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Natural-fiber-reinforced polypropylene (PP) biocomposites are promising lightweight materials, but direct
comparison among fiber types remains difficult because previous studies often used different materials and
processing conditions. This study evaluated the effects of fiber type and loading on the tensile strength, Izod
impact strength, and fracture morphology of injection-molded PP biocomposites reinforced with pineapple leaf
fiber (PALF), banana fiber (BF), and coir fiber (CF). The fibers were treated with 5 wt% NaOH, ground, sieved
through a 125 pm mesh, and compounded with PP and 5 wt% MAPP based on the PP/fiber blend mass. All
formulations were processed under identical extrusion and injection-molding conditions at nominal fiber load-
ings of 10, 20, and 30 wt%. The ground particles had similar mean aspect ratios of 5.53-5.68. Processed neat PP
showed tensile and impact strengths of 33.49 MPa and 1.24 kJ/m?, respectively. PP-PALF showed the highest
tensile strength of 34.91 MPa at 10 wt% and impact strength of 2.75 kJ/m? at 30 wt%, corresponding to nu-
merical increases of 4.2% and 121.8% relative to processed neat PP. Two-way ANOVA showed significant effects
of fiber type and loading on both properties, with a significant interaction only for tensile strength. Tensile
strength decreased at higher loadings in PP-BF and PP-CF but remained relatively stable in PP-PALF, whereas
impact strength generally increased. SEM revealed loading-dependent differences in matrix deformation, cav-
ities, clustered or fiber-rich regions, exposed fibrous particles, and localized openings. Overall, PP-PALF pro-
vided the highest mean mechanical properties among the investigated systems.

1. Introduction within the automotive industry. The demand for lightweight materials is
crucial for improving fuel efficiency and reducing emissions [5,6].
Polypropylene (PP) is widely employed as a thermoplastic matrix due to
its comprehensive combination of mechanical properties, chemical

resistance, ease of processing, and cost-effectiveness. Consequently, it

The need for eco-friendly and lightweight engineering materials is on
the rise as a result of global environmental challenges linked to the
dependence on petroleum-based substances [1,2].

Natural-fiber-reinforced polymer composites have emerged as prom-
ising alternatives in sustainable material systems. These composites
offer low density, renewable reinforcement, and the potential to reduce
the environmental impact and fossil-derived material content of engi-
neering products. Recent studies on PLA-based hybrid biocomposites
containing treated palm fibers and biochar have further demonstrated
the potential of biodegradable matrix systems, although their perfor-
mance remains strongly dependent on fiber-treatment conditions,
hybrid composition, and processing route [3,4]. Consequently, they
have attracted significant interest in the industrial sector, particularly
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has become a widely used matrix for natural fiber biocomposites [7].
From a manufacturing perspective, natural-fiber-reinforced ther-
moplastic composites can be processed using common polymer-
processing techniques, especially injection molding [7]. Injection
molding is widely used because it can produce complex shapes with high
dimensional precision, short cycle times, and good repeatability, making
it suitable for large-scale production [7,8]. Nevertheless,
injection-molded natural-fiber-reinforced PP composites continue to
face interfacial and processing challenges. The hydrophilic nature of
lignocellulosic fibers is inherently incompatible with the hydrophobic
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PP matrix, which may result in weak interfacial adhesion and inefficient
stress transfer [9,10].

In addition to interfacial challenges, natural fibers are susceptible to
moisture uptake and thermal degradation at elevated polymer-
processing temperatures. Residual moisture during melt processing
may contribute to localized voids and increased porosity, which can act
as stress concentrators and adversely affect composite integrity [7,11].
Furthermore, lignocellulosic fibers generally exhibit limited thermal
stability and may undergo degradation at typical
thermoplastic-processing temperatures. Such degradation can alter the
fiber morphology and reduce its reinforcement efficiency within the
composite structure [12]. These moisture- and temperature-related ef-
fects may contribute to variations in mechanical performance and
reduce the reliability of natural-fiber-reinforced biocomposites, partic-
ularly in load-bearing engineering applications.

The reinforcement behavior of natural fibers is influenced by their
chemical composition and structural characteristics, which affect fiber
stiffness, interfacial interaction, and composite fracture behavior [13,
14]. Differences in the cellulose, hemicellulose, and lignin contents may
therefore contribute to variations in the mechanical properties and
energy-absorption behavior of natural-fiber composites [9,13,14].
Consequently, fibers such as pineapple leaf fiber (PALF), banana fiber
(BF), and coir fiber (CF) may exhibit different reinforcement responses
when incorporated into polypropylene composites. Recent bio-epoxy
studies using underutilized agro-waste fibers have likewise shown that
increasing fiber loading can improve mechanical performance while
increasing moisture sensitivity, highlighting the matrix- and
formulation-dependent nature of biocomposite performance [15,16]. A
scientometric analysis has also demonstrated the rapid growth and
multidisciplinary development of natural-fiber-reinforced composite
research [17]. However, direct comparisons among published studies
remain difficult because they frequently employ different matrices, fiber
treatments, compatibilizers, reinforcement dimensions, processing
methods, and experimental conditions [7,13,14].

