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INTRODUCTION

Polyvinyl chloride (PVC) is often regarded 
by the public as one of the most hazardous plas-
tics. Although it has self-extinguishing proper-
ties, at a temperature of 120 °C, it releases hy-
drogen chloride (HCl) and dioxins and furans 
(PCDD and PCDF), which are among the most 
detrimental substances. Additionally, stabilizers 
used in PVC often include harmful heavy met-
als, such as lead or cadmium. An alternative to 
flexible PVC is thermoplastic elastomers (TPE), 
which offer the additional advantage that they 
can be recycled repeatedly. TPE is the generic 
term for thermoplastic elastomers, also known 
as thermoplastic rubbers. These materials exhibit 
rubber-like properties and can be processed using 
thermoplastic methods such as molding or extru-
sion. TPE are composed of hard thermoplastic 
materials, such as polypropylene, polyamide, or 
polybutylene terephthalate, combined with soft 
rubber and often the addition of modifiers and 

fillers [1]. The drawbacks associated with ther-
moplastic elastomers are primarily related to 
their operating temperature, which must be main-
tained below that of the hard phase. Despite these 
limitations, thermoplastic elastomers have found 
widespread application across a range of indus-
tries, including automotive, medical, electronics, 
construction, and household goods, as well as 
sporting goods [2, 3]. Thermoplastic elastomers 
are commonly modified with various fillers and 
reinforcements to enhance their mechanical and 
processing properties while simultaneously re-
ducing costs. Common fillers include calcium 
carbonate, silica, carbon black, kaolin, talc, mica, 
and nanosilica. The incorporation of these ad-
ditional fillers not only improves the material’s 
strength properties, but also suspends thermal 
properties. [4, 5]. Thermoplastic elastomers are 
increasingly sought after due to their diverse 
range of applications and versatile properties 
across various industries. Researchers are explor-
ing novel methods to enhance the properties of 
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these elastomers by incorporating different types 
of fillers, copolymers, and reinforcing materials. 
Fang et al. investigated the production of conduc-
tive thermoplastic elastomer composites using 
copolymer-grafted multi-walled carbon nano-
tubes (MWCNTs) to improve both electrical con-
ductivity and mechanical properties. This study 
demonstrates the potential of using nanofillers to 
elevate the overall performance of thermoplastic 
elastomer composites [6]. In a study conducted by 
Sreekanth and colleagues, the impact of particle 
size and fly ash concentration on the properties 
of polyester-thermoplastic elastomer composites 
was investigated. This research was conducted 
with a focus on their potential use in automotive 
parts, specifically for gears and sprockets. The 
results of this research highlight the significant 
influence of filler characteristics on the properties 
of thermoplastic elastomer composites and their 
suitability for specific industrial applications [7]. 
The research conducted by Jiang et al. focused on 
examining the impact of additional cross-linking 
in multi-walled thermoplastic elastomers com-
posed of a copolymer-grafted carbon nanotube 
composite. Their findings demonstrated the sub-
stantial enhancement of mechanical properties 
in these composites as a result of such connec-
tions [8]. Costa et al. explored the use of extruded 
thermoplastic elastomers and styrene-butadiene-
styrene/carbon nanotube composites for strain 
gauge applications, highlighting the promising 
prospects of employing thermoplastic elastomer 
composites in advanced technological applica-
tions [9]. Tagliabue et al. explored the potential 
use of styrene-butadiene-based thermoplastic 
magnetorheological elastomers containing sur-
face-treated iron particles, suggesting their appli-
cability in magnetorheological applications [10]. 
Wang et al. concentrated on the design and syn-
thesis of thermoplastic elastomers derived from 
a multigraft copolymer, emphasizing the unique 
attributes of TPEs that combine high processabil-
ity and recyclability with elastomeric properties 
[11]. Ilčíková et al. conducted a comprehensive 
review of thermoplastic elastomers with photo-
active properties, demonstrating the potential to 
develop intelligent materials that can be activated 
using TPEs and their composites [12]. 

