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Abstract

The hollow glass microspheres (HGM), exhibit low density, reduced dielectric constant, and good thermal conductivity. 
This study assessed the mechanical performance of polypropylene (PP) reinforced with HGM under artificial thermal 
aging conditions. The compositions underwent two rounds of reprocessing in a single-screw extruder, and samples were 
prepared for both tensile and impact testing. Tensile specimens were subjected to thermal aging at 100 ºC for seven and 
21 days. Mechanical tests were carried out on samples before and after aging, while exposed samples underwent visual 
inspection, optical microscopy, and Fourier transform infrared spectroscopy analysis. Visual inspection and microscopy 
revealed improved PP-HGM interaction due to the additives, with no deformation or damage from reprocessing. Infrared 
spectroscopy showed minor degradation in the PP structure post-exposure. In summary, the presence and content of 
HGM, reprocessing, and aging time significantly affect the mechanical properties (elastic modulus, breaking stress, 
elongation at break, and impact resistance).
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1. Introduction

Polypropylene (PP), a semi-crystalline thermoplastic 
polymer similar to polyethylene (PE), is widely used in 
the plastics industry due to its versatility and processing 
capacity at temperatures close to 165 ºC. Its advantages 
include low cost, ease of molding, chemical resistance to 
solvents, good mechanical and thermal properties, and an 
excellent electrical insulators[1,2].

PP is essential in the production of plastics and is 
mainly used in extrusion and injection processes. However, 
extrusion can cause material degradation after reprocessing 
cycles[3]. To prevent this degeneration, multiple additives 
are added to the polymer matrix, improving processing and 
inhibiting degradation[4].

On the other hand, composites are considered an 
alternative to the high costs of processes for obtaining 
polymeric mixtures[5]. It is worth mentioning that the type 
of filler will directly depend on the desired properties[6]. 
Therefore, the application of hollow glass microspheres 
(HGM), which are particles 15 to 65 μm in diameter with 
thin walls of 0.5 to 1.5 μm containing an inert gas[7], results 
in unique properties such as low density (0.12 to 0.60 g/
cm3), low thermal conductivity, and a reduced dielectric 
constant. Its presence has minimal impact on composite 
processing due to the low content applied[8]. HGM have 
wide applications, from the manufacture of explosives to 

increase their performance to cement mortars to improve 
thermal insulation[7].

Bharath et al.[9] evaluated the effect of HGM in HDPE-
based composites and verified that the mechanical properties 
were considerably impacted by HGM, becoming less ductile 
and more rigid. In a similar vein, Niazi et al.[10] discovered 
that the mechanical characteristics of HGM/PP composites 
were influenced by the content as well as the density of 
HGM fillers. However, Ferreira et al.[7] discovered that the 
incorporation and content of HGM in hybrid composites 
with glass fiber based on polyamide 6 (PA6), with mass 
fraction maintained at 70%, significantly affected the 
behavior of mechanical properties and impact resistance 
from 5 wt% HGM.

Understanding the interaction between the polymer 
matrix and the filler, the degradation mechanisms in the 
face of environmental and accelerated aging processes 
are essential for the development of durable materials of 
satisfactory quality[11]. Accelerated aging tests, which simulate 
weathering, processing, or service use, are an alternative to 
avoid high costs. These results allow a better understanding 
of the material’s stability[12].

Polymeric materials containing HGM could 
experience a reduction in mechanical properties and 
lose recyclability due to accelerated aging or repeated 
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reprocessing. Therefore, this study aims to evaluate the 
mechanical behavior of PP composites reinforced with 
HGM. The composites were reprocessed in a single-screw 
extrusion and artificial thermal aging for up to 21 days. 
The presence and content of HGM, the reprocessing, and 
exposure time were evaluated using mechanical tensile 
and impact tests, visual inspection, optical microscopy, 
and Fourier transform infrared spectroscopy.

