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Abstract 
This study investigated the development of a sustainable and biodegradable 
composite material reinforced with chicken feathers and based on polyhydrox-
yalkanoates (PHAs), a family of thermoplastic polyesters that naturally decom-
pose. PHAlife™ PB3430G was used as the matrix, while chicken feathers were 
processed into powder (CFP) and fiber (CFF) forms and incorporated at 10% 
and 20% loadings. To improve compatibility between the hydrophilic keratin 
and hydrophobic PHA, the feathers were modified through alkali and silane 
treatments. Composites were fabricated using a twin-screw extruder and hot-
press compression molding and subsequently characterized for their mechani-
cal, physical, and morphological properties. The results showed that CFF at 20% 
loading provided the most effective reinforcement, significantly enhancing ten-
sile and compressive strength compared to CFP, while density measurements 
confirmed the lightweight nature of the composites. At lower filler concentra-
tions, microscopy revealed improved interfacial adhesion and better filler dis-
persion. The silane coupling agent chemically bonded the chicken feather fillers 
to the PHA matrix, enhancing interfacial adhesion. Overall, the findings suggest 
that chicken feather waste can be effectively utilized as an affordable reinforce-
ment for PHA-based composites, offering a promising route to produce strong, 
lightweight, and environmentally friendly materials for biodegradable con-
sumer products, single-use disposables, and horticultural applications. 
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Reinforcement, Renewable Resources 

 

1. Introduction 

Growing concerns over plastic waste have increased interest in biodegradable al-
ternatives such as polyhydroxyalkanoates (PHAs). Although PHAs are biode-
gradable and microbially produced, their wider use is limited by the high cost of 
production [1] and by mechanical drawbacks, especially the stiffness and brittle-
ness of PHB-rich grades [2]. At the same time, the poultry industry generates mil-
lions of tons of chicken feathers annually, creating financial and environmental 
challenges when these wastes are disposed of through landfilling or incineration [3]. 
Chicken feathers, rich in keratin and naturally resistant to degradation, have been 
explored as renewable fillers that provide lightweight and biodegradable reinforce-
ment for fully biodegradable biocomposites with high feather content [4]. The pre-
sent study aims to investigate the incorporation of chicken feathers into PHA ma-
trices as a renewable reinforcement strategy to reduce dependence on petroleum-
based polymers while maintaining or improving composite performance. 

The incorporation of natural fibers and bio-based fillers into polymers has been 
extensively studied to enhance mechanical, thermal, and environmental perfor-
mance while supporting sustainability objectives. Chicken feathers consist of ap-
proximately 85% - 90% β-keratin—a fibrous structural protein rich in cysteine 
residues that form disulfide crosslinks, providing significant strength and chemi-
cal stability [5]. Their hollow, honeycomb-like morphology contributes to an ex-
ceptionally low apparent density, making chicken feathers attractive lightweight 
fillers for polymer composites [6]. Barone and Schmidt first demonstrated the re-
inforcing potential of keratin fibers in polyethylene, establishing the foundation 
for their application in composite materials [7]. However, Azam Ali et al. high-
lighted that the hydrophilic natural fibers hinder effective bonding with hydro-
phobic polymer matrices [8], while Khan et al. emphasized the importance of fi-
bermatrix adhesion, chemical treatment, and optimized processing parameters 
[9]. Chemical surface treatments are often used to improve the interfacial com-
patibility between natural fillers and polymer matrices [10]. Alkali treatment is 
expected to remove surface impurities and expose reactive –OH and –NH₂ groups 
on keratin, while silane coupling agents can form a molecular bridge, with the 
hydrolyzable group (–Si–OR) reacting with keratin and the organofunctional 
group interacting with PHA. This mechanism can improve interfacial adhesion, 
stress transfer, and overall composite performance. Ali et al. reported that surface-
treated chicken feathers significantly enhanced the tensile strength of unsaturated 
polyester composites, highlighting the benefits of treatment and filler incorpora-
tion [11]. Jiménez-Cervantes et al. found that the chicken feather quill exhibited 
excellent compatibility with the polypropylene matrix, these findings are directly 
applicable to PHA feather matrix [12]. S. V. Bharathi observed that feather barbs 
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possess a higher slenderness ratio/aspect ratio than the rachis, leading [13]. Simi-
larly, Reddy and Yang highlighted the unique hollow honeycomb structure, low 
density, high flexibility, and distinctive protein crystal morphology of chicken 
feather barbs [5]. Xie et al. reviewed silane coupling agents for natural fiber and 
polymer composites, confirming that silane treatments improve interfacial adhesion 
with polymers like HDPE by forming chemical bridges [14]. Oladele et al. investi-
gated NaOH-treated chicken feather fibers in HDPE composites and analyzed their 
crystallinity and morphology, which are critical factors influencing composite per-
formance [15]. Pasayev and Cadir reported that cleaning and defatting remove sur-
face contaminants and lipids, producing odor-free fibers with enhanced compati-
bility [16]. Khan et al. (2022) further reviewed how feather properties, including 
particle size, volume fraction, and surface modification, govern the mechanical, 
physical, and thermal behavior of composites [9]. Cheng et al. demonstrated that 
sequential twin-screw extrusion and molding achieve homogeneous dispersion of 
chicken-feather fibers in PLA composites, leading to PHA-feather composite [17]. 
Touatou and Belhaneche-Bensemra investigated PVC composites containing un-
treated chicken-feather fibers and observed only minor improvements in mechan-
ical properties, indicating that chemical treatments are required to enhance fiber-
matrix adhesion and overall composite strength [18]. Aranberri et al. [4] exam-
ined biodegradable composites with high feather loadings and reported reduced 
density but diminished strength due to ag-glomeration and poor dispersion. 

