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ABSTRACT

This study investigates the development and mechanical performance of environmentally friendly
polylactic acid (PLA)-based biocomposites reinforced with turkey feather fibers (TFFs) at different
weight fractions (1, 3, 5, 7, and 10 wt.%). The primary aim is to evaluate the potential of poultry
waste-derived keratin fibers as sustainable reinforcements for lightweight engineering materials.
TFFs were extracted, purified, and incorporated into the PLA matrix via melt mixing followed by
injection molding. The mechanical behavior of the resulting composites was assessed through tensile
testing, focusing on maximum load, elongation at break, and maximum displacement. The results
obtained revealed that the incorporation of TFFs significantly influenced the mechanical properties
of PLA matrix. While pure PLA exhibited the highest tensile strength and deformation capability,
the addition of fibers generally reduced mechanical performance. Among all the samples, the 3 wt.%-
reinforced TFF composite displayed the best balance of mechanical properties, exhibiting the highest
tensile load and relatively improved ductility compared to other fiber loadings. However, further
increases in fiber content led to a progressive deterioration in tensile properties due to fiber
agglomeration, insufficient fiber-matrix adhesion, and increased microstructural defects such as void
formation and interfacial debonding. In conclusion, the experimental findings indicate that turkey
feather fibers can be effectively utilized as low-cost, renewable reinforcement agents for PLA-based
composites, contributing to waste valorization and sustainable material development. The study
identifies an optimal fiber loading of approximately 3 wt.% for achieving a balance between
mechanical performance and structural integrity, providing useful information for the design of green
composite materials for lightweight engineering applications.
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1. Introduction

automotive, aerospace, construction, packaging, and consumer
products, where the reduction of structural weight while

In recent years, the development of lightweight and
sustainable engineering materials has become a major research
priority in mechanical engineering due to increasing demands
for energy efficiency, resource conservation, and
environmental responsibility. Composite materials play a
critical role in numerous engineering sectors, including
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maintaining adequate mechanical performance is highly
desirable. Lightweight materials contribute directly to reduced
fuel consumption, lower greenhouse gas emissions, and
improved overall system efficiency throughout the product life
cycle. Consequently, the replacement of conventional
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petroleum-based materials with renewable and biodegradable
alternatives has emerged as a key strategy for achieving
sustainable manufacturing and circular economy objectives
(Ghorbal et al., 2019).

Among biodegradable polymers, PLA has attracted
considerable attention because of its renewable origin,
biodegradability, biocompatibility, and relatively favorable
processing characteristics (Trivedi et al., 2023). Nevertheless,
its inherent brittleness, limited impact resistance, and moderate
thermal stability restrict its broader engineering applications
(Akdogan & Soykan, 2025; Mrajji et al.,, 2022; Shankar &
Netravali, 2025). Reinforcement with natural fibers has
therefore become one of the most effective approaches to
improve the mechanical performance of PLA-based materials
while maintaining their environmental advantages (Murariu &
Dubois, 2016). In addition to conventional lignocellulosic
fibers, animal-derived fibers have recently gained attention
because they provide an opportunity to transform agricultural
and food-industry wastes into value-added engineering
materials (Mann et al., 2023; Soykan, 2022).

Poultry feathers represent one of the most abundant animal-
derived wastes worldwide, with annual generation exceeding
two million tonnes (Reddy et al., 2021). Disposal of these
residues poses environmental and economic challenges,
whereas their utilization as reinforcement materials offers an
attractive route for waste valorization and resource recovery
(Dutta et al., 2024; Shankar & Netravali, 2025). Owing to their
keratin-rich structure and low density, feather fibers possess a
unique combination of lightweight characteristics, flexibility,
and mechanical stability that can be advantageous for the
fabrication of bio-based composites (Akdogan & Soykan,
2024; Mrajji et al., 2022). Furthermore, the incorporation of
feather fibers into PLA matrices has been reported to improve
mechanical performance, reduce environmental impacts, and
lower the density of the resulting composites, making them
attractive candidates for sustainable lightweight engineering
applications (Aranberri et al., 2017; Baba 6 Ozmen, 2017).