2. Materials and Methods

2.1 Materials

Polypropylene (PP) homopolymer H301, produced by 
Braskem (Camacari, BA, Brazil), was used as a polymer 
matrix. It has a melt flow index of 10 g/10 min (230°C/2.16kg 
- ASTM D 1238) and a density of 0.905g/ cm3.

Hollow glass microspheres (HGM) iM16K, produced 
by 3M Company (Maplewood, MI, USA), were used as 
aninorganic filler. These have a density of 0.46 g/cm3, an 
average diameter of 20 µm, and a crush strength of 110 MPa.

Orevac CA 100, manufactured by SK Geo Centric 
(Seoul, South Korea), is a PP copolymer grafted with 
maleic anhydride (5-10 wt%) (PP-g-MA), was used as 
a compatibilizing agent. It has a melting point close to 
167 °C, a density is 0.905 g/cm3, melt index is 10 g/10 min 
(190°C, 0.325 kg, ISO 1133), and a breaking strength (BS) 
of 22 MPa.

Irganox 1010, produced by Basf (Ludwigshafen am 
Rhein, Germany), is a phenolic antioxidant, and was used 
to protect the polymer against thermo-oxidative degradation. 
This antioxidant has good compatibility, high extraction 
resistance, and low volatility. Its density is 1.116 g/cm3, and 
its melting point varies between 113 and 126 °C.

2.2 Preparation of composites

The systems were processed in a single-screw extruder 
AX Plásticos AX-16 (L/D = 26) with a temperature profile 
of the three zones (180, 190, and 200ºC) and a screw rotation 
speed of 50 rpm. The PP matrix and HGM-containing systems 
were mixed in two cycles in parts per hundred resin (phr) 
of the systems as listed in Table 1.

2.3 Preparation of the specimen

The systems specimens were injection molded with 
recommended dimensions for testing (type I ASTM D638[13]) 
using a Eurostec BL52 (Caxias do Sul, RS, Brazil) injection 
molding machine. The temperature profile used was 185, 
190, 200, and 205 ºC. The mold temperature was set at 25°C 
and the cooling time was 35 seconds.

2.4. Accelerated aging

The accelerated aging test followed the guidelines 
of ASTM D3045[14]. Test specimens were hung from the 
top of a Solab SL-100 (Piracicaba, SP, Brazil) oven and 
spaced 10 mm apart. The aging duration was divided into 
two withdrawal cycles of seven and 21 days, respectively, 
and the exposure temperature was maintained at 100 ºC (± 
1 ºC). After each removal from the oven, the samples were 
placed in desiccators.

2.5 Characterizations of the systems
2.5.1 Fourier transform infrared spectroscopy (FTIR)

FTIR was used to evaluate the chemical reactions 
occurring in the systems studied before and after accelerated 
aging, seeking to identify the functional groups present in the 
systems. The analyses were carried out on a Perkin-Elmer 
Spectrum 400 IR (Waltham, MA, USA) spectrophotometer, 
between 4000 and 400 cm-1 and a resolution of 4 cm-1.

2.5.2 Mechanical behavior

The tensile test was carried out on an Instron Emic DL 
30000 (Caxias do Sul, RS, Brazil) universal testing machine 
in accordance with ASTM D638[13] with a load cell of 5KN 
at room temperature and a crosshead speed of 50 mm/min. 
At least six specimens were evaluated for each system.

Izod impact tests were performed in accordance with 
ASTM D256[15] using Instron Ceast Resil 5.5 (Norwood, 
MA, USA) equipment, operating with a 2.75J hammer at 
room temperature. The specimens were notched (notch 
depth = 2.5 mm) before impact. All results reported are a 
mean of six specimens.

All measurements of mechanical properties were reported 
as mean ± standard deviation. Analysis of Variance (Anova) 
was applied considering a significance level of 5% and the 
means were compared using the Tukey test (p < 0.05) using 
OriginPro 2024 software (OriginLab, Northampton, MA, USA).