Building on these insights, this study aims to demonstrate how feather mor-
phology, filler concentration, and chemical surface treatment influence the mechan-
ical and physical properties of PHA-based biodegradable composites. Chicken 
feathers were processed as fibers (CFF) and powders (CFP) at 10% and 20% weight 
fractions, with alkali and silane coupling treatments applied to improve interfacial 
adhesion between the hydrophilic keratin and hydrophobic PHA matrix. The ef-
fects of these variables were systematically evaluated through tensile and compres-
sive testing, hardness and density measurements, and microscopic analysis, provid-
ing insights into the potential of chicken feather waste as a sustainable reinforce-
ment for biodegradable polymer composites.  

2. Materials and Methods  
2.1. Chicken Feathers  

In this study, chicken feathers were used as a natural reinforcement material. 
They were sourced from poultry processing facilities in Pirmasens, Germany. 
As shown in Figure 1(a), chicken feathers exhibit a hierarchical structure that 
contributes to their unique mechanical properties. Barbs extend from the cen-
tral rachis, with barbules branching out and terminating in hook-like tips that 
interlock adjacent structures [5]. Figure 1(b) illustrates the hollow, honeycomb-
like internal structure of individual barbs, which reduces density while main-
taining strength [5].  

The barbs possess high aspect ratios (346.7 ± 4.0 for males and 336.3 ± 2.2 for 
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females) and fineness values of 84.2 ± 2.4 (male) and 81.7 ± 2.8 (female), indicating 
their suitability for processing as natural fibers [13]. These characteristics make 
feather barbs effective reinforcements for PHA composites. Chicken feathers con-
tain approximately 90% keratin protein, making them a valuable source for keratin-
based fiber compounds. The remaining chemical composition includes a moisture 
content of approximately 12.3%, along with smaller fractions of crude fiber 
(2.2%), ash (1.5%), crude lipid (0.8%), and nitrogen-free extract (1.0%) [19]. 

 

 
Figure 1. SEM images of chicken feather microstructure: (a) Tertiary structure of barbs and 
barbules [5], (b) Cross-sectional view of a barb showing hollow honeycomb features [5]. 

2.1.1. Properties of Chicken Feather Barbs and Powders  
Chicken feathers were utilized in fiber form (CFF), providing a distinct set of 
physical and mechanical properties suitable for bio-composite reinforcement.  
• Feather Fibers (barbs): Retain the native keratin structure, offering low density 

(approximately 0.8 g/cm3) and high mechanical performance. They exhibit 
high tensile strength (187.2 ± 59.8 MPa), a high Young’s modulus (4.6 ± 1.6 
GPa), and low elongation at break (7.7 ± 0.9%), making them inherently brittle 
[5]. These characteristics make CFF ideal as rigid reinforcement in biocompo-
site matrices.  

• Feather Powder: Produced by milling feathers, this process disrupts the native 
fibrous structure, resulting in higher surface area and improved dispersion 
within the polymer matrix.  

These properties support the strategic selection of CFF for mechanical rein-
forcement and CFP as a lightweight filler in a PHA composite matrix.  

2.1.2. Extraction of Fibers  
Chicken feathers were initially sorted to remove damaged or soiled samples, as 
well as the thick or brittle portions of the rachis, ensuring uniform quality. The 
brittle sections were discarded because they can act as stress concentrators and 
potentially induce fractures within the composite. The remaining flexible fibrous 
regions, including the intact rachis, barbs, and barbules, were retained to provide 
favorable mechanical and structural properties for reinforcement in composite 
materials. Figure 2 shows the cleaned chicken feathers obtained after removing 
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the brittle and thicker rachis portions.  
 

 
Figure 2. Cleaned chicken feathers.  