Despite the growing interest in feather-reinforced PLA
composites, the majority of previous studies have focused on
chicken feather fibers, while the potential of turkey feather
fibers remains largely unexplored (Khan et al., 2022). Turkey
feather barbs are characterized by longer fiber lengths and
relatively high strength compared with conventional contour
feathers, suggesting their suitability as reinforcement materials
for biodegradable polymer matrices 32. Moreover, their
distinctive double-sided comb-like morphology and the
presence of polar functional groups may promote improved
interfacial interactions with PLA, potentially leading to
enhanced load transfer and mechanical performance.

Therefore, the present study aims to develop a novel series
of PLA-based biocomposites reinforced with different contents
of turkey feather fibers and to evaluate their mechanical

behavior through tensile testing. By establishing the
relationship between turkey feather fiber content and the
resulting mechanical properties, this work seeks to contribute
to the development of sustainable, lightweight, and high-
performance composite materials. From a sustainability
perspective, the study promotes the valorization of poultry-
processing waste and supports circular economy principles.
From a mechanical engineering perspective, it provides insights
into the design of environmentally friendly structural materials
with potential applications in lightweight components and
sustainable product development.

2. Materials and Methods

Commercial polylactic acid materials with a density of 1.24
g/cm® and a relative viscosity of 3.1 were supplied by
NatureWorks LLC under the trade name Ingeo Biopolymer
6100D. Besides, turkey feathers were used as the primary
source of reinforcement fibers. A non-ionic surfactant, Setawet
ANY-R2205 was employed as a detergent during the cleaning
process when ethanol was used for the disinfection and
purification of the fibers. All other chemicals and solvents used
in this study were of analytical grade and utilized as received
without further purification. As for the preparation of turkey
feather fibers (TFFs), the procedure described in our previous
studies was followed (Abdur Rahman et al., 2023; Rajendran et
al., 2025). Briefly, raw turkey feathers were washed with
distilled water and subsequently cleaned using Setawet ANY -
R2205 detergent at 40 °C for 1 h to remove contaminants while
preserving the fiber microstructure. The cleaned feathers were
then disinfected by immersion in ethanol for a duration of 24 h,
a process repeated 3 times, and subsequently dried in a vacuum
oven at 30 °C for a duration of 24 h. After drying, the barb
sections were mechanically separated from the quills according
to the method reported by Baron and Schmidt (Barone &
Schmidt, 2005), cut into smaller pieces, and sieved through a
400 pm mesh to obtain fibers with a more uniform size
distribution. Finally, the TFF-Reinforced PLA composites were
prepared by the following procedure. Prior to processing, PLA
pellets and TFF compounds were dried under vacuum at 40 °C
for the time of 1 h. The composites containing 1, 3, 5, 7, and 10
wt.% TFFs were prepared by melt mixing in a Brabender W50
EHT+ Plastograph EC Plus mixer at 175 °C for 20 min, while
neat PLA served as the reference. The samples prepared are
accordingly labeled as 1 wt.% PLA-1, 3 wt.% PLA-3, 5 wt.%
PLA-5, 7 wt.% PLA-7, and 10 wt.% PLA-10. A reference
sample is prepared under identical conditions without turkey
feather fibers and was named as pure. The resulting blends were
granulated using a Retsch SM-100 knife mill and subsequently
injection molded using a Thermo Scientific Haake MiniJet II
machine. Molding was performed at a mold temperature of 105
°C and an injector temperature of 175 °C under injection and
holding pressures of 650 and 400 bar, respectively. For each
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composition, at least five dog-bone specimens (75x12.5x2
mm?) were produced.

3. Results and Discussion
3.1. Variation of Maximum Load Values

The tensile behavior of the PLA/turkey feather fiber
composites was evaluated by analyzing the maximum load
(Fmax) sustained by each specimen during tensile testing. The
maximum load represents the highest force that a material can
withstand before the onset of catastrophic failure and provides
an important indication of the reinforcing efficiency of the
incorporated fibers. The obtained results are provided in Table
1. The obtained results were also presented graphically in
Figure 1 to enhance the impact of turkey feather fibers on the
maximum load parameters. It is seen from the table that the neat
PLA (pure reference sample) specimens exhibited the highest
tensile performance among all tested materials, with a
maximum load of 0.8267 kN, which is higher than those of all
fiber-reinforced composites. The result obtained indicated that
the unreinforced PLA matrix possesses superior tensile load-
bearing capability under the present processing conditions.

