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Abstract

In this work, we optimized three key factors for rotational molding composites: the recycled
polyethylene (xPE) content, the pigment (Cp) content, and the process parameter-peak
internal air temperature (PIAT). We studied the influence of rPE, Cp, and PIAT on various
composite properties. These included mechanical properties (e.g., elastic modulus E), im-
pact strength (MFEsp), surface characteristics (wettability measured by contact angle 0 and
IR spectroscopy), thermal stability (by DTA-TG analysis), environmental stress cracking
resistance (ESCR in hours), and the amplitude of the third harmonic (3 of the ultrasonic
back-wall signal. The IR spectroscopy and contact angle results indicate that adding rPE
and pigment slightly increases the composite’s surface hydrophilicity. The results show
that PIAT strongly influences all the characteristics of the composites studied. Depending
on its percentage, the introduction of rPE can either improve or worsen these composite
properties. A correlation was found between (3, ESCR, MFEsp, and E, demonstrating that
 can serve as a quantitative indicator of internal stress (IS) in rotomolded parts. The
recommended optimal composition is rPE 30%, Cp 0.5%, and PIAT 195 °C. Under these
conditions, the composite exhibits minimal internal stress and optimal performance, which
in turn extends the service life of rotomolded products. Four nomograms were developed:
rPE = f(MFEsp, Cp, PIAT) and rPE = {(3, Cp, PIAT), which make it possible to quickly
determine MFEsp and f3 of a product based on the actual PIAT, taking into account rPE and
pigment content in the composite (they also allow selecting the rPE and pigment content in
the composition depending on the required MFEsp).

Keywords: rotomolding; rotational molding; polyethylene recycling; rPE; internal stresses
in plastics; ultrasound in plastics; higher harmonics; ESCR

1. Introduction

At present, the efficient utilization and recycling of plastic waste remain among the
most pressing global challenges. Since the invention of Bakelite in the early twentieth
century, plastics have become an inseparable part of industrial production and everyday
life [1]. Global plastic output has grown continuously since the 1950s, when polyethylene
(PE) was first synthesized, and is expected to reach 500-600 million tonnes per year by
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2025 [2]. In 2023, worldwide production hit a record 489 million tonnes, yet only 8.17% was
recycled [3], highlighting the urgent need for improved recycling infrastructure.

PE is the most widely used thermoplastic, valued for its chemical resistance, low cost,
and processability. The global market for virgin PE (vPE) reached about 120 million tonnes
in 2022 and is projected to rise to 140 million tonnes by 2025 [4]. However, this growing
consumption has led to an intensified accumulation of persistent plastic waste [5,6].

Each year, around 10 million tonnes of plastic enter the environment, contributing to
large-scale contamination, including microplastics found even in remote ecosystems [7,8].
The production and incineration of virgin polymers also generate about 4% of global
CO; emissions—roughly 2.15 Gt CO,-eq annually [9-11]. Since the late twentieth century,
reports of massive ocean plastic accumulations have revealed that debris not only forms
“garbage patches” but also fragments into toxic microparticles affecting marine life and
humans [12,13]. Currently, about 60% of plastic waste remains unrecycled and accumulates
in landfills or the oceans—around 8 million tonnes annually, a major portion being PE [7].
Yet, owing to its stable molecular structure, PE possesses strong potential for effective
secondary recycling [14].

Current strategies to mitigate PE’s environmental impacts remain limited in scale.
Roughly 25% of recyclable plastic waste is incinerated with energy recovery—offsetting
some energy demand but producing CO, and toxic by-products [15]. Fewer than 1% of plas-
tics undergo chemical recycling (depolymerization or pyrolysis to monomers/hydrocarbon
feedstock) due to high capital and energy requirements [16]. About 40% is landfilled,
posing long-term risks to soils and waters, while biological degradation accounts for <0.1%
because of polymer inertness and the need for prior oxidation [15,16]. Only ~16% is me-
chanically recycled by shredding, cleaning, and re-melting into secondary pellets [15]. The
remaining stream is largely mismanaged: OECD estimates indicate ~22% of global plastic
waste enters uncontrolled dumps, open burning, or dispersal outside formal systems [17].
Part of these flows undergoes mechanical-biological treatment (MBT), combining coarse
sorting /shredding to extract recyclable fractions with aerobic or anaerobic stabilization of
organics to reduce volume and raise the calorific value of residues [18]. Smaller fractions
are routed to thermal conversion: pyrolysis yields liquid hydrocarbons (“0il” and waxes)
for fuel or feedstock, while gasification converts plastics to syngas (CO + Hy) for energy or
downstream chemical synthesis [19].

Despite the merits of alternative routes, mechanical recycling remains the most eco-
nomically viable and environmentally safe option for plastics management. It eases pres-
sure on natural resources, reduces landfilling, and lowers greenhouse-gas emissions by sub-
stituting primary polymers with secondary ones [20]. Scaled PE recycling could cut demand
for virgin PE by about 30% relative to 2019 and further shrink the sector’s footprint [21]. In
this context, developing recycled-polyethylene (rPE) formulations for advanced processing
is crucial. Rotational molding (RM) stands out as a promising technology for large hollow
products that offer uniform wall thickness, low internal stress, and comparatively low
equipment costs [22,23]. The method was patented in the UK in the 1930s. It achieved wide
industrial uptake after World War II with improved process control and has since gained
global traction across automotive, aerospace, chemical, and food industries [24,25]. The
RM product market was valued at roughly USD 10 billion in 2020 and is projected to reach
about USD 15 billion by 2025 (CAGR = 8-10%), which underscores industrial demand and
the method’s potential, particularly for integrating rPE. This momentum has motivated a
growing body of research on rPE in RM that is reviewed chronologically below [26].

The first attempt to incorporate recycled polyethylene (rPE) into rotational compos-
ites was described in patent WO1993000400A1 (1993), which proposed LLDPE-rHDPE
formulations containing up to 90-95% polyethylene, though the exact proportion of
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the recycled fraction was unspecified [27]. Mixing components with different densities
(0.92-0.96 g/cm?) produced a synergistic effect, as the Izod impact strength exceeded
theoretical values. Further development was presented in US6180203B1 (2001), intro-
ducing a two-layer structure with an outer virgin LLDPE barrier and an inner layer of
recycled polyolefins [28]. This configuration enabled up to 100% rPE use in inner lay-
ers without loss of mechanical or chemical performance. A major step forward came
with WO2016102341A1 (2016), which incorporated crosslinked polyethylene (XLPE) waste
in amounts of 10-30% [29]. The resulting materials maintained molding stability, with
flexural modulus above 840 MPa (up to 1000-1200 MPa) and tensile strength between
15 and 20 MPa at elongation up to 5%. Since 2020, patent activity in rPE-based rotational
molding has intensified markedly—rising from 3 patents (1993-2016) to 7 between 2020 and
2025. Notably, the Chinese patent CN109664584B (2020) proposed a one-step process for
producing foamed rPE products with impact strength of 74-85 ], significantly exceeding
that of virgin PE (14-33 J) [30]. W02021222984A1 (2021) proposed multilayer constructions
in which rPE layers 3-10 mm thick were combined with vPE, achieving a balance between
processability—MFI 1-10 g/10 min and density 930-970 kg/m3—and impact strength [31].
CA3190761A1 (2021) reported rotational molding compositions containing 10-50 wt.% rPE,
with a 20% example and an overall vPE/rPE ratio up to 80/20, yielding an internal rPE
layer with controlled roughness of about 6.3 pum that improved durability and coating
adhesion [32]. Recent developments in US20230093454A1 and US20230124453A1 (2023)
focus on localizing rPE at the inner surface, enabling roughness of 4-30 pm and promot-
ing carbonyl group formation that enhances adhesion to polyurethane coatings [33,34].
US20230339150A1 (2023) introduced spontaneous phase segregation that forms an internal
surface with 12-20 pm roughness and high adhesion to polar materials [35]. Conclud-
ing this sequence, W0O2025114813A1 (2025) disclosed a three-component composition of
60-80% MDPE, 5-25% HDPE, and 10-30% rPE that delivers impact strength of at least
25 J/m and in some cases above 50 J/m, confirming the feasibility of substantial rPE
incorporation without sacrificing performance [36].

Unlike patent sources, which emphasize technological feasibility and industrial ap-
plicability, articles indexed in Scopus and WoS systematically analyze the ranges of rPE
content and their correlation with mechanical properties (strength, Young’s modulus, and
impact toughness), thereby providing an empirical foundation for further optimization of
RM compositions [25]. Pick et al. [23] demonstrated that manufacturing containers from
100% rPE (recycled tanks) was accompanied by an increase in viscosity at low shear rates,
a decrease in impact strength (0.5-1 J/mm versus 7.2-17 J/mm for vPE), and powder-
quality issues. In the work of Cestari et al. [37], 50/50 vPE/rHDPE blends from bottles,
pipes, and household waste provided impact strength up to 9.3 J/mm under compression
molding, but in RM conditions, impact strength dropped by 85-87% and flexural modu-
lus decreased by 20-30%. Diaz et al. [38] investigated the inclusion of cable waste up to
50 wt%, finding that concentrations above 35% led to significant degradation of strength
and Young’s modulus, while elongation at break dropped sharply even at 10% recycled
content. Chaisrichawla and Dangtungee [39] noted that adding rHDPE (0-50 wt%) to
LLDPE reduced tensile strength but increased impact toughness and Young’s modulus,
showing a positive effect at 10% rPE. Other studies confirmed the possibility of using 100%
rHDPE or PP/rHDPE blends in building blocks, although lower mechanical performance
was observed and the introduction of additives was required (e.g., 5 wt% Al,O3 to achieve
UL-94 V0) [40]. Research on rLDPE [41] and PLA [42] also showed significant reductions in
strength and impact resistance when 100% recycled plastic was used in the composition.
An additional direction involved adding 20-50 wt% of ground rubber into LDPE, which
resulted in elastomer-like composites with elongation at break >100%, but at higher concen-
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trations the properties deteriorated [43]. Finally, Dou and Rodrigue [44] demonstrated the
feasibility of producing foamed products based on 100% rHDPE using chemical foaming
agents, although this reduced thermal conductivity and increased cell size.