2.1.3. Alkali Treatment  
To further improve the surface characteristics and interfacial compatibility of the fi-
bers, an alkali treatment was performed using a 3% - 4% potassium hydroxide (KOH) 
solution. As shown in Figure 3(a), the cleaned chicken feathers were immersed in 
the KOH solution to initiate surface modification. The immersion process allowed 
the alkali solution to penetrate and react with the keratin structure. In Figure 3(b), 
the feathers were gently stirred in the solution for 4 hours at room temperature to 
ensure uniform treatment and effective removal of surface impurities. 

 

 
Figure 3. Alkali treatment process of chicken feathers: (a) Immersion of feathers in KOH 
solution, (b) Stirring of feathers during treatment. 

 
This treatment removed residual lipids and pigments while increasing surface 

roughness, thereby facilitating mechanical interlocking and enhancing adhesion 
between the hydrophilic keratin fibers and the hydrophobic PHA matrix. Follow-
ing treatment, the fibers were rinsed thoroughly with distilled water and then dried 
in an oven at 45˚C for 40 hours to remove moisture, prevent microbial growth, and 
stabilize the keratin structure.  

2.1.4. Grinding  
After drying, the alkali-treated feather fibers were subjected to mechanical grind-
ing to convert them into fine powders. A high-speed grinder operating at 35,000 
rpm was used for this process. The grinding time was adjusted depending on the 
desired form:  
• For long fiber production: Grinding for 5 minutes preserved fiber morphology, 
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producing fibers 5 - 20 mm long and 28 - 50 µm in diameter with a high aspect 
ratio (~500 - 1000) suitable for reinforcement.  

• For powder production: Grinding for 25 minutes produced fine particles with 
a size of approximately 150 - 600 µm, refined with a strainer for uniform size, 
suitable as a particulate filler. 

 

 
Figure 4. Grinding: (a) Grinder, (b) Ball mill machine, (c) Strainer for fine powder.  

 
As shown in Figures 4(a)-(c), the grinding setup included a high-speed grinder 

and a ball mill for size reduction, followed by sieving to achieve a uniform particle 
size distribution. The resulting powder, typically within the 150 - 600 µm range, 
was subsequently used as a filler in bio-composite formulations.  

2.1.5. Surface Treatment of Feathers and Powder  
Feather powders and long feathers were modified with 3-aminopropyl triethox-
ysilane (APTES) to enhance their compatibility with the PHA matrix. The treat-
ment process involved: 

 

 
Figure 5. Silane treatment of chicken feather powder: (a) (3-aminopropyl) triethoxysilane 
(APTES), (b) APTES-treated feather powder.  

 
• Soaking the ground feather powders in a 2% APTES solution prepared in eth-

anol as shown in Figure 5(a)-(b).  
• Maintaining the suspension at room temperature for 24 hours allows for ade-

quate surface functionalization.  
• Filtering the excess silane and drying the modified powder at 45˚C for 40 hours 

ensures the complete curing of the silane coating.  
The chemical mechanism involves the amino-functional groups of APTES 

forming covalent bonds with keratin on the feather surface, thereby enhancing 
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adhesion to the hydrophobic PHA matrix.  

2.2. PHA (Polyhydroxyalkanoates)  

For this investigation, a polyhydroxyalkanoate (PHA) biopolymer was selected 
as the matrix material. PHAs comprise a large family of linear polyesters that 
are both bio-based and biodegradable, naturally produced by various micro-
organisms through the fermentation of renewable feedstocks. The general 
chemical structure of these aliphatic polyesters consists of repeating units of 
(−O−CH(R)−CH2−C(=O)−), where the side-chain R group varies, resulting in 
polymers with characteristics ranging from elastomers to rigid plastics [2].  

PHAlife-PB3430G Bio-Based Thermoplastic Polyester  
PHAlife™ PB3430G is a commercially available, fully bio-based PHA copolymer 
designed for industrial applications requiring a balance between flexibility and 
processability [20]. This grade is a copolymer of 3-hydroxybutyrate (3HB) and 4-
hydroxybutyrate (4HB), containing 34% 4HB, which reduces brittleness while 
maintaining thermal and tensile performance. 

 

 
Figure 6. Molecular structure of polyhydroxyalkanoate (PHA) [20].  

 
Table 1. Properties of PHAlife™-PB3430G; Source: Helian Polymers Technical Datasheet 
[20]. 