Despite growing research interest, systematic comparative studies
involving different natural fibers produced under identical injection
molding conditions remain limited [7]. More broadly, studies on
injection-molded fiber-reinforced polypropylene have shown that pro-
cessing parameters can substantially influence composite properties
[18]. Therefore, differences in material composition, fiber preparation,
compatibilization, and processing history can obscure the actual influ-
ence of fiber type and loading. The combined effects of natural-fiber type
and loading on tensile behavior, impact resistance, and fracture
morphology have not yet been sufficiently clarified under controlled and
identical processing conditions. To address this gap, the present study
compares PP biocomposites reinforced with PALF, BF, and CF at load-
ings of 10, 20, and 30 wt%. All formulations were produced using
identical fiber-preparation, compatibilization, extrusion, and
injection-molding conditions. This controlled approach enables a direct
evaluation of the effects of fiber type and loading on the mechanical
properties and fracture morphology of the resulting biocomposites.

2. Materials and methods
2.1. Materials

Polypropylene (PP) Trilene HI10HO used as the matrix was supplied
by Chandra Asri Pacific Tbk. This grade was selected due to its suitability
for injection molding applications. The main physical and mechanical
properties of the PP grade are summarized in Table 1.

Maleic anhydride-grafted polypropylene (MAPP) was used as a
compatibilizer and added at a fixed content of 5 wt%, calculated relative
to the total mass of the PP/fiber blend. The natural fibers used as re-
inforcements were pineapple leaf fiber (PALF), banana fiber (BF), and
coir fiber (CF). PALF and banana fibers were obtained from a local
supplier in Subang, Indonesia, and coir fiber was sourced from a local

Results in Materials 31 (2026) 101023

Table 1

Physical and mechanical properties of PP Trilene HI10HO.
Property Value Standard
Melt Flow Rate (g/10 min) 10 (230 °C/2.16 kg) ASTM D1238
Density (g/cm®) 0.90 ASTM D792
Tensile Yield Strength (MPa) 35 ASTM D638
Flexural Modulus (MPa) 1500 ASTM D790
Notched Izod Impact (J/m) 30 ASTM D256
Vicat Softening Temperature (°C) 152 ASTM D1525

market in Surabaya, Indonesia. These fibers were selected because they
represent different lignocellulosic fiber sources and are abundantly
available in Indonesia, enabling their comparative evaluation under
identical material-preparation and processing conditions.

In addition to the fiber-containing formulations, neat PP was pre-
pared as a control material. The neat PP was subjected to the same
extrusion, pelletizing, and injection-molding conditions as the bio-
composite formulations. The processed neat PP provided an experi-
mental baseline for evaluating the effect of natural fiber incorporation
on the mechanical properties of the PP matrix. Neither natural fiber nor
MAPP was added to the neat PP formulation.

2.2. Fiber preparation

All the fibers were subjected to an identical preparation procedure to
ensure consistent processing conditions. Initially, the fibers were
washed using distilled water to remove dust and surface impurities. The
cleaned fibers were subsequently immersed in a 5 wt% NaOH solution
for 2 h at room temperature. Previous studies have shown that the ef-
fects of chemical fiber treatment depend on the treatment agent, con-
centration, and duration, which can influence fiber surface
characteristics, interfacial behavior, and composite performance
[19-21]. Therefore, the 5 wt% NaOH treatment used in this study was
applied as a common preparation condition for all three fiber types
rather than as an experimentally optimized treatment.

The alkali treatment was intended to clean and modify the fiber
surfaces before compounding. However, because untreated control fi-
bers and direct chemical characterization of the treated fibers were not
included in the present study, changes in hemicellulose, lignin, wax
content, and surface functional groups were not quantitatively
determined.

After treatment, the fibers were thoroughly rinsed with distilled
water until a neutral pH was achieved to eliminate residual alkali. The
washed fibers were then oven-dried at 110 °C for 24 h to minimize the
moisture content before further processing. The dried fibers were
ground using a high-speed grinder (WILLMAN DE200G), operating at
25,000 rpm. The ground material was subsequently sieved, and the
fraction passing through a 125 pm mesh was collected for composite
fabrication. The passage through the mesh was used to select a more
consistent ground fraction and did not impose a strict upper limit on the
particle length. The treated, ground, and sieved fibrous particles were
stored in sealed containers to limit moisture uptake before compound-
ing. The overall fiber preparation procedure is shown in Fig. 1.

The typical physical and chemical properties of PALF, banana fiber,
and coir fiber reported in previous studies are summarized in Table 2
[22-24]. These literature-reported values are provided only as a general
comparison of the reported compositional and mechanical characteris-
tics of the three fiber types. They do not represent direct measurements
of the treated, ground, and sieved fibrous particles used in the present
study. The reported values may vary with plant source, maturity,
extraction method, environmental conditions, and testing procedure.

2.3. Biocomposite fabrication

Biocomposites were fabricated using a two-step process consisting of
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Alkali Treatment

Rinsing

Drying Grinding Sieving

Fig. 1. Schematic representation of the fiber preparation process, including alkali treatment, rinsing, drying, grinding, and sieving.

Table 2
Typical physical and chemical properties of untreated PALF, banana fiber, and
coir fiber [22-24].

Property PALF Banana Fiber Coir Fiber
Density (g/cm®) 1.07-1.50 1.35 1.10-1.50
Cellulose (%) 70-82 43.46-64 32-50
Hemicellulose (%) 5-12.7 10-38.54 0.15-15
Lignin (%) 5-12 59 30-46
Tensile Strength (MPa) 413-1627 54-754 105-593

melt compounding followed by injection molding. Prior to processing,
polypropylene (PP), maleic anhydride-grafted polypropylene (MAPP),
and the prepared natural fibers were dried to minimize their moisture
content and prevent defects during processing. To enhance the interfa-
cial bonding between the hydrophilic fibers and hydrophobic PP matrix,
MAPP was added at a fixed content of 5 wt%, based on the total mass of
the PP/fiber blend.

