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ABSTRACT

The increasing generation of textile waste and the growing demand for sustainable materials have made the development of
polymer composites reinforced with reused post-consumer textiles an important research area in recent years. In this study,
sustainable thermoplastic textile composites reinforced with polylactic acid (PLA)/reused post-consumer denim fabric (RDF)
and polypropylene (PP)/reused post-consumer denim fabric (RDF) were fabricated and characterized. Composite laminates
were produced using the hot-pressing (compression molding) method, an industrially applicable and scalable manufacturing
technique, without the use of chemical surface treatments or compatibilizer additives. The effects of matrix polymer selection
and textile reinforcement architecture on the mechanical performance and environmental durability of the composites were
systematically investigated through tensile, flexural, impact, and moisture absorption tests. The results revealed that PLA/RDF
composites exhibited higher stiffness, with an elastic modulus of approximately 8.63 GPa, but displayed more brittle mechanical
behavior. In contrast, PP/RDF composites exhibited higher tensile strength (33.9 MPa) and significantly greater ductility. Charpy
impact tests showed that PLA/RDF composites exhibited a higher average impact energy (0.8513J) than PP/RDF composites
(0.70327J). Moisture absorption tests demonstrated that both composite systems exhibited significant hydrophilic behavior, with
a mass increase of approximately 12%-15% after 3 weeks. These findings highlight the potential of reused post-consumer denim
fabric as a sustainable reinforcement material for the development of scalable thermoplastic composite structures with enhanced
mechanical performance and environmental durability.

1 | Introduction systems that combine high mechanical performance with en-
vironmental sustainability. Especially natural fiber and textile-
The increasing global climate change, depletion of natural re- reinforced thermoplastic composites are gaining increasing

sources, and circular economy approaches have significantly interest as alternatives to traditional glass fiber-reinforced com-
increased the need for sustainable engineering materials. In this ~ posites due to their low density, recyclability, and environmental
context, polymer composites stand out as important material advantages [1-3].
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Highlights

Reused post-consumer denim fabric reinforced PLA
and PP thermoplastic composites were produced.

Hot-press molding enabled additive-free composite
manufacturing.

PP composites exhibited superior tensile strength and
ductility.

PLA composites demonstrated higher stiffness and
impact performance.

Matrix selection governed durability and moisture
absorption.

In recent years, the conversion of textile waste into high-value-
added engineering materials has become an important research
area in sustainable material development studies. Recent re-
views have highlighted the potential of cotton textile waste as a
valuable secondary resource within circular economy strategies,
emphasizing its applications in sustainable material production
and composite development [4]. Especially, the use of reused
textile waste as reinforcement material in composite systems
offers significant opportunities for both waste management
and the development of next-generation sustainable materials.
Previous studies have demonstrated the feasibility of utilizing
reclaimed cotton fabrics as reinforcement materials in polymer
composites, showing promising mechanical performance and
application potential in structural products [5, 6]. This approach
allows for the conversion of low-value textile waste into func-
tional composite materials that can be used in structural appli-
cations [4-6].

Among thermoplastic matrices, polylactic acid (PLA) and poly-
propylene (PP) are two important material systems commonly
used in sustainable composite production. As a bio-based poly-
mer, PLA stands out due to its ability to be produced from re-
newable resources and its high rigidity properties [7], while PP
offers advantages such as higher ductility, impact resistance,
and moisture resistance [8, 9]. Both polymers have significant
potential in composite production due to their compatibility
with industrially scalable manufacturing methods such as hot
pressing and thermoforming [10, 11].

However, the use of textile-reinforced thermoplastic composites
in structural applications is limited by some fundamental chal-
lenges. Cellulose-based textile fibers are naturally hydrophilic
[12], while thermoplastic polymers are mostly hydrophobic [13].
This situation can lead to weak bonding at the fiber-matrix in-
terface, insufficient load transfer, and the formation of voids
in the composite structure. Additionally, mechanisms such as
water absorption, fiber swelling, and interfacial separation oc-
curring in humid environments can lead to a gradual reduction
in the mechanical properties of composites [14].

In the literature, various chemical surface treatments, bonding
agents, and compatibilizing additives have been used to reduce
these issues [15]. However, such approaches often increase pro-
duction costs, complicate manufacturing processes, and make
recycling more difficult. Therefore, in recent years, studies

aimed at alternative design strategies that can improve compos-
ite performance without requiring chemical modification have
gained importance [16].

In this context, the textile reinforcement architecture and ma-
trix polymer selection are among the critical parameters that
determine composite performance. Especially woven textile re-
inforcements can improve load transfer by ensuring controlled
alignment of the fibers and provide higher damage tolerance
compared to short fiber systems. In addition, the polymer matrix
used directly affects the composite's stiffness, ductility, impact
behavior, and environmental durability properties [17, 18].

A review of the current literature shows that few studies have
systematically examined the impact of matrix polymer selection
and textile reinforcement architecture on the performance of re-
used post-consumer textile-reinforced thermoplastic composites
without employing chemical surface modifications. Moreover,
extensive comparative investigations that concurrently assess
the mechanical properties and moisture resistance of reused
post-consumer textile-reinforced PLA and PP composites, while
clarifying the structure-property-durability link, are limited.
This research gap highlights the necessity for a detailed inves-
tigation of the impact of matrix polymer selection and textile
reinforcing architecture on the efficacy of sustainable textile-
reinforced composites.