The surveyed patents and Scopus/WoS studies collectively indicate that rotational
molding is a technologically versatile process and that rPE can be effectively integrated
into RM formulations [45-47]. Yet, most reported recipes target narrowly defined industrial
needs, and the field still lacks a unifying theoretical framework that links rPE process-
ing conditions to the performance of molded parts. Uncertainty about the optimal rPE
content continues to drive variability in rheology, uneven additive distribution, and ele-
vated risks of micro-voids, internal stresses, and delamination [45-47]. These risks become
critical for containers that hold aggressive liquids, where chemical exposure accelerates
degradation [48]. Foundational work by E. P. Gomes attributes residual stresses in RM to
temperature and pressure gradients during melt cooling and crystallization, and ultrasonic
experiments confirm a correlation between the third-harmonic amplitude of the bottom
signal and the levels of plastic deformation and residual stress [49,50]. Follow-up studies by
Gomes and co-authors show that heat treatment and swelling can reshape stress-relaxation
behavior, which opens pathways for targeted control [50]. Industry still relies on stan-
dardized diagnostics such as crack-resistance testing in aggressive media under ASTM
D1693 and FNCT under ISO 16770, although test durations approaching 1500 h constrain
rapid quality assurance [51,52]. Against this backdrop, ultrasonic testing is emerging as
a nondestructive, real-time tool, with third-harmonic analysis enabling accurate localiza-
tion of defective zones in rotationally molded polyethylene and case studies on tanks
demonstrating feasibility for in-process monitoring and life-extension strategies [52].

This research—developing optimal rotational molding formulations that integrate
recycled polyethylene (rPE) and ultrasonic testing (UT)—is highly relevant due to techno-
logical, environmental, and economic factors. The use of rPE significantly reduces material
costs, while UT allows for rapid evaluation of residual stresses, ensuring product durability
and reliability. This combination strengthens the competitiveness of enterprises that use ro-
tational molding for plastic recycling. In this study, an industrial composite was developed
by varying the rPE content, pigment concentration, and processing parameters defined by
the peak internal air temperature (PIAT) indicator. For the first time, we applied ultrasonic
testing to optimize an industrial RM composite’s composition and to study the influence of
rPE on residual stresses in parallel with the conventional environmental stress crack resis-
tance (ESCR) metric. The research focused on containers designed for aqueous surfactant
solutions, where stress cracking is a key degradation mechanism. Understanding how rPE
content affects residual stresses also provides insights into microstructural evolution in
semicrystalline polymers. The proposed approach combines formulation optimization with
modern nondestructive testing, improving both mechanical strength and impact toughness
while reducing internal stresses. This outcome gives the study clear environmental and
economic significance and aligns it with the goals of sustainable industrial development
and the circular economy [53,54]. According to the European Environment Agency, the use
of recycled polyethylene makes it possible to reduce the demand for primary raw materials
by 20-60% and to decrease material losses over the product life cycle [53]. The relationship
under investigation between the content of recycled polyethylene, the amount of black
pigment, residual stresses, and ESCR characteristics is of fundamental importance for
assessing the service reliability of rotomolded products. Optimization of the composition
and reduction in residual stresses extend their actual service life and reduce raw material
consumption [54]. These effects are consistent with UN Sustainable Development Goal
12 “Responsible Consumption and Production”, including Targets 12.2 and 12.5 aimed at
improving resource efficiency and reducing waste.



Polymers 2025, 17, 3290

5o0f 27

The combined effects of rPE content, pigment concentration, and RM parameters
(PIAT) on residual stresses and mechanical performance are complex, so a probabilistic—
deterministic design method was employed. This method reduces the number of re-
quired experiments and captures the interdependence of key factors through multipara-
metric mathematical models, enabling targeted optimization of the composite according to
residual-stress thresholds and impact strength requirements [55-65].

2. Materials and Methods
2.1. Materials

For the preparation of the samples, hexene-based linear medium-density vPE (LLPE,
Lupolen 4021 K RM) with a density of 939.5 kg/m? and a melt flow index (MFI) of
4 g/10 min (190 °C/2.16 kg) from LyondellBasell (Wesseling, Germany) was used. Af-
ter its primary processing (container caps), rPE Lupolen 4021 K RM was also obtained. As
a pigment, ungranulated (powder form) low-activity technical carbon black, grade P803
according to State Standard GOST 7885-86, supplied by Tuymazytekhuglerod (Tuymazy,
Russia), was employed. As a mold release agent, the industrial product MODENGY®1014
(Bryansk, Russia) was used.

2.2. Samples Preparation

The samples were manufactured using a shuttle-type rotational molding machine,
model FD4.0, produced by Yantai Fangda Rotational Molding Co., Ltd. (Yantai, China),
equipped with three cubic molds (dimensions 500 mm x 500 mm x 500 mm). After loading
10 kg of polyethylene and the required amount of pigment, the closed mold was placed
into the heating chamber of the machine, which had been preheated to 340 °C. To ensure
uniform distribution of the pigment within the polymer matrix, the mixture was blended for
5-10 min using a VCG-150 mixer manufactured by Yantai Fangda Rotational Molding Co.,
Ltd. (Yantai, China). The mold was kept in rotation for 25-35 min at 300-340 °C (heating
cycle). The internal air temperature (IAT) was monitored with a thermocouple through the
mold’s vent during the entire process. The molds were heated to the required PIAT, after
which heating was stopped and the cooling process was initiated. Once the internal air
temperature IAT decreased to 90 °C, the samples were removed from the mold. During the
rotational molding process (heating and cooling), the rotation speed for the major axis (arm
speed) and the minor axis (plate speed) was set at 5 rpm and 9 rpm, respectively.

2.3. Ultrasonic Testing Method

A previous study [52] measured the height of the third harmonic () in PE samples
using a mirror-shadow ultrasonic testing method. In our research, the simplified shadow
method proved to offer the most stable measurements. In the shadow method (used here
with a UCD-60N ultrasonic flaw detector), two piezoelectric transducers are placed on
opposite sides of the glycerin-coated plastic sample, symmetrically positioned relative to it
(Figure 1).

An electrical pulse with an amplitude of 200 V, a carrier frequency of 2.5 MHz, and a
repetition frequency of 20 Hz was applied to the upper piezoelectric emitter of the flaw
detector. After a single passage through the plastic, the elastic ultrasonic oscillations were
recorded as variations in the back-wall echo intensity at the opposite (receiving) transducer.
To determine the coefficient {3, the “Spectrum” function of the flaw detector was employed.
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Figure 1. Shadow method of ultrasonic flaw detection (1—transmitting piezoelectric transducer;
2—glycerin layer; 3—experimental plastic sample; 4—receiving piezoelectric transducer).

On the spectral coordinate grid of the flaw detector, the amplitude axis (Oy) comprises
10 cells, each divided into 5 subdivisions with a step size of 0.02 relative units (r.u.a.). The
amplitude of the first harmonic always occupies the full range of these 10 cells, correspond-
ing to 50 subdivisions of the spectrometric scale. The value of the coefficient (3 is determined
on the instrument scale, where each subdivision represents 0.02 r.u.a. By finding the peak
subdivision count on the Oy-axis in the 7.5-12 MHz range, 3 can be determined with a
maximum absolute error of +0.01 (in relative arbitrary units, r.u.a.) (see Figure 2).

Step = 0.02 rua

Figure 2. Determination of the third harmonic amplitude of the bottom signal using the UCD-60N
ultrasonic flaw detector.

2.4. Mechanical Testing Method

From the fabricated plastic cubes (500 mm x 500 mm x 500 mm), two types of
specimens were cut for mechanical testing (Figure 4 in [52]). The first view of the samples
(upper right) was used to determine the tensile properties of the material, i.e., the flexural
modulus of elasticity (E, MPa), the yield tensile stress (0y;e1q, MPa), and the ultimate tensile
stress at break (Oppeqx, MPa), in accordance with ISO 527-2:2012, at a speed of 5 mm /min.
Tensile tests were carried out on a testing machine from Haida international equipment
Co., Ltd., HD-B617-S (Dongguan, China). Samples for mechanical testing were tested at
temperature (20 & 2)°C. Their holding time in the oven (to equalize the temperature in
the plastic) was 24 h. The modulus and strength values given are based on the average
of at least 18 samples. A second type of specimen (125 mm x 125 mm plate) was used
to characterize the impact material, and Mean Failure Energy (MFE) was determined
according to the ARM Low Temperature Impact Test standard [66] (see Figure 3).
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Figure 3. Samples of the studied composites after determination of specific Mean Failure Energy (MFEsp ).