In the first stage, PP and natural fibers with different loadings (10,
20, and 30 wt%) were compounded using a conventional single-screw
extruder with a screw diameter of 26 mm and L/D ratio of approxi-
mately 23. The extrusion process was conducted at a barrel temperature
of 180 °C to melt the PP matrix and enable compounding with the
prepared fibrous particles. The screw speed was controlled using an
inverter and maintained at a constant setting throughout the process to
ensure stable material flow and consistent processing conditions. The
extrudate obtained from the extrusion process was subsequently cooled
and pelletized into granules.

In the second stage, the composite pellets were processed using an
injection molding machine (MA900 II S) to produce standard test
specimens. The barrel temperature was set with a temperature profile
ranging from 160 to 200 °C, and the nozzle temperature was maintained
at 175 °C. The injection and holding pressures were set at 55 and 30 bar,
respectively, with injection and holding times of 7 s and 2 s, respec-
tively. All processing parameters were kept constant throughout the
experiments to ensure consistent and reliable comparisons between
different fiber types and loadings.

The overall fabrication route of the biocomposites is schematically

Extrusion

Materials

Natural
Fiber

PP MAPP
(5 wt%)

Fiber Loading: 10, 20, and 30 wt% Single-Screw

Extruder (180 °C)

Cooling and

illustrated in Fig. 2, which highlights the sequential stages of extrusion,
pelletizing, and injection molding.

Based on this processing approach, the experimental design and
composition of the biocomposites are summarized in Table 3.

MAPP content was calculated relative to the total mass of the PP/
fiber blend and was added separately. A total of nine fiber-containing
biocomposite formulations and one neat PP control were prepared to
systematically evaluate the effects of fiber type and fiber loading under
identical processing conditions.

3. Characterization and testing
3.1. Fiber dimensional characterization

Following grinding and sieving, the dimensions of the processed fi-
bers were characterized using a trinocular optical microscope (T490B,
AmScope, USA) equipped with a 14 MP CMOS digital camera (MU1403,
AmScope, USA). Optical micrographs were calibrated before measure-
ment. For each fiber type, 100 randomly selected particles were

Table 3
Experimental design and compositions of the neat PP control and biocomposite
formulations.

Sample Fiber Type Fiber Loading (wt ~ MAPP addition (wt% of PP/
Code %) fiber blend)
PP None 0 0
BF10 Banana 10 5
fiber
BF20 Banana 20 5
fiber
BF30 Banana 30 5
fiber
PF10 PALF 10 5
PF20 PALF 20 5
PF30 PALF 30 5
CF10 Coir fiber 10 5
CF20 Coir fiber 20 5
CF30 Coir fiber 30 5
Pelletizing Injection Molding Specimen

.*.“.D

Standard Test
Specimens

Injection Molding Machine

pelletizing (MA900 11 S)

Fig. 2. Biocomposite fabrication process for standard test specimens.
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measured. The longest projected dimension was defined as the particle
length (L), whereas the transverse dimension perpendicular to the major
axis was defined as the particle width (D). The aspect ratio was calcu-
lated as L/D. The results were expressed as the mean + standard devi-
ation and range.

3.2. Mechanical properties

3.2.1. Tensile test

The tensile properties of the biocomposites were evaluated in
accordance with ASTM D638-03 using Type V specimens and a universal
testing machine (SALT ST-1001, Solid Mechanics Laboratory, Depart-
ment of Mechanical Engineering, Institut Teknologi Sepuluh Nopem-
ber). The specimens were prepared by injection molding into a standard
dumbbell shape.
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The tests were conducted at room temperature at a constant cross-
head speed of 3 mm/min. Five specimens were tested for each formu-
lation. The results are presented as mean values, while the error bars in
Fig. 3a represent the standard error (SE). Tensile strength was deter-
mined from the stress-strain data. Five processed neat PP specimens
were also tested under identical conditions to provide an experimental
baseline for comparison with the tensile properties of the biocomposite
formulations.

3.2.2. Impact test

The impact properties of the biocomposites were evaluated in
accordance with ASTM D256-04 using the Izod impact test method. The
specimens were prepared by injection molding with a standard notch
configuration.

The tests were performed using an Izod impact tester (TESTONE TO-

20 wt% 30 wt%

mPP-BF MPP-CF M PP-PALF

3.0

2.5

Impact Strength (kJ/m?2)
5 tn 5

o
(6]

10 wt%

0.0 I II‘ II‘ I|‘

20 wt% 30 wt%

mPP-BF MPP-CF M PP-PALF

Fig. 3. Tensile and impact strengths of processed neat PP and natural-fiber-reinforced PP biocomposites: (a) tensile strength and (b) impact strength at different fiber
loadings. Bars represent mean values, and error bars represent the standard error (SE).
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700D) at room temperature. Five specimens were tested for each
formulation, including the processed neat PP control. The results are
presented as mean values, while the error bars in Fig. 3b represent the
standard error (SE). The impact strength was calculated by dividing the
absorbed fracture energy by the cross-sectional area of the specimen at
the notch and was expressed in kJ/m?.

