https://doi.org/10.1002/mame.200800300
https://doi.org/10.3390/polym9110587
https://doi.org/10.32604/jrm.2022.018782
https://link.springer.com/article/10.1007%2Fs10853-017-1285-1
https://doi.org/10.1002/pc.750090203
https://doi.org/10.37934/araset.28.1.3343
http://dx.doi.org/10.21070/ups.1113
https://doi.org/10.1016/j.conengprac.2016.03.008
https://doi.org/10.1088/1742-6596/1279/1/012076
https://doi.org/10.1007/s10853-005-1244-0
https://doi.org/10.1002/app.1991.070421204
http://link.springer.com/10.1007/978-3-662-49514-8_2
https://doi.org/10.1002/pen.24981
https://doi.org/10.1016/S0032-3861(02)00399-3
https://doi.org/10.1016/S0032-3861(02)00399-3
https://doi.org/10.1016/S1359-835X(99)00076-7

Yassin M. Ahmed et al. Engineering and Technology Journal 43 (07) (2025) 577-592

[48] S. Sanchez-Valdes, High-Density Polyethylene/Recycled HDPE/Nanoclay Composites Using an Amine-Alcohol Modified
Polyethylene as a Compatibilizer, Iran Polym. J., 30 (2021) 297-305. https://doi.org/10.1007/s13726-020-00889-3

[49] F. Vilaplana and S. Karlsson, Quality Concepts for the Improved Use of Recycled Polymeric Materials: A Review, Macro.
Materials & Eng., 293 (2008) 274-297. https://doi.org/10.1002/mame.200700393

[50] J. Hopewell, R. Dvorak, and E. Kosior, Plastics Recycling: Challenges and Opportunities, Phil. Trans. R. Soc. B., 364
(2009) 2115-2126. https://doi.org/10.1098/rsth.2008.0311

[51] M. Oksiiz and H. Yildim, Effect of Calcium Carbonate on the Mechanical and Thermal Properties of Isotactic
Polypropylene/Ethylene  Vinyl  Acetate Blends, J.  Appl. Polymer Sci., 96 (2005) 1126-1137.
https://doi.org/10.1002/app.21555

[52] 1. Karagdz, H. 1. Duyar, A. Cavusoglu, and H. Sepetcioglu, Synergistic Effects on the Mechanical, Thermal, and
Morphological Properties of HDPE Composites Reinforced With Walnut Shell and Nano-Calcium Carbonate, J. Appl.
Polymer Sci., (2025) e57464. http://dx.doi.org/10.1002/app.57464

[53] A. Qaiss, R. Bouhfid, and H. Essabir, Characterization and Use of Coir, Almond, Apricot, Argan, Shells, and Wood as
Reinforcement in the Polymeric Matrix to Valorize These Products, Agricultural Biomass Based Potential Materials, (2015)
305-339. https://doi.org/10.1007/978-3-319-13847-3_15

[54] A. Qaiss, R. Bouhfid, and H. Essabir, Effect of Processing Conditions on the Mechanical and Morphological Properties of
Composites Reinforced by Natural Fibres, Manufacturing of Natural Fibre Reinforced Polymer Composites, (2015) 177-
197. https://link.springer.com/10.1007/978-3-319-07944-8 9

[55] M. N. Khalaf, Mechanical Properties of Filled High Density Polyethylene, J. Saudi Chemical Society, 19 (2015) 88-91.

[56] Y. Wang, L. Lu, Y. Hao, Y. Wu, and Y. Li, Mechanical and Processing Enhancement of a Recycled HDPE/PPR-Based
Double-Wall Corrugated Pipe viaa POE- g -MAH/CaCO3; /HDPE Polymer Composite, ACS Omega, 6 (2021) 19705-19716.

[57] Y. Ngothai, H. Putra, T. Ozbakkaloglu, and R. Seracino, Effect Of Caco3 Size On The Mechanical Properties Of Recycled
Hdpe, 2009.

[58] J. A. K. Tipu, N. A. Aslam, A. Muhammads, et al., Mechanical Properties Evaluation of Recycled High-Density
Polyethylene via Additive Manufacturing, Zenodo, Oct. 17 (2023). https://zenodo.org/doi/10.5281/zenodo.10012303

[59] G. J. Howard and R. A. Shanks, The Influence of Filler Particles and Polymer Structure on the Mobility of Polymer
Molecules, J. Appl. Polymer Sci., 26 (1981) 3099-3102. https://doi.org/10.1002/app.1981.070260923

592


https://doi.org/10.1007/s13726-020-00889-3
https://doi.org/10.1002/mame.200700393
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.1002/app.21555
http://dx.doi.org/10.1002/app.57464
https://doi.org/10.1007/978-3-319-13847-3_15
https://link.springer.com/10.1007/978-3-319-07944-8_9
https://zenodo.org/doi/10.5281/zenodo.10012303
https://doi.org/10.1002/app.1981.070260923

	1. Introduction
	2. Experimental method
	2.1 Materials
	2.2 The various steps involved in plastic recycling are outlined
	2.3 Processing
	2.4 Testing
	2.4.1 Tensile test
	2.4.2 Flexural test
	2.4.3 Charpy Impact Test
	2.4.4 Hardness Test


	3. Results and discussion
	3.1 Analysis of tensile strength of hybrid blends of HDPE, CaCO₃, and recycled plastics: interplay and material performance
	3.2 The influence of HDPE, calcium carbonate, and recycled plastics on composite hardness
	3.3 Effect of high-density polyethylene, calcium carbonate, and recycled plastics on flexural strength and flexural modulus of blended materials
	3.4  Impact of Calcium Carbonate and Recycled Plastics on the Mechanical Performance of HDPE Blends

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