Table 1 Change of the maximum load (Fmax) parameters of
turkey feather-reinforced fibers at different weight fractions.

Samples Fmax (KN)
Pure 0.8267
%1 PLA-1 0.5304
%3 PLA-3 0.5863
%35 PLA-5 0.548

%7 PLA-7 0.4903
%10 PLA-10 0.4884

The incorporation of turkey feather fibers generally resulted
in a reduction in the maximum tensile load. The 1 wt.% TFF
composite exhibited Fmax value of 0.5304 kN, representing a
noticeable decrease compared with neat PLA. Increasing the
fiber content to 3 wt.% improved the tensile response, with
maximum load of 0.5863 kN. This composition exhibited the
highest tensile performance among all reinforced specimens,
revealing that a moderate amount of turkey feather fibers can
contribute positively to load transfer while maintaining
sufficient continuity of the PLA matrix. Further increases in
fiber content resulted in a gradual deterioration of tensile
performance. The 5 wt.% composite exhibited Fmax value of
0.5480 kN, while the 7 wt.% composite showed a value of
0.4903 kN. The lowest maximum load was obtained for the 10
wt.% composite, which fractured under a load of 0.4498 kN, as
provided in Table 1. These results recorded indicted that
increasing the turkey feather fiber content beyond the optimum
level progressively reduces the tensile load-bearing capacity of
the composites.

The relatively superior performance of the 3 wt.% TFF
composite displays that this reinforcement level provides the
most effective balance between fiber reinforcement and matrix
integrity. At low fiber concentrations, the feather fibers are
more likely to be uniformly dispersed throughout the PLA
matrix, allowing more efficient stress transfer across the fiber-
matrix interface. Under these conditions, the fibers can partially
impede crack propagation and contribute to load sharing
without severely disrupting the continuity of the polymer phase.
Consequently, the composite exhibits improved mechanical
performance compared with the other reinforced formulations.
However, as can be seen from the numerical data obtained, the
tensile performance of the composite with a 3% weight ratio
remained lower than that of pure PLA, as seen in Figure 1. The
relatively limited improvement in tensile performance indicates
that the reinforcing potential of the untreated turkey feather
fibers was not fully exploited. This behavior is most likely
attributable to the weak interfacial adhesion between the
hydrophilic keratin-based feather fibers and the relatively
hydrophobic PLA matrix. Such inadequate interfacial bonding
hinders efficient stress transfer from the matrix to the
reinforcing fibers, accordingly limiting their ability to function
as effective load-bearing constituents during tensile
deformation.
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Figure 1. Variation of Fiax values depending on turkey feather
fiber-reinforced composites. Lines represent the general trend
to guide the eye.

The gradual decrease in Fna.x observed at fiber contents
above 3% can be explained by various microstructural
mechanisms. As fiber concentration increases, achieving
homogeneous distribution within the polymer matrix becomes
increasingly difficult. Fibers tend to clump together, resulting
in localized regions of high fiber density surrounded by matrix-
deficient areas. These clumped regions act as stress
concentration points where cracks can more easily form under
applied tensile loads. In addition, higher fiber loadings increase
the likelihood of void formation during composite fabrication.
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The presence of voids reduces the effective cross-sectional area
available to carry tensile loads and promotes premature fracture
by facilitating crack nucleation. Furthermore, insufficient
wetting of the feather fibers by the molten PLA matrix can
produce interfacial defects and micro-gaps around the fibers,
further reducing stress transfer efficiency.

Another important factor contributing to the reduction in
tensile strength is the increased frequency of fiber pull-out and
interfacial debonding during loading. Instead of transferring the
applied stress efficiently, weakly bonded fibers may separate
from the surrounding matrix, consuming only a limited amount
of fracture energy before complete failure occurs. This
phenomenon becomes more pronounced at higher fiber
contents due to the larger total interfacial area and the increased
probability of fiber—fiber interactions.