Performance Index Unit Testing Standards 
Melting index (175˚C, 2.16 kg) ≤10 g/10 min ISO 1133 

Moisture and volatiles ≤0.5 % ISO 1269 
Melting point 170 ˚C DSC 

Glass transition temperature −9 - −7 ˚C DSC 
Crystallinity 12 % ISO 11357 

Density 1.23 g/cm3 ISO 1183 
Tensile strength 10-15 MPa ISO 527 

Nominal tensile strain at break ≥10 % ISO 527 
Izod impact strength (23˚C) >5 kJ/m2 ISO 179 
Heat deflection temperature 60 - 70 ˚C ISO 75 

 
As shown in Figure 6, the molecular structure of polyhydroxyalkanoate (PHA) 

is illustrated [20]. Chicken feathers can be incorporated into PHA without ther-
mal degradation, making them suitable bio-fillers to enhance composite material 
properties. The specific properties of PHAlife™ PB3430G are summarized in Table 
1, including thermal, mechanical, and processability data [20].  

2.3. Design of Experiments  

To evaluate the effects of chicken feather morphology and concentration on PHA-
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based bio-composites, five different formulations were prepared using PHAlife™ 
PB3430G as the polymer matrix. Chicken feathers were processed into two dis-
tinct forms: chicken feather powder (CFP) and chicken feather fibers (CFF). These 
fillers were incorporated at 10% and 20% loading levels to assess their influence 
on the mechanical, physical, and thermal properties of the composites. The exper-
imental design is summarized in Table 2, which outlines the composition of each 
formulation.  

 
Table 2. Design of experiments. 

Samples PHA (%) CFP (%) CFF (%) 
S1 100 - - 
S2 90 10 - 
S3 80 20 - 
S4 90 - 10 
S5 80 - 20 

 
The base material (Sample S1) contained 100% PHA and served as the refer-

ence. Samples S2 and S3 incorporated 10% and 20% CFP, respectively, while Sam-
ples S4 and S5 contained 10% and 20% CFF. This systematic approach enabled a 
comparative analysis of how both filler form (powder versus fiber) and concen-
tration affect filler dispersion, matrix-filler interaction, and overall composite 
properties.  

2.4. Compounding  

Materials were prepared according to the formulations defined in the design of ex-
periments. PHAlife™ PB3430G pellets were pre-dried to remove residual moisture 
and then fed into a kneader (IKA-Werke GmbH) set at 178˚C and 40 rpm, as shown 
in Figure 7(a). The PHA granules were allowed to melt for 2 - 2.5 minutes before 
gradually adding the chicken feather filler (either powder or fiber) according to each 
formulation. The addition of the filler and initial mixing is illustrated in Figure 7(b), 
while the final homogeneous compounded materials are shown in Figure 7(c). Mix-
ing was continued for a total of 5-6 minutes to ensure uniform dispersion. 

 

 
Figure 7. Compounding process of PHA and chicken feather powder: (a) Kneader, (b) 
PHA granules and CFP/CFF, (c) Compounded materials.  

 
The compounded materials were subsequently passed through a granulator to 
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produce fine, homogeneous granules, facilitating smoother and more efficient 
processing during compression molding.  

2.5. Compression Molding  

Composite granules were formed into test specimens by compression molding 
using a hot press (Collin P200E), as shown in Figure 8(a), following standard 
thermoplastic processing procedures (DIN EN ISO 527). The platens and mold 
were preheated to 175˚C - 178˚C, consistent with the melt-processing window of 
the selected PHA grade. 

 

 
Figure 8. Fabrication of PHA-feather composite specimens: (a) Compression mold, (b) 
PHA-feather composite specimens.  

 
The composite granules were evenly distributed within the mold cavity, and 

molding was conducted at a nominal pressure of 15 bar for 5 minutes to ensure 
complete melting, flow, and wetting of the chicken feather reinforcements. Fol-
lowing the heating and pressing stage, pressure was maintained while the assem-
bly was cooled to ambient temperature over 8 - 10 minutes. Controlled cooling 
minimized residual stresses and reduced the risk of warpage or microcracking due 
to thermal contraction. The specimens were then demolded (Figure 8(b)).  

2.6. Test Equipment and Test Parameters  
2.6.1. Tensile Test (Universal Testing Machine)  
Tensile tests were performed using a Universal Testing Machine (Zwick Roell) to 
evaluate the mechanical behavior of the composite materials in accordance with 
DIN EN ISO 527. Type 1A dog bone specimens (115 × 10 × 5 mm) were used, as 
shown in Figure 9(a).  

The testing parameters were as follows:  
• Test Speed: 5 mm/min.  
• Grip Type: Mechanical clamps.  
• Pre-load: 10 N. 
• Young’s modulus was determined within a strain range of 0.05% - 0.25%.  
• Five specimens were tested per composite formulation, with average values re-
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ported. 
 

 
Figure 9. Tensile testing setup: (a) Test specimens, (b) Tensile test equipment.  

 
During testing, force and displacement were continuously recorded to generate 

stress-strain curves. From these curves, tensile strength, elongation at break, and 
Young’s modulus were determined. The experimental setup is shown in Figure 9(b).  