Thermoplastic polyolefin elastomers (TPO) 
composites can benefit from the addition of 
various substances that enhance their proper-
ties. Common additives include fillers such as 
talc, calcium carbonate, and mica, which reduce 

production costs and improve properties such as 
stiffness, heat distortion temperature, and dimen-
sional stability [13]. Studies have demonstrated 
that the inclusion of nanofillers such as sodium 
montmorillonite and Cloisite 20A, using maleic 
anhydride-grafted polypropylene as a compatibi-
lizer, can enhance the mechanical, thermal, and 
morphological properties of TPO nanocompos-
ites [14]. Moreover, the addition of multi-walled 
carbon nanotubes and low-density recycled poly-
ethylene can improve the mechanical properties 
of TPOs, including modulus, stress/strain, and 
strength [15]. Natural fibers such as coconut and 
sisal have been investigated as reinforcements for 
TPO composites, and the pre-treatment of the sur-
face of these fibers affects the mechanical proper-
ties of the composites [16]. The addition of nano-
clays increases the stiffness and tensile strength of 
TPO, which indicates improved mechanical prop-
erties [17[. Furthermore, the addition of modi-
fied silica and halloysite nanoparticles increases 
elongation at break and enhances the mechani-
cal properties of TPO-reinforced polypropylene 
composites [18]. 

The objective of this investigation was to as-
sess the influence of copper oxide on the char-
acteristics of a polyolefin-based thermoplastic 
elastomer (TPO). Copper oxide particles of micro 
and nanometric dimensions were incorporated 
into the matrix. Copper oxide particles have been 
widely studied for their potential applications in 
polymer composites. Studies by Mallick et al. 
revealed that copper nanoparticles with an aver-
age size of 5 nm exhibited excellent dispersion 
within the polymer matrix, resulting in a signifi-
cant improvement in mechanical properties [19]. 
Bazan et al. demonstrated that copper particle-
reinforced epoxy resin matrix composites exhibit 
good electrical and thermal conductivity due to 
percolation effects [20]. Additionally, Bortolus-
si et al. found that spraying mixtures of copper 
and polymer particles can lead to the formation 
of composite coatings with enhanced electrical 
conductivity [21]. The findings from academic 
research suggest that incorporating copper oxide 
into polymers enhances their performance in a 
range of applications. The primary benefits in-
clude an antibacterial effect, heightened thermal 
conductivity, UV protection, increased mechani-
cal strength, and elevated electrical conductivity. 
These improvements render the material more 
suitable for use in healthcare, electronics, textiles, 
and the packaging industry. Given that polymer 
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materials, such as flexible thermoplastic elasto-
mers utilized in the production of textiles, sport-
ing goods, gaskets, and others, are renowned for 
their insulation, the integration of copper oxide 
particles also enables the dissipation of electrical 
charges that accumulate in the material during 
use. This feature highlights the significant poten-
tial of copper oxide-based composites.

In summary, the investigation of thermoplas-
tic elastomer composites encompasses a broad 
spectrum of studies aimed at enhancing their 
characteristics by incorporating a diverse array 
of fillers, copolymers, and reinforcing materi-
als. Collectively, these studies contribute to the 
formulation of composite materials with custom-
ized properties suited for various industrial ap-
plications, thereby underscoring the promising 
prospects of thermoplastic elastomer composites 
across numerous fields. 

MATERIALS AND METHODS

Materials

Three distinct material compositions were 
produced for the research endeavor. The matrix 
material is a thermoplastic elastomer based on 
polyolefins (TPO) HTC8345/113, manufactured 
by KRAIBURG TPE (Germany) with a Shore 
hardness of D50. For reinforcement, copper par-
ticles of varying sizes were employed. The cop-
per oxide had a particle size range of 1–10 mm 
and a range of 40–60 nm (Suzhou Canfuo Nano-
technology Co., Ltd., SuZhou, China). The base 
material, although it does not absorb water, was 
subjected to drying at a temperature of 60 degrees 
Celsius for a period of 6 hours. Prior to the in-
jection process, the copper oxide particles were 

weighed from their hermetically sealed packag-
ing. Specimens for strength tests were produced 
using injection molding, with the injection pa-
rameters detailed in Table 1. To guarantee the 
highest level of uniformity, the mixed base mate-
rial with the filler was fed into the hopper in small 
portions. The samples manufactured comprised 
the materials listed in Table 2.