The MFE tests were carried out on a test rig constructed according to the drawings
on page 9-12 of the “Low Temperature Impact Test. Association of Rotational Molders
International (ARM)” [66] at 20 £ 1 °C. Samples for the determination of MFE were kept at
a temperature of minus (40 & 1) °C for 24 h in a freezer. The reported values of MFEsp. are
based on the average of at least eighteen specimens and are given in J/mm, found using

the following Formula (4):
MFE

; M
where £ is the sample thickness, in mm; MFEsph—speciﬁc Mean Failure Energy, J/mm;
MFE—Mean Failure Energy, J.

Sample density was measured based on the Archimedes method as described in

MFE,, =

International Organization for Standardization (ISO) 1183 on an Electronic Densimeter,
model MD-300S (Osaka, Japan).

2.5. ESCR Test Method

The environmental stress crack resistance (ESCR) time was determined in accordance
with ASTM D1693 (Bent-Strip, the so-called Bell test), Condition “C” at (100 £ 0.5) °C
(accelerated testing), using a ZL-3046 instrument (Dongguan, China). The testing medium
was a 10% aqueous solution of OP-7 (a nonionic surfactant, functional analog of Igepal
CO-630). OP-7 represents the products of ethylene oxide treatment of a mixture of mono-
and dialkylphenols; its structural formula is shown in Figure 4.

— (CH,CH,0),CH,CH,0H

(@)
:l /CS-IZ
I
Cs.p

Figure 4. Structural formula of the nonionic surfactant OP-7.

OP-7 was chosen as the testing surfactant (instead of the reagent Igepal CO-630
recommended by ASTM D1693) because it is widely used as a wetting agent in major
industrial pesticides within the Republic of Kazakhstan. These pesticides must be stored
and transported in tanks manufactured from the studied composites. Therefore, ESCR was
evaluated using an industrially applied surfactant.

The criterion for the onset of ESCR in the composites was the complete failure of all
test plates (100%)-F100 (see Figure 5).



Polymers 2025, 17, 3290

8 of 27

Figure 5. Photographs of several composite formulations during ESCR testing.

2.6. Contact Angle Measurement Method

The contact angle (6°) of the composites was determined using an ACAM instru-
ment (Kolkata, India) with the standard software package Apex Acam Software, version
2.026.088.1. The PE sample was fixed on the stage and leveled relative to the baseline within
the camera’s field of view. Using a dispenser, a drop of distilled water was carefully formed
above the specimen surface and gently placed onto it, avoiding any inertial spreading.
After the drop stabilized, its side profile was recorded.

The calculation of 6 was performed using the elliptical method: reference points were
manually placed along the contour of the drop profile in the program interface (arbitrary
number, but no fewer than six), after which the software approximated the profile with an
ellipse and automatically calculated the contact angles as the tangents to the approximating
curve at the three-phase line. For each position, left and right angles were recorded, and
the software reported the mean value for the given drop. Measurements were carried out
at three different locations on each sample, and at each location, three independent drops
were deposited and analyzed. The article presents average values from three measurements
at three locations (a total of nine determinations per specimen).

The approach employed was the sessile drop method with elliptical profile approxi-
mation and tangent-based calculation of 0 at the point of triple contact.

2.7. Fourier Transform Infrared Spectroscopy Method

Fourier-transform infrared (FTIR) spectra were obtained using an InfraLUM FT-08
spectrometer equipped with an ATR accessory (Madison, WI, USA), operating in the

400-4000 cm ! range with 25 scans and a resolution of 4 cm 1.

2.8. Method of Thermal Analysis

Thermal analysis was performed using a NETZSCH STA 409 PC/PG differential
thermogravimetric analyzer, which enables simultaneous recording of thermogravimetric
(TG), differential thermal (DTA), and derivative thermogravimetric (DTG) curves. Data
acquisition and processing were carried out with the NETZSCH Proteus software package,
version 5.2.1. Measurements were carried out in the standard DTA-TG mode. A platinum-
rhodium (Pt-Rh) crucible, characterized by high chemical and thermal resistance, was used.
The experiment was conducted in an inert gas atmosphere—nitrogen (N;)—supplied at
a constant flow rate of 50 mL/min. The heating temperature range was 20 °C to 600 °C,
with a uniform heating rate of 30 °C/min. The obtained data include the following curves:
TG—reflecting the mass change as a function of temperature; DTG—the derivative curve
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showing the rate of mass change; DTA—registering thermal effects (endothermic and
exothermic processes) occurring in the studied sample. For each sample, the following
parameters were determined: the onset temperature of thermal degradation (Tb, °C),
the temperature of maximum mass loss (Tmax, °C), and the percentage of sample mass
loss (M, %).

2.9. Experimental Design
Planning an Experiment for Modeling

Modeling of the combined influence of the rPE content, pigment concentration (Cp),
and the technological parameter PIAT on the indicators of mechanical and thermal prop-
erties of the composites, the third harmonic amplitude ($3, r.u.a.) of the ultrasonic signal,
impact strength (MFEsp., ]/mm), contact angle, and ESCR was carried out using the
probabilistic-deterministic planning (PDP) method. The complete algorithm and a detailed
description of the PDP method for modeling multiparametric processes are presented in
studies [55-65].

An orthogonal experimental plan for three input parameters, each varied at three lev-
els, was developed on the basis of a Latin square in accordance with the PDP methodology.
In the modeling using the PDP method, the following steps were performed:

1. Input factors and their levels were defined as follows:

- rPE content: 0%, 25%, 50%;
- Pigment (Cp) content: 0.1%, 0.2%, 0.5%;
- PIAT: 170 °C, 197 °C, 222 °C.

2. Next, an orthogonal plan of a three-factor experiment at three levels was developed.
Table 1 presents this orthogonal plan and the results of the experimental determination
of the mechanical and thermal properties of the composites, the ultrasonic signal
amplitude (f3), MFEsp., contact angle, and ESCR.

Table 1. Orthogonal experimental plan (3 factors x 3 levels) and results for each run: mechanical
properties, thermal stability, ultrasonic third-harmonic amplitude f (r.u.a.), impact strength (MFEsp,
J/mm), contact angle 6 (degrees), and ESCR (hours).

Optimization Parameters Obtained Experimental Parameters of Composites
- Mechanical Properties of the Thermal Properties of the
g Obtained Composites Obtained Composites
2 = P
@ g ~ v o
—_— 9] ~ Qo
S -] =1 = -~ & o ot
g 3 : ¢ g8 £ 2 =z = 5
~ 5 —_ ‘E‘q ] c ~ = () - = = Q
- € ¢ g & 2 s @ E w < E X <
= 5} =1 o 7 o =1 = &0 vt o I
= ° < ® & = = =~ A = = p=
= O > o = = E & < o E
3 ot < 9 @ n » = o5 - g o 3 @
o c = 5] 5] e S 2 9 m S = o
i g A g = = g = s} £ 2 =
~ ] E »n 3 S i) = 5] < ] ®
B s - = S - g
S ex = 2 & & g 3 =
v-e [=1 ‘B o =) 8 Il
k= & g = < = b
£ ; = = o
x
= X = ) =5
< =9 [=1
= S >
1 0 0.1 170 0.120 19.90 18.60 556.0 168 404 81.3 5 450 4889 92.3
2 0 0.2 197 0.120 19.22 18.27 540.8 159 40 83.7 7 459 489.8 88.5
3 0 0.5 222 0.185 23.50 21.50 861.0 153 39 69.9 6.5 453 490.8 90.0
4 25 0.2 170 0.140 22.02 18.00 665.8 170 45 76.0 9 456 497.0 90.2
5 25 0.5 197 0.080 19.50 18.20 755.0 151 43 66.3 14 474 499.4 90.4
6 25 0.1 222 0.100 22.10 18.25 925.0 148 445 81.6 9 473 499.6 90.6
7 50 0.5 170 0.165 19.80 19.50 281.0 121 35 76.2 7 472 500.9 94.5
8 50 0.1 197 0.12 20.70 18.75 751.0 171 40 727 18 467 497.0 95.1
9 50 0.2 222 0.161 21.90 18.60 974.0 115 37 68.4 17 469 499.4 89.5
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3. Results

3.1. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Amplitude of the

Ultrasonic Third Harmonic

B (ru.a.)

The influence of rPE content, pigment (Cp), and the technological parameter PIAT is

shown in Figure 6.
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Figure 6. Influence of rPE content (a), pigment content (b) and PIAT (c) on 3 at 20 =1 °C.

The influence of the studied optimization parameters on the amplitude of the third
harmonic of the ultrasonic signal is not straightforward. The dependences of 3 on the rPE
content and PIAT are generally identical. An increase in the pigment content in the com-
posite up to 0.2% leads to an increase in 3 until saturation is reached at 0.140-0.145 r.u.a.

3.2. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Mechanical Properties
of the Composites

The influence of rPE content, pigment content, and PIAT on the maximum tensile
stress at break is shown in Figure 7.
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in the composite, %
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Figure 7. Influence of rPE content (a), pigment content (b) and PIAT (c) on the maximum tensile

stress (break) at 20 + 1 °C.
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The influence of rPE content, pigment content, and PIAT on the tensile yield stress at
yield is shown in Figure 8.

§ 20 r g 20 . ﬁ 20 _
= 195 & <195 - E 195
o]
>\ -::1 -
2 185 > 185 2185 ¢
7 3 17
g B g 18 g 18
%] -
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g g 17 ¢ g 7
%D 16.5 = 165 | 5 165 |
= 60

5 16 ® 16 £ 16
+ ) ~
@ 0 10 20 30 40 50 % 01 02 03 04 05 @ 170 185 200 215 230

The content of rPE The content of the pigment

. . . o PIAT, °C

in the composite, % in the composite, %

(a) (b) (c)

Figure 8. Influence of rPE content (a), pigment content (b) and PIAT (c) on the maximum tensile
stress (yield) at 20 1 °C.