2.6.2. Compression Test  
Compression tests were conducted to evaluate the mechanical behavior of the com-
posites under compressive loads. This method provides critical information on ma-
terial strength, stiffness, and deformation response, which are essential for assessing 
structural performance and suitability for engineering applications. In this study, 
tests were performed in accordance with the DIN EN ISO 604 standard, using spec-
imens with dimensions of 5 × 5 × 8 mm to ensure consistency. Testing was carried 
out at a crosshead speed of 50 mm/min. During the experiments, force and displace-
ment were continuously recorded to generate detailed stress-strain curves.  

2.6.3. Impact Resistance Test (Charpy Test)  
Impact resistance was evaluated using the Charpy impact test in accordance with 
DIN EN ISO 179. Test specimens were prepared with dimensions of 80 × 10 × 5 
mm and a 2 mm V-notch to create a defined fracture zone. The notching process 
was performed using a precision notch machine, as shown in Figure 10(a). 

 

 
Figure 10. Impact testing: (a) Notch preparation machine, (b) Pendulum impact testing 
machine, (c) Fractured specimens after testing.  
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The specimens were subsequently tested on a pendulum impact testing ma-
chine (Figure 10(b)), and the energy absorbed during fracture was recorded for 
each sample. After testing, the fractured specimens were collected for further ex-
amination of the fracture surfaces (Figure 10(c)).  

2.6.4. Hardness Test (Shore A & D Durometer)  
The hardness of the composite specimens was measured using both Shore A and 
Shore D durometers in accordance with DIN EN ISO 868. Shore A was used to 
evaluate softer composites, whereas Shore D was applied to assess stiffer formula-
tions (Figure 11(a)-(b)). 

 

 
Figure 11. Hardness testing of composite specimens: (a) Shore A hardness test, (b) Shore 
D hardness test. 

 
For specimens with thicknesses ≤ 6 mm, the indenter was positioned perpen-

dicular to the surface, and a load of 1 kg was applied. Readings were recorded after 
the standard dwell time, and averages from multiple points were reported to min-
imize variability. Shore A values reflected the softer response of composites with 
lower filler content, while Shore D values captured the higher stiffness of rigid 
samples.  

2.6.5. Density Measurement Test (Archimedes’ Principle)  
Density was determined using Archimedes’ Principle in accordance with DIN EN 
ISO 1183. As illustrated in Figure 12, each specimen was weighed in air and then 
submerged in distilled water, and the density was calculated using Equation (1).  

 

1000
 
air

air water

W
W W

ρ = ×
−

                    (1) 

All specimens were free from visible defects or trapped air. The average of mul-
tiple measurements was reported. This method provided insights into the compo-
site’s structural uniformity and filler dispersion. A noticeable reduction in density 
was observed in CFF-containing samples, attributed to the low density, porous 
structure of feathers. 
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Figure 12. Density Archimedes’ principle.  

2.6.6. Microscopy  
Microscopic analysis was performed to evaluate the morphology of the compo-
sites, with particular focus on filler dispersion and void formation. Optical mi-
croscopy allowed identification of voids, crack initiation sites, the fiber-matrix in-
terface, and potential particle agglomeration. 

3. Results  

The incorporation of chicken feather powder (CFP) and chicken feather fiber 
(CFF) into PHA-based biodegradable composites significantly influenced their 
mechanical, physical, thermal, and morphological properties. This section pre-
sents a detailed analysis of these effects, using both experimental data and visual 
documentation through figures.  

3.1. Tensile Strength  

Tensile testing revealed notable differences among the five composite formula-
tions. The neat PHA reference sample (S1) established a baseline tensile strength 
of 14.5 MPa. As shown in Figure 13, the incorporation of 10% CFP (S2) slightly 
increased the tensile strength to 15.0 MPa, while 20% CFP (S3) resulted in 15.1 
MPa. These improvements, ranging from 3.6% to 4.3%, indicate that CFP rein-
forcement moderately enhances tensile performance. However, S3 exhibited the 
highest standard deviation (±2.8 MPa), suggesting variability in mechanical prop-
erties, likely due to poor dispersion or weak matrix-particle bonding. 

 

 
Figure 13. Tensile strength.  
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In contrast, CFF-reinforced samples exhibited a different trend. Sample S4 
(10% CFF) showed the lowest tensile strength (13.7 MPa) but the smallest varia-
tion (±0.9 MPa), indicating a more homogeneous mechanical response. The high-
est tensile strength was observed in S5 (20% CFF), reaching 15.7 MPa, an 8% in-
crease over neat PHA. This improvement highlights that higher fiber content en-
hances stress transfer and fiber-matrix interlocking, resulting in more effective 
reinforcement. 