To address this research gap, the present study systematically
investigates the influence of matrix polymer selection (PLA
and PP) and textile reinforcement structure on the mechan-
ical performance and environmental durability of reused
post-consumer textile-reinforced thermoplastic composites, ex-
cluding chemical surface modifications. Reused post-consumer
denim fabric-reinforced PLA and PP composites were fabricated
using a hot-pressing process and comprehensively characterized
through tensile, flexural, impact, and moisture absorption tests.
The results obtained reveal new perspectives into the struc-
ture-property-durability correlations that determine sustain-
able textile-reinforced composites by emphasizing the effect of
matrix polymer selection on their mechanical performance and
moisture resistance. The findings provide practical design strat-
egies for the development of high-value reused post-consumer
textile-reinforced thermoplastic composites with enhanced me-
chanical performance and sustainability.

2 | Materials and Methods
2.1 | Materials

In this study, reused post-consumer denim fabrics were used
as reinforcement materials in the production of biocomposite
structures. The denim fabrics used were sourced from Texaid
AG (Schattdorf, Switzerland). The PLA and PP based staple fi-
bers used in the production of the composite structures were
sourced from Trevira GmbH (Hattersheim, Germany). The
prepared denim fabric/PLA structure contains 30% denim fab-
ric and 70% PLA by weight, with an average surface weight of
238 g/m?2. In contrast, the denim fabric/PP structure consists of
30% denim fabric and 70% PP by weight, with an average surface
weight of 54g/m?.
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2.2 | Methods

2.2.1 | Fabrication of Waste Denim/PP and Waste
Denim/PLA Composites

Denim fabrics were initially cut into 20X 20cm sizes. PLA and
PP staple fibers were processed in the Mesdan fiber opening
machine to open the fibers and separate them homogeneously,
resulting in nonwoven sheets. The obtained nonwoven sheets
were then combined with reused post-consumer denim fab-
ric through a needle punching process, resulting in a preform
structure suitable for composite production. As a result of this
process, the thermoplastic fibers were more evenly distributed
within the denim fabric structure. The schematic representation
of this production process is presented in Figure 1.

The prepared preform structures were then converted into com-
posite panels using the compression molding method (Figure 1).
For this purpose, a 20-ton capacity manual bench-type press
(Rondol Technology Ltd., Stoke-on-Trent, United Kingdom)
was used. Nonwoven preforms were placed between two Teflon
sheets to facilitate the easy removal of the composite panel from
the mold after pressing. Later, this structure was placed between
two metal plates, with a metal mold of 20X 20cm cross-section,
and subjected to a hot pressing process. After the pressing pro-
cess, samples of suitable dimensions for mechanical tests were
prepared from the composite panels obtained (Figure 1).

2.2.2 | Characterization

Test samples were cut using a water jet by SVEMA Industriteknik
AB in Borés, as it is the method that causes the least damage to
the samples. After the cutting process, the samples were dried in
an oven at 80°C for 24 h. The mechanical properties of the com-
posites were determined through tensile, flexural, and impact
tests, and the moisture absorption behavior was also examined.

2.2.3 | Mechanical Testing

The mechanical properties of the composite samples were de-
termined through tensile, flexural, and impact tests. Tensile
tests were conducted using a 10KT universal testing machine
produced by Tinius Olsen Ltd. (Salfords, United Kingdom) in

_ Fiber opening

Recycle denim
fabric (RDF)

RDF sample

20 cm

accordance with the ISO 527 standard. During the tests, the sam-
ples were loaded at a crosshead speed of 10mm/min until they
broke, and the maximum load capacity was set to 1kN. Bending
tests were conducted using the same device according to the ISO
14125 standard, with a loading speed of 10 mm/min. The impact
strength was determined using the Charpy method with a Zwick
impact testing machine in accordance with the ISO 179 stan-
dard. In the tests, a pendulum arm with 57 of energy was used,
and the samples were tested un-notched and edgewise.

2.2.4 | Moisture Absorption

The moisture absorption behavior of the composite samples was
examined in accordance with the ASTM D570 standard. Before
the test, the samples were dried in an oven at 70°C for 24h and
then allowed to cool to room temperature. The initial masses
of the samples after drying were recorded as W,,. For each com-
posite system, two samples were kept at 60°C and 100% relative
humidity conditions for 720h. For each composite system, three
replicate samples were tested under the same conditions. The
high relative humidity environment was created by sealing it
with plastic film inside a closed container. The mass increase
resulting from water absorption in the samples was measured
every 24h, and the measured values were recorded as W. The
moisture absorption percentage (MA%) was calculated using
Equation (1) with the initial and measured mass values.