3.3. Morphological analysis

The morphological characteristics of the fractured surfaces of the
biocomposites were examined using scanning electron microscopy
(SEM) (Hitachi FlexSEM 1000 II). Prior to observation, the fractured
specimens were sputter-coated with a thin layer of gold to enhance
surface conductivity. The micrographs were qualitatively examined to
identify visible fracture features, including matrix deformation and
tearing, cavities, exposed fibrous particles, clustered or fiber-rich re-
gions, localized openings, and pull-out-like traces.

3.4. Statistical analysis

Tensile and Izod impact strength data were analyzed separately
using two-way analysis of variance (ANOVA). Fiber type (BF, CF, and
PALF) and fiber loading (10, 20, and 30 wt%) were treated as fixed
factors, and the interaction between these factors was included in the
statistical model. Statistical significance was evaluated at p < 0.05. All
statistical analyses were performed using Minitab 21. Processed neat PP
was excluded from the two-way ANOVA because it was not part of the
fiber type x fiber loading factorial design.

4. Results and discussion
4.1. Dimensional characteristics of the ground fiber particles

The dimensions of the ground and sieved fiber particles were
measured to determine whether the preparation procedure retained an
elongated fibrous morphology or produced predominantly particulate
material. The dimensional characteristics of the processed PALF, banana
fiber, and coir fiber particles are summarized in Table 4.

PALF exhibited the highest mean particle length of
110.14 + 37.91 pm, followed by banana fiber at 91.17 + 21.74 pm and
coir fiber at 81.46 + 15.47 pm. However, the mean aspect ratios of the
three fiber types were relatively similar, ranging from 5.53 to 5.68.
These results indicate that high-speed grinding and sieving produced
low-aspect-ratio fibrous particles rather than intact long fibers. The
particles retained an elongated morphology but would not be expected
to form a continuous long-fiber reinforcement network. Therefore, their
mechanical contribution is interpreted in terms of the combined effects
of particle geometry, dispersion, matrix continuity, and interfacial
interaction. Although the particles retained an elongated morphology,
the measured aspect ratio alone cannot establish whether they exceeded
the critical aspect ratio because the tensile strength of the treated par-
ticles and the fiber-matrix interfacial shear strength were not directly
measured [25].

Table 4
Dimensional characteristics of the ground and sieved natural-fiber particles.

Fiber n Length, L (um) Width, D (pm) Aspect ratio, L/
type D
PALF 100 110.14 + 37.91 20.95 + 8.48 5.57 £ 1.54
(40.21-193.71) (7.40-46.34) (3.23-9.74)
Banana 100 91.17 + 21.74 16.48 + 4.15 5.68 + 1.22
fiber (50.21-166.20) (7.53-27.17) (3.85-8.54)
Coir fiber 100  81.46 + 15.47 15.26 + 3.42 5.53 + 1.32
(44.94-121.63) (8.55-24.48) (3.10-8.68)

Values are presented as mean + standard deviation; minimum-maximum values
are shown in parentheses.
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However, the relatively similar and low aspect ratios of the three
particle types did not produce an identical tensile-strength trend across
all composite systems. The reductions at higher particle loadings were
more pronounced in the PP-BF and PP-CF systems, whereas the
PP-PALF system maintained relatively stable mean tensile strength
across the investigated loadings. Therefore, the tensile response cannot
be attributed solely to the low aspect ratio or particulate-like behavior of
the ground particles. The differences among the three systems likely
resulted from the combined effects of particle dimensions, particle-
specific characteristics, dispersion, matrix continuity, and interfacial
interaction.

4.2. Tensile strength

Fig. 3a compares the tensile strengths of the processed neat PP
control and the natural-fiber-reinforced PP biocomposites. The pro-
cessed neat PP exhibited a mean tensile strength of 33.49 MPa. Among
the fiber-containing formulations, PP-PALF at 10 wt% showed the
highest mean tensile strength of 34.91 MPa, which was numerically
4.2% higher than that of the processed neat PP. In contrast, several
PP-BF and PP-CF formulations exhibited tensile strengths comparable
to or lower than that of the neat PP control, particularly at higher fiber
loadings. These results indicate that the effect of natural fiber incorpo-
ration on tensile performance depended on both fiber type and fiber
loading, rather than producing a uniform improvement across all
formulations.

The two-way ANOVA results presented in Table 5 showed that fiber
type had a significant effect on tensile strength (F = 23.885, p < 0.0001).
Fiber loading also significantly affected tensile strength (F = 7.416,
p = 0.0020). Moreover, the interaction between fiber type and fiber
loading was statistically significant (F = 2.638, p = 0.0497), although
the interaction effect was close to the significance threshold. These re-
sults indicate that the effect of increasing fiber loading on tensile
strength depended on the type of natural fiber. The relatively stable
tensile strength of the PP-PALF system, compared with the more pro-
nounced reductions observed in PP-BF and PP-CF at higher loadings, is
consistent with this interaction effect.

However, the tensile behavior of natural fiber composites is not
solely governed by the inherent properties of reinforcing fibers. The
reinforcement efficiency also depends on the quality of the fiber-matrix
interface, which influences the stress transfer during tensile loading.
Previous studies have shown that fiber surface characteristics, treatment
conditions, and compatibilization play important roles in determining
the interfacial adhesion and tensile performance of natural fiber-
reinforced polymer composites [26,27].