Methods of testing

The samples for testing were prepared in ac-
cordance with standard ISO 3167:2002 (“Plas-
tics – multipurpose test specimens”), for tensile 
testing these were dog-bone (type A), for bending 
tests – bar (type B). Samples for density testing 
were cut from 5 samples type B with a length of 
10 mm. The samples were conditioned for a mini-
mum of 24 hours at a temperature of 23 ± 2 °C 
and relative humidity of approximately 45 ± 5% 
prior to testing. The experimental materials were 
subjected to physicomechanical, accelerated 
thermal aging, and electrical conductivity tests. 
The hydrostatic method was used to determine 
the density of the composites using a RADWAG 
WAS 22W laboratory balance (Radom, Poland). 
Basic strength tests, such as nanoindentation and 
the modulus of the surface layer determined by 
means of Hysitron TS 77 Select (Bruker, Mas-
sachusetts, USA), the static tensile test (PN-EN 
ISO 527-1:2010) and static bending test (PN-EN 
ISO 178:2011), were carried out on a Shimadzu 
AGS-X 10 kN testing machine (Kyoto, Japan) at 
a speed of testing 50 mm/min. These tests were 
repeated after the process of accelerated thermal 
aging. The QUV Accelerated Weathering Tester 
aging chamber (Q-LAB Corporation, Westlake, 
Ohio, USA) was used to simulate the damage 
caused by sunlight and rain that could occur in 

Table 1. Injection molding parameters to produce testing specimens
Temperature (°C) Injection 

pressure (bar)
Compression 
pressure (bar) Press time (s)

Feed zone Zone 1 Zone 2 Zone 3 Zone 4 Nozzle Mold

40 155 165 175 180 195 30 1500 800 8

Table 2. Description of manufactured materials
Index Description

TPO Polyolefin-based thermoplastic elastomer

5 nm CuO TPO reinforced + 5 wt.% of CuO with particle size 40–60 nm

5 µm CuO TPO reinforced + 5 wt.% of CuO with particle size 1–10 µm
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atmospheric conditions over several months or 
years. Aging tests were carried out in accordance 
with ASTM G154. The standard covers a repeat-
ed cycle of UV radiation, condensation and water 
spraying. The parameters of one cycle of the ag-
ing process are shown in Table 3, and this pro-
cess is repeated for a period of 1000 hours what is 
equal 5000 cycles.

The evaluation of the accelerated aging pro-
cess was conducted by means of a visual assess-
ment. The measurement of color change was car-
ried out using a 3nh colorimeter (ColorCab5 AN-
TICORR, Gdansk, Poland) under TL84 (4100K) 
light conditions, which simulate typical lighting 
found in shops, offices, supermarkets, and exhi-
bitions. The samples were assessed in the Lab 
color space, which spans between opposing col-
ors and consists of three dimensions: L (light-
ness), a (red-green), and b (yellow-blue). The Lab 
model is beneficial for displaying shades that are 
intermediate between the primary colors red, yel-
low, green, and blue. The CIE Lab color differ-
ence model was employed to evaluate the color 
change, and the difference in color was calculated 
using the formula provided below [22]: 
 ∆𝐸𝐸 = √(∆𝐿𝐿)2 + (∆𝑎𝑎)2 + (∆𝑏𝑏)2 (1) 

  
 (1)

where: ΔE – Euclidean distance between two 
points in three-dimensional space, L – 
lightness, a – red-green, b – (yellow-blue)

The observer is considered to recognize a col-
or difference based on:
 • 0 < ΔE < 1 – doesn’t see the difference,
 • 1 < ΔE < 2 – the experienced observer will see 

the difference,
 • 2 < ΔE < 3.5 – the inexperienced observer can 

see the difference,
 • 3.5 < ΔE < 5 – the observer notices a clear dif-

ference in colors,
 • 5 < ΔE – the observer perceives the colors as 

completely different.