MA% =W — W, /W, x 100 )

2.2.5 | Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics
software. Prior to hypothesis testing, the distribution character-
istics of each dataset were evaluated using descriptive statistics,
the Shapiro-Wilk normality test, and skewness—kurtosis coef-
ficients. Since normality tests may be sensitive to small sample
sizes, skewness and kurtosis values were also considered when
assessing data distribution. According to the criteria proposed
by Kim [19], z-values within +1.96 for sample sizes below 50 in-
dicate no significant deviation from normality. Based on these
analyses, the tensile and flexural strength datasets were found
to satisfy the assumptions of normality and were therefore ana-
lyzed using parametric statistical methods. Descriptive statistics
are presented as mean + standard deviation (SD).

Compression moulding
(Hot press)

Tensile specimen

150 mm

20 mm

FIGURE1 | Schematic illustration of the fabrication process of PLA/RDF and PP/RDF thermoplastic textile composites.
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Independent samples t-tests were performed to compare the
tensile and flexural strength values of PLA-RDF and PP-RDF
composites. In addition to statistical significance, Cohen's d ef-
fect size coefficient was calculated to evaluate the magnitude of
the observed differences. According to Cohen (1988), d=0.20,
d=0.50, and d=0.80 represent small, medium, and large effect
sizes, respectively.

For the Charpy impact strength data, the Shapiro-Wilk test in-
dicated a non-normal distribution (W=0.860, p=0.012), which
was further supported by skewness and kurtosis analyses.
Therefore, the non-parametric Mann-Whitney U test was em-
ployed to compare the impact strength values of the PLA-RDF
and PP-RDF composites.

For the moisture absorption analysis, repeated measurements
were obtained from the same specimens over a three-week
immersion period. Due to the limited sample size and the
non-normal nature of the data, the Friedman test was used to
evaluate the effect of immersion time on moisture absorption
behavior. PLA-RDF and PP-RDF composites were analyzed
separately, and differences among weekly measurements were
assessed based on chi-square (x?), degrees of freedom (df), and
p values.

For all statistical analyses, differences were considered statisti-
cally significant at p <0.05.

2.2.6 | Composite Density and Void Content

The density of the fabricated PLA/RDF and PP/RDF composites
was determined according to the Archimedes principle using
ethanol as the immersion medium at room temperature. Prior to
immersion, the specimens were coated with a thin paraffin layer
to prevent ethanol absorption. The theoretical composite density
was calculated using the rule of mixtures based on the densities
and weight fractions of the constituent materials (30wt% reused
post-consumer denim fabric and 70wt% polymer matrix). The
fiber volume fraction, matrix volume fraction, and porosity were
subsequently calculated according to the method proposed by
Madsen et al. [20].

1
Wy Wa
Py Pm

v, = <1&> X 100
Py

where pand p,are the theoretical and experimental composite
densities, respectively; wyand w,are the weight fractions of the
reused post-consumer denim fabric and polymer matrix; and py
and p,,are their corresponding densities.

Pt =

2.2.7 | Optical Microscopy

The microstructural properties of PLA/RDF and PP/RDF com-
posite laminates were examined using a Dcorn optical micro-
scope equipped with a 5 MP digital camera. Composite samples

were cut perpendicular to the laminate plane and mechanically
polished to obtain smooth cross-sectional surfaces suitable for
microscopic examination.

Optical images were taken under reflected polarized light at
100x magnifications. Microscopic analyzes were conducted to
evaluate the quality of thermoplastic matrices’ penetration into
the reused post-consumer denim fabric structure, the adhesion
of the fiber-matrix interface, the presence of voids and structural
defects, and the overall structural homogeneity of the compos-
ite laminates. Especially, the differences in matrix penetration
and interfacial bonding between PLA and PP-based composite
systems have been examined. The obtained micrographs have
contributed to a more comprehensive explanation of the struc-
ture—property relationships by correlating them with the me-
chanical performance and moisture absorption behaviors of the
composites.

3 | Results and Discussion
3.1 | Tensile Properties

Figure (2a-f) shows the tensile behavior of PLA-RDF and PP-
RDF composites reinforced with reused post-consumer denim
fibers (RDF). Figure (2a,d) show the sample geometry and ex-
perimental setup used during the tensile test. The samples were
prepared in the standard dog-bone geometry, and the tensile
tests were conducted using a universal testing machine.

In Figure 2b, the stress-strain curves of PLA-RDF and PP-RDF
composites are shown. While the PLA-RDF composite shows
fracture at an elongation value of approximately 1%-1.2%,
the maximum stress value is around 20MPa. In contrast, the
PP-RDF composite exhibited much higher ductility, deforming
up to approximately 7% elongation and reaching a maximum
stress value of around 63MPa. This situation can be explained
by the more ductile structure of the PP matrix and the more ef-
fective fiber-matrix load transfer. Similarly, higher ductility and
energy absorption capacity have been reported in natural fiber-
reinforced PP composites [22-24].

In Figure 2c, the elastic modulus and toughness values of
the composites are compared. While the elastic modulus of
the PLA-RDF composite is around 6 GPa, this value has been
determined to be approximately 5GPa for the PP-RDF com-
posite. However, it is observed that the toughness value of
the PP-RDF composite is higher. This result is related to the
ability of PP-based composites to absorb more energy during
deformation. In the literature, it has been reported that the
fiber-matrix interaction and the ductility of the matrix are de-
cisive for the toughness behavior in natural fiber-reinforced
thermoplastic composites [25, 26].

