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Abstract: The increasing demand for sustainable materials in automotive applications,
coupled with the critical need to address marine plastic pollution, presents an opportunity
for innovative material development. This study explores composites made from recy-
cled polyamide 6 (PA6) fishing nets reinforced with switchgrass fibers (0–30 wt%). The
composite with 30 wt% switchgrass fibers increased tensile strength by 23% and Young’s
modulus by 126% compared to unreinforced recycled PA6, achieving 93% of the tensile
strength of commercial automotive-grade neat PA6 and surpassing another grade by 22%.
However, higher fiber loading hindered processability, as evidenced by incomplete mold
filling and reflected by a decrease in melt flow rate from 19.35 to 8.63 g/10 min. Thermal
analysis revealed reduced crystallinity and crystallization temperatures with fiber addi-
tion, attributed to restricted polymer chain mobility. While dynamic mechanical analysis
demonstrated improved stiffness below the glass transition temperature, scanning electron
microscopy indicated optimal fiber-matrix adhesion at up to 20 wt% fiber loading, with
aggregation at higher concentrations. These findings establish recycled fishing net-derived
PA6/switchgrass fiber composites as a viable alternative to virgin materials in automotive
applications, with mechanical properties comparable to commercial grades. Although
the composites demonstrate enhanced mechanical strength and modulus, the significant
reduction in ductility restricts their use to rigid, semi-structural components where flexibil-
ity is not critical. Future research should address processing challenges to enhance fiber
dispersion and interfacial adhesion at higher loadings.

Keywords: fishing nets; switchgrass fibers; automotive; semi-structural; crystallinity

1. Introduction
Marine debris presents a significant global environmental challenge, with an estimated

6.4 million metric tons entering the oceans annually [1]. Among the various sources of this
pollution, abandoned, lost, or discarded fishing nets are particularly concerning due to
their substantial contribution to plastic waste in marine ecosystems. Historically, fishing
nets were crafted from natural fibers such as cotton, jute, and hemp. However, since the
1950s, synthetic polymers have largely replaced these materials owing to their superior
durability and resistance to water degradation [2]. As a result, modern nets persist in the
marine environment for decades, compounding pollution levels.
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Derelict fishing gear, including nets and ropes, constitutes a major component of
marine plastic pollution. Studies indicate that such gear accounts for approximately 46% of
the 79,000 metric tons of plastic waste in the Great Pacific Garbage Patch [3]. Additionally,
a meta-analysis estimated that 5.7% of all fishing nets are lost to the marine environment
annually [4]. Even after being discarded, these nets continue to harm marine organisms
through a process known as “ghost fishing,” wherein entanglement leads to injury and
mortality [5].

Fishing nets are predominantly manufactured from nylon (polyamides). Nylon, a
semi-crystalline thermoplastic, is highly valued for its thermal stability, mechanical strength,
abrasion resistance, and durability. These properties make it a preferred material not only
for marine applications but also for advanced uses in the automotive industry [6].

In automotive manufacturing, the adoption of lightweight polymer materials has been
driven by the need to reduce fuel consumption and minimize the carbon footprint of vehi-
cles [7]. This trend is further supported by global regulatory frameworks. In the European
Union, Regulation EU 2019/631 mandates that all new passenger cars achieve emissions of
less than 49.5 g CO2/km by 2030 [8]. Similarly, the United States Environmental Protection
Agency (EPA) has set a target for new passenger cars to emit less than 73 g/mile of CO2 by
Model Year 2032 [9].

The automotive industry utilizes approximately 35% of all polyamide materials [10],
with polyamide 6 (PA6) and polyamide 66 (PA66) being the most widely used. PA6 is
commonly found in components like door handles, mirrors, fuel caps, wheel covers, gears,
and bearings, while PA66 is often employed in under-the-hood applications including
gears and leaf springs [6]. Both PA6 and PA66 are often reinforced, most notably with
glass fibers or carbon fibers, to increase rigidity, enhance mechanical properties, and reduce
overall weight [11–14]. Güler et al. [15] used a PA66 glass-fiber reinforced composite
to manufacture an automobile hinge component and found that it satisfies the optimal
dimensions of the component and reduces the weight of the component. Ishikawa et al. [16]
used carbon-fiber reinforced PA6 composite to manufacture a chassis of a vehicle originally
made of aluminum alloy.