Following the expedited aging procedure, 
the samples were examined utilizing a Keyence 
VHX-7000 digital microscope, a product of 
Keyence International (Belgium) NV/SA. The 

electrical conductivity was determined using the 
IM6 analyzer from ZAHNER-elektrik GmbH & 
Co (Germany), which measured current at a fre-
quency of up to 8 MHz and a current of up to 3 
A, and read impedance values at a frequency of 5 
kHz. Electrical conductivities were made on type 
B specimens, interspersing electrodes at the ends 
of the specimen. All presented test results are an 
average of at least 5 measurements.

RESULTS AND DISCUSSION

Physical and mechanical examination

The initial test conducted aimed to assess the 
density of the materials produced. The tests were 
conducted using a RADWAG WAS 22W hydro-
static balance manufactured by RADWAG in Ra-
dom, Poland. The results of the measurements are 
depicted in Figure 1. Upon incorporating copper 
oxide particles at a rate of 5% by weight into the 
thermoplastic elastomer, the density of the mate-
rials increased only marginally, by approximately 
0.05–0.07 g/cm3. The discrepancies between the 
materials modified with copper oxide are rela-
tively small and average at approximately 0.02 
g/cm3, which can be attributed to the uneven 
distribution of particles in the matrix during the 
injection process.

The primary objective of the initial phase of 
the research was to establish the fundamental 
strength parameters. The findings of the static 
tensile and bending tests are depicted in Figures 
2–3. The deformation at break exceeded 500%, 
and the static bending test was carried out up to 
a deflection arrow of 10 mm. However, sample 
failure was not achieved due to the limited range 
of the testing machine arm. The outcomes dem-
onstrated the material’s strengthening through 
the utilization of nanoparticles. Although the 
increase in tensile strength was relatively minor 
(approximately 6%), Young’s modulus experi-
enced a more considerable increase (about 20%). 
Similarly, in the static bending test, the flexural 
modulus increased by about 18%, and flexural 

Table 3. Characteristics of the aging cycle

Cycle

Function Intensity (W/m2/nm) Temp. (°C) Time (min)

UV light 1.55 60 8:00

Water spraying – – 0:15

Condensation – 50 3:45
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Figure 1. Comparison of density values and strength properties of manufactured materials

Figure 2. Comparison of flexural properties

Figure 3. Microscopic images of the particles used: a) microparticles; b) nanoparticles
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strength rose by 20% compared to the base mate-
rial. No substantial changes in strength properties 
were observed for the material modified with mi-
crometric copper oxide particles. The tensile and 
flexural strength remained at a comparable level 
to the properties of the polymer matrix. Addition-
ally, only a slight (approximately 5%) increase in 
modulus was observed during bending. The in-
corporation of particles into polymer composites 
results in a complex interplay of factors that affect 
the material’s mechanical properties. When ex-
amining why particles can lead to lower strength 
but higher stiffness in polymer composites, sev-
eral key aspects can be distinguished. One of the 
essential factors is the role of fillers in the stress 
distribution within the composite. Fillers, like 
nanoparticles, can function as stress-relieving 
agents at the interface between polymers and 
fillers, leading to increased stiffness in polymer 
composites [23]. The mechanism for reducing 
stress can enhance the stiffness of the compos-
ite material while simultaneously influencing its 
overall strength. The dispersion and proportion 
of nanoparticles are also crucial factors in deter-
mining the properties of polymer nanocompos-
ites. Nanoparticles, due to their dispersion on a 
nanoscale and high proportions, can improve 
the ductility and strength of polymer compos-
ites with lower reinforcement loading compared 
to conventional composites [24]. The increased 
stiffness is attributable to the unique properties 
of the nanoparticles and their interaction with 
the polymer matrix. The interfacial interactions 
between the nanoparticles and the polymer ma-
trix can alter the stress-strain characteristics of 
the composite, affecting its mechanical behavior 
[25]. The nature of these interactions, including 
surface interactions, concentration, and polymer 
composition, plays a pivotal role in determining 
the properties of a nanocomposite [26]. Detach-
ment of particles from the matrix can impact the 
tensile strength of the composite. If interfacial 
peeling decreases, this can result in a reduction 
in the tensile strength of the composite [27]. This 
phenomenon underscores the significance of the 
particle-matrix interface in determining the me-
chanical properties of polymer composites. The 
research findings suggest that there are no sub-
stantial chemical interactions or enhanced adhe-
sion between the components of the composite. 
Instead, the mechanism that contributes to the 
increased stiffness is the mechanical obstruc-
tion of the elastomeric phase chains stretching 