2.5.3 Visual aspect and optical microscopy

Visual inspection was conducted before and after aging 
to identify surface defects on specimens, including cracks, 
lack of additive homogeneity, roughness, opacity, and color 
changes. Images were captured using a digital camera 
with a maximum resolution of 13 megapixels. In addition, 
the morphology of the specimens was evaluated using a 
Leica Microsystems MD500 (Wetzlar, Germany) optical 
microscope in reflection mode with an ICC50E capture 
camera and 40x magnification (200µm scale). The fracture 
region after tensile testing was also assessed.

Table 1. Formulations of PP systems containing HGM, compatibilizing, and stabilizing agents.

Systems PP HGM (M) Compatibilizing Stabilizing

PP 100 - - -

PP/1M 100 1 5 0.05

PP/3M 100 3 5 0.05

The formulations were prepared in parts per hundred of resin (phr).
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3. Results and Discussions

3.1 Spectroscopy FTIR

The spectrograms of the PP filled with HGM and 
reprocessed before and after 21 days of aging are shown in 
Figure 1. The region between 4000 and 1300 cm-1 corresponds 
to the functional groups[16]. Generally, few absorption bands 
appear in this region, which refers to the bond stretching 
of the main functional groups, such as –OH and C=O[17]. 
In the region between 1400 and 1600 cm-1, there are the 
C=O bonds[18]. A slight attenuation of the band is observed, 
which suggests a slight increase in this binding through 
aging cycles[19].

Syakti et al.[20] noted that PP can be distinguished by 
peaks at 2951, 2911, and 2844 cm-1. Nevertheless, the 
FTIR analysis of the surface area of PP did not reveal 
spectra near 1740 cm-1, typically associated with carbonyl 
groups. The peak at 1167 cm-1 is identified as the phenolic 
C=O stretch, while the peak at 1376 cm-1 was assigned to 
the C–H bending vibration in methylene group’s (CH3)

[21].
The interface between the polymeric matrix and the HGM 

is made through the hydroxyl group (–OH), which is on the 
surface of the microsphere. The bands between 2957 and 
2871 cm-1 correspond to the asymmetric and symmetric axial 

deformation of the hydrogen of the methyl group. The bands 
at 1800 and 1650 cm-1 refer to the carbonyl group, which 
could indicate the degradation of PP. A slight inflections 
could suggest the degradation of the PP[22].

The bands observed between 2970 and 2840 cm-1 correspond 
to the symmetric and asymmetric stretching vibrations 
of the aliphatic –CH2 and –CH3 groups, indicative of the 
organic component of PP. Conversely, the bands identified 
between 1300 and 880 cm-1 pertain to the inorganic phase 
of HGM[23,24].

Similarly, the reprocessed samples showed no significant 
variations, consistent with findings by Hahladakis et al.,[23] 
who examined the effect of additives on PP processability. 
FTIR spectrograms confirmed that the chemical structure of 
PP was preserved, showing no indications of deterioration.

No bands were detected at 1637 and 1720 cm-1, which 
are attributed to the carbonyl group, in addition to the 
absence of peaks in the ranges of 1850–1630 (carbonyl), 
1680–1620 (alkene) and 908 cm−1 (C=CH, vinyl), indicating 
the non-occurrence of degradation processes in polypropylene 
under the conditions analyzed[21].

The PP/HGM systems, aged up to 21 days, present 
FTIR spectra very similar to the other samples, with no 
notification of the presence of new peaks. Senatova et al.[25] 

Figure 1. FTIR spectrograms of of PP systems filled with HGM and reprocessed: (a) and (b) before, (c) and (d) after 21 days of aging. 
Legend: “1x” and “2x” correspond to the number of processing.
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observed that PP exposed to ultraviolet radiation exhibited 
signs of degradation only after 1,200 hours (50 days), with 
the formation of a surface oxide layer that directly impacted 
its properties.