The mechanical parameters obtained in Figure 2f are given nu-
merically. The tensile strength of the PLA-RDF composite was
determined to be 20.16 MPa and the elongation at break was
1.06%, while in the PP-RDF composite, the tensile strength was
measured at 33.90 MPa and the elongation at break was 2.14%.
These results indicate that the PP-RDF composite exhibits su-
perior mechanical performance in terms of both strength and
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FIGURE 2 | Tensile testing and mechanical performance of PLA-RDF and PP-RDF composites: (a) test setup and specimen geometry; (b) tensile

stress—strain behavior; (c) elastic modulus and toughness; (d) specimen dimensions; (e) comparison with literature-reported natural fiber-reinforced

thermoplastics [21]; and (f) tensile strength and elongation at break. Red stars denote the composites developed in this work. Error bars indicate

standard deviation (n>5).

ductility compared to the PLA-RDF composite. Similarly, it
has been reported in the literature that the mechanical per-
formance of thermoplastic composites reinforced with reused
textile fibers varies depending on the type of matrix and fiber
distribution [25, 27].

The results obtained in Figure 2e have been compared with var-
ious natural fiber-reinforced polymer composites reported in the
literature. In this study, it is observed that the tensile strength
and elongation at break of the developed PP-RDF composite are
at a competitive level compared to many natural fiber-reinforced
composites reported in the literature [21]. Additionally, the use
of recycled textile waste in conjunction with thermoplastic ma-
trices is considered an important approach in terms of sustain-
able composite production [15, 27].

3.2 | Independent Samples t-Test Analysis
of Tensile Strength

As seen in Table 1, there is a significant and statistically mean-
ingful difference in the tensile strength values between the PLA-
RDF and PP-RDF samples (t=—39.308; p <0.05). In both groups,
the sample size is 5, and the mean and SD values of the groups
have been compared.

In the PLA-RDF Strength (MPa) group, the average tensile
strength is X =20.16, with a SD of 0.28, while in the PP-
RDF Strength (MPa) group, the average tensile strength is
X =33.72, with a standard deviation of 0.71. These results in-
dicate that the PP-RDF Strength (MPa) samples exhibit higher

TABLE1 | Independent samples t-test analysis of PLA-RDF and PP-
RDF tensile strength (MPa) values.

Variables N X SS t af p

PLA-RDF 5 2016 0.28
strength (MPa)

—39.308 8 0.01*

PP-RDF 5 3372 071
Strength
(MPa)

*p<0.05.

performance in terms of mechanical strength compared to the
PLA-RDF Strength (MPa) samples. The very high absolute ¢
value obtained (It|=39.308) indicates that the difference be-
tween the two group means is quite large. Additionally, the
low SD values indicate that the measurements are homoge-
neous within themselves and that the experimental results
show a consistent distribution.

Especially in the PLA-RDF Strength (MPa) group, the low stan-
dard deviation (SD=0.28) indicates that the repeated experi-
ments yielded quite similar results.In conclusion, it can be said
that the tensile strength of the PP-RDF Strength (MPa) mate-
rial is significantly superior to that of the PLA-RDF Strength
(MPa). This situation indicates that the PP-based structure has
a higher load-bearing capacity and that PP-RDF Strength (MPa)
may be more advantageous in applications requiring mechan-
ical strength. PLA-RDF Strength (MPa), while having a lower
strength value, can be preferred in different application areas
due to its environmental advantages.
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3.3 | Flexural Properties

Figure 3a-d shows the three-point bending behavior of
PLA and PP-based composites reinforced with reused post-
consumer denim fabrics (RDF). Bending tests were conducted
using the standard three-point bending method, with the load
applied at the midpoint of the sample. The experimental setup
and loading principle are shown in Figure 3c,d. This method
is a widely used and reliable characterization technique for
determining the stiffness and bending strength of polymer
composites [28, 29].

In Figure 3a, the bending stress-bending strain curves of
PLA-RDF and PP-RDF composites are presented. The PLA-
RDF composite exhibited fracture at approximately 2%-2.5%
flexural strain while reaching a maximum flexural stress of
about 80 MPa. This situation can be explained by the high
rigidity of the PLA matrix and the effective contribution of
the fibers to load transfer. In contrast, the PP-RDF compos-
ite, despite showing lower bending strength, exhibited higher
deformation capacity and underwent deformation up to ap-
proximately 6%-7% bending elongation. This behavior is due
to the more ductile structure of the PP matrix. Similarly, it has

(a)

—— PLA/RDF

80 4 —— PPIRDF
g
S 60
[
(7]
[}
=
D 40 -
g
-
x
K
[T

20 -

0 T T T T T T T

0 1 2 3 4 5 6 7
Flexural Strain (%)

been reported in the literature that natural fiber-reinforced PP
composites exhibit higher ductility compared to PLA-based
composites [30, 31].