on copper oxide particles. The stiffness of nano-
composites is likely to be influenced by the num-
ber of particles themselves, resulting in a larger 
number of matrix-filler contact points. Studies by 
Li et al. presented similar conclusions, empha-
sizing the connection between the particle size 
of carbon nanotube and the properties of epoxy 
resin. They highlighted that the aspect ratio and 
particle size cause the polymer chains to be me-
chanically locked on the particles, leading to im-
proved stiffness of the composite material [28]. 
Additionally, Jin and others pointed to the impact 
of the morphology of block copolymer compos-
ites and nanoparticles. They suggested that the 
properties depend on the copolymer architecture 
and the properties of the nanoparticles, such as 
surface energy, geometry, and volume share. In 
symmetrical lamellar structures, neutral particles 
decrease the fin thickness, while energy-polarized 
particles increase it. This effect also depends on 
the packing density of the particles and their size 
relative to the thickness of the fins. Hierarchical 
and block structured polymer nanocomposites 
like thermoplastic elastomers can achieve signifi-
cant improvements in material stiffness without 
compromising elasticity and elasticity [29].

In conclusion, the lower strength and in-
creased stiffness observed in polymer composites 
that contain particles, particularly nanoparticles, 
can be ascribed to several factors, including stress 
relief mechanisms, dispersion characteristics, in-
terfacial interactions, and detachment behaviour. 
It is essential to comprehend these intricate inter-
actions in order to tailor the properties of polymer 
composites for particular applications.

Copper oxide nanoparticles and micropar-
ticles display distinct mechanical and structural 
variations that influence their properties and ap-
plications. Copper nanoparticles, due to their 
smaller size, exhibit unique characteristics that 
differentiate them from larger microparticles [30]. 
A major challenge when using copper nanopar-
ticles, whether on a nanoscale or microscale, is 
their susceptibility to oxidation at elevated tem-
peratures, which can impact their conductivity 
and structure [31]. The dimensions and shape 
of copper particles have a significant impact on 
their applications. In particular, incorporating 
copper nanoparticles that have been synthesized 
in-situ into a resin can enhance the mechanical 
properties of materials due to their uniform and 
spherical nature [32]. On the other hand, copper 
microparticles have been utilized to prevent the 
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agglomeration of complex-shaped nanoparticles 
in aluminium matrices, illustrating the critical 
role that particle size and morphology play in the 
performance of composite materials [33]. The 
differences in morphology and size of the applied 
particles are shown in Figure 3. 

The materials were subjected to nanoinden-
tation tests and measurements of their modulus 
of elasticity for the surface layer. The results of 
the study are provided in Figures 4–6 and Table 
4. The findings revealed that the incorporation 

of copper oxide particles led to an increase in 
the hardness of the microparticle-modified ma-
terial. However, no change in the hardness of 
the nanolayer was observed in the nanoparticle-
modified material. The research indicated an 
increase in the stiffness of the modified materi-
als. The highest modulus, which was more than 
twice that of the base material, was observed for 
the microparticle material and was related to the 
particle size. A nanoindentation depth is more 
likely to be measured in the microparticle area 

Figure 4. Hardness results and reduced modulus for TPO

Figure 5. Hardness and reduced modulus results composites with nanoparticles additives
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than in the nanoparticle area. The increase in 
hardness and stiffness was also confirmed by the 
difference in indenter recess at the same load 
forces (0–200 μN). For the base material, the 
indenter recess was the highest and averaged 
525 nm, while for the material characterized by 
the highest hardness and stiffness, the indenter 
recess averaged 285 nm. 