3.2. Young’s Modulus  

Young’s modulus, a measure of material stiffness, further illustrates the effects of 
feather content and morphology. As shown in Figure 14, the neat PHA sample 
(S1) exhibited a modulus of 428.3 MPa. Sample S2 (10% CFP) showed a substan-
tial increase to 604.7 MPa, approximately 41% higher, indicating that even small 
amounts of CFP can significantly stiffen the matrix. However, increasing CFP to 
20% (S3) reduced the modulus to 493.3 MPa. This reduction is attributed to the 
agglomeration of the powder, which acts as stress concentration points that dis-
rupt efficient load transfer within the PHA matrix. For CFF composites, Sample 
S4 (10% CFF) exhibited the lowest modulus of 222.7 MPa, nearly 48% lower than 
neat PHA. Sample S5 (20% CFF) increased modestly to 342.3 MPa but remained 
below the reference. 

 

 
Figure 14. Young’s modulus.  

 
The high standard deviation in S5 (±200.8 MPa) reflects the challenges of 

achieving uniform fiber dispersion, which strongly influences stiffness. This under-
scores a key principle in composite design: without optimized dispersion, a poten-
tially reinforcing agent like CFF can paradoxically reduce stiffness by disrupting 
the polymer matrix more than it reinforces it.  

3.3. Impact Strength  

Impact strength was evaluated to assess the ability of each formulation to with-
stand sudden forces. As shown in Figure 15, the neat PHA sample (S1) exhibited 
the highest impact resistance at 47 kJ/m2. Incorporation of 10% and 20% CFP (S2 
and S3) resulted in significant reductions to 29.9 kJ/m2 and 20.4 kJ/m2, respec-
tively, indicating increased brittleness and decreased energy absorption with 
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higher CFP content.  
CFF-reinforced composites demonstrated more favorable behavior. Sample S4 

(10% CFF) exhibited an impact strength of 38.9 kJ/m2, only 17% below the refer-
ence, suggesting that fiber reinforcement improves energy dissipation. Sample S5 
(20% CFF) showed a comparable impact strength to S3 (20.1 kJ/m2) but with greater 
consistency. These results indicate that moderate fiber reinforcement maintains 
toughness more effectively than powder fillers. 

 

 
Figure 15. Impact strength.  

3.4. Hardness (Shore A & D)  
3.4.1. Hardness (Shore A)  
Shore A hardness measurements quantified the surface resistance of the compo-
sites to indentation. As shown in Figure 16, the control sample (S1) recorded an 
average Shore A hardness of 87.7. Incorporation of 10% CFP (S2) slightly in-
creased the hardness to 88.5, whereas the 20% CFP sample (S3) decreased to 83.7. 

 

 
Figure 16. Hardness Shore A. 

 
In contrast, CFF-reinforced composites exhibited notable improvements: S4 

(10% CFF) and S5 (20% CFF) achieved hardness values of 93.5 and 95, represent-
ing 6.5% and 8.3% increases, respectively. These results indicate that CFF more 
effectively enhances surface hardness, while CFP performance is limited by con-
centration-dependent agglomeration.  

3.4.2. Hardness (Shore D)  
Shore D hardness values of the composites ranged from 25 to 28, with minor var-
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iations between formulations (Figure 17). The neat PHA sample (S1) exhibited 
the highest hardness, averaging 27.5. The 10% CFP composite (S2) showed a slight 
reduction to approximately 26, while the 20% CFP sample (S3) maintained values 
near 27. Fiber-reinforced composites (S4 and S5) exhibited intermediate hardness 
values of 25 - 26, indicating that fiber addition did not substantially enhance sur-
face hardness compared to powder reinforcement. Overall, the minor reduction 
in Shore D hardness across reinforced samples suggests that the filler-matrix in-
terface represents the primary limitation under sharp indentation. 

 

 
Figure 17. Hardness Shore D.  

3.5. Density  

Density measurements provide insights into composite compaction and porosity. 
As shown in Figure 18, the neat PHA sample (S1) exhibited the highest density at 
1.227 g/cm3. CFP-reinforced composites (S2 and S3) showed slightly lower densi-
ties of 1.208 g/cm3 and 1.207 g/cm3, respectively. In contrast, CFF composites ex-
hibited more pronounced reductions in density: 1.191 g/cm3 for S4 and 1.143 
g/cm3 for S5, representing a 7% decrease relative to S1. These results suggest that 
CFF introduces greater internal voids or reduces filler packing efficiency, making 
it a promising option for lightweight applications. 

 

 
Figure 18. Density.  