Under the same extrusion and injection-molding conditions,
PP-PALF maintained relatively stable mean tensile strength across the
investigated loadings, whereas PP-BF and PP-CF exhibited larger de-
creases at higher particle loadings. This behavior suggests that the
reinforcement efficiency depends not only on the fiber loading but also
on the interaction between the fiber distribution and matrix continuity.
At moderate loading, the fibrous particles may contribute to stress

Table 5
Two-way ANOVA results for the tensile strength of the biocomposite
formulations.

Source DF  Adjusted Adjusted F- p-value
SS MS value
Fiber type 2 96.591 48.296 23.885  <0.0001
Fiber loading 2 29.989 14.994 7.416 0.0020
Fiber type x fiber 4 21.339 5.335 2.638 0.0497
loading
Error 36 72.792 2.022 — —
Total 44 220.711 — — —

Note: Statistically significant effects are indicated by p < 0.05.
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transfer and improve load-bearing capability. However, increasing the
fiber content may also increase the likelihood of fiber agglomeration and
reduce the ability of molten polypropylene to adequately wet the fiber
surface, resulting in weaker interfacial bonding and lower reinforcement
efficiency [28]. A similar loading-related tendency was reported by
Nampitch et al. [29], who found that excessive bagasse-fiber content
increased  fiber agglomeration and matrix viscosity in
PLA/natural-rubber composite foams. However, direct comparison is
limited by differences in matrix system, foam structure, and processing
route. In contrast, Singh et al. [30] reported the highest tensile strength
at 30 vol% fiber loading in compression-molded jute/PLA composites
under their selected curing conditions. This contrasting trend highlights
the dependence of reinforcement efficiency on the matrix, fiber archi-
tecture, and processing conditions.

It should also be noted that the values presented in Table 2 represent
typical literature data for untreated fibers. The actual properties of the
treated fibers used in this study may vary depending on the plant source,
extraction method, and treatment effectiveness. Therefore, the correla-
tions discussed here should be interpreted as general supporting trends
rather than direct property equivalences. Direct chemical characteriza-
tion of the treated and ground particles would provide a more precise
understanding of the relationship between alkali-induced chemical
changes and composite performance.

The processing conditions may also contribute to the tensile
response. During injection molding, shear flow influences the fiber
orientation, dispersion, and local distribution within the polypropylene
matrix, which subsequently affects the stress transfer efficiency and
tensile behavior of the composite. Previous studies have emphasized
that fiber orientation and dispersion play important roles in determining
the tensile response of thermoplastic composites containing low-aspect-
ratio fibrous particles, particularly when combined with interfacial
bonding effects [25]. The relatively consistent tensile behavior observed
in the PALF biocomposites may reflect the combined effects of the fiber
characteristics and the microstructure formed during processing.

Overall, the results demonstrate that the tensile performance of
injection-molded biocomposites is governed by the combined influence
of fiber type, fiber loading, and fiber-matrix interaction. Although an
increase in fiber loading can enhance the reinforcement content, an
excessively high fiber concentration may reduce the tensile perfor-
mance. This decline may be associated with inadequate particle
dispersion, reduced matrix continuity, and localized interfacial discon-
tinuities. Therefore, both particle-specific characteristics and parti-
cle-matrix interactions must be considered in the development of
natural-fiber-reinforced PP biocomposites.

4.3. Impact strength

Fig. 3b compares the Izod impact strengths of the processed neat PP
control and the natural-fiber-reinforced PP biocomposites. The pro-
cessed neat PP exhibited a mean impact strength of 1.24 kJ/m?2. Most
fiber-containing formulations showed numerically higher mean impact
strengths than the processed neat PP control, except for PP-CF at 10 wt
%, which showed a similar mean value. Among the biocomposite for-
mulations, PP-PALF at 30 wt% showed the highest mean impact
strength of 2.75 kJ/m?, representing a numerical increase of approxi-
mately 121.8% relative to processed neat PP. These results indicate that
the incorporation of the ground natural-fiber particles influenced the
impact-energy absorption of the PP matrix, although the magnitude of
the response depended on both particle type and loading.

As shown in Table 6, fiber type had a significant effect on Izod impact
strength (F = 100.443, p < 0.0001). Fiber loading also produced a sig-
nificant effect (F = 23.758, p < 0.0001). However, the interaction be-
tween fiber type and fiber loading was not statistically significant
(F = 2.214, p = 0.0869). These findings indicate that both the selected
fiber and the amount of fiber incorporated influenced the impact
response. However, at the 5% significance level, the pattern of the
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Table 6
Two-way ANOVA results for the Izod impact strength of the biocomposite
formulations.

Source DF  Adjusted Adjusted F-value p-value
SS MS
Fiber type 2 8.253 4.127 100.443  <0.0001
Fiber loading 2 1.952 0.976 23.758 <0.0001
Fiber type x fiber 4 0.364 0.091 2.214 0.0869
loading
Error 36 1.479 0.041 — —
Total 44 12.049 — — —

Note: Statistically significant effects are indicated by p < 0.05.

loading effect was not sufficiently different among the three fiber sys-
tems to establish a significant interaction.