The bending strength values obtained in Figure 3b are pre-
sented comparatively. While the flexural strength of the PLA-
RDF composite was determined to be approximately 28 MPa,
this value is around 12-13MPa for the PP-RDF composite. The
higher flexural strength of the PLA-RDF composite can be at-
tributed to the PLA matrix having a higher elastic modulus
and the more effective stress transfer occurring at the fiber-
matrix interface. It is although that the PP-RDF composites
exhibited higher tensile strength, whereas the PLA-RDF com-
posites showed superior flexural strength. This difference is at-
tributed to the distinct loading mechanisms involved in tensile
and flexural tests. While tensile strength is primarily governed
by fiber-matrix load transfer under uniaxial loading, flexural
strength is also strongly dependent on matrix stiffness and re-
sistance to bending deformation. Owing to its higher elastic
modulus, the PLA matrix provides greater resistance to bending
stresses, resulting in superior flexural performance despite its
lower tensile strength. This interpretation is further supported
by the tensile test results, where PLA-RDF composites exhibited

(b)

25 +

n
o
1

Flexural Strength (MPa)
&
1

PLA-RDF PP-RDF

~

—p O

b
J

FIGURE 3 | Flexural performance and three-point bending test of PLA-RDF and PP-RDF composites: (a) flexural stress-strain curves, (b) flex-
ural strength comparison, (c) experimental test setup, and (d) schematic illustration showing applied force (F), span length (L), thickness (d), and

width (b).
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a higher elastic modulus than PP-RDF composites, indicating
a stiffer composite structure that is more resistant to bending
deformation.

In the literature, it is stated that bio-based polymer matrices,
particularly PLA, can provide higher flexural rigidity and
strength in natural fiber-reinforced composites [30, 32].

In general, while the PLA-RDF composite exhibits high bend-
ing strength and rigidity, the PP-RDF composite shows higher
deformation capacity and ductility. These results indicate that
the mechanical properties of the matrix polymer directly affect
the bending behavior of the composite. Additionally, the use of
reused post-consumer textile fibers in conjunction with thermo-
plastic matrices is considered an important approach for sus-
tainable composite production [33, 34].

3.4 | Statistical Analysis of Flexural Strength
Using an Independent Samples ¢-Test

Table 2 presents the results of the independent samples t-
test conducted to compare the flexural strength values of
PLA-RDF and PP-RDF composites. The analysis revealed a
statistically significant difference between the two material
groups (£(8)=44.901, p<0.001). The mean flexural strength
of the PLA-RDF composites (M =28.18 MPa, SD =0.69) was
significantly higher than that of the PP-RDF composites
(M=12.60MPa, SD=0.37).

Based on the mean values, the flexural strength of the PLA-RDF
composites was approximately 2.24 times higher than that of the

PP-RDF composites. This result indicates that the PLA matrix
provides more effective stress transfer between the reused post-
consumer denim fabrics and the polymer matrix under bending
loads, thereby improving the load-bearing capacity of the com-
posite. The enhanced fiber-matrix interfacial interaction in the
PLA-based system likely contributed to the increased resistance
to flexural deformation. Furthermore, the relatively low SD val-
ues observed in both groups indicate good specimen uniformity
and satisfactory repeatability of the manufacturing process.

The effect size analysis yielded an exceptionally large Cohen's d
value (d=28.417), indicating that the observed difference is not
only statistically significant but also highly meaningful from an
engineering perspective. Such a large effect size demonstrates
that matrix type is a dominant factor influencing the flexural
performance of reused post-consumer denim fabric-reinforced
composites.

In conclusion, PLA-RDF composites exhibited substantially
higher flexural strength than PP-RDF composites. These find-
ings suggest that PLA-based RDF composites are promising sus-
tainable materials for applications requiring enhanced flexural
performance.

3.5 | Charpy Impact Performance

Figure (4a,b) shows the Charpy impact strength performance
of PLA and PP-based composites reinforced with reused post-
consumer denim fabrics (RDF). Impact tests were conducted
using a standard Charpy impact testing machine, and the exper-
imental setup is shown in Figure 4a This method is widely used

TABLE 2 | Independent samples t-test results for flexural strength of PLA-RDF and PP-RDF composites.

Variables N X t df P Cohen's d
PLA-RDF strength (MPa) 5 28.18 0.68 44.901 8 0.00* 28.417
PP-RDF strength (MPa) 5 12.60 0.37

Note: *p<0.05.

(b)

w
o
1

nN
o
1

n
o
1

Impact strength in KJ/m?

0.8513 0.3352
0.0847 0.0321
22.56 7.13

I N
0.7032 0.1332
0.0692  0.0127

PLA-RDF

PP-RDF

FIGURE4 | (a)Pendulum impact tester and (b) impact strength comparison of PLA-RDF and PP-RDF in terms of energy per unit area. Error bars

represent standard deviation, and detailed impact parameters are summarized in the tables.
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to determine the energy absorption capacity of polymer compos-
ites under impact loading [35, 36].

In Figure 4b, the impact strength values of PLA-RDF and PP-
RDF composites are presented comparatively. According to
the results, while the PLA-RDF composite exhibits an impact
strength of approximately 22.56kJ/m?, the PP-RDF composite
has a value of approximately 22.41 kJ/m?. These results indicate
that both composites have a similar energy absorption capacity
in terms of impact strength.