The influence of rPE content, pigment content, and PIAT on the elongation at tensile
stress at break is shown in Figure 9.

_ 1000 _ 1000 _ 1000
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in the composite, % in the composite, % ’
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Figure 9. Influence of rPE content (a), pigment content (b) and PIAT (c) on the elongation tensile
stress (yield) at 20 £ 1 °C.

The influence of rPE content, pigment content, and PIAT on the elastic modulus is
shown in Figure 10.

The influence of the studied optimization parameters on the mechanical properties of
the rotationally molded composites is not straightforward. In general, as the rPE content
in the composite increases, the yield strength decreases, the tensile strength stabilizes and
then increases (at rPE contents above 30%), the strain at tensile strength increases, and the
elastic modulus exhibits a maximum (at rPE contents above 30%). With increasing pigment
content, yield strength and tensile strength both rise, whereas elongation at break decreases.
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The elastic modulus initially drops (up to a pigment content of ~0.2%) and then levels off.
In contrast to the previously considered optimization parameters, unlike rPE and pigment
content, the processing parameter PIAT has the same effect on all the mechanical properties.
At PIAT ~ 197 °C, the composites exhibit peak mechanical performance, whereas at the
lower (170 °C) and higher (222 °C) PIAT extremes, all properties decline (except the elastic

modulus; see Figure 10c).
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Figure 10. Influence of rPE content (a), pigment content (b) and PIAT (c) on the elasticity flexural
modulus at a temperature of 20 = 1 °C.

3.3. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Impact Strength of
the Composites

The influence of rPE content, pigment (Cp), and the technological parameter PIAT on
the specific mean failure energy (MFEsp., ]/mm) is shown in Figure 11.
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Figure 11. Influence of rPE content (a), pigment content (b) and PIAT (c) on the specific Mean Failure
Energy (MFEsp ) at a temperature of 20 1 °C.

As the rPE content and the processing parameter PIAT increase, the impact strength
of the composites rises to a maximum (at rPE = 30% and PIAT = 197 °C), and then MFEsp
begins to drop off.
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3.4. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Wettability of the
Composites (Contact Angle 6)

The influence of rPE content, pigment content, and the technological parameter PIAT
on the contact angle of wettability (0) is shown in Figures 12 and 13.

90 r 90 r 90 r
Ve . 80 47\.\* 80 —
70 70 70
60 - 60 - 60
o 50 F o 50 F o 50 F
C 40 D40 - T 40
30 - 30 - 30 -
20 r 20 - 20 -
10 + 10 + 10 -
0 0 0
0 10 20 30 40 50 01 02 03 04 05 170 190 210 230
The content of rPE The content of pigment PIAT. °C
in the composite, % in the composite, % ’
(a) (b) (b)
Figure 12. Influence of rPE content (a), pigment content (b) and PIAT (c) on the contact angle of
wettability (6°).
a-Sample #1 b-Sample #2 c-Sample #3
d-Sample #4 e-Sample #5 f-Sample #6
g-Sample #7 h-Sample #8 m-Sample #9

Figure 13. Photographs of distilled water droplets on the nine investigated composite formulations.

As the contents of rPE and pigment and the processing parameter PIAT increase, the
contact angle decreases, indicating a reduction in the composite’s hydrophobicity (higher
surface wettability).

3.5. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the ESCR of the Composites

The influence of rPE content, pigment (Cp), and the technological parameter PIAT on
the ESCR (h) of the composites is shown in Figure 14.

Increasing rPE and pigment contents raises the ESCR to an optimum value, after
which it declines. By contrast, increasing PIAT causes a near-linear increase in ESCR.
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Figure 14. Influence of rPE content (a), pigment content (b), and PIAT (c) on the ESCR of the composites.
3.6. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Density of the Samples
The experimentally determined density of the samples is shown in Figure 15.
0.95 P
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Sample number (composition is shown in Table 1)
Figure 15. Experimentally determined density of nine polyethylene samples (at a temperature of 20 £ 1 °C).

Samples molded at the low PIAT of 170 °C showed the lowest density (0.928-0.933 g/cm?).
Samples molded at a normal PIAT (/=197 °C) or high PIAT (222 °C) attained higher densities
(0.938-0.948 g/cm?) and are considered acceptable for industrial use.

3.7. IR Spectroscopy of the Obtained Samples

The obtained IR spectra of the samples are illustrated in Figure 16.

All nine composite samples exhibited very similar IR spectra, regardless of rPE content,
pigment content, or PIAT. Notably, increasing rPE, pigment content, or PIAT did not lead
to any visible increase in the intensity of bands associated with oxygen-containing groups
(markers of thermo-oxidative degradation):

1710-1720 cm~1: keto carbonyls (C=0) in oxidized PE, 1735-1745 cm ™1 ester car-
bonyls (C=0)-oxidation products (ether/lactone fragments) [67];

1760-1765 cm~!: high-frequency shoulder of the general carbonyl region of PE oxida-
tion products;
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1170-1050 cm~!: C—O/C-O-C vibrations in oxidized fragments [68];
990-880 cm~!: out-of-plane =CH deformations (vinylene/vinyledene bonds)—
indicators of unsaturation [67].
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Figure 16. IR spectra of the nine investigated formulations of rotational polyethylene ((a)—lateral
surfaces of the samples; (b)—cross-section of the sample wall).

3.8. The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Thermal Properties of
the Composites

The obtained DTA and DTG thermograms of the nine investigated samples are pre-
sented in Supplement Figure S1.

The influence of rPE content, pigment content, and PIAT on the thermal properties of
the composites is shown in Figure 17.
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Figure 17. Influence rPE content (a), pigment content (b), and PIAT (c) on the onset (beginning)
degradation temperature (°C) (I), the temperature of maximum mass loss (°C) (II), and the percentage
of mass loss of the sample (M, %) (III).

The effects of the optimization parameters on composite thermal properties are non-
linear. Increasing rPE content raises both the onset (T},) and peak (Tmax) degradation
temperatures, while reducing the total mass loss M. Increasing pigment content raises T},



Polymers 2025, 17, 3290

17 of 27

MFE,, =

and causes M to decrease initially and then increase at higher pigment loadings. A higher
PIAT generally improves the composites’ thermal stability.

3.9. Development of a Mathematical Model

In connection with the well-known effect in rotomolding practice of reduced impact
strength in products manufactured from 100% rPE, and at the request of the technical
department of the partner organization of this study, AVAGRO Ltd. (Petropavlovsk,
Kazakhstan), mathematical modeling was carried out for the key parameters, determining
the service life of rotationally molded products—MFE and (3. Considering the reduced
impact strength observed in products made from 100% rPE (a concern raised by our industry
partner, <AVAGRO» Ltd. (Petropavlovsk, Kazakhstan)), we carried out mathematical
modeling for the key service-life parameters MFE and 3. The experimental data for each
combination of input factors (Table 1) were plotted as response surfaces following standard
PDP procedures [55-65]. This yielded the partial dependence curves shown in Figures 6-12,
14 and 17.

To derive a multifactorial statistical mathematical model of the effect of rPE, pigment
content (Cp,.) and PIAT, the equation proposed by M. M. Protodiakonov (2) was used:

i1 Yi

Yo = W 2)

where Y) is the generalized equation; Y; is the particular function; [T} ; Y; is the product of
all particular functions; n is the number of particular functions equal to the number of input
parameters; and Yf{l is the total average of all the considered values of the generalized
function to a degree one less than the number of particular functions.

Using the obtained partial dependencies, shown in Figures 6 and 11, multifactor math-
ematical models (3, 4) were built based on the generalized Protodyakonov Equation (2):

(a-rPE>+b-rPE+c)-(d-C3+e-Cp+f)-(g- PIAT> + h- PIAT +i)

, J/mm ©)

Yis

PE2 4. (d-(1—=eCP)) . (g- >+ h- :
p (PR PERO (@ (2 CT) (g PIAT I PIATED |y
M

Table 2 presents the values of the coefficients included in Equations (3) and (4).

Table 2. Coefficient values used in Equations (3) and (4).

Estimated Parameter a b c d e f g h i Ym
MFEs, —0.00136  0.0687  40.133  10.278 —12.75 42806 —0.008367 3.2323 —267.89 40.43
B 0.00006  —0.0029 0.1417 0.145 —15.00 - 0.0000572 —0.0223 2.2789 0.13

The reliability of the obtained mathematical models was estimated by calculating the
coefficients of nonlinear multiple correlation. The goodness of fit of the models is very high:
even the lowest nonlinear multiple correlation coefficient achieved was 0.86.

4. Discussion

The effect of PIAT on 3 correlates with the well-known practical relationship between
PIAT and part impact strength (MFEs;,), as shown in Figure 18a.
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Figure 18. Correlation between MFEsp. and the (3 for rotational composites as a function of the
technological parameter PIAT (a), rPE content (b), and pigment content (Cp) (c).

The curve dependence B = f(PIAT) is essentially the inverse of the classical
MFEsp = f(PIAT) dependence well known in rotational molding (Figure 18a) [19]. As
PIAT increases from 170 °C to about 195-205 °C, 3 decreases by ~20% and then levels off,
while the impact strength reaches an optimum (MFEsp stays above 42 J/mm in this range).
At PIAT ~ 220 °C, f rises again (by ~36%) and MFEsp drops by ~15%.