Literature-reported properties of untreated fibers, as summarized in
Table 2, suggest that PALF may possess relatively high cellulose content
and tensile strength. However, these values cannot be directly assigned
to the treated and ground particles used in the present study because
alkali treatment, plant source, and high-speed grinding may alter their
chemical and structural characteristics. Although crystalline cellulose
content and microfibril angle may influence intrinsic fiber stiffness [31],
the comparatively high mean impact-strength values of the PP-PALF
formulations cannot be attributed solely to these structural character-
istics. The observed response likely resulted from the combined effects
of particle dimensions, particle distribution, interfacial interaction,
matrix continuity, and processing-induced microstructure. Khuntia and
Biswas [32] also demonstrated that coir loading influenced the me-
chanical and viscoelastic responses of coir-reinforced PP composites.
However, their processing route and investigated properties differed
from those of the present study. Under identical extrusion and
injection-molding conditions, the PP-PALF formulations generally
exhibited higher mean impact-strength values than the corresponding
PP-BF and PP-CF formulations.

The impact behavior was also influenced by fiber loading, with
variations observed depending on the type of fiber used. In general,
increasing the fiber loading tended to improve the impact strength,
indicating that a higher reinforcement fraction may contribute to
greater energy absorption during impact loading [33]. When the fiber
dispersion and fiber-matrix interaction are well maintained, the fibrous
particles may participate more effectively in transferring and dissipating
impact energy. This increases the resistance to impact-induced damage
[34]. However, the effect of fiber loading is not always linear. Although
increasing the fiber content may enhance the reinforcement contribu-
tion, excessive loading can reduce the impact performance when fiber
agglomeration, non-uniform distribution, or inadequate interfacial
interaction limit the reinforcement efficiency. Under such conditions,
localized stress concentrations and less effective energy dissipation may
promote earlier damage initiation and reduce the resistance of the
composite to fracturing [35]. Sultana et al. [36] demonstrated that fiber
architecture and surface treatment can substantially improve the impact
performance of short-jute-fiber-reinforced PP composites. This finding
further indicates that impact strength depends not only on fiber content
but also on reinforcement architecture and processing.

The processing conditions also contributed to the observed impact
response. During injection molding, the flow-induced fiber orientation
and local fiber distribution influence the microstructure of the poly-
propylene matrix. This microstructure subsequently affects the fracture
and impact behavior. Previous studies have highlighted that the proc-
essing-morphology relationship plays an important role in determining
the mechanical and fracture behavior of injection-molded natural-fiber
composites [37]. In this study, the PALF biocomposite exhibited a
relatively high impact strength. This behavior may reflect the combined
influence of particle-specific characteristics and the microstructure
developed during processing.
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Overall, the results indicate that the impact performance of injection-
molded polypropylene biocomposites was influenced by the combined
effects of particle type, particle loading, particle-matrix interaction, and
processing-induced microstructure. Although increasing the fiber con-
tent has the potential to enhance the impact resistance, the reinforce-
ment effectiveness depends on good fiber dispersion and adequate
interfacial interactions within the composite structure. Under the pro-
cessing conditions applied in this study, the PP-PALF formulations
generally exhibited the highest mean impact-strength values among the
investigated fiber systems. These findings emphasize that fiber selection
and processing-induced microstructure are important considerations in
the development of injection-molded polypropylene biocomposites for
engineering applications.

4.4. Morphological characteristics

The tensile-fracture morphologies of the PP-PALF, PP-BF, and
PP-CF composites are presented in Figs. 4-6, respectively. All composite
systems were produced under identical extrusion and injection-molding
conditions. Distinct differences were observed in matrix deformation
and tearing, cavity formation, clustered or fiber-rich regions, exposed
fibrous particles, and localized openings. The PP-BF composites
exhibited increasingly prominent clustered regions at higher fiber
loadings, whereas the PP-PALF composites retained visible matrix
involvement accompanied by localized cavities and fibrous regions. The
PP-CF composites showed more distinct exposed fibrous particles,
localized interfacial openings, cavities, and pull-out-like features,
particularly at 20 and 30 wt%. These observations indicate that fiber
type and loading were associated with differences in the tensile-fracture
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morphology of the biocomposites.

In the PP-PALF system, the tensile-fracture morphology changed
with increasing fiber loading. At 10 wt%, the fracture surface remained
relatively matrix-dominated, with visible matrix tearing and deforma-
tion, localized cavities, and an exposed fibrous particle. A localized
interfacial opening was also observed along the boundary of the exposed
particle. At 20 wt%, an exposed fibrous particle and localized cavity
were evident, accompanied by an interfacial opening and matrix tearing
in the surrounding region. At 30 wt%, the fracture surface exhibited
more pronounced matrix tearing, a localized cavity, and a fiber-rich
region. These observations indicate that increasing the PALF loading
altered the local balance between matrix continuity and fibrous regions,
while matrix tearing remained involved in the tensile-fracture process.
Shibly et al. [38] similarly reported that fiber treatment and the
resulting fiber-matrix morphology influenced the mechanical response
of a natural-fiber-reinforced PP composite.