Despite the many advantages of glass fibers in composite applications, their production
is highly energy-intensive and relies heavily on fossil fuels [17]. Life cycle assessments
reveal that manufacturing glass fibers can demand five to ten times more non-renewable
energy than producing natural fibers [18,19]. Natural fibers are also less dense and often
more cost-effective, providing additional benefits such as weight reduction [20]. However,
incorporating these fibers into polyamides poses a challenge because the high melting
temperatures of polymers like PA6 and PA66 can degrade the fibers, ultimately diminishing
the composite’s mechanical properties [21].

Recycling polyamide 6 (PA6) from end-of-life fishing nets has gained increasing
attention due to its potential to reduce plastic waste and provide a sustainable alternative
to virgin polymers. Studies have demonstrated that recycled PA6 can retain rheological and
mechanical properties comparable to those of virgin material, making it a viable option for
high-performance applications [22]. To enhance the mechanical performance of recycled
PA6, researchers have explored its reinforcement with both synthetic and natural fibers. For
instance, carbon fiber reinforcement at 15 wt% has been shown to improve tensile modulus
and impact toughness in PA6 composites [23]. Similarly, natural fiber reinforcements
have been investigated as sustainable alternatives to synthetic fibers. Abdullah et al. [24]
reported that kenaf fiber reinforcement in PA6 increased both storage and tensile moduli
at a 10 wt% fiber loading due to enhanced stiffness. Moreover, Erbas Kiziltas et al. [25]
demonstrated that hemp, flax, and kenaf fibers significantly improved the storage modulus
of PA6, with a maximum increase of 68% at 20 wt% fiber loading.
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Among the natural fibers of interest is switchgrass (Panicum virgatum L.), a warm-
season grass native to North America and Mexico, known for thriving in poor soils and
unfavorable conditions and reaching heights of up to 366 cm [26]. Switchgrass fibers
stand out for their low cost, good quality, and sustainability, making them a promising
reinforcement in polymer matrices [27]. As demonstrated by Van den Oever et al. [28],
reinforcing polypropylene with 30 wt% switchgrass fibers yielded a 2.5-fold increase in
flexural modulus. However, to our knowledge, no published studies have focused on using
switchgrass fibers to reinforce PA6.

Simultaneously, the automotive sector has increasingly turned to recycled materials
for more sustainable manufacturing. For instance, in 2021, Ford announced that its Bronco
Sport features components made from 100% recycled ocean plastic [29], and in 2022, BMW
announced the use of discarded fishing nets in both visible and non-visible interior and
exterior trim pieces for its Neue Klasse electric car series, aiming for the recycled material
to constitute 30% of the total material content by 2025 [30]. Similarly, Mercedes-Benz has
incorporated recycled fishing nets into the production of floor coverings for its EQS electric
vehicle [31]. Yet, no published investigations have explored composites composed solely of
natural fibers and a 100% recycled fishing net matrix for automotive applications.

To address this research gap, this study investigates the mechanical and thermal
properties of switchgrass fiber-reinforced composites fabricated from 100% recycled nylon
fishing nets. By evaluating their mechanical behavior against commercial PA6 grades used
in the automotive sector, this study aims to establish a more sustainable alternative to con-
ventional PA6 composites. The following sections describe the materials and methods used
for composite fabrication, the mechanical and thermal characterization techniques, and the
results comparing the developed composites to commercially available PA6 materials.