One possible explanation for the observed correlation between 3, PIAT, and MFE is that
the internal stress (IS) in rotomolded parts is quantitatively linked to 3. This assumption
is supported by EP.C. Gomes and M.R. Thompson [50], who showed that the normalized
third-harmonic amplitude 3 in rotomolded products strongly correlates with their internal
stresses. Previously published studies [52] examined ultrasonic NDT methods for assessing
the quality of rotomolded products made from Lupolen 4021 K RM and other hexene-based
linear PEs. Notably, those studies used a different pigment (Heubach Vynamon Green
600734 (PG7)) instead of the low-activity carbon black grade P803 (Tuymazytekhuglerod,
Tuymazy, Russia) used here. The samples with green pigment exhibited significantly
less ultrasonic attenuation than those with black pigment. Thus, in earlier tests with
green-pigmented samples, we successfully employed echo-pulse (single transducer) and
mirror-shadow (dual transducer) methods with one-sided access. However, for the black-
pigmented samples, these methods proved impractical due to the high attenuation, and
therefore the through-transmission shadow method (with transducers on both sides of
the sample) was adopted. When testing green samples by the echo pulse method, it was
found that in “low PIAT” samples, the attenuation of the ultrasonic signal is significantly
stronger compared to “normal PIAT” and “overheated PIAT”. In the last two types of
samples, the attenuation was approximately the same [52]. When testing black plastics
using the shadow method, there was no statistically significant difference in the attenuation
of the ultrasonic signal depending on the PIAT value. The effect of PIAT on the spectral
characteristics of the ultrasonic signal transmitted through the test sample in green and
black plastics has one common feature and several significant differences observed: the
value of the third harmonic increases with increasing PIAT from “normal” to “overheated”—
this is the similarity between green and black plastic; there is strong noise in the ultrasonic
spectrum of the ‘low PIAT” green plastic, preventing determination of the third harmonic
amplitude (assumed to be zero in this case) [52]; in contrast, the “low PIAT” black plastic
still exhibited a measurable third harmonic, with an amplitude nearly as high as that of
the “overheated PIAT” condition. In preliminary tests, spectra of black-pigmented plastic
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showed no appreciable harmonic noise from 20 °C up to 80 °C. By contrast, the green
plastic exhibited increasing noise with temperature, and by 80 °C, the noise was so strong
that the third harmonic amplitude could not be determined at any PIAT [52]. Therefore, for
green plastic the third harmonic measured at 20 °C was used as the quality criterion for
comparing PIAT conditions [52].

To verify this assumption, we conducted an additional study of internal stresses
in the obtained samples. A widely used measure of internal stress in polyethylene is
the Environmental Stress Crack Resistance (ESCR) per ASTM D1693. This parameter is
routinely listed in data sheets for any industrial PE grade intended for liquid storage
applications (pipes, tanks, fittings, etc.). In our experiments, we found that ESCR correlates
with (3 as functions of rPE and pigment content (Figure 19).
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Figure 19. Correlation between ESCR and 3 for rotational composites as a function of rPE content
(a) and pigment content (b).

As 1PE content increases to ~25-30%, (3 decreases while ESCR rises—confirming
that internal stresses in the composite are reduced. Thus, 3 can serve as a quantitative
measure of internal stress in rotomolded parts. For example, increasing PIAT from 170 °C to
~195-205 °C lowers internal stress (3) by promoting a more equilibrated polymer structure,
which in turn yields higher impact strength. However, further raising PIAT above ~225 °C
initiates thermo-oxidative degradation (as demonstrated in the works of EP.C. Gomes [50]).
At this stage, carboxyl groups appear on the surface of PE (identified by the peak at
1740 cm 1), leading to a sharp rise in internal stress and a corresponding drop in impact
strength [53]. Similarly, raising the rPE content up to 30% lowers internal stress by about
one-third (vs. 100% vPE) and yields a modest ~5% increase in impact strength (MFEsp).
This outcome is consistent with Cestari et al. [37], who also observed improved impact
strength in rotomolded composites upon adding up to 40-50% rPE.

At 50% rPE, however, internal stress rises sharply again—f3 increases by ~43% com-
pared to its minimum at 30% rPE (about 7% higher than the 0% rPE case)—and accordingly
the composite’s impact strength drops.

The correlation between MFEsp., ESCR, 3, and rPE content for the studied rotational
composites is presented in Figure 20.
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Figure 20. Correlation between MFEsp., ESCR, (3, and the content of recycled polyethylene (rPE) in

the studied rotational composites.

Thus, using minimal internal stress as the criterion (3 indicator), the optimal rPE

content is about 30% or less (see Figure 18b).

Increasing pigment content up to ~0.2% raises internal stress (3) by ~27% before

leveling off (Figure 18c). Concurrently, MFEsp drops by ~6% and then stabilizes. Based on

the f criterion, ~0.2% pigment appears optimal for minimizing internal stress. However,

since there is no significant difference in internal stress between 0.2% and 0.5% pigment,

pigment concentration is not a critical factor in determining impact strength.

Of all the mechanical properties, only the elastic modulus E exhibited a clear inverse

correlation with (3 (Figure 21).
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Figure 21. Correlation between the modulus of elasticity (E) and the height of the third harmonic
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parameter (c).
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This inverse relationship held true for variations in all three parameters (tPE, Cp,
and PIAT)—whenever 3 changed due to these factors, the elastic modulus changed in the
opposite direction. A possible explanation of this dependence may be the assumption that
the modulus of elasticity characterizes the interaction between crystallites and amorphous
regions in the composite. This assumption requires further study. Therefore, if maximizing
the elastic modulus (and hence tank stiffness) is the goal, the optimal parameters would be
roughly 20-30% rPE, 0.2% pigment, and a PIAT of 195 °C.

The other mechanical properties (yield strength, ultimate tensile strength, and elonga-
tion at yield) did not exhibit a strong correlation with (3. Therefore, if one optimizes for
maximum values of these properties (strength of the tank), the optimal rPE and pigment
contents cannot be pinpointed unequivocally within the tested ranges (up to 50% rPE and
0.5% pigment. A possible explanation for the observed decrease in tensile strength and the
simultaneous increase in elongation at break at elevated rPE contents (Figures 8a and 9a) is
a reduction in the overall crystallinity. Recycled polyethylene typically contains a higher
fraction of amorphous regions and shorter, more heterogeneous chains, which disrupt
the crystalline lamellae and weaken intermolecular packing. Reduced crystallinity lowers
the tensile strength, whereas the more amorphous microstructure enhances ductility and,
consequently, elongation at break. This hypothesis is consistent with the experimental
trends observed in the present study.

PIAT proved to be a critical processing factor in rotational molding. Samples molded at
170 °C (insufficient sintering due to many micro-voids) or at 222 °C (thermal degradation)
were deemed defective based on mechanical testing, ultrasonic inspection, and density
measurements. Therefore, we recommend limiting the rotomolding process to a PIAT range
of ~190-205 °C.

The IR spectroscopy results (Figure 16, showing no new oxygen-group peaks with
more rPE) and contact angle measurements (Figures 12 and 13) indicate that adding rPE
has no statistically significant effect on the surface hydrophilicity of the PE. For instance,
with 50% rPE, the contact angle 0 dropped by only ~5%. Thus, incorporating up to 50%
rPE does not meaningfully reduce the hydrophobicity of the PE tanks, and is unlikely
to affect their service life. By contrast, increasing the pigment content (Figure 12b) does
significantly reduce composite hydrophobicity, which can be attributed to the pigment’s
high inherent hydrophilicity. This may adversely affect performance, as water molecules
could be absorbed in the plastic’s micropores.

The influence of rPE on composite thermal stability is somewhat mixed. Adding up
to 30% rPE causes slight increases in the thermal decomposition onset temperature Tb
(~+1.5%) and peak decomposition temperature Tmax (~+0.1%), while slightly reducing
the total mass loss M. In general, however, the addition of rPE has no major effect on the
composites’” thermal stability. Adding pigment up to 0.5% produces small increases in Tb,
Tmax, and M. Likewise, raising PIAT slightly improves the composite’s thermal stability.
Therefore, if maximum thermal stability is the goal, the optimal parameters would be ~30%
rPE, 0.5% pigment, and a PIAT of ~197 °C.

Summarizing the 3, ESCR, mechanical, thermal, and impact performance results, we
conclude that the optimal composite formulation for minimal internal stress and maximum
overall performance is approximately 30% rPE, 0.5% pigment, and a PIAT of ~195 °C.