Accelerated ageing examination

The study included a process of accelerated 
thermal aging, which was carried out for 1000 
hours, resulting in approximately 5000 cycles, 
followed by endurance tests. The outcomes of the 
study are summarized in Figure 7. The static ten-
sile test results show a proportional decrease in 

Figure 6. Hardness and reduced modulus results composites with microparticles additives

Table 4. Average results of hardness and educed modulus of tested materials
Index Hardness (GPa) Reduced modulus (GPa) Contact depth (nm)

TPO 0.03 ± 0.00 0.40 ± 0.04 525.7 ± 29.5

5 nm CuO 0.03 ± 0.01 0.54 ± 0.08 463.1 ± 35.8

5 µm CuO 0.08 ± 0.02 0.82 ± 0.12 285.6 ± 30.2

Figure 7. Comparison of strength properties before and after accelerated thermal aging
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strength properties, such as tensile strength and 
Young’s modulus, for each of the tested composi-
tions. Although plastics contain stabilizers in their 
structure, they are still susceptible to weakening 
from exposure to the external environment. The 
average decrease in tensile strength was 5 MPa 
for the base material and the material modified 
with copper oxide microparticles. The smallest 
decrease was observed in the material with cop-
per oxide nanoparticles. In addition, the study 
found a positive effect of the introduced particles 
on the stiffness of the material. When comparing 
the results, it appears that the decrease in Young’s 
modulus in percentage terms is smaller for com-
posites than for pure TPO elastomer.

The literature on the aging process delineates 
that multiple factors collaborate simultaneously. 
The process of aging can be delineated into vari-
ous classifications. For example, a distinction is 
made between external and internal aging. Inter-
nal aging is characterized by the loss of thermo-
dynamic stability, resulting in recrystallization, 
relaxation of internal stresses, and plasticization. 
Conversely, extrinsic aging can exhibit a plethora 
of phenomena, such as thermo-oxidative degra-
dation, stress and fatigue cracking, and swell-
ing. Another classification includes physical and 
chemical aging, which is often synergistic and can 
engender opposing effects. Elevated temperatures 
can bring about favorable secondary crystalliza-
tion and chemical breakdown of the chain, which 
may result in negative consequences. Physical 
aging typically stems from the migration of vola-
tile components, water absorption and desorp-
tion, and swelling. Chemical changes in structure 
are frequently triggered by increased temperature 
in conjunction with oxygen or other factors like 
radiation. However, in the long run, it contrib-
utes to the degradation of the material. Four types 
of chemical degradation can be distinguished: 
(1) depolymerization, (2) chain breakdown, (3) 
thermo-oxidative degradation, and (4) radiation 
degradation [34–36]. The presented results seem 
to indicate that modifying humidity and tempera-
ture cycles led to an augmentation in strength 
following the accelerated thermal aging process; 
however, it is crucial to consider the impact of 
additional factors, such as particle size and shape.

The process of aging copper oxide polymer 
composites is influenced by a range of factors that 
impact the material’s properties over time. To com-
prehend the consequences of thermo-oxidative ag-
ing on these composites, it is crucial to examine 

various aspects based on the pertinent sources. One 
of the critical factors to consider is the effect of ox-
idizing environments on inducing morphological 
changes in polymer composites. The adsorption of 
oxygen, its diffusion into the interior, and the reac-
tion with component materials all contribute to the 
progression of aging damage [37]. Comprehend-
ing these oxidation processes is vital for evaluating 
the long-term durability of copper oxide polymer 
composites [38]. Recognizing the development of 
copper nanoparticles in various surroundings is 
crucial for foretelling the behaviour of copper ox-
ide composites during ageing procedures.