In the PP-BF system, the tensile-fracture morphology became pro-
gressively more heterogeneous with increasing fiber loading. At 10 wt%,
the fracture surface remained predominantly matrix-dominated, with
visible matrix tearing and deformation accompanied by a localized
cavity and opening. At 20 wt%, a prominent clustered region was
observed, together with a localized cavity, opening, and matrix tearing.
The clustered region locally interrupted the continuity of the sur-
rounding matrix. At 30 wt%, another prominent clustered region and a
larger localized opening were evident, accompanied by matrix tearing
and deformation. These features suggest a less uniform local distribution
of the ground banana-fiber particles and the development of local dis-
continuities at higher fiber loadings. Morphological changes associated
with reinforcement distribution and interfacial modification have also

a) T- PALF 10 ;vt% b) T - PALF 20 wt%
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Fig. 4. SEM micrographs of the tensile-fracture surfaces of PP-PALF composites at (a) 10 wt%, (b) 20 wt%, and (c) 30 wt% fiber loading. MT: matrix tearing; C:
cavity; FP: exposed fibrous particle; IO: localized interfacial opening; MD: matrix deformation; FR: fiber-rich region.
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Fig. 5. SEM micrographs of the tensile-fracture surfaces of PP-BF composites at fiber loadings of (a) 10 wt%, (b) 20 wt%, and (c) 30 wt%. MT: matrix tearing; MD:

matrix deformation; C: cavity; LO: localized opening; CR: clustered region.

been reported in wheat-straw/recycled-PP nanocomposites [39]. How-
ever, that system included modified montmorillonite and different
treatment conditions.

In the PP-CF system, the tensile-fracture morphology changed with
increasing fiber loading and showed increasingly distinct particle- and
interface-related features. At 10 wt%, the fracture surface remained
relatively matrix-dominated, with visible matrix deformation and
tearing, a small localized cavity, and a large cavity-like depression. At
20 wt%, an exposed fibrous particle and a localized interfacial opening
were clearly visible, accompanied by a cavity, a larger localized open-
ing, and matrix tearing. At 30 wt%, the fracture surface exhibited an
exposed fibrous particle, a localized interfacial opening, matrix tearing,
and a localized cavity. An elongated opening with a relatively smooth
internal surface was identified as a pull-out-like trace, suggesting the
possible removal of a fibrous particle during tensile fracture. These
features indicate that particle-matrix interactions and localized dis-
continuities became more evident in the PP-CF system at higher fiber
loadings.

Overall, the annotated SEM micrographs indicate that the tensile-
fracture morphology of the investigated biocomposites was influenced
by fiber type and loading. Differences in matrix continuity, matrix
deformation and tearing, cavity formation, clustered or fiber-rich re-
gions, exposed fibrous particles, localized interfacial openings, and pull-
out-like features were observed among the PP-PALF, PP-BF, and PP-CF
systems. At higher fiber loadings, clustered regions and localized
openings became more prominent in PP-BF, whereas exposed fibrous
particles and interface-related features became more evident in PP-CF.
PP-PALF retained visible matrix involvement across the investigated
loadings, although localized cavities and a fiber-rich region were also

observed. These morphological features may influence local stress dis-
tribution and stress-transfer efficiency during tensile loading. These
interpretations are consistent with broader reviews of biomass-
particulate-reinforced thermoplastics, which identify particle distribu-
tion, interfacial quality, and matrix continuity as important de-
terminants of mechanical behavior [40].

The impact-fracture morphologies of the PP-PALF, PP-BF, and
PP-CF composites are presented in Figs. 7-9, respectively. All composite
systems were produced under identical extrusion and injection-molding
conditions. The annotated SEM micrographs show differences in local-
ized cavities and openings, relatively matrix-dominated regions,
exposed fibrous particles, rough or clustered regions, matrix deforma-
tion, and large depressions. These observations indicate that fiber type
and loading influenced the local development of the fracture surfaces
during impact failure. However, because the PP-PALF micrographs were
obtained at 30x magnification, whereas the PP-BF and PP-CF micro-
graphs were obtained at 50, comparisons among the three systems are
qualitative and are based primarily on the types and distributions of
visible features rather than their apparent dimensions. The impact-
fracture morphology is therefore interpreted as resulting from several
interacting microstructural features rather than from a single fracture
mechanism [41].

In the PP-PALF system, the impact-fracture morphology changed
with increasing fiber loading. At 10 wt%, several localized cavities were
visible, including a cluster of closely spaced cavities and an elongated
cavity, together with an exposed fibrous particle. At 20 wt%, the fracture
surface contained a relatively compact region and a rough region,
accompanied by an isolated cavity and an exposed fibrous particle. The
presence of a relatively compact region suggests that matrix continuity
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Fig. 6. SEM micrographs of the tensile-fracture surfaces of PP-CF composites at fiber loadings of (a) 10 wt%, (b) 20 wt%, and (c) 30 wt%. MD: matrix deformation;
LC: large cavity-like depression; MT: matrix tearing; C: cavity; FP: exposed fibrous particle; IO: localized interfacial opening; LO: localized opening; POT: pull-out-

like trace.

was locally retained, although the fracture surface was not entirely
homogeneous. At 30 wt%, a large cavity, a localized opening, matrix
deformation, a smaller cavity, and an exposed fibrous particle were
observed. These features indicate that the local morphology became
more complex at the highest PALF loading, with matrix deformation
occurring around prominent surface discontinuities. Overall, the
PP-PALF system exhibited loading-dependent changes from clustered
and elongated cavities at 10 wt%, to a locally more compact morphology
at 20 wt%, and to a large cavity and localized matrix deformation at
30 wt%. Loading-dependent changes in fracture morphology were also
reported by Lalaymia et al. [42] for agave-fiber-reinforced bio-epoxy
composites. However, direct comparison should be made cautiously
because of differences in matrix chemistry, fiber geometry, and
manufacturing process.