3.2 Morphological analysis

The optical micrographs of the composites recorded at the 
end of each reprocessing cycle are shown in Figure 2 damage 

caused to the filler for future correlations with the properties 
of the systems.

In all systems, the filler was distributed homogeneously in 
the matrix. No damage or crushing was observed in the HGM 
due to reprocessing in an extruder, resulting in a satisfactory 
index of HGM integrity. Cunha et al.[26] attributed the filler’s 
lack of severe damage to its uniform distribution within the 
polymer matrix, which reflects the material’s resilience to shear. 

Figure 2. Microscopy of PP systems filled with HGM and reprocessed before and after aging for 21 days. Magnification of 40x (200µm 
scale). Legend: “1x” and “2x” correspond to the number of processing.
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While Zhang et al.[27] suggested that the substantial polarity 
difference between polyester resin and HGM may reduce 
adhesion, adversely affecting the composite’s mechanical 
properties. Adding silane agents can strengthen the composite’s 
mechanical performance and improve HGM dispersion.

After 21 days of exposure, a homogeneous distribution of 
the components suggested that the integrity of the microspheres 
was maintained, thus artificial aging was not sufficient to 
cause significant damage or any type of unwanted reaction in 
the HGM. These results align with He et al.[28] who studied 
accelerated aging in PP and observed increasing surface 
roughness over time. Notable surface degradation, with 
significant roughness and corrosion occurring after nine 
days of artificial aging and ninety days of natural aging.

On the other hand, Weingart  et  al.[29] reported that 
PP exposed to accelerated aging for 96 days at 90 ºC 
showed no cracks, suggesting that this aging period was 
insufficient to induce degradation or damage. Thus, longer 
thermal degradation intervals would likely be necessary to 
observe significant reactions. The study also confirmed 
PP’s high morphological stability, with crystallinity levels 
fluctuating—decreasing at lower temperatures and increasing 
with prolonged exposure to higher temperatures.

He et al.[30] evaluated the compressive strength of hollow 
glass microspheres as a function of hydrostatic pressure 
applied to epoxy-based composites. They reported that 
composites with a higher HGM content (50 vol%) showed 
mechanical stability up to a hydrostatic pressure of 40 MPa. 
Above this value, the microspheres fractured, drastically 
increasing water absorption and thermal conductivity.

These results indicate that HGM could be used in 
mechanical recycling conditions and that, with adequate 
treatment, its addition to polymer composites can greatly 

improve its thermal and mechanical properties. Also, these 
results show that HGM has good resistance even after the 
reprocessing and aging conditions.

3.3 Mechanical behavior under tensile test

Mechanical properties behavior of the different PP 
systems filled with HGM and reprocessed before and after 
thermal aging is listed in Table 2.

The composition-reprocessing-time interaction did 
not significantly (p > 0.05) affect any of the mechanical 
properties evaluated (elastic modulus, breaking stress, and 
elongation at break). The composition-aging and number of 
process interactions significantly affected (p < 0.05) only the 
breaking stress (BS). The composition-reprocessing interaction 
significantly affected (p < 0.05) only the elastic modulus 
(EM). Finally, significant effects (p < 0.05) individually were 
observed: (i) compositional variations affect all mechanical 
properties, (ii) reprocessing only changed the EM, and (iii) 
aging time affected BS and EB.

Cunha  et  al.[26] reported that increasing the HGM 
content in composites increased the storage modulus and 
viscosity, in addition to significantly reducing the density 
of the material, a desirable characteristic for industrial 
applications. However, Afolabi et al.[31] pointed out that the 
interfacial adhesion between HGM and the matrix can be 
enhanced by using modifiers in the polymer matrix or on 
the reinforcing surface, leading to better tensile properties.