2. Results
2.1. Isothermal TGA

Figure 1 illustrates the isothermal thermogravimetric analysis (TGA) of switchgrass
fibers at various temperatures. The results indicate that the degradation kinetics increase
with temperature, as evidenced by the higher rate of mass loss observed between 260 ◦C
and 250 ◦C compared to that between 250 ◦C and 240 ◦C. This behavior contrasts with the
findings of Liang et al. [32], who reported a reduction in degradation kinetics for flax fibers
under similar conditions. The observed increase in degradation kinetics for switchgrass
fibers can be attributed to the thermal degradation of their structural components at higher
temperatures. This degradation weakens the integrity of the cell wall, resulting in greater
mass loss [33]. Notably, when compared to bark fibers, switchgrass fibers exhibit greater
thermal stability. Gao et al. [34] reported a 23.3% mass loss at 260 ◦C after 20 min for bark
fibers, whereas under the same conditions, our isothermal TGA measurements showed
only a 12.5% mass loss for switchgrass.

Natural fibers are composed of three primary components: cellulose, hemicellulose,
and lignin. Cellulose exhibits thermal stability and degrades predominantly between
300 ◦C and 375 ◦C. Hemicellulose, being the most heat-sensitive component, decomposes
in the range of 200 ◦C to 275 ◦C. Lignin begins to degrade at approximately 200 ◦C but
persists as the last component to decompose, with degradation extending up to around
500 ◦C [35,36]. The decomposition of hemicellulose and lignin disrupts the fibril network
within the fiber, compromising its structural integrity. This degradation adversely impacts
the mechanical properties of the fibers, subsequently reducing the mechanical performance
of composite materials reinforced with switchgrass fibers [21]. Given that the switchgrass
fibers remain in the extruder and injection molding machine for 3–5 min for each composite
formulation, the mass loss is expected to remain below 5%. Therefore, although some
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thermal degradation of the natural fibers may occur during processing, it is unlikely to
significantly compromise the fiber–matrix interface or the overall mechanical properties of
the resulting composites.
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2.2. DSC

Figure 2 and Table 1 illustrate the DSC curves and thermal analysis data for the four
formulations. The material exhibits a broad melting endotherm ranging from 197 ◦C to
225 ◦C, indicative of the presence of both α and γ crystalline forms of PA6. The α-form,
being thermodynamically stable, melts at approximately 220 ◦C, while the γ-form, which
is thermodynamically metastable, melts around 214 ◦C [37]. For FN, the γ-form appears as
a distinct shoulder in the DSC curve; however, this shoulder becomes less pronounced as
the content of switchgrass fibers increases.

A minor reduction in melting temperature (Tm) was observed upon incorporating
switchgrass (SG) fibers into the polymer matrix. However, the absence of a clear correlation
between fiber content and Tm suggests that this decrease is negligible and more likely
attributable to experimental variation rather than any intrinsic influence of the fibers on
PA6’s thermal behavior. This finding aligns with the work of Abdullah et al. [38] who
reported no effect of wood flour on PA6’s melting temperature.

Notably, the crystallization temperature showed a consistent decrease with increasing
switchgrass fiber content in the composite. This trend indicates that, rather than acting as
heterogeneous nucleating agents, the switchgrass fibers impeded the crystallization process,
resulting in delayed crystallization and consequently lower crystallization temperatures.
This result is in accordance with Huang et al. (2017) [39] who showed in their study that
increasing straw fibers decreased the crystallization temperature of PA6. Furthermore, the
enthalpy of melting (∆Hm) decreased significantly from 51 J/g for neat PA6 to 24 J/g for
composites containing 20% and 30% switchgrass fibers. This reduction was also reflected in
the degree of crystallinity (X) of the PA6 matrix, which decreased from 26.84% for the neat
polymer to 15.79% for FN20SF, which is due to fibers restricting the mobility of PA6 chains,
which impairs the ability of polymer chains to arrange into ordered crystalline structures,
and the disruption of crystal growth [40]. Interestingly, FN30SF exhibited a slight increase
in crystallinity to 18.04%. This unexpected behavior may be attributed to the high fiber
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content creating confined spaces between fibers, where restricted polymer chain movement
could lead to localized crystallization, thereby increasing the overall crystallinity of the
polymer matrix.
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Table 1. Melting enthalpy (∆Hm,PA6), degree of crystallinity (XPA6), melting temperature (Tm,PA6),
and crystallization temperature (Tc,PA6) for PA6 of the four formulations.