The observed tensile behavior is consistent with numerous
studies on natural fiber-reinforced PLA composites (Dhaou &
Mnif, 2026; Hinchcliffe, 2015; Yiga et al., 2023), where
moderate fiber contents often provide slight improvements in
mechanical performance, whereas excessive fiber loading leads
to reduced tensile strength because of poor dispersion,
inadequate fiber-matrix adhesion, and increased structural
defects (Kilinc, 2025; Morabiya & Joshi, 2026; Singhal et al.,
2016). Similar trends have been reported for composites
reinforced with cellulose (Ljungberg et al., 2006; Rahman et al.,
2026; Siqueira et al., 2011), flax (Kesentini et al., 2022; Radkar
et al., 2019; Yan et al., 2025), hemp (Hernandez-Diaz et al.,
2020; Masirek et al., 2007), bamboo (Bautista et al., 2025;
Sayed et al., 2022), and poultry feather fibers (Soykan et al.,
2022), where an optimum reinforcement content typically
exists before mechanical properties begin to deteriorate.

All in all, the Fiax parameters deduced from tensile strength
results obtained showed that the incorporation of turkey feather
fibers influences the mechanical performance of PLA in a
concentration-dependent manner. While the addition of 3 wt.%
TFF provides the most favorable tensile response among the
reinforced composites, higher fiber loadings gradually reduce
the maximum load-carrying capacity due to weaker interfacial
bonding, fiber agglomeration, increased porosity, and
premature crack initiation. The findings obtained indicate that
further improvements in the Fax parameters may be achieved
through fiber surface modification, chemical treatments, or the
use of compatibilizing agents to enhance the interfacial
adhesion between turkey feather fibers and the PLA matrix,
accordingly enabling more efficient stress transfer and
improved reinforcement efficiency.

3.2. Change of Elongation at Break

Secondly, the tensile strength findings enable us to
determine the change of elongation of PLA matrix. Table 2
including the elongation at break results clearly displays that
the incorporation of turkey feather fibers significantly

influenced the ductility of the PLA composites. To illustrate the
dramatic change of the elongation at break, we used Figure 2.
The pure PLA specimen exhibited elongation value of 2.58%,
indicating the characteristic deformation behavior of
unreinforced PLA. Although PLA is generally regarded as a
relatively brittle thermoplastic compared with conventional
engineering polymers, the pure specimen retained a measurable
capacity for plastic deformation prior to fracture. The addition
of turkey feather fibers resulted in a substantial reduction in
elongation at break, indicating that fiber reinforcement
restricted the deformation capability of the polymer matrix. In
more detail, the 1 wt.% TFF composite exhibited an elongation
of approximately 0.80%, corresponding to a considerable
decrease compared with pure PLA material. This reduction
indicates that even a small amount of feather fiber limits
polymer chain mobility and promotes earlier crack initiation
during tensile loading. However, it is interesting that, the 3
wt.% TFF composites exhibited an elongation value of 1.75%,
representing the highest ductility among all reinforced
specimens, as shown in Table 2. The recorded value approach
those of the pure PLA sample, indicating that a moderate fiber
content provides a relatively balanced microstructure in which
the fibers are sufficiently dispersed to reinforce the matrix
without excessively restricting its deformation. This
observation is consistent with the maximum load results, where
the 3 wt.%-reinforced composite also exhibited the best tensile
performance among the reinforced materials, as given in Figure
2.

Table 2 Differentiation of the elongation at break of prepared
samples.

Samples Elongation at Break (%)
Pure 2.58

%1 PLA-1 0.80

%3 PLA-3 1.75

%35 PLA-5 -

%7 PLA-7 0.86

%10 PLA-10 0.65

As the fiber loading increased beyond 3 wt.%, the
elongation at break decreased continuously. The 7 wt.%
composites exhibited an elongation value of 0.86%, while the
10 wt.% composite showed the lowest value of 0.65%. This is
attributed to the fact that increasing the fiber content transforms
the composite from a relatively ductile material into one
exhibiting increasingly brittle fracture behavior. Although no
elongation value is recorded for the 5 wt.%-reinforced
specimen (Table 2), the corresponding reduction in maximum
load and displacement indicates that the prepared composite
structure would likely follow the same decreasing trend.
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Figure 2. Variation of elongation at break with turkey feather
fiber reinforcement of PLA matrix. Lines represent the general
trend to guide the eye.