At first glance, the PP matrix’s reprocessing and aging 
did not yield statistically significant effects (p > 0.05) on 
the assessed mechanical properties. However, the presence 
and HGM content did demonstrate a significant impact 
(p < 0.05). It was conversely, reprocessing led to notable 
variations (p > 0.05) in systems filled with HGM.

Table 2. Mechanical properties of PP systems filled with HGM and reprocessed before and after thermal aging.

Systems Number of 
processing

Time Elastic modulus Breaking strength Elongation at break 

(days) (MPa) (MPa) (%)

PP 1 0 604.10 ± 9.05a 18.84 ± 1.67b 19.66 ± 0.45d

7 555.78 ± 13.13cdefg 18.88 ± 0.80b 25.63 ± 6.24a

21 551.52 ± 15.74efgh 19.48 ± 0.98b 22.36 ± 0.92abcd

2 0 594.02 ± 8.68ab 19.02 ± 1.03b 20.09 ± 1.36cd

7 557.08 ± 14.09cdef 18.10 ± 1.72b 22.92 ± 0.44abcd

21 536.60 ± 3.65fghi 18.70 ± 2.43b 22.06 ± 0.75abcd

PP/1M 1 0 577.74 ± 13.37bcd 17.56 ± 1.57b 21.47 ± 0.26abcd

7 514.70 ± 9.16ij 17.40 ± 1.62b 24.44 ± 0.42ab

21 529.40 ± 10.35hi 18.10 ± 1.01b 23.00 ± 0.35abcd

2 0 563.70 ± 9.42cde 17.46 ± 1.19b 22.86 ± 1.64abcd

7 516.10 ± 5.19ij 17.04 ± 0.67b 24.03 ± 0.29abc

21 529.60 ± 8.98hi 18.34 ± 2.23b 23.90 ± 0.75abc

PP/3M 1 0 589.10 ± 11.7ab 27.82 ± 0.66a 19.66 ± 0.73d

7 504.10 ± 8.33j 27.87 ± 3.62a 22.20 ± 1.55abcd

21 557.10 ± 7.87cdef 30.69 ± 0.94a 21.23 ± 0.40bcd

2 0 579.30 ± 8.98abc 16.87 ± 2.42b 21.07 ± 0.46bcd

7 531.90 ± 5.36ghi 15.09 ± 8.18b 23.35 ± 0.31abcd

21 553.60 ± 7.78defgh 19.22 ± 0.40b 22.13 ± 0.29abcd

Measurements of mechanical properties were reported as mean ± standard deviation. Analysis of Variance (Anova) was applied considering a 
significance level of 5%. Different superscript letters indicate significant difference (p < 0.05) between the means by Tukey’s post-hoc test with 
a 95% significance level.
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The most substantial decrease (16.6%) in ME values 
relative to PP (zero days) was observed in the PP/3M 
system (no reprocessing and aging for up to seven days). 
Notably, in the BS assessments, significant variations were 
only evident in the non-reprocessed PP/3M formulation. 
A notable increase (p < 0.05) of up to 62.9% in average 
BS value was noted for the PP/3M system aged for up to 
21 days, in comparison to non-reprocessed PP (zero days).

The reduction in the EM due to the increase in HGM 
content was intensified. Carvalho, Canevaloro, and Sousa[32] 
reported similar mechanical behavior in PP hybrid composites 
reinforced with glass fibers and HGM, attributed to the 
reduction in the aspect ratio of HGM relative to glass fibers. 
On the other hand, Abbas et al.[33] explored the potential of 
HGM and glass fibers in hybrid composites with a polyester 
resin matrix. They found that the addition of HGM to the 
resin plays a crucial role in improving the interfacial bonding 
between the fiber and matrix. This enhancement leads to a 
progressive increase in tensile strength and modulus as the 
HGM percentage in the resin rises. Niazi et al.[10] reported 
different outcomes in polyester composites reinforced with 
fumed silica and HGM. When specimens were reinforced 
with up to 20 wt% of HGM and 10 wt% of fumed silica, the 
authors noticed an increase in modulus, which was followed 
by a decrease. The potential for filler agglomeration at 
higher loadings, which weakened interfacial bonding and 
decreased reinforcement wettability, was blamed for the 
modulus decrease.