Samples ∆Hm,PA6 (J/g) XPA6 (%) Tm,PA6 (◦C) Tc,PA6 (◦C)

FN 51 26.84 215 183
FN10SG 37 21.63 214 177
FN20SG 24 15.79 212 173
FN30SG 24 18.04 213 170
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2.3. Dynamic Mechanical Analysis

Figure 3 presents the dynamic mechanical analysis (DMA) results for the composites.
The storage modulus of all formulations exhibits a marked decrease with rising tempera-
ture, with the most pronounced decline occurring between 25◦C and 60 ◦C. This region
corresponds to the glass transition temperature (T) of PA6 [41], after which it sharply in-
creases above T. This behavior is attributed to the cold-crystallization phenomenon, where
polymer chains, initially quenched into a highly disordered state, gain mobility upon
heating above T, allowing them to reorganize into crystallites [42]. This reorganization
leads to increased stiffness, as reflected by the sharp rise in the modulus. This phenomenon
was observed by Cristea et al. [43] for PLA and by Codou et al. [44] for PET.

However, the addition of switchgrass fibers reduces this stiffness increase above T.
At 130 ◦C, the FN30SG formulation exhibits a storage modulus 47% lower than that of
FN, likely due to the fibers hindering the polymer’s crystallization process, resulting in
fewer crystallites and subsequently lower stiffness. Below T, the storage modulus increases
with the addition of switchgrass fibers. This enhancement in stiffness is attributed to
the reinforcing effect of the fibers, which improve stress transfer at the interface with
the polymer matrix. Notably, the FN20SG composite, containing 20% switchgrass fibers,
exhibits the most significant increase in storage modulus—a 31% improvement compared
to the FN formulation. In contrast, the FN30SG composite, with a higher fiber content of
30%, shows a smaller increase of 25.5% relative to FN. Despite the additional reinforcing
fibers, the expected proportional improvement in stiffness is not observed. This discrepancy
is likely due to the formation of fiber aggregates at higher loadings, which create weak
points in the composite, leading to poor interfacial bonding and reduced efficiency in stress
transfer [45].
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A similar trend is observed with the loss modulus. The peak value increases when
fibers are added to the polymer, which is attributable to the fibers restricting the motion of
the polymer chain segments [46,47]. The decreased peak for FN30SG compared to FN20SG
may result from poor interfacial bonding, leading to less restriction of the molecular
mobility of the polymer chains. This causes lower frictional resistance and, consequently,
reduced energy dissipation, which decreases the height of the E′ ′ peak [46,47]. Additionally,
the loss modulus peak broadens with the increase of switchgrass fibers, which could be due
to an inhibition of the relaxation processes within the composites. This effect arises from the
restricted mobility of chain segments upon filler addition, leading to a wider distribution of
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relaxation times [48]. The glass transition temperature (T), identified from the temperature
at the maximum loss modulus peak, increases with higher fiber content, rising from 16.9 ◦C
for FN to 30.8 ◦C for FN30SG. This increase is attributed to the restricted molecular mobility
of polymer chains due to the presence of fibers, requiring a higher temperature for the
transition to the rubbery state [49].

The analysis of tan(δ) revealed that fiber incorporation reduced peak heights across
all composites, as fibers restricted the movement of polymer chains. Interestingly, the
composite with the lowest fiber content (FN10SG) showed the greatest reduction in peak
height. This can be attributed to enhanced fiber-matrix interfacial bonding at lower fiber
concentrations, which more effectively hinders polymer chain mobility, leading to reduced
molecular motion and consequently lower damping properties [50]. At higher fiber load-
ings, the increased viscosity of the composite impedes the flow of the polymer matrix,
preventing it from fully encapsulating the fibers. This could result in the formation of
voids and microcracks, which serve as localized sites of molecular mobility and energy
dissipation, ultimately increasing the tan(δ) peak.