At the request of AVAGRO's technical department, we developed four nomograms
(Figures 22 and 23) to replace complex, labor-intensive calculations.
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These nomograms enable quick estimation of a product’s impact strength and 3 based

on the measured PIAT and the composite’s rPE and pigment contents, eliminating the need
for tedious calculations. They also allow the inverse problem to be addressed—i.e., selecting
the appropriate rPE and pigment levels for a desired impact strength or internal stress

level (). For example, when manufacturing a tank for storing liquid mineral fertilizer,

MFEsp. must be at least 42 ] /mm. To achieve this, it is necessary to strictly dose the rPE

and pigment content (Figure 22b) in the composition and ensure the precise attainment of
PIAT between 185 and 205 °C in the rotational molding cycle (Figure 22a).
This practical application of our model is especially noteworthy, as it offers a potential

solution for a pressing issue: implementing rapid quality control of recycled rPE pellets
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in an industrial setting. Currently, the rotomolding industry lacks any quick method to
assess the quality of incoming rPE batches. Manufacturers must mold trial cubes from the
rPE, cut out 120 x 120 mm panels, condition them at —40 °C for 24 h, and then perform
the MFEsp impact test. Such a procedure takes 2-7 days to complete. By contrast, when
using ultrasonic testing, this time is significantly reduced because the molded part/cube
does not need to be cut; it is sufficient to simply place the ultrasonic transducer against
it. The value of 3 obtained within a few minutes is then compared with a reference value
(similar to Figure 23). If 3 exceeds the allowable threshold, it indicates that internal stresses
would drastically reduce the parts’ impact strength. This situation may result from severe
thermal degradation of the rPE (due to multiple recycling cycles) or contamination with
other plastics. In such cases, the proportion of recycled material should be reduced and 3
measured again until it falls within acceptable limits.

The observed correlation between the ultrasonic third-harmonic (3) and composite
impact strength warrants further investigation via X-ray diffraction to clarify the underlying
microstructural causes.

5. Conclusions

1. Our ESCR tests—a standard measure of internal stress in polyethylene—showed that
the ultrasonic third-harmonic amplitude {3 is a viable quantitative indicator of internal
stress in rotomolded parts. In fact, we found a strong correlation between (3 and all
three key performance metrics.

2. IR spectroscopy and contact angle measurements showed that neither adding rPE
(up to 50%) nor increasing PIAT caused any statistically significant increase in the
hydrophilicity of PE. In contrast, raising the pigment concentration did measurably
reduce the composites” hydrophobicity.

3. Incorporating rPE had no appreciable effect on the composites’ thermal performance.
Thus, using up to 50% recycled PE in these rotomolded composites is feasible for
producing items with acceptable thermal stability. Adding pigment up to 0.5% gave a
slight improvement in thermal stability, and a higher PIAT also modestly enhanced
thermal resistance.

4.  PIAT proved to be the dominant processing factor determining all the key performance
characteristics of the rotomolded products. Therefore, we recommend limiting the
PIAT to ~190-205 °C during processing of these composites.

5. Taking into account all mechanical and thermal results (including MFEsp, 3, and
ESCR), the composite formulation that minimizes internal stress—and thereby max-
imizes performance and service life—is ~30% rPE and 0.5% pigment, with a PIAT
of ~195 °C.

6. Inresponse to industry needs, we developed four nomograms (rPE = f{(MFEsp, Cp,
PIAT) and rPE = {(3, Cp, PIAT)) to eliminate tedious calculations. These nomograms
enable rapid determination of a product’s impact strength and predicted 3 value based
on the actual PIAT and the composite’s rPE and pigment contents. They can also be
used inversely to choose appropriate rPE and pigment levels for a required impact
strength or target internal stress (3).

Supplementary Materials: The following supporting information can be downloaded at: https:
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52. Thermogravimetric (TG), derivative thermogravimetric (DTG) and differential thermal analysis
(DTA) curves of Sample #2.; Figure S3. Thermogravimetric (TG), derivative thermogravimetric (DTG)
and differential thermal analysis (DTA) curves of Sample #3.; Figure S4. Thermogravimetric (TG),
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derivative thermogravimetric (DTG) and differential thermal analysis (DTA) curves of Sample #4.;
Figure S5. Thermogravimetric (TG), derivative thermogravimetric (DTG) and differential thermal
analysis (DTA) curves of Sample #5.; Figure S6. Thermogravimetric (TG), derivative thermogravimet-
ric (DTG) and differential thermal analysis (DTA) curves of Sample #6.; Figure S7. Thermogravimetric
(TG), derivative thermogravimetric (DTG) and differential thermal analysis (DTA) curves of Sample
#7.; Figure S8. Thermogravimetric (TG), derivative thermogravimetric (DTG) and differential thermal
analysis (DTA) curves of Sample #8.; Figure S9. Thermogravimetric (TG), derivative thermogravi-
metric (DTG) and differential thermal analysis (DTA) curves of Sample #9.; Figure S10. Comparative
thermogravimetric curves of the composite samples, showing differences in mass loss and residual
mass after heating.

Author Contributions: Conceptualization, V.T., R.T. and V.S.; methodology, V.T., R.T. and A.D.
(Alexandr Demyanenko); software, R.T. and A.D. (Alexandr Demyanenko); validation, V.T., R.T. and
A.D. (Antonina Dyuryagina); formal analysis, R.T., A.D. (Alexandr Demyanenko) and A.D. (Antonina
Dyuryagina); investigation, V.T., A.D. (Antonina Dyuryagina), R.A., YM., A.B., and D.A; resources,
V.T., A.D. (Alexandr Demyanenko) and V.S.; data curation, A.D. (Antonina Dyuryagina); writing—
original draft preparation, V.T. and R.T.; writing—review and editing, V.T., R.T., A.D. (Alexandr
Demyanenko), A.D. (Antonina Dyuryagina), and V.S.; visualization, R.T., and A.B.; supervision, V.T.
and R.T.; project administration, V.T.; funding acquisition, D.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP26104785).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the staff of the Department of Chemistry and Chemical
Technology at M. Kozybayev North Kazakhstan University and the management of AVAGRO LLP
for their invaluable assistance during this research. We also acknowledge that this study was driven
by the practical needs of rotational molding enterprises in Kazakhstan (such as AVAGRO LLP) to
develop recycled polyethylene composites for industrial use.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Geyer, R.; Jambeck, J.R.; Law, K.L. Production, Use, and Fate of All Plastics Ever Made. Sci. Adv. 2017, 3, e1700782. [CrossRef]

2. El-Rayes, N.; Chang, A.; Shi, J. Plastic Management and Sustainability: A Data-Driven Study. Sustainability 2023, 15, 7181.
[CrossRef]

3.  Gazeau, B.; Minunno, R.; Zaman, A.; Shaikh, F. Elevating Recycling Standards: Global Requirements for Plastic Traceability and
Quality Testing. Sustainability 2024, 16, 5122. [CrossRef]

4. European Commission. Raw Materials Foresight Study 2023; European Commission: Brussels, Belgium, 2023. Available online:
https:/ /commission.europa.eu (accessed on 2 November 2025).

5. Lau, WW.Y,; Shiran, Y,; Bailey, R.M.; Cook, E.; Stuchtey, M.R.; Koskella, J.; Velis, C.A.; Godfrey, L.; Boucher, ].; Murphy, M.B.; et al.
Evaluating scenarios toward zero plastic pollution. Science 2020, 369, 1455-1461. [CrossRef]

6.  Plastics Europe. Plastics—The Facts 2022: An Analysis of European Plastics Production, Demand, and Waste. Plastics Europe.
October 2022. Available online: https://plasticseurope.org/knowledge-hub /plastics-the-facts-2022/ (accessed on 2 November 2025).

7. Jambeck, J.R; Geyer, R.; Wilcox, C.; Siegler, T.R.; Perryman, M.; Andrady, A.; Narayan, R.; Law, K.L. Plastic Waste Inputs from
Land into the Ocean. Science 2015, 347, 768-771. [CrossRef]

8. Ritchie, H.; Samborska, V.; Roser, M. Plastic Pollution. 2023. Available online: https://ourworldindata.org/plastic-pollution
(accessed on 8 November 2025).

9.  Zhaparova, S.B.; Bayazitova, Z.E.; Bekpergenova, Z.B. Use of Plastic Waste in the Production of Polymer-Sanded Tiles; Vestnik of M.
Kozybayev North-Kazakhstan University: Petropavlovsk, Kazakhstan, 2020; Volume 3, pp. 219-229.

10. Khassenova, A K.; Kuantkan, B. From Waste to Wealth: International Experience in Improving the Processing of Production and

Consumption Waste; Vestnik of M. Kozybayev North-Kazakhstan University: Petropavlovsk, Kazakhstan, 2023; Volume 1,
pp- 74-80.


https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.3390/su15097181
https://doi.org/10.3390/su16125122
https://commission.europa.eu
https://doi.org/10.1126/science.aba9475
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/
https://doi.org/10.1126/science.1260352
https://ourworldindata.org/plastic-pollution

Polymers 2025, 17, 3290 25 of 27

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Ritchie, H. How Much of Global Greenhouse Gas Emissions Come from Plastics? 2023. Available online: https:/ /ourworldindata.org/
ghg-emissions-plastics (accessed on 2 November 2025).

When Did Plastic Pollution Start? 2025. Available online: https://iere.org/when-did-plastic-pollution-start (accessed on 8
November 2025).

Gall, S.C.; Thompson, R.C. The impact of debris on marine life. Mar. Pollut. Bull. 2015, 92, 170-179. [CrossRef]

Ma, Y,; Jiang, X.; Xiang, X.; Qu, P.; Zhu, M. Recent developments in recycling of post-consumer polyethylene waste. Green Chem
2025, 27, 4040-4093. [CrossRef]

McKinsey & Company; Innovation Fund Denmark. The New Plastics Economy: A Research, Innovation and Business Opportunity
for Denmark; McKinsey & Company: Copenhagen, Denmark, 2019. Available online: https://www.mckinsey.com/featured-
insights/europe/the-new-plastics-economy-a-danish-research-innovation-and-business-opportunity (accessed on 2 November 2025).
Cafiero, L.M.; De Angelis, D.; Tuccinardi, L.; Tuffi, R. Current State of Chemical Recycling of Plastic Waste: A Focus on the Italian
Experience. Sustainability 2025, 17, 1293. [CrossRef]

OECD. Plastic Pollution Is Growing Relentlessly as Waste Management and Recycling Fall Short, Says OECD. Press Release. 22
February 2022. Available online: https:/ /www.oecd.org/en/about/news/press-releases /2022 /02 /plastic-pollution-is-growing-
relentlessly-as-waste-management-and-recycling-fall-short.html (accessed on 2 November 2025).