3.6. Compression Strength   

Compression strength results, shown in Figure 19, reveal distinct effects of filler 
type and concentration. The neat PHA sample (S1) exhibited a compressive 
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strength of 15.5 MPa. Incorporation of 10% CFP (S2) led to a significant increase 
to 20.6 MPa, representing a 33% improvement, whereas the 20% CFP sample (S3) 
decreased to 16.9 MPa. For CFF-reinforced composites, 10% CFF (S4) resulted in 
a slight reduction to 14.5 MPa, but increasing the fiber content to 20% (S5) im-
proved compressive strength to 20.6 MPa. These findings indicate that well-dis-
persed CFF at higher loadings effectively enhances compressive strength, at-
tributed to the reinforcing effect of longer fibers with higher aspect ratios. 

 

 
Figure 19. Compression strength.  

3.7. Microscopy Analysis  

Microscopic analysis was performed to investigate the distribution of chicken 
feather powder (CFP) and chicken feather fibers (CFF) in the PHA matrix, as well 
as to examine fracture morphologies after mechanical testing. The left-side images 
illustrate filler dispersion within the composite, while the right-side images show 
corresponding fracture surfaces. High-resolution microscopy enabled detailed 
observation of voids, cracks, filler alignment, agglomeration, and interfacial bond-
ing, which directly influence mechanical properties such as strength, fracture 
toughness, and impact resistance.  

3.7.1. PHA 90% + CFP 10%  
Figure 20(a) shows the dispersion of 10% CFP in the PHA matrix, demonstrating 
a largely uniform particle distribution with only minor voids. Figure 20(b) illus-
trates the fracture surface, with arrows indicating stress concentration sites, uni-
form dispersion, and small porosity. 

 

 
Figure 20. PHA-CFP (10%) composite morphology: (a) CFP dispersion in PHA, (b) Frac-
ture morphology of the composite.  
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These characteristics suggest that cracks may propagate relatively smoothly, re-
sulting in brittle fracture. Consequently, tensile strength can be maintained, 
whereas fracture toughness and impact resistance are likely lower compared to 
fiber-reinforced composites.  

3.7.2. PHA 80% + CFP 20%  
Figure 21(a) shows the dispersion of 20% CFP in the PHA matrix. Arrows and 
circles highlight the agglomeration of powder and smaller rachis particles, indi-
cating that CFP clusters can disrupt matrix continuity and create weak zones. Fig-
ure 21(b) depicts the fracture surface, with arrows pointing to voids, crack initia-
tion sites, and poorly dispersed regions, which can lead to increased stress con-
centration and rapid crack propagation, resulting in markedly brittle fractures. 
Consequently, the high CFP content significantly reduces tensile strength, in-
creases brittleness, and lowers impact toughness due to these microstructural de-
fects. 

 

 
Figure 21. PHA-CFP (20%) composite morphology: (a) CFP dispersion in PHA, (b) Frac-
ture morphology of the composite.  

3.7.3. PHA 90% + CFF 10%  
Figure 22(a) shows the dispersion of 10% CFF in the PHA matrix. Arrows high-
light the presence of large rachis particles, while the overall uniform dispersion 
indicates that the elongated fibers are moderately well aligned and bonded to the 
polymer matrix. However, the larger rachis particles can act as stress concentra-
tors, potentially initiating microcracks under load. 

 

 
Figure 22. PHA-CFF (10%) composite morphology: (a) CFF dispersion in PHA, (b) frac-
ture morphology of the composite.  

 
Figure 22(b) shows the fracture morphology of the composite, highlighting 
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protruding fibers and fiber pull-out cavities. These features suggest that while the 
fibers contribute to stress transfer and reinforcement, the presence of fiber pull-
out cavities may reduce energy absorption and fracture toughness. Overall, mod-
erate fiber loading promotes alignment and bonding, but careful control of fiber 
size and dispersion is essential to minimize stress concentration and optimize me-
chanical performance.  

3.7.4. PHA 80% + CFF 20%  
Figure 23(a) shows the dispersion of CFF at 20% loading, with arrows highlight-
ing large rachis particles and areas of poor dispersion. This indicates that fiber 
networks can become dense, agglomerated, and generate voids around clusters. 
Figure 23(b) depicts the fracture surface, with arrows indicating protruding fibers 
and fiber pull-out cavities. These features demonstrate that fibers can bridge 
cracks and be extracted, creating energy-absorbing sites. Although processing-in-
duced thick and long fibers may create local stress concentrations, the extensive 
fiber pull-out and crack-bridging mechanisms significantly improve fracture 
toughness, tensile strength, and impact performance compared to CFP-filled 
composites. 

 

 
Figure 23. PHA-CFF (20%) composite morphology: (a) CFF dispersion in PHA, (b) Frac-
ture morphology of the composite.  