When comparing the average values given in the table, the im-
pact energy of the PLA-RDF composite was determined to be
0.851317, and the specific energy value was found to be 0.0847J/
mm. In contrast, in the PP-RDF composite, the impact en-
ergy was measured as 0.70327J and the specific energy value as
0.0692J/mm. The higher impact energy of the PLA-RDF com-
posite can be attributed to the PLA matrix forming a more rigid
structure with the fibers, allowing the fibers to absorb more en-
ergy during fracture.

On the other hand, the PP-RDF composite having a more duc-
tile matrix structure causes plastic deformation mechanisms to
come into play during crack propagation. Therefore, while PP-
based composites generally exhibit higher deformation capacity,
the impact strength values can vary depending on the fiber-
matrix interfacial interaction [37, 38].

In summary, the results obtained indicate that reused post-
consumer denim fabrics create an effective energy damping
mechanism under impact loads in both PLA and PP matrix
systems. The mechanisms of limiting crack propagation
within the composite structure and fiber pull-out during frac-
ture contribute to the absorption of impact energy. This situ-
ation demonstrates that reused textile fibers not only provide
an environmentally sustainable alternative in thermoplastic
composites but can also be used as a reinforcing phase that
supports mechanical performance. Therefore, the utilization
of textile waste in polymer composite systems not only con-
tributes to the circular economy approach but also enables
the development of high-value-added engineering materials
[39, 40].

Although PLA and PP exhibit distinctly different mechanical
properties, their Charpy impact strengths were comparable.
This behavior can be attributed to the different energy dissipa-
tion mechanisms operating during impact loading. The higher
stiffness of the PLA matrix promotes more efficient stress trans-
fer to the reused post-consumer denim fibers, thereby increas-
ing the energy required for crack initiation and fiber pull-out.
In contrast, the more ductile PP matrix dissipates impact energy
through plastic deformation and crack-tip blunting, reducing

stress concentrations during crack propagation. Consequently,
the higher stiffness of the PLA matrix and the greater ductility of
the PP matrix compensate for each other, resulting in compara-
ble overall impact resistance despite the significant differences
observed in their tensile and flexural behaviors.

Therefore, the comparable impact performance of reused post-
consumer denim-reinforced thermoplastic composites is gov-
erned not only by the stiffness or ductility of the matrix but also
by the combined effects of fiber-matrix interfacial adhesion,
crack propagation behavior, fiber pull-out, and matrix deforma-
tion mechanisms.

3.6 | Statistical Analysis of Charpy Impact
Strength Using the Mann-Whitney U Test

Table 3 presents the results of the Mann-Whitney U test con-
ducted to compare the Charpy impact strength values of PLA-
RDF and PP-RDF composites. Since the normality assumption
was not satisfied, a non-parametric statistical approach was
employed. The analysis revealed no statistically significant dif-
ference between the two groups (U=32.50,z=-0.710, p=0.48).

The mean rank of the PP-RDF composites (10.39) was slightly
higher than that of the PLA-RDF composites (8.61). Similarly,
the rank sum was greater for the PP-RDF group (93.00) than for
the PLA-RDF group (77.50). However, these differences were
not statistically significant (p>0.05), indicating that the ob-
served variation in impact strength may be attributed to random
sample variation rather than a systematic effect of matrix type.

The results suggest that PLA-RDF and PP-RDF composites ex-
hibit comparable impact resistance under the tested conditions.
Therefore, no statistically significant effect of polymer matrix
type on the Charpy impact strength of the reused post-consumer
denim fabric-reinforced composites was identified within the
scope of this study.

3.7 | Moisture Absorption

Figure 5a,b present the moisture absorption behavior of PLA-
RDF and PP-RDF composites over a three-week period. When
the results are examined, an increasing trend in moisture ab-
sorption over time is observed in both composite systems.
However, it has been determined that PLA matrix composites
have a higher moisture absorption capacity compared to PP ma-
trix composites.

At the end of the first week, the moisture absorption of the PLA-
RDF sample was measured to be approximately 5.8%, while in the

TABLE 3 | Independent samples t-test results for Charpy impact strength of PLA-RDF and PP-RDF composites.

Variables N Mean rank Sum of ranks Mann-Whitney U z P
PLA-RDF (Charpy energy, kJ/m?) 9 8.61 77.50 32.500 -710 0.48
PP-RDF (Charpy energy, kJ/m?) 9 10.39 93.00

Note: p<0.05.
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FIGURES5 | Moisture absorption behavior of PLA-RDF and PP-RDF composites during a three-week immersion period: (a) comparative moisture
uptake of PLA-RDF and PP-RDF composites, and (b) individual moisture absorption trends for each composite system over time.

PP-RDF sample, this value was determined to be approximately
3.67%. In the second week, it is observed that the moisture absorp-
tion increased in both composites. In the PLA-RDF composite, this
value increased to approximately 7.47%, while in the PP-RDF com-
posite, it reached about 10.7%. At the end of the third week, a sig-
nificant increase was observed in the PLA-RDF composite, with
moisture absorption reaching approximately 21.5%. In contrast,
a more limited increase was observed in the PP-RDF composite,
with moisture absorption measured at approximately 12.1%.