2.4. Tensile Tests

The tensile test results are illustrated in Figure 4. The baseline FN formulation demon-
strated an average tensile strength of 54.58 MPa. Upon incorporating switchgrass fibers
into the composite formulations, the tensile strength remained relatively steady up until the
FN30SG composition. At this 30% switchgrass fiber loading, a notable increase in tensile
strength was observed, reaching 67.22 MPa. This observed increase may be attributed
to the higher degree of crystallinity indicated by the DSC results for this formulation. A
more pronounced enhancement was observed in the tensile modulus. The FN material
exhibited a tensile modulus of 1.09 GPa, which increased substantially to approximately
2.6 GPa in the FN20SG and FN30SG formulations. This significant increase is attributed
to the strong interfacial adhesion between the fibers and the FN matrix, which facilitates
efficient stress transfer and enhances stiffness. Interestingly, the modulus plateaued beyond
20% fiber content, suggesting that higher loadings may lead to fiber agglomeration. This
agglomeration likely reduces the effective load transfer between fibers and the matrix due
to localized poor adhesion, thereby limiting further stiffness increases [51].

The incorporation of switchgrass fibers also resulted in a dramatic reduction in elon-
gation at break. For FN10SG, a 92% decrease was observed compared to the neat FN
formulation, primarily due to the restricted mobility of polymer chains imposed by the
rigid fiber phase and the intrinsically low elongation of the switchgrass fibers relative to
the polymer matrix [52]. An unexpected trend emerged in the FN30SG formulation, which
exhibited the highest elongation at break among the composites. This behavior may be
explained by the formation of fiber aggregates at higher loadings, leading to regions of
poor dispersion that partially alleviate the restriction on polymer chain mobility.

These mechanical property trends align with previous studies on natural fiber-
reinforced polyamide 6 composites. Panyasart et al. [53] reported similar behavior in
composites reinforced with 40% pineapple leaf fibers, observing improvements of 10.11%
and 77.57% in tensile strength and modulus, respectively, accompanied by an 89% reduction
in elongation at break. Similarly, Alonso-Montemayor et al. [54] demonstrated that incor-
porating 30% bleached hemp fibers into polyamide 6 resulted in a 41% increase in tensile
strength, a 98% enhancement in tensile modulus, and a 61% decrease in elongation at break.

The tensile properties of FN30SG were evaluated by comparing them to commercial
polyamide 6 (PA6) grades commonly used in automotive applications (Table 2). The tensile
strength of FN30SG was competitive, achieving 93.4% of Nylon 6 Unfilled Natural NXH-01
NC and surpassing ESTOPLAST XU150BB01 by 22.0%. However, it was 23.6% lower than
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Nylatron MC 907. Similarly, the Young’s modulus of FN30SG reached 79.4% of NXH-01
NC and 68.3% of Nylatron MC 907. In contrast, the elongation at break for FN30SG was
significantly reduced, achieving only 6.9% of NXH-01 NC and 16.6% of Nylatron MC 907,
though it reached 41.4% of ESTOPLAST XU150BB01. Despite this reduction in ductility,
FN30SG’s combination of stiffness and tensile strength makes it suitable for automotive
applications where flexibility is not critical, such as dashboard supports, overhead console
frames, and seat bases.
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Table 2. Tensile properties of experimental PA6 composites and neat commercial PA6 grades used in
automotive applications.