The reduction in elongation at break can be explained by
several interacting mechanisms associated with the presence of
natural fibers in the polymer matrix. Turkey feather fibers
possess a significantly higher stiffness than PLA (Nur Ainin et
al., 2022; Srinara et al., 2020; Talimi, 2011; Zhang et al., 2019)
and therefore act as physical constraints that restrict the
mobility of polymer chains during tensile deformation (Nur
Ainin et al., 2022). As the fiber concentration increases, the
continuous polymer phase becomes interrupted by a greater
number of reinforcing fibers, reducing the matrix's ability to
undergo plastic deformation before fracture (Chen & Turng,
2024; Khakalo et al., 2017; Sandeep et al., 2026; Zheng, 2000).

In addition to restricting polymer chain movement, higher
fiber loadings increase the likelihood of fiber agglomeration,
non-uniform fiber dispersion, and void formation within the
composite structure. The microstructural defects reported may
form localized stress concentration sites where cracks can
initiate more easily under applied tensile loads. Once initiated,
the cracks occurred propagate rapidly through the matrix,
resulting in premature failure and lower elongation values. The
quality of the fiber-matrix interface also plays a crucial role in
determining the ductility of composites. Since untreated turkey
feather fibers exhibit limited chemical compatibility with the
hydrophobic PLA matrix, interfacial adhesion is relatively
poor. The similar discussion is also performed for Fuax values.
Consequently, tensile loading typically leads to interfacial
separation and fiber rupture instead of effective stress transfer
from the matrix to the fibers. These interfacial failures reduce
the composite's ability to absorb deformation energy and
accelerate crack propagation, ultimately leading to reduced
elongation at break.

To sum up, the elongation results deduced from the tensile
strength experiments indicate that turkey feather fiber
reinforcement decreases the ductility of PLA composites, with

the extent of reduction becoming more pronounced as the fiber
content increases. Among the reinforced specimens, the 3
wt.%-reinforced TFF composite exhibited the most favorable
balance between tensile strength and ductility, revealing that
this fiber loading provides the most effective compromise
between reinforcement and deformation capability. In contrast,
composites containing 7 wt.% and 10 wt.%-reinforced TFF
compounds displayed significantly reduced elongation at break,
confirming that the presence of excess fiber incorporation
promotes brittle fracture due to restricted polymer chain
mobility, increased stress concentrations, and insufficient fiber-
matrix interfacial bonding. These findings are in good
agreement with previous studies on natural fiber-reinforced
PLA composites (Sandeep et al., 2026; Soykan et al., 2022;
Zheng, 2000), where increasing fiber content generally leads to
reduced ductility unless fiber surface modification or
compatibilization techniques are employed to improve
interfacial adhesion and stress transfer efficiency.

3.3. Effect of Turkey Feather Fiber Reinforcement
on Maximum Displacement of PLA Matrix

We also determined the effect of turkey feather fiber on the
maximum displacement of PLA matrix with the tensile strength
experiments. We depicted the experimental findings in Table 3
and used Figure 3 to clearly illustrate the dramatic changes. One
can see from the table that the maximum displacement at
fracture exhibited a clear decreasing trend with increasing
turkey feather fiber content in the PLA matrix, indicating a
progressive reduction in the deformation capacity of the
composites. The pure PLA matrix showed the highest
displacement value of 2.305 mm, indicating the inherent
ductility of the unreinforced polymer and its ability to sustain
relatively large deformations before failure. Following the
incorporation of turkey feather fibers, the displacement values
decreased noticeably (Figure 3).

Table 3 Differentiation of the maximum displacement of
prepared samples.