The findings of the study demonstrate the su-
periority of copper nanoparticles over particles on 
a micrometric scale. The cause for this superiority 
may be attributed to the size, structure, and reac-
tivity of the nanoparticles themselves. Nanopar-
ticles exhibit a higher reactivity in comparison 
to microscale particles. The oxidation process of 
nanoparticles occurs more rapidly and effectively. 
The process of injecting samples into the mold 
does not take place in a closed system without ox-
ygen. Furthermore, the increased temperature ac-
celerates the oxidation process. This can ultimate-
ly lead to a certain saturation and reduction in the 
reactivity of the particles during their use and in-
teraction with an external filter. Previous research 
by Palza et al. has demonstrated that nanoparti-
cles are more effective than microparticles due to 
their enhanced specific surface area, which leads 
to a greater release of metal ions [39, 40]. This 
increased ion release rate is attributed to the high 
specific surface area of nanoparticles within poly-
mer matrices, resulting in more rapid oxidation 
processes in comparison to microparticles. 

Additional evidence supporting this conclu-
sion is provided by studies which suggest that 
nanoparticles are more likely to cause significant 
changes in material characteristics due to their 
larger specific surface area [39, 41]. Several stud-
ies have demonstrated that incorporating copper 
oxide (CuO) and aluminium oxide (Al2O3) into 
composite materials enhances their performance 
and stability by means of various mechanisms. 
Copper oxide, for example, can provoke exo-
thermic reactions on the surface and within the 
mass, which can lead to cross-linking of the resin 
and positively impact mechanical properties [42]. 
Furthermore, the presence of copper oxide and 
aluminium oxide in composite materials contrib-
utes to the formation of stable structures and pro-
tective layers [43]. In conclusion, adding copper 
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oxide and alumina to composite materials enhanc-
es their mechanical properties, thermal stability, 
corrosion resistance, and the formation of protec-
tive layers. These oxides provide unique proper-
ties that positively affect the overall properties and 
functionality of composite materials in numerous 
applications. Additionally, the aging of epoxy res-
ins can result in modifications to their mechanical, 
thermal, and chemical properties [44]. As stated by 
Wang et al., an extended service life can result in 
several adverse consequences, including yellow-
ing, diminished gloss, cracks, and a decline in me-
chanical and insulating properties [45]. 

Another important consideration is the forma-
tion of particle agglomerates, which can be ob-
served in Figure 10. Bazan and colleagues have 
demonstrated in their research that the size of the 
particles plays a crucial role in determining their 
resistance to aging. The formation of agglomer-
ates introduces additional stresses that weaken 
the polymer structure, making these sites more 
susceptible to the breakdown of the polymer 

structure by disrupting the polymer chains [46]. 
The samples were subjected to colorimetric test-
ing both before and after the aging process, as 
outlined in Table 5 and illustrated in Figure 8–10. 
The research findings demonstrated that the mate-
rial with microparticles was the most susceptible 
to accelerated thermal aging. The differences in 
colour before and after the process were consid-
erable, and the colours were perceived as entirely 
distinct. While the neat material and compos-
ites with nanoparticles also underwent changes 
in colour after the aging process, the alterations 
were less noticeable. However, noticeable chang-
es were observed in the outer layer of both the 

Figure 8. Color of the manufactured TPO: a) before and b) after the accelerated thermal stabilization

Figure 9. Color of the manufactured 5 nm CuO composite: a) before and b) after the accelerated thermal 
stabilization process

Table 5. Colorimetric results

Type of samples
ΔE

After aging tests

TPO 3.89

5 nm CuO 3.59

5 µm CuO 25.32
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unmodified and microparticles-filled material, 
including cracking and crushing of the material. 
The elastomeric phase is typically marked by 
cracking, crumbling, and whitening, while the ap-
pearance of the polyolefin phase can be discerned 
between the crack areas. Although the material 
exhibited a noticeable colour change, the extent 
of cracking and crumbling was significantly re-
duced in the presence of nanoparticles, corrobo-
rating the previously proposed hypothesis regard-
ing the reduced oxidation capacity of the material.