Formulation Tensile Strength
(Mpa)

Young’s Modulus
(Gpa)

Elongation at Break
(%) Sources

Experimental formulations
FN 54.58 ± 2.58 1.09 ± 0.28 49.00 ± 29.00 -

FN10SG 57.91 ± 4.73 2.14 ± 0.31 3.91 ± 1.60 -
FN20SG 56.97 ± 5.54 2.45 ± 0.18 2.38 ± 0.30 -
FN30SG 67.21 ± 3.77 2.46 ± 0.43 4.14 ± 0.44 -

Neat commercial PA6
Nylatron MC 907/Ertalon 6 PLA PA6 88 3.6 25 [55]
Nylon 6 Unfilled Natural NXH-01 NC 72 3.1 60 [56]

ESTOPLAST XU150BB01 55 - 10 [57]

Figure 5 displays SEM micrographs (500× magnification) of the fracture surfaces for the
four formulations. The fracture surface of FN exhibits an irregular and rough morphology
with voids, indicating significant stretching prior to failure, which aligns with its high
elongation at break observed in the tensile results. The composite formulations FN10SG
and FN20SG show less surface stretching, consistent with their reduced elongation at break.
The strong interfacial adhesion between the matrix and fibers, demonstrated by the absence
of fiber pull-out and minimal voids, enhances stress transfer and is reflected in the notable
increase in Young’s modulus for these formulations. Conversely, FN30SG shows evidence of
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weaker interfacial bonding, as indicated by fiber pull-out and increased voids at the interface.
This reduced adhesion contributes to the plateau in Young’s modulus beyond 20% fiber
content and the limited tensile strength improvement. The poorer interfacial quality might
also explain the slightly higher elongation at break compared to FN20SG, as discussed earlier.
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2.5. Melt Flow Rate

MFR has an inverse relationship with melt viscosity; higher MFR values suggest
improved flow characteristics and lower viscosity when stress is applied. In automotive
manufacturing, precise control over material flow is crucial due to the complex shapes of
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components [58]. The optimization of MFR is essential for achieving complete mold filling
while maintaining the desired mechanical properties of the final parts.

The MFR data in Table 3 shows a significant decline as switchgrass fiber content in
polyamide 6 increases. The MFR drops from 19.64 g/10 min for pure polyamide 6 (FN)
to 8.63 g/10 min for the composite with 30% fiber (FN30SG). This drop is due to the
rigid switchgrass fibers hindering the mobility of the nylon 6 chains, thereby increasing
melt viscosity. A comparable finding was reported by Ozen et al. [59], who noted a 68%
reduction in MFR for polyamide 6 composites containing a 20% fiber blend. However, the
MFR seems to stabilize after a 20% fiber addition, with no notable decrease beyond this
point. This suggests that at a fiber content of 30%, fiber aggregation may occur, potentially
reducing the fibers’ ability to further restrict the polymer’s flow.

Table 3. Melt Flow Rate (MFR) of Experimental and Commercial Fiber-Reinforced Polyamide
Composites.

Formulation
Type

Fiber Content
(%) Sample Name

Testing
Temperature and

Mass/Norm
MFR (g/10 min) Fiber Type Source

Experimental 0 FN 235 ◦C
2.16 kg 19.35 ± 1.94 Switchgrass ---

10 FN10SG 235 ◦C
2.16 kg 15.82 ± 2.59 Switchgrass ---

20 FN20SG 235 ◦C
2.16 kg 8.77 ± 0.71 Switchgrass ---

30 FN30SG 235 ◦C
2.16 kg 8.63 ± 0.8 Switchgrass ---

Commercial 0 SINOPEC BL3240 230 ◦C
2.16 kg 32.3 Glass [60]

10 SLOVAMID 6 GF 10 270 ◦C
0.325 kg 3 Glass [61]

10 Aclo Accutech Nylon
6 NY0730G10L ASTM D1238 4 Glass [62]

20 Aclo Accutech Nylon
6 NY0730G20L ASTM D1238 6 Glass [63]

Direct comparison with commercial PA6 composites was challenging due to differences
in resin grades, fiber types (glass vs. switchgrass), and processing conditions, including
variations in testing temperature, applied load, and testing standards (e.g., ASTM D1238
vs. ISO 1133 [64,65]) as shown in Table 3.