Samples Maximum displacement
Pure 2.305

%1 PLA-1 1.025

%3 PLA-3 1.085

%35 PLA-5 1.05

%7 PLA-7 0.895

%10 PLA-10 0.959

The 1 wt.% TFF composite exhibited a maximum
displacement of approximately 1.025 mm, representing a
considerable reduction compared with the pure PLA specimen
prepared. The 3 wt.% composite showed a displacement value
of 1.085 mm, revealing that although the fibers limited the
deformation capacity of the matrix, the reduction was relatively
moderate at this reinforcement level. Similarly, the 5 wt.%

49



Alihuseyinov, Soykan, Akkoyunlu and Yildirim (2026). Journal of Advanced Applied Sciences, 5(1), 45-54

composite displayed a fracture displacement of 1.05 mm (Table
3), indicating that the addition of more fibers did not provide
any improvement in deformation behavior. Increasing the fiber
loading led to decreasing in the maximum displacement. In this
context, as the fiber loading increased to 10 wt.%, the
maximum displacement further decreased to 0.959 mm, while
the 7 wt.% composites exhibited the lowest displacement value
of 0.895 mm. The reported results clearly indicated that
increasing the turkey feather fiber content progressively
reduces the ability of the PLA matrix to undergo deformation
prior to fracture.

2.4 §

= N
o o
1 1
L L

Maximum displacement (mm)
o
1
L

2 4 6 10
Turkey feather fibers (wt.%)

Figure 3. Influence of turkey feather fiber reinforcements on
maximum displacement of PLA matrix. Lines represent the
general trend to guide the eye.

The reduction in maximum displacement can be attributed
to several microstructural factors associated with fiber
reinforcement (Majdzadeh et al., 2006; Muhammad et al., 2018;
Rapoport et al., 2002; Rashid et al., 2023; Run-ke et al., 2018;
Trinh-Duc et al., 2021). Turkey feather fibers are considerably
stiffer than the PLA matrix and therefore restrict the mobility
of polymer chains during tensile loading. As the fiber
concentration increases, the polymer matrix becomes
increasingly constrained, limiting its ability to deform
plastically. Furthermore, higher fiber loadings often lead to
non-uniform fiber dispersion, fiber agglomeration, and the
formation of voids or micro-defects within the composite (Chen
& Turng, 2024; Muhammad et al., 2018; Rashid et al., 2023;
Trinh-Duc et al.,, 2021; Zheng, 2000). These structural
imperfections serve as stress concentration sites that promote
premature crack initiation and accelerate crack propagation
under tensile loading. Another important factor influencing the
displacement behavior is the fiber-matrix interfacial adhesion,
having already been discussed above. Since untreated natural
fibers generally exhibit limited compatibility with hydrophobic
PLA, the efficiency of stress transfer across the interface is
restricted. Under tensile loading, weak interfacial bonding
facilitates fiber pull-out and interfacial debonding instead of

allowing the matrix to undergo significant deformation.
Consequently, fracture occurs at lower displacement values,
particularly at higher fiber contents where the total interfacial
area increases substantially.

The observed decrease in displacement is also closely
associated with the reduction in elongation at break obtained
from the tensile tests. Both parameters consistently indicate that
increasing turkey feather fiber content changes the mechanical
response of the composite from relatively ductile to
increasingly  brittle. While low fiber concentrations
(particularly 3 wt.%) still allow limited deformation before
failure, higher reinforcement levels significantly reduce the
composite's toughness and energy absorption capability.

Correspondingly, the maximum displacement results
indicate that although turkey feather fibers can reinforce PLA,
excessive fiber loading compromises the composite's
deformation capability. The 3 wt.% TFF composite provides
the most balanced mechanical response among the reinforced
samples, whereas composites containing 7 wt.% and 10 wt.%
TFF exhibit the greatest loss in ductility due to restricted
polymer chain mobility, increased stress concentrations, and
weaker fiber-matrix interactions. The recorded findings are
consistent with previous studies on natural fiber-reinforced
PLA composites (Bautista et al., 2025; Majdzadeh et al., 2006;
Muhammad et al,, 2018), where increasing fiber content
generally leads to reduced fracture displacement and increased
brittleness unless appropriate fiber surface treatments or
compatibilizers are employed to improve interfacial adhesion.