Sai and Tambe[34] observed that adding HGM to an 
acrylonitrile butadiene styrene (ABS) matrix resulted in a 
slight decrease in tensile strength compared to the matrix. 
Highlighting more pronounced decreases for higher HGM 
contents. This behavior suggested the formation of clusters of 
microspheres due to the absence of a compatibilizing agent, 
which reduced the reinforcement effectiveness.

The low ability of microspheres to increase matrix stiffness 
is related to the microstructure of PP/HGM composites, as 
in hollow particles, the effective EM depends on the wall 
thickness of the particles and, more specifically, on the ratio 
of wall thickness to the size of the reinforcing particle. Similar 
results were found by Afolabi et al.[31] when analyzing the 
composites reinforced with hollow particles.

Regarding EB behavior, both the presence and variations 
in HGM content, as well as aging time, had a significant 
effect (p < 0.05) on this property. The most notable variations 
of 30.4% and 24.3% were recorded for the PP and PP/1M 
systems, not reprocessed and aged for up to seven days, 
respectively, concerning non-reprocessed PP (zero days). 
No significant variations (p > 0.05) were observed between 
the other systems.

According to Jang[35], HGM behave akin to flaws within 
the matrix, altering the material’s behavior from ductile to 
brittle. This decrease in tensile strength aligns with the notion 
that solely the matrix opposes mechanical tensile stress, 
indirectly suggesting limited phase interaction and weak 
load transmission between the matrix and filler.

In addition, the residual thermal stresses at the interface 
between the matrix and reinforcement resulting from the 
aging test are sufficient to guarantee stress transfer[7,32]. 
Therefore, replacing a certain volumetric fraction of the 

polymer matrix with the component with the highest EM 
influences the final EM of the composite.

Wang and Petru[36] observed, when evaluating the 
accelerated aging of PP and fiberglass samples, no significant 
change in mechanical properties up to 60 days of aging. 
On the other hand, La Mantia et al.[37] found, when analyzing 
the mechanical properties of samples of virgin, recycled 
PP and their blends exposed to accelerated aging, that the 
ultimate properties decrease significantly with extended 
photo-oxidation time while the elastic modulus increases. 
Interestingly, the PP turns ductile after 144 hours, and the 
sample’s higher crystallinity – brought on by macromolecular 
cleavage accelerating the crystallization rate – was attributed 
to its higher elastic modulus.

3.4 Visual aspect

The macroscopic appearance of samples of PP systems 
filled with HGM and reprocessed before and after thermal 
aging after tensile testing are in Figure 3.

The largest deformations recorded occurred in the PP/1M 
systems in both reprocessing cycles (1x and 2x). As signaled 
by Pei et al.[38] the low deformation in the PP/3HGM-1x 
system is due to the higher HGM content in the polymer 
matrices, which prevents the chains from sliding. Even with 
a suitable matrix/filler interaction, the rigid structure of the 
microspheres did not allow them to undergo pronounced 
elongations, such as those presented by the matrix, further 
restricting their deformation.

The EB is more pronounced in the PP/3M-2x system, 
as observed by Ferreira et  al.[7] the addition of HGM to 
polyamide-6 (PA6) reduced the modulus of elasticity, tensile 
strength, and elongation at break. Similarly, Bharath et al.
[9] found behavior in extruded HDPE/HGM composites in 
the presence of compatibilizer and with a good interaction 
interface; however the increase in the amount of microspheres 
did not significantly change the tensile strength values of 
the composite.

The EB behavior was similar to that occurring in unexposed 
samples. The PP/2M-1x system again showed a lower EB 
value. The short exposure time to thermal degradation was 
the preponderant factor for this behavior.