The higher moisture absorption observed in PLA-based compos-
ites can be attributed to the relatively hydrophilic character of PLA
and the presence of hydroxyl groups in the cellulose structure of
reused denim fibers. The hydroxyl groups present in cellulose-
based fibers can form hydrogen bonds with water molecules, fa-
cilitating water diffusion at the fiber-matrix interface [41, 42]. In
contrast, since PP is a hydrophobic polymer, water diffusion in PP
matrix composites occurs to a more limited extent. Therefore, it
is frequently reported in the literature that PP-based composites
exhibit better dimensional stability in humid environments [43].

In summary, it has been observed that in PLA and PP-based
composites reinforced with reused post-consumer denim fibers,
moisture absorption increases over time, but the hydrophilic or
hydrophobic character of the matrix polymer plays a decisive
role in the water absorption behavior.

These findings provide important insights into the moisture
resistance behavior of sustainable thermoplastic composites
reinforced with reused post-consumer textile waste [44, 45].
Although the moisture absorption behavior was successfully
characterized, detailed diffusion modeling (Fickian/non-
Fickian analysis) and long-term aging studies were beyond the
scope of the present work. Future investigations may focus on
moisture transport kinetics and long-term environmental aging

TABLE 4 | Friedman test analysis of moisture absorption behavior
of PLA-RDF and PP-RDF composites.

Material N Meanrank sd x2 p
PLA-Week 1 3 1.00 2 6.00 0.050
PLA-Week 2 3 2.00

PLA-Week 3 3 3.00

PP-Week 1 3 1.00 2 6.00 0.050
PP-Week 2 3 2.00

PP-Week 3 3 3.00

Note: p<0.05.

mechanisms to further clarify the durability performance of re-
used textile-reinforced thermoplastic composites.

3.8 | Statistical Analysis of Moisture Absorption
Using the Friedman Test

Table 4 presents the results of the Friedman test evaluating the
moisture absorption behavior of PLA-RDF and PP-RDF com-
posites during the three-week immersion period. As shown
in the table, the mean rank values of both material groups in-
creased progressively from Week 1 to Week 3. For the PLA-RDF
composites, the mean ranks were 1.00, 2.00, and 3.00 for Weeks
1,2, and 3, respectively. A similar increasing trend was observed
for the PP-RDF composites. These results indicate a continuous
increase in moisture uptake with increasing immersion time.

According to the Friedman test results, immersion time had a
statistically significant effect on moisture absorption for both
PLA-RDF and PP-RDF composites (x?(2) =6.00, p=0.050). The
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highest mean rank values observed in the third week suggest
that moisture absorption progressively increased throughout
the immersion period. This behavior can be attributed to the
gradual diffusion of water molecules into the composite struc-
ture over time.

In general, the results demonstrate that moisture absorption is
strongly dependent on immersion duration for both composite
systems. Therefore, exposure time should be considered an im-
portant factor when evaluating the long-term environmental
durability of PLA-RDF and PP-RDF composites.

3.9 | Density and Void Content

The density, fiber volume fraction and porosity values of the fab-
ricated composites are presented in Table 5. The PLA/RDF com-
posites exhibited a higher experimental density (1.228 +0.009 g/
cm®) than the PP/RDF composites (1.002=+0.038g/cm?), pri-
marily due to the higher intrinsic density of the PLA matrix
compared with PP. The calculated porosity values were 6.8%
for PLA/RDF and 2.6% for PP/RDF composites. Although both
composite systems contained the same fiber mass fraction
(BOwt%), the fiber volume fraction was higher for PLA/RDF be-
cause of differences in the densities of the polymer matrices. The
relatively low porosity values indicate satisfactory consolidation
during compression molding. These density and porosity data
provide quantitative microstructural information and offer a re-
liable basis for comparing the specific mechanical properties of
the developed composites.

3.10 | Optical Microscopy

PLA/RDF composites exhibited a more compact and homoge-
neous structure, with the reused post-consumer denim fibers
being better encapsulated by the PLA matrix (Figure 6a). In
contrast, in the PP/RDF composites, the yarn boundaries were
more distinct, and interfacial voids were observed (Figure 6b).

This situation is consistent with PLA/RDF composites show-
ing a higher elastic modulus, while PP/RDF composites exhibit
higher tensile strength and ductility [46].

311 | SEM

Figure 7 presents the SEM micrographs of the fractured sur-
faces of the PLA/RDF and PP/RDF composites after mechanical
testing. Various failure mechanisms, including fiber pull-out,
matrix cracking, fiber bundle pull-out, delamination, and rough
fracture surfaces, were observed in both composite systems, re-
vealing the complex fracture behavior of the textile-reinforced
laminates.

Figure 7a,d show evident fiber pull-out, indicating incomplete
interfacial adhesion between the reused denim fibers and the
polymer matrices [47]. The extraction of fibers from the matrix
suggests that the applied load was not transferred uniformly
across the fiber-matrix interface. During fracture, a consider-
able amount of energy was dissipated through the fiber pull-out
mechanism, which is recognized as one of the primary energy-
absorbing mechanisms in textile-reinforced composites [48].