Lara-Topete, G.O.; Robles-Rodriguez, C.E.; Orozco-Nunnelly, D.A.; Vazquez-Morillas, A.; Bernache-Pérez, G.; Gradilla-
Hernandez, M.S. A mini review on the main challenges of implementing mechanical biological treatment plants for municipal
solid waste in the Latin America region: Learning from the experiences of developed countries. Waste Manag. Res. |. A Sustain.
Circ. Econ. 2023, 41, 1227-1237. [CrossRef]

Shah, H.H.; Amin, M.; Igbal, A.; Nadeem, I; Kalin, M.; Soomar, A.; Muhammad, G.; Ahmed, M. A review on gasification and
pyrolysis of waste plastics. Front. Chem. 2023, 10, 960894. [CrossRef] [PubMed]

Schyns, Z.; Shaver, M. Mechanical Recycling of Packaging Plastics: A Review. Macromol. Rapid Commun. 2020, 42, €2000415.
[CrossRef]

Center for International Environmental Law (CIEL). Reducing Plastic Production to Achieve Climate Goals. September 2023.
Available online: https://www.ciel.org (accessed on 2 November 2025).

Pick, L.; Hanna, P.R.; Gorman, L. Assessment of processibility and properties of raw post-consumer waste polyethylene in the
rotational moulding process. |. Polym. Eng. 2020, 42, 374-383. [CrossRef]

Ogila, K.; Shao, M.; Yang, W.; Tan, J. Rotational molding: A review of the models and materials. Express Polym. Lett. 2017,
11, 778-798. [CrossRef]

Kelly-Walley, J.; Martin, P.; Ortega, Z.; Pick, L.; McCourt, M. Recent Advancements towards Sustainability in Rotomoulding.
Materials 2024, 17, 2607. [CrossRef] [PubMed]

Ahmad, H.; Rodrigue, D. Upcycling of recycled polyethylene for rotomolding applications via dicumyl peroxide crosslinking. J.
Appl. Polym. Sci. 2024, 141, e56236. [CrossRef]

Aarti, B. Rotomolding Market Report 2025 (Global Edition). 2025. Available online: https://www.cognitivemarketresearch.com/
rotomolding-market-report (accessed on 9 November 2025).

Biddle, M.B.; Villwock, R.D.; Tanner, ].M. Polyethylene Blends for Molding. WO1993000400A1, 7 January 1993.

Unkles, PJ.; United States Patent and Trademark Office. Multilayer Structure with Recycled Polyolefin Layer for Rotational
Molding Applications. US6180203B1, 30 January 2001.

Carl-Gustav, E.; Wannerskog, A.; Rieder, S.; Ruemer, F.; World Intellectual Property Organization. Polyethylene Compositions
with Crosslinked Polyethylene Waste (XLPE) for Rotational Molding. W0O2016102341A1, 30 June 2016.

Chen, M.; Quan, D.; Guo, Y.; Wu, D. One-Step Method for Foamed Rotational Molding Products Using Recycled XLPE.
CN109664584B, 24 April 2020.

Graeme, H.; Rijkmans, B.; Petinakis, E.; World Intellectual Property Organization. Multilayer Structures with PCR Polyethylene
for Rotational Molding. W02021222984A1, 11 November 2021.

Hay, H.; D’Agostino, C.; Canadian Intellectual Property Office. Rotational Molding Compositions Comprising Virgin and PCR
Polyethylene. CA3190761A1, 25 November 2021.

D’Agostino, C.; Arnould, G.; United States Patent and Trademark Office. Rotomolding Compositions with Controlled PCR
Segregation for Improved Adhesion. US20230093454A1, 30 March 2023.

D’Agostino, C.; Arnould, G.; Bellehumeur, C.; Hay, H.; Dang, V.; United States Patent and Trademark Office. Rotomolding
Compositions Enabling Surface Roughness Control via Recycled Polymers. US20230124453A1, 27 April 2023.

Hay, H.; D"Agostino, C.; United States Patent and Trademark Office. Phase Segregation Strategies for Rotomolded Products with
Enhanced Surface Adhesion. US20230339150A1, 26 October 2023.

Bellehumeur, C.; Rajkovic, A.; Hay, H.; Tracy, L.; World Intellectual Property Organization. Three-Component Polyethylene
Compositions with rPE for Rotational Molding. WO2025114813A1, 1 May 2025.


https://ourworldindata.org/ghg-emissions-plastics
https://ourworldindata.org/ghg-emissions-plastics
https://iere.org/when-did-plastic-pollution-start
https://doi.org/10.1016/j.marpolbul.2014.12.041
https://doi.org/10.1039/D4GC06566B
https://www.mckinsey.com/featured-insights/europe/the-new-plastics-economy-a-danish-research-innovation-and-business-opportunity
https://www.mckinsey.com/featured-insights/europe/the-new-plastics-economy-a-danish-research-innovation-and-business-opportunity
https://doi.org/10.3390/su17031293
https://www.oecd.org/en/about/news/press-releases/2022/02/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.html
https://www.oecd.org/en/about/news/press-releases/2022/02/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.html
https://doi.org/10.1177/0734242X231154143
https://doi.org/10.3389/fchem.2022.960894
https://www.ncbi.nlm.nih.gov/pubmed/36819712
https://doi.org/10.1002/marc.202000415
https://www.ciel.org
https://doi.org/10.1515/polyeng-2021-0212
https://doi.org/10.3144/expresspolymlett.2017.75
https://doi.org/10.3390/ma17112607
https://www.ncbi.nlm.nih.gov/pubmed/38893870
https://doi.org/10.1002/app.56236
https://www.cognitivemarketresearch.com/rotomolding-market-report
https://www.cognitivemarketresearch.com/rotomolding-market-report

Polymers 2025, 17, 3290 26 of 27

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cestari, S.PJ.; Martin, P.R.; Hanna, P.P.; Kearns, M.; Mendes, L.C.; Millar, B. Use of Virgin/Recycled Polyethylene Blends in
Rotational Moulding. J. Polym. Eng. 2021, 41, 509-516. [CrossRef]

Diaz, S.; Ortega, Z.; McCourt, M.; Kearns, M.P.; Benitez, A.N. Recycling of Polymeric Fraction of Cable Waste by Rotational
Moulding. Waste Manag. 2018, 76, 199-206. [CrossRef] [PubMed]

Chaisrichawla, S.; Dangtungee, R. The Usage of Recycled Material in Rotational Molding Process for Production of Septic Tank.
Mater. Sci. Forum 2018, 936, 151-158. [CrossRef]

Ferreira, T.; Mendes, G.A.; de Oliveira, A.M.; Dias, C.G.B.T. Manufacture and Characterization of Polypropylene (PP) and
High-Density Polyethylene (HDPE) Blocks for Potential Use as Masonry Component in Civil Construction. Polymers 2022,
14, 2463. [CrossRef] [PubMed]

Saifullah, A.; Radhakrishnan, P; Wang, L.; Saeed, B.; Sarker, F.; Dhakal, H.N. Reprocessed Materials Used in Rotationally Moulded
Sandwich Structures for Enhancing Environmental Sustainability: Low-Velocity Impact and Flexure-after-Impact Responses.
Materials 2022, 15, 6491. [CrossRef]

Anisko, J.A.; Barczewski, M.; Mietlifiski, PM.; Piasecki, A.; Szulc, J. Valorization of Disposable Polylactide (PLA) Cups by
Rotational Molding Technology: The Influence of Pre-Processing Grinding and Thermal Treatment. Polym. Test. 2022, 107, 107481.
[CrossRef]

Shaker, R.; Rodrigue, D. Rotomolding of Thermoplastic Elastomers Based on Low-Density Polyethylene and Recycled Natural
Rubber. Appl. Sci. 2019, 9, 5430. [CrossRef]

Dou, Y.; Rodrigue, D. Morphological, Thermal and Mechanical Properties of Recycled HDPE Foams via Rotational Molding. |.
Cell. Plast. 2022, 58, 305-323. [CrossRef] [PubMed]

Gomes, EP.C.; Thompson, M.R. Analysis of Mullins Effect in Polyethylene Using Ultrasonic Guided Waves. Polym. Test. 2017,
60, 351-356. [CrossRef]

Gomes, EP.C.; West, W.T.].; Thompson, M.R. Effects of Annealing and Swelling to Initial Plastic Deformation of Polyethylene
Probed by Nonlinear Ultrasonic Guided Waves. Polymer 2017, 131, 160-168. [CrossRef]

ASTM D1693-21; Standard Test Method for Environmental Stress-Cracking of Ethylene Plastics. ASTM International: West
Conshohocken, PA, USA, 2021. [CrossRef]

ISO 16770:2004; Plastics—Determination of Environmental Stress Cracking (ESC) of Polyethylene—Full-Notch Creep Test (FNCT).
ISO: Geneva, Switzerland, 2004.