Electrical conductivity

The present study examined the materials’ re-
sistance. The conductive mechanism of the tested 
samples can be understood as the resistive mech-
anism found in resistors. The impedance value 
can be considered as the sample’s resistance to 
alternating current. The findings revealed that the 

incorporation of copper microparticles led to a 
slight decrease in impedance, approximately 2%, 
while the addition of copper oxide nanoparticles 
caused a more significant decrease in impedance, 
approximately 14%. These results indicate a high-
er conductivity for the nanoparticles as compared 
to the microscale particles. The study’s outcomes 
are illustrated in Figure 11. Research findings re-
lated to the comparison of copper nano and mic-
roparticles reveal similar conclusions. The study 
by Chung et al. demonstrates that copper/silver 
hybrid nano-particle ink exhibits high electrical 
conductivity, which is comparable to the resistivi-
ty of bulk copper. This suggests that nanoparticles 
can achieve excellent electrical conductivity in 
composite materials [47]. Additionally, the work 
by Zhang et al. highlights the achievement of op-
timal electrical resistivity with copper nanopar-
ticles, indicating their potential for high conduc-
tivity applications [48]. Furthermore, the study by 

Figure 10. Color of the manufactured 5 µm CuO composite: a) before and b) after the accelerated thermal 
stabilization process

Figure 11. Impedance changes depending on the composition of the composite: a) impedance curves,  
b) impedance value at a frequency of 5 kHz
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Fu et al. shows that copper films prepared from 
nanoparticles synthesized via arc discharge ex-
hibit high electrical conductivity after sintering. 
This suggests that nanoparticles can contribute 
to achieving low electrical resistivity in copper 
films [49]. Furthermore, according to research 
conducted by Huaman and colleagues, the elec-
trical resistivity of copper nanoparticles synthe-
sized via hydroxyl ion-assisted reduction displays 
variation based on annealing conditions, high-
lighting the impact of processing on conductiv-
ity [50]. Ultimately, it is concluded, based on the 
cited literature, that copper nanoparticles possess 
the potential to attain high electrical conductivity 
in diverse applications. The studies indicate that 
the utilization of nanoparticles can enhance the 
electrical properties of copper-based materials, 
demonstrating their effectiveness in improving 
conductivity when compared to microparticles.

CONCLUSIONS

The present research study aimed to examine 
the consequences of incorporating copper oxide 
nanoparticles and microparticles into a thermo-
plastic elastomer (TPO) matrix, focusing on the 
material’s physical, mechanical, and electrical 
properties, as well as its response to accelerated 
thermal aging.

The incorporation of copper oxide nanoparti-
cles significantly increased the material’s stiffness, 
resulting in a notable improvement in Young’s 
modulus of approximately 20%. Additionally, 
the addition of nanoparticles led to a consider-
able increase in flexural strength by about 20%. 
Although the increase in tensile strength was rela-
tively small, the use of nanoparticles demonstrat-
ed a superior overall performance compared to the 
use of microparticles. This improvement in over-
all performance was attributed to the nanoparti-
cles’ efficient stress distribution and mechanical 
interactions with the polymer matrix. In contrast, 
the introduction of microparticles resulted in only 
minimal improvements in strength and stiffness, 
highlighting the exceptional effectiveness of cop-
per oxide nanoparticles.

Thermal aging tests revealed that copper 
oxide nanoparticles were more effective at miti-
gating the negative effects of aging, such as re-
duced tensile strength and Young’s modulus, as 
compared to microparticles. The nanoparticle-
modified material demonstrated lower decreases 

in these properties and less visible degrada-
tion, such as cracking and colour changes, than 
its microparticle counterpart. This suggests that 
nanoparticles offer superior protection against 
environmental factors that contribute to aging. 
Electrical conductivity tests indicated that the in-
troduction of nanoparticles significantly reduced 
impedance by 14% compared to only 2% for mi-
croparticles, suggesting excellent electrical perfor-
mance. The higher conductivity of the nanopar-
ticles is attributed to their larger surface area and 
increased interaction with the polymer matrix. In 
conclusion, the study found that copper oxide 
nanoparticles significantly enhance the mechani-
cal and electrical properties of TPO composites, 
while offering better resistance to thermal ageing 
than microparticles. These findings emphasize 
the potential of nanoparticles to enhance the per-
formance and durability of polymer composites 
in various applications.
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