3.5 Impact behavior

The behavior of the impact resistance (IR) of PP systems 
filled with HGM and reprocessed are shown in Figure 4. 
The analysis of variance (Anova) indicated that the interaction 
composition x reprocessing has a significant effect (p < 0.05) 
on the impact resistance values. Furthermore, it is also 
observed that variations in compositions and the amount of 
reprocessing act significantly (p < 0.05) on the IR.

Thus, it was observed that all systems presented 
significantly (p < 0.05) different values compared to 
unprocessed PP, providing significant (p < 0.05) effects 
due to each processing and each applied HGM content. 
No significant difference (p > 0.05) was found in the PP/1M 
system due to reprocessing. It was noted that reprocessing 
significantly (p < 0.05) increased the PP system by 36.1% 
and reduced the PP/3M systems by 38.5%.
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Poulakis and Papaspyrides[39] reported that the degree 
of crystallinity of polypropylene increased after double 
recycling. Therefore, recycling itself may act as a form 
of annealing process. Nonetheless, the prior processing 
of the assessed samples had no appreciable impact on the 
mechanical properties of the assessed recycled PP. Ha and 
Kim[40] on the other hand, discovered that a material with 
a lower yield stress can more readily start the fibrillated 
damage zone at the notch front. The reprocessed PP (PP-
2x) may have a higher impact resistance (p < 0.05) due to 
this behavior, as the linking molecules act as local stress 
transmitters between the lamellae and only break when more 
energy is needed for the deformation or fracture.

Cosse et al.[41] reported similar results when evaluating 
the effects of microspheres in HDPE foams on impact 
resistance when differentiating processing routes: single-
screw and twin-screw extruders. These authors observed 
that the presence of HGM significantly increases the RI 
values, but the subsequent increase in the content reduces 
this property. However, higher values were observed than 
in the pure HDPE matrix. On the other hand, Ozkutlu et al.
[42] obtained opposite results in poly(methyl methacrylate) 
(PMMA) composites filled with HGM of different densities 
and sizes. They reported that in all systems, the presence 
of HGM reduced the IR values, and increasing the HGM 
content further reduced this property.

4. Conclusions

The primary question of this study aimed to answer 
was whether polymeric materials containing hollow glass 

Figure 3. Macrophotographs of PP systems specimens filled with HGM and reprocessed: (a) before and (b) after 21 days of aging. From 
left to right: (A.1) PP-1x, (A.2) PP-2x, (B.1) PP/1M-1x, (B.2) PP/1M-2x, (C.1) PP/3M-1x, and (C.2) PP/3M-1x.

Figure 4. Impact resistence of PP systems filled with HGM and 
processed (once and twice). Means labeled with the same letter 
do not exhibit statistically significant differences, according to the 
Tukey test (p < 0.05).
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microspheres (HGM) might experience a decline in mechanical 
properties and a reduction in recyclability due to accelerated 
aging or repeated reprocessing. To address this, the present 
study focused on the production of polypropylene (PP) 
composites incorporating HGM followed by reprocessing 
in a single-screw extruder and artificial aging in an oven at 
100°C for up to 21 days. Mechanical tests, structural analyses, 
and morphological analyses were carried out before and after 
aging. Mechanical properties were significantly influenced (p 
< 0.05) by the presence of HGM, reprocessing, and exposure 
time. Uniform distribution of HGM was observed within 
the PP matrix, with no signs of damage or deformation 
in the microspheres, indicating excellent shear resistance 
during extrusion. Composites containing HGM showed 
a slight decline in their mechanical properties. However, 
they shown recyclable even after accelerated aging, and 
surface treatment on the HGM could further improve the 
affinity between this filler and the PP matrix. In summary, 
achieving the desired mechanical properties, crucial for 
various applications, depends on optimizing the compatibility 
system and processing parameters. These composites have 
potential for applications where weight reduction is essential, 
such as replacing synthetic foams in construction.
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