 
Overall, microscopy demonstrates the contrasting behavior of powder versus 

fiber reinforcement: CFP composites are prone to agglomeration and void for-
mation, particularly at higher loadings, which could lead to brittle fractures and 
reduced mechanical properties, whereas CFF composites exhibit better alignment, 
stronger interfacial bonding, and energy-absorbing pull-out mechanisms that 
could enhance toughness and impact resistance.  

4. Discussion  

The mechanical performance data clearly demonstrate that both the morphology 
and concentration of feather fillers critically influence the behavior of PHA-based 
composites. Tensile testing showed that CFP provided moderate reinforcement, 
while higher loadings (20%) led to variability in strength, likely due to particle 
agglomeration and weak matrix-particle bonding. In contrast, 20% CFF exhibited 
the highest tensile strength, indicating that high-aspect-ratio fibers enhance stress 
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transfer and matrix interlocking. Alkali and silane treatments improved interfacial 
adhesion by introducing reactive groups and increasing surface roughness, which 
strengthened bonding between the feather fillers and the PHA matrix.  

Trends in Young’s modulus, Shore A and D hardness, compression strength, 
and density further highlight the influence of filler morphology and concentra-
tion. CFP at low loading slightly increased the modulus, but higher concentrations 
reduced stiffness, likely due to agglomeration disrupting matrix continuity. CFF 
composites showed a slightly lower modulus but improved Shore A hardness, in-
dicating that fibers enhance surface load-bearing capacity. Compression testing 
revealed that 20% CFF increased compressive strength while reducing density by 
approximately 7%, consistent with the hollow fiber structure and demonstrating 
potential for lightweight, mechanically reliable composites. CFP composites, 
while improving compressive strength at 10%, may underperform at higher con-
centrations due to particle clustering.  

Microscopy analysis provides mechanistic insights into these trends. CFP com-
posites displayed particle clustering and voids, which might explain their reduced 
mechanical reliability, whereas CFF composites exhibited aligned fibers, strong 
interfacial bonding, and fiber pull-out, contributing to enhanced tensile strength 
and toughness. These observations confirm that fiber morphology, chemical treat-
ment, and optimized filler loading are critical determinants of composite perfor-
mance. Overall, CFF consistently outperformed CFP, demonstrating that the 
combination of appropriate filler morphology, concentration, and surface modi-
fication can effectively transform chicken feather waste into a functional rein-
forcement phase for sustainable, biodegradable PHA composites.  

Although alkali and silane treatments improved interfacial adhesion and en-
hanced the mechanical performance of the composites, it should be noted that the 
silane coating may affect the biodegradability of the final material. The organsilane 
layer can create a partially hydrophobic barrier on the feather fibers, which may 
slow microbial degradation and reduce the overall decomposition rate of the PHA-
based composites. This represents a potential limitation, highlighting a trade-off be-
tween mechanical durability and environmental degradability. Future studies 
should aim to optimize surface treatments to balance improved mechanical prop-
erties with the preservation of biodegradability.  

5. Conclusion  

In conclusion, this study demonstrates that chicken feather waste can effectively 
reinforce biodegradable PHAlife™ PB3430G composites when processed as fibers 
(CFF) or powders (CFP) with alkali and silane surface treatments. The 20% CFF 
composite (S5) exhibited the highest mechanical performance, achieving a tensile 
strength of 15.7 MPa (an 8% increase over neat PHA) and a Shore A hardness 
improvement of 6.5% - 8.3%, while reducing density by approximately 7%. Mi-
croscopic analysis revealed well-aligned fibers, pull-out mechanisms, and mini-
mal void formation, which collectively explain the enhanced stress transfer and 
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mechanical reinforcement observed. Powdered feathers provided moderate rein-
forcement at low loadings but caused agglomeration and voids at higher contents, 
limiting their effectiveness. These findings confirm that feather morphology, op-
timized concentration, and chemical surface treatment synergistically improve 
the mechanical and physical properties of PHA composites. Overall, this work 
highlights a sustainable and biodegradable approach to valorizing poultry feather 
waste, offering lightweight, mechanically robust materials suitable for consumer 
goods and agricultural applications. These results are specific to the PHAlife™ 
PB3430G matrix, feather fillers, and compression molding process used, and may 
differ with other materials or processing methods.  

6. Future Scope  

Future studies should focus on evaluating the biodegradation behavior of these 
composites. Further optimization of surface modification techniques, such as en-
zymatic or bio-based treatments could enhance fiber matrix compatibility and 
mechanical properties. Conducting life cycle assessments and cost-benefit anal-
yses will help determine the commercial scalability and environmental impact. 
Additionally, exploring real-world applications in packaging, agriculture, and light-
weight consumer products will support the transition of these materials from la-
boratory research to industrial deployment.  
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