3.4. Effect of Fiber Content on Maximum
Displacement and Tensile Behavior

All the results recorded clearly present that turkey feather
fiber content has a significant influence on the tensile response
of PLA-based composites, particularly in terms of maximum
displacement and deformation behavior. A systematic
reduction in deformation capacity is observed as the fiber
loading increases, indicating a transition from a more ductile
polymer-dominated response toward a more brittle composite
structure.

At low fiber contents (1-3 wt.%), the composites exhibit a
balanced mechanical response, where moderate reinforcement
is achieved without severely compromising ductility. In
particular, the 3 wt.%-reinforced TFF composite stands out as
the most favorable composition, showing the highest maximum
load and comparatively higher elongation among all reinforced
samples. This shows that at low loadings, turkey feather fibers
are more effectively embedded within the PLA matrix, enabling
relatively efficient stress transfer while still allowing limited
polymer chain mobility. However, when the fiber content is
increased beyond 3 wt.%, a clear deterioration in tensile
performance is observed. Both maximum load and maximum
displacement decrease progressively, indicating reduced load-
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carrying capacity and diminished deformation capability. This
degradation is primarily attributed to the increasing likelihood
of fiber agglomeration, non-uniform dispersion, and
insufficient interfacial bonding between the hydrophobic PLA
matrix and hydrophilic feather fibers. On the other hand, at
higher fiber concentrations, the probability of fiber-fiber
contact increases, leading to incomplete encapsulation of fibers
by the polymer matrix. This results in inefficient stress transfer
across the interface and promotes localized stress concentration
zones. Consequently, microcrack initiation occurs at lower
strain levels, and crack propagation becomes more rapid,
ultimately leading to premature failure. The mechanisms
discussed collectively explain the observed reduction in
ductility and maximum displacement at higher fiber loadings.

All in all, the findings observed reveal that while turkey
feather fibers can act as effective natural reinforcements for
PLA at low concentrations, excessive fiber incorporation
adversely affects the structural integrity of the composite.
Therefore, an optimal fiber content of 3 wt.% is identified,
where a favorable balance between reinforcement efficiency
and mechanical integrity is achieved.

3.5. Change of Mechanical Behavior Belonging to
Turkey Feather Fiber-Reinforced PLA

The tensile test results obtained clearly show that the
incorporation of turkey feather fibers significantly influences
the mechanical behavior of PLA composites. The addition of
TFF altered not only the tensile strength but also the
deformation characteristics of the material, resulting in a
gradual transition from relatively ductile behavior toward
increasingly brittle fracture with increasing fiber content. This
trend is evident from the simultaneous reductions in maximum
load Fmax, elongation at break, and maximum displacement
observed as the fiber loading increased. The pure PLA
specimens exhibited the highest tensile strength related
parameters, such as Fnax, elongation, and fracture displacement,
confirming the superior mechanical integrity and deformation
capability of the unreinforced polymer. Although PLA is
generally considered a brittle thermoplastic, its continuous
polymer matrix allows a relatively uniform distribution of
applied stresses and enables limited plastic deformation before
fracture. In contrast, the introduction of turkey feather fibers
disrupted the continuity of the matrix and introduced additional
interfaces that influenced crack initiation and propagation.

Among all reinforced composites, the 3 wt.% TFF
formulation consistently exhibited the most favorable
mechanical performance. This composition produced the
highest maximum load, the greatest elongation at break, and
one of the highest displacement values among the reinforced
specimens, indicating that this fiber concentration provides the
most effective balance between reinforcement and matrix
continuity. At this relatively low fiber loading, the feather fibers
appear to be sufficiently dispersed within the PLA matrix,

allowing more efficient stress transfer while minimizing the
formation of structural defects such as fiber agglomerates and
voids. Consequently, the composite retains a reasonable degree
of ductility while benefiting from the reinforcing effect of the
fibers.