Gomes, FP.C. Nondestructive Evaluation of Sintering and Degradation for Rotational Molded Polyethylene. Polym. Test. 2018,
65, 468-476. [CrossRef]

Gomes, FP.C. Nondestructive Evaluation of Polyethylene Using Nonlinear Ultrasonics. Ph.D. Thesis, McMaster University,
Hamilton, ON, Canada, 2018.

ISO 16770:2019; Plastics—Determination of Environmental Stress Cracking (ESC) of Polyethylene—Full-Notch Creep Test (FNCT).
ISO: Geneva, Switzerland, 2019. Available online: https:/ /www.iso.org/standard /70480.html (accessed on 2 November 2025).
Tyukanko, V.; Demyanenko, A.; Semenyuk, V.; Dyuryagina, A.; Alyoshin, D.; Tarunin, R.; Voropaeva, V. Development of an
ultrasonic method for the quality control of polyethylene tanks manufactured using rotational molding technology. Polymers
2023, 15, 2368. [CrossRef] [PubMed]

European Topic Centre Waste and Materials in a Green Economy (ETC/WMGE). Are We Losing Resources When Managing
Europe’s Waste? Eionet Report No. ETC/WMGE 2019/3; European Environment Agency: Copenhagen, Denmark, 2019. Available
online: https://www.eionet.europa.eu/etcs/etc-wmge/ products/etc-wmge-reports /are-we-losing-resources-when-managing-
europes-waste-1 (accessed on 2 November 2025).

INEOS Olefins & Polymers USA. Environmental Stress Crack Resistance of Polyethylene; Technical Report; INEOS Olefins & Polymers
USA: League City, TX, USA, 2017. Available online: https://www.ineos.com/globalassets/ineos-group /businesses/ineos-olefins-
and-polymers-usa/products/technical-information--patents/ineos-environmental-stress-crack-resistance-of-pe.pdf (accessed on
2 November 2025).

Dyuryagina, A.; Lutsenko, A.; Demyanenko, A.; Tyukanko, V.; Ostrovnoy, K.; Yanevich, A. Modeling the Wetting of Titanium
Dioxide and Steel Substrate in Water-Borne Paint and Varnish Materials in the Presence of Surfactants. East.-Eur. ]. Enterp. Technol.
2022, 1, 31-42. [CrossRef]

Tyukanko, V.; Demyanenko, A.; Dyuryagina, A.; Ostrovnoy, K.; Lezhneva, M. Optimization of the Composition of Silicone
Enamel by the Taguchi Method Using Surfactants Obtained from Oil Refining Waste. Polymers 2021, 13, 3619. [CrossRef]
Dyuryagina, A.N.; Lutsenko, A.A.; Tyukanko, V.Y. Study of the Disperse Effect of Polymeric Surface-Active Substances in Acrylic
Dispersions Used for Painting Oil Well Armature. Bull. Tomsk. Polytech. Univ. Geo Assets Eng. 2019, 330, 37-44.

Dyuryagina, A.; Lutsenko, A.; Ostrovnoy, K.; Tyukanko, V.; Demyanenko, A.; Akanova, M. Exploration of the Adsorption
Reduction of the Pigment Aggregates Strength under the Effect of Surfactants in Water-Dispersion Paints. Polymers 2022, 14, 996.
[CrossRef]


https://doi.org/10.1515/polyeng-2021-0065
https://doi.org/10.1016/j.wasman.2018.03.020
https://www.ncbi.nlm.nih.gov/pubmed/29545074
https://doi.org/10.4028/www.scientific.net/MSF.936.151
https://doi.org/10.3390/polym14122463
https://www.ncbi.nlm.nih.gov/pubmed/35746039
https://doi.org/10.3390/ma15186491
https://doi.org/10.1016/j.polymertesting.2022.107481
https://doi.org/10.3390/app9245430
https://doi.org/10.1177/0021955X211013793
https://www.ncbi.nlm.nih.gov/pubmed/35535315
https://doi.org/10.1016/j.polymertesting.2017.04.020
https://doi.org/10.1016/j.polymer.2017.10.041
https://doi.org/10.1520/D1693-21
https://doi.org/10.1016/j.polymdegradstab.2018.09.013
https://www.iso.org/standard/70480.html
https://doi.org/10.3390/polym15102368
https://www.ncbi.nlm.nih.gov/pubmed/37242943
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/are-we-losing-resources-when-managing-europes-waste-1
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/are-we-losing-resources-when-managing-europes-waste-1
https://www.ineos.com/globalassets/ineos-group/businesses/ineos-olefins-and-polymers-usa/products/technical-information--patents/ineos-environmental-stress-crack-resistance-of-pe.pdf
https://www.ineos.com/globalassets/ineos-group/businesses/ineos-olefins-and-polymers-usa/products/technical-information--patents/ineos-environmental-stress-crack-resistance-of-pe.pdf
https://doi.org/10.15587/1729-4061.2022.252757
https://doi.org/10.3390/polym13213619
https://doi.org/10.3390/polym14050996

Polymers 2025, 17, 3290 27 of 27

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Tyukanko, V.Y,; Duryagina, A.N.; Ostrovnoy, K.A.; Demyanenko, A.V. Study of Wetting of Aluminum and Steel Substrates with
Polyorganosiloxanes in the Presence of Nitrogen-Containing Surfactants. Bull. Tomsk. Polytech. Univ. Geo Assets Eng. 2017,
328, 75-81.

Ostrovnoy, K.; Dyuryagina, A.; Demyanenko, A.; Tyukanko, V. Optimization of Titanium Dioxide Wetting in Alkyd Paint and
Varnish Materials in the Presence of Surfactants. East.-Eur. . Enterp. Technol. 2021, 4, 41-50. [CrossRef]

Tyukanko, V.; Demyanenko, A.; Dyuryagina, A.; Ostrovnoy, K.; Aubakirova, G. Optimizing the Composition of Silicone Enamel
to Ensure Maximum Aggregative Stability of Its Suspensions Using Surfactant Obtained from Oil Refining Waste. Polymers 2022,
14, 3819. [CrossRef] [PubMed]

Tyukanko, V.; Demyanenko, A.; Semenyuk, V.; Alyoshin, D.; Brilkov, S.; Litvinov, S.; Shirina, T.; Akhmetzhanov, E. Identification
of Patterns of the Stress—Strain State of a Standard Plastic Tank for Liquid Mineral Fertilizers. East.-Eur. ]. Enterp. Technol. 2024,
4,47-59. [CrossRef]

Tyukanko, V.; Demyanenko, A.; Semenyuk, V.; Dyuryagina, A.; Alyoshin, D.; Brilkov, S.; Litvinov, S.; Byzova, Y. Optimization
of Polyethylene Rotomolded Tank Design for Storage of Liquid Mineral Fertilizers by the Taguchi Method. East.-Eur. |. Enterp.
Technol. 2024, 3, 45-56. [CrossRef]

Dyuryagina, A.; Byzova, Y.; Ostrovnoy, K.; Demyanenko, A.; Tyukanko, V.; Lutsenko, A. The Effect of the Microstructure and
Viscosity of Modified Bitumen on the Strength of Asphalt Concrete. Polymers 2024, 16, 1370. [CrossRef]

Dyuryagina, A.N.; Byzova, Y.S.; Ostrovnoy, K.A.; Tyukanko, V.Y. Utilization of the Waste Sealing Liquid Component in Asphalt
Concrete Pavements. Bull. Tomsk. Polytech. Univ. Geo Assets Eng. 2021, 332, 80-86.

Association of Rotational Molders International (ARM). Low Temperature Impact Test. ARM Technical Document. 2023. Available
online: https://cdn.ymaws.com/rotomolding.org/resource/resmgr/pdf/lowtemp.pdf (accessed on 7 March 2023).

Sorasan, C.; Ortega-Ojeda, FE.; Rodriguez, A.; Rosal, R. Modelling the Photodegradation of Marine Microplastics by Means of
Infrared Spectrometry and Chemometric Techniques. Microplastics 2022, 1, 198-210. [CrossRef]

Campanale, C.; Savino, I.; Massarelli, C.; Uricchio, V.F. Fourier Transform Infrared Spectroscopy to Assess the Degree of Alteration
of Artificially Aged and Environmentally Weathered Microplastics. Polymers 2023, 15, 911. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.15587/1729-4061.2021.237879
https://doi.org/10.3390/polym14183819
https://www.ncbi.nlm.nih.gov/pubmed/36145964
https://doi.org/10.15587/1729-4061.2024.308904
https://doi.org/10.15587/1729-4061.2024.304263
https://doi.org/10.3390/polym16101370
https://cdn.ymaws.com/rotomolding.org/resource/resmgr/pdf/lowtemp.pdf
https://doi.org/10.3390/microplastics1010013
https://doi.org/10.3390/polym15040911

	Introduction 
	Materials and Methods 
	Materials 
	Samples Preparation 
	Ultrasonic Testing Method 
	Mechanical Testing Method 
	ESCR Test Method 
	Contact Angle Measurement Method 
	Fourier Transform Infrared Spectroscopy Method 
	Method of Thermal Analysis 
	Experimental Design 

	Results 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Amplitude of the Ultrasonic Third Harmonic  (r.u.a.) 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Mechanical Properties of the Composites 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Impact Strength of the Composites 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Wettability of the Composites (Contact Angle ) 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the ESCR of the Composites 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Density of the Samples 
	IR Spectroscopy of the Obtained Samples 
	The Influence of Optimization Parameters (rPE, Cp, and PIAT) on the Thermal Properties of the Composites 
	Development of a Mathematical Model 

	Discussion 
	Conclusions 
	References