Mold-filling behavior demonstrated a clear correlation with fiber content (Figure 6).
While neat polyamide 6 filled the mold readily, increasing fiber content progressively com-
plicated the process. At 20% fiber content, successful filling occurred in half the trials, while
at 30% loading, only one in four attempts succeeded. However, this challenge manifested
differently across sample types—DMA specimens experienced filling difficulties, while
tensile samples filled successfully in all trials, likely due to their greater thickness and
consequently larger mold opening, which enhanced material flow despite increased fiber
content. Testing was conducted using only those samples that were successfully molded.
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3. Materials and Methods
3.1. Materials

The fishing nets used in this study were sourced from discarded lobster cages in Îles-
de-la-Madeleine (Quebec, QC, Canada), and collected with support from local fishermen
and port authorities. The nets were manually removed by detaching securing rings and
carefully cutting them away from the cage structures.

Switchgrass fibers were sourced from the Coopérative de solidarité Agroénergie
de l’Est (Bas–Saint-Laurent, QC, Canada). The raw material was mechanically crushed
and subsequently sieved to obtain a controlled particle size distribution of 0.85–1.75 mm.
This specific size range was selected to minimize variability in fiber dimensions, thereby
promoting more uniform mechanical properties in the resulting composites. The chemical
composition of switchgrass is presented in the Table 4 [66].

Table 4. Chemical composition of switchgrass fiber.

Compound Cellulose Hemicellulose Lignin Other (Ash, Protein,
Extractive)

Weight
percentage 31.8 25 31.2 12

3.2. Preparation of Specimens

Initially, the fishing nets were cut into 1–2 cm pieces using scissors and extruded to
form filaments, which were then pelletized into 2 mm pellets. These pellets, along with
the switchgrass fibers, were dried in an oven at 80 ◦C for 8 h to remove moisture before
blending according to the proportions specified in Table 5. This drying step is crucial
because moisture has been shown to adversely affect the properties of the PA6 matrix [67].
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Table 5. Formulations by weight in percentage.

Formulation Fishing Nets Switchgrass Fibers

FN 100 0
FN10SG 90 10
FN20SG 80 20
FN30SG 70 30

Subsequently, the blend underwent a second extrusion, after which the resulting
material was processed using injection molding to produce specimens for characterization.
The parameters for both the extrusion and injection molding processes are detailed in
Table 6.

Table 6. Extrusion and injection molding processes.

Parameter Value

Extruder used Thermo Fischer Process 11 Twin-screw extruder
(Waltham, MA, USA)

Extruder temperature zone 8 zones (Zone 1–4: 240 ◦C, Zone 5: 230 ◦C, Zone
6–7: 215 ◦C, Zone 8: 210 ◦C)

Die exit diameter 2 mm
Screw speed 120 RPM

Injection molding machine HAAKETM MiniJet Pro (Waltham, MA, USA)
Molding time 10 s

Molding pressure 600 bars
Cylinder temperature 245 ◦C

Mold temperature Room temperature

3.3. Characterization Techniques
3.3.1. Isothermal Thermogravimetric Analysis (TGA)

Isothermal TGA was performed to evaluate switchgrass fiber thermal degradation
during processing. Five samples (10–15 mg) were maintained at constant temperatures
(220–260 ◦C, 10 ◦C intervals) for 20 min under nitrogen atmosphere using a TGA 2000
instrument (Dupont, Wilmington, DE, USA). Prior to the isothermal hold, the temperature
was ramped at 15 ◦C/min to reach the target temperature.

3.3.2. Differential Scanning Calorimetry (DSC)

DSC was used to investigate how switchgrass fiber content affects the crystallization
and melting behavior of the polymer matrix using a DSC Q2000 instrument (TA Instruments,
Newcastle, DE, USA). Approximately 15 mg samples were subjected to a thermal cycle,
with three samples tested per formulation. This cycle included an initial heating from 0 ◦C
to 280 ◦C, followed by a 1-min isothermal hold. Subsequently, the samples were cooled to 0
◦C and then reheated to 280 ◦C, before a final cooling to 0 ◦C. A heating and cooling rate of
10 ◦C/min was used throughout these ramps. The first heating and cooling cycles were
performed to eliminate any prior thermal history of the samples.