However, increasing the fiber content beyond 3 wt.%
resulted in a progressive deterioration of tensile properties.
Composites containing 5 wt.%, 7 wt.%, and particularly 10
wt.%-reinforced TFF exhibited lower maximum loads, reduced
elongation at break, and smaller fracture displacements,
indicating diminished tensile performance and reduced
toughness. The findings obtained reveal that excessive fiber
incorporation exceeds the reinforcing capability of the matrix
and instead promotes defect formation within the composite.
Several mechanisms may explain this behavior. Higher fiber
contents increase the probability of fiber agglomeration,
producing localized regions where stress is concentrated during
tensile loading. In addition, insufficient wetting of closely
packed fibers by the molten PLA matrix can generate voids,
microcracks, and interfacial defects, all of which serve as
preferential sites for crack initiation. Furthermore, the inherent
incompatibility between the hydrophilic keratin structure of
turkey feather fibers and the relatively hydrophobic PLA matrix
limits the effectiveness of stress transfer across the interface.
Under tensile loading, weak interfacial adhesion facilitates
fiber pull-out and interfacial debonding, reducing the
reinforcing contribution of the fibers and accelerating
catastrophic failure.

The combined reductions in tensile strength, Fmax,
elongation, and displacement indicate that increasing fiber
loading restricts polymer chain mobility and limits the ability
of the matrix to undergo plastic deformation. Consequently,
fracture occurs at lower strains and lower displacement values,
showing a transition toward increasingly brittle mechanical
behavior. This phenomenon is commonly observed in natural
fiber-reinforced thermoplastic composites when the fiber
content exceeds the optimum reinforcement level.

Accordingly, the experimental findings indicate that turkey
feather fibers can function as an environmentally friendly
reinforcement for PLA; however, their reinforcing efficiency is
highly dependent on achieving an appropriate fiber
concentration and adequate fiber-matrix interfacial bonding.
The present results suggest that approximately 3 wt.%
reinforcement represents the optimum reinforcement level for
the composites produced in this study.

4. Conclusion

The tensile properties of PLA composites reinforced with
turkey feather fibers were systematically investigated as a
function of fiber loading. The results indicated that the
mechanical performance of the composites is strongly
influenced by the amount of fiber incorporated into the polymer
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matrix. It is found that the pure PLA sample exhibited the
highest tensile strength, Fmax, elongation at break, and
maximum displacement, revealing the superior mechanical
integrity and deformation capability of the unreinforced
polymer. The addition of turkey feather fibers generally
reduced these tensile properties; however, the extent of
deterioration depended on the fiber concentration. Among all
reinforced specimens, the 3 wt.%-reinforced TFF composite
exhibited the best mechanical performance, achieving the
highest maximum load together with relatively high elongation
and displacement values. This indicates that moderate fiber
loading provides the most effective balance between
reinforcement efficiency and preservation of matrix continuity.

In contrast, increasing the fiber content beyond 3 wt.%
resulted in continuous reductions in tensile strength, ductility,
and fracture displacement. These reductions are primarily
attributed to fiber agglomeration, inadequate fiber dispersion,
void formation, restricted polymer chain mobility, and weak
interfacial adhesion between the turkey feather fibers and the
PLA main matrix. These microstructural factors promote stress
concentration, premature crack initiation, and brittle fracture,
thereby limiting the reinforcing efficiency of higher fiber
loadings.

Although untreated turkey feather fibers did not improve the
tensile properties beyond those of neat PLA, the results
demonstrate that they can be successfully incorporated into
PLA to produce lightweight and sustainable biocomposites.
The identification of 3 wt.%-reinforced material as the
optimum fiber content provides valuable guidance for future
material development.

Further improvements in mechanical performance are
expected through fiber surface modification, alkaline or silane
treatments, plasma treatment, or the incorporation of
compatibilizers capable of enhancing the interfacial bonding
between turkey feather fibers and the PLA matrix. Such
approaches can improve strain transfer efficiency, reduce fiber
clumping, and allow for higher fiber loads without
compromising tensile performance. Therefore, the findings of
this study provide an important basis for the development of
environmentally friendly PLA-based biocomposites reinforced
with poultry feather waste, contributing to both sustainable
materials engineering and the valorization of agricultural by-
products.
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