As shown in Figure 7b,e, pronounced matrix cracks developed
within the polymer matrix, indicating that crack initiation oc-
curred primarily in the matrix-rich regions. The propagation of
these cracks along the fiber direction suggests that the textile
architecture partially restricted crack growth through a crack-
bridging effect [49]. Furthermore, the fiber bundle pull-out ob-
served in Figure 7b demonstrates that groups of fibers detached
simultaneously rather than as individual fibers, indicating local-
ized interfacial failure and progressive damage evolution.

The fracture surface shown in Figure 7c exhibits a relatively
rough morphology with numerous microcracks, indicating
that multiple fracture mechanisms operated simultaneously
during failure. Such a rough fracture surface generally re-
flects higher fracture energy dissipation, suggesting that the

TABLE 5 | Density, fiber volume fraction and porosity of PLA/RDF and PP/RDF composites.

Fiber mass Fiber volume Matrix volume
Composite Density (g/cm?) fraction (Wt%) fraction (%) fraction (%) Porosity (%)
PLA/RDF 1.228 £0.009 30 25.65 67.55 6.80
PP/RDF 1.002£0.038 30 20.04 77.36 2.60

FIGURE6 | Optical microscope images of reused post-consumer denim fiber reinforced thermoplastic composites: (a) PLA-RDF and (b) PP-RDF.
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FIGURE7

SEM fractographs of the fracture surfaces of PLA (a-c) and PP (d-f) composites after tensile testing at different magnifications, show-

ing the overall fracture morphology together with fiber pull-out, fiber bundle pull-out, matrix cracking, and delamination.

composite absorbed a considerable amount of energy before
complete failure [50].

Figure 7f illustrates delamination between adjacent laminate
layers, which is a common failure mode in laminated compos-
ite structures. Delamination is generally initiated by interlam-
inar stresses generated under mechanical loading, particularly
during flexural and impact loading, and significantly reduces
the load-bearing capability and structural integrity of the com-
posite [51].

Generally, the SEM observations are consistent with the me-
chanical test results and demonstrate that failure in the devel-
oped composites occurred through multiple interacting damage
mechanisms rather than a single fracture mode. Fiber pull-out,
matrix cracking, fiber bundle separation, and delamination
collectively contributed to energy dissipation during fracture.
These observations further suggest that improving the fiber-
matrix interfacial adhesion could suppress premature inter-
facial failure and enhance the mechanical performance of the
developed thermoplastic textile composites.

4 | Conclusion

In this research, the production and characterization of sustain-
able thermoplastic textile composites with PLA and PP matrices
reinforced with post-consumer reused post-consumer denim
fabric (RDF) were carried out. Composite laminates were pro-
duced using the hot press (compression molding) technique,
an industrially applicable method, without the use of chemical
surface modification or compatibilizer additives. The mechani-
cal performance and environmental durability of the obtained
composites were systematically examined through tensile,
flexural, impact, and moisture absorption tests. The tensile

test results revealed that PP-RDF composites exhibited higher
tensile strength (33.9MPa) and greater ductility, whereas PLA-
RDF composites displayed a more rigid but brittle behavior
with higher elastic modulus values. In bending tests, it was de-
termined that PLA-RDF composites exhibited higher bending
strength, while PP-RDF composites had higher deformation
capacity. Impact tests have shown that both composite systems
have similar energy absorption capacities, but PLA-RDF com-
posites exhibited slightly higher values in terms of average im-
pact energy.

The moisture absorption results have shown that there is an
increasing water uptake behavior over time in both composite
systems. However, it has been determined that due to the hydro-
philic character of PLA matrix composites, they exhibit higher
moisture absorption compared to PP matrix composites. This
situation can be attributed to the hydrogen bonds formed be-
tween the hydroxyl groups of cellulose-based denim fibers and
water molecules, as well as the relatively hydrophilic structure
of PLA.

In conclusion, it has been demonstrated that composite struc-
tures with sustainable and competitive mechanical proper-
ties can be produced by using reused post-consumer denim
fabrics together with thermoplastic matrices. The obtained
results demonstrate that composite performance can be opti-
mized solely through the selection of matrix polymer and the
design of textile reinforcement architecture, and that this ap-
proach can be applied without the need for chemical surface
treatments.

From a sustainability perspective, the use of reused post-
consumer denim fabric as reinforcement contributes to
waste valorization by diverting textile waste from landfill
and reducing the demand for virgin reinforcement materials.
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Furthermore, the thermoplastic nature of both PLA and PP
matrices provides the potential for mechanical recycling and
reprocessing at the end of their service life, thereby support-
ing circular economy principles. Although a quantitative life-
cycle assessment (LCA), energy consumption analysis, and
CO, footprint evaluation were beyond the scope of the pres-
ent study, the developed composites represent a promising ap-
proach toward more resource-efficient engineering materials.
Future studies should include comprehensive environmental
assessments to quantify the potential reductions in carbon
emissions, energy consumption, and waste generation associ-
ated with these composite systems. This study offers an im-
portant engineering perspective on the conversion of textile
waste into high-value-added engineering materials and the
support of the circular economy approach.
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