The degree of crystallinity of PA6 in the formulations was calculated using Equation (1):

XPA6 =
∆Hm, PA6

∆Hm, PA6, 100 × wPA6
(1)

where ∆Hm, PA6 is the melting enthalpy of PA6, ∆Hm, PA6, 100 is the melting enthalpy of
100% crystalline PA6 which is equal to 230 J/g [68], and wPA6 is the weight fraction of PA6
in the formulation.
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3.3.3. Dynamic Mechanical Analysis (DMA)

DMA was employed to study the effect of switchgrass fiber loading on the viscoelastic
properties of the composites. The analysis was performed using a DMA Q850 instrument
(TA Instruments, Newcastle, DE, USA) with a dual cantilever setup. Rectangular specimens
measuring 60 × 10 × 1 mm were tested over a temperature range of 0 to 200 ◦C, with a
heating rate of 2 ◦C/min and a constant frequency of 1 Hz. The storage modulus (E′), loss
modulus (E′′), and damping factor (tan δ) were monitored as functions of temperature.
Three samples were tested for each formulation.

3.3.4. Tensile Tests

Tensile tests were conducted on the formulations using a Z050 universal testing
machine (Zwick/Roell, Ulm, Badem-Wurttemberg, Germany) at a crosshead speed of
1.4 mm/min, following ISO 527-2 guidelines for 1BB specimens [69]. Five samples were
tested for each formulation. The tests were performed at room temperature, and the
Young’s modulus (E), tensile stress at break, and strain at break were determined from
the resulting stress-strain curves. The samples corresponding to the four formulations are
shown in Figure 7.
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3.3.5. Scanning Electron Microscopy (SEM)

The fracture surface morphology of the tensile samples was analyzed using a JCM-
7000 SEM (JEOL NeoScope, Easton, MD, USA) operating at 15 kV, with a magnification of
500×.

3.3.6. Melt Flow Rate (MFR)

The melt flow rate (MFR) measurements were conducted according to ASTM D1238-
23 [64] using a Cflow plastometer (Zwick/Roell, Ulm, Badem-Wurttemberg, Germany).
The tests were conducted at a temperature of 235 ◦C with a standard load of 2.16 kg. Three
measurements were performed for each composition, and the results were averaged to
obtain the final MFR value. The MFR was reported in grams per 10 min.
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4. Conclusions
This study demonstrates the successful development of sustainable composites us-

ing recycled fishing net-derived PA6 reinforced with switchgrass fibers for automotive
applications. Incorporating switchgrass fibers up to 30 wt% improves mechanical prop-
erties significantly. Compared to unreinforced PA6, the FN30SG composite shows a 23%
rise in tensile strength and a 126% increase in Young’s modulus, making it competitive
with commercial PA6 grades, especially for applications where stiffness is more critical
than ductility.

Melt flow rate (MFR) measurements reveal a notable decrease in flow with higher
fiber content, dropping from 19.35 g/10 min for neat PA6 to 8.63 g/10 min for FN30SG.
This reduction in flow indicates increased melt viscosity, which can complicate processing
due to reduced mold-filling efficiency. However, beyond 20 wt% fiber content, MFR values
level off, suggesting that fiber aggregation may limit further viscosity increases.

Thermal analysis shows that switchgrass fibers affect the crystallization of PA6, as
DSC results indicate lower crystallization temperatures and overall crystallinity at higher
fiber loadings. DMA confirms that the storage modulus is enhanced below the matrix
glass transition temperature. SEM images demonstrate strong fiber-matrix adhesion up to
20 wt% fiber, with some interfacial deterioration at 30 wt% loading. Alongside the plateau
in mechanical properties and processing difficulties, these results suggest an optimal
performance range of 20–30 wt% fiber.

Overall, recycled fishing net-derived PA6/switchgrass fiber composites offer a promis-
ing, more sustainable alternative to virgin PA6, particularly for automotive components
needing high stiffness and moderate strength. Future work should focus on refining
processing conditions and exploring surface treatments to further improve fiber-matrix
adhesion at higher fiber content.
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