In the PP-BF system, the impact-fracture morphology also varied
with fiber loading, although the changes were not strictly monotonic. At
10 wt%, the fracture surface contained a relatively matrix-dominated
region, an isolated cavity, and an exposed fibrous particle. At 20 wt%,
a distinct clustered region and a localized cavity were observed, while a
relatively matrix-dominated region remained visible in another part of
the fracture surface. At 30 wt%, several exposed fibrous particles and a
localized cavity were visible, together with a relatively matrix-
dominated region. These observations indicate that increasing the
banana-fiber loading altered the local distribution of the exposed par-
ticles and clustered features, but did not produce a uniform or contin-
uously increasing loss of matrix-dominated regions. The clustered region
observed at 20 wt% and the more visible exposed fibrous particles at
30 wt% demonstrate that the local impact-fracture morphology

depended on the spatial distribution of the ground banana-fiber parti-
cles. Abdullah et al. [43] also reported that filler distribution and
fiber-matrix morphology influenced the properties of banana- and
bamboo-filled epoxy composites. However, direct comparison is limited
by differences in matrix type and fabrication process.

In the PP-CF system, the impact-fracture surface at 10 wt% was
characterized primarily by a relatively matrix-dominated region and an
isolated cavity. At 20 wt%, an exposed fibrous particle, a localized
opening, and a localized cavity became more apparent. At 30 wt%, the
fracture surface contained an exposed fibrous particle, a localized cav-
ity, and a large depression. These observations indicate that particle-
and opening-related features became more visually prominent at the
intermediate and higher coir-fiber loadings. However, the origin of the
large depression and localized openings cannot be determined solely
from the SEM images; they may have developed during impact fracture
or may represent pre-existing local discontinuities. Therefore, these
features are described morphologically without assigning them conclu-
sively to void formation, interfacial debonding, or particle pull-out.
Interfacial voids and fiber pull-out features have also been reported in
recycled-LDPE hybrid composites reinforced with natural fibers and
paper-pulp fillers [44]. However, the hybrid reinforcement system and
compression-molding process differ from those used in the present
study.

Overall, the annotated SEM micrographs indicate that the impact-
fracture morphology of the investigated biocomposites was influenced
by fiber type and loading. The PP-PALF system exhibited cavity clusters
and an elongated cavity at 10 wt%, a locally compact region at 20 wt%,
and a large cavity accompanied by matrix deformation at 30 wt%. In the
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Fig. 7. SEM micrographs of the impact-fracture surfaces of PP-PALF composites at (a) 10 wt%, (b) 20 wt%, and (c) 30 wt% fiber loading. C: cavity; CC: cavity cluster;
EC: elongated cavity; FP: exposed fibrous particle; RR: rough region; RCR: relatively compact region; LO: localized opening; LC: large cavity; MD: matrix deformation.

PP-BF system, matrix-dominated regions remained visible at all load-
ings, while a clustered region was most apparent at 20 wt% and exposed
fibrous particles were more visible at 30 wt%. The PP-CF system
changed from a predominantly matrix-dominated surface at 10 wt% to
more distinct exposed particles, localized openings, cavities, and a large
depression at 20 and 30 wt%. These features may influence local crack
propagation and energy dissipation during impact loading. Neverthe-
less, SEM observations alone cannot quantitatively determine the
contribution of each feature to the measured impact strength. The
impact response is therefore interpreted as resulting from the combined
effects of particle-specific characteristics, local particle distribution,
matrix continuity, interfacial interaction, and processing-induced
microstructure. Kyatanavar et al. [45] similarly combined mechanical
testing and SEM fracture analysis to evaluate the effects of natural-fiber
and bio-waste-filler composition on composite performance. Their use of
ANN further demonstrated the potential of composition-based predic-
tive approaches, although their hybrid phenol-formaldehyde system
differs substantially from the injection-molded PP composites investi-
gated here.

Although MAPP was added at a fixed content of 5 wt% based on the
PP/fiber blend mass, its relative availability decreased as the nominal
fiber loading increased. The nominal MAPP-to-fiber mass ratio
decreased from 0.50 at 10 wt% fiber loading to 0.25 at 20 wt% and
approximately 0.17 at 30 wt%. The increasing amount of ground fiber
particles likely increased the interfacial area that required wetting by
the PP matrix and compatibilization by MAPP. In addition, the higher
solid fraction may have increased the melt viscosity, restricted matrix
penetration between closely spaced particles, and promoted localized
fiber agglomeration [28,40]. Consequently, the fixed MAPP content may

10

not have provided uniform interfacial modification throughout the
highly filled composite, particularly at 30 wt% fiber loading, which may
have contributed to localized interfacial openings and reduced matrix
continuity.

Nevertheless, SEM fracture morphology alone cannot confirm
whether the selected MAPP addition level was chemically insufficient.
Compatibilization efficiency also depends on the maleic anhydride
grafting level, fiber surface chemistry, particle size and aspect ratio,
residual moisture, fiber dispersion, and the shear and residence-time
history during processing [26]. Because these parameters were not
directly quantified, the interfacial features observed at 30 wt% are
interpreted as indicating a possible limitation of the fixed compatibilizer
content and processing conditions rather than definitive evidence of
MAPP failure.

4.5. Limitations of the study

The processed neat PP control did not contain MAPP. Therefore,
comparisons with the fiber-containing formulations represent the com-
bined effects of fiber incorporation and MAPP addition, and the inde-
pendent contribution of MAPP could not be determined.

This study has several limitations that should be considered when
interpreting the mechanical and morphological results. Direct chemical
characterization of the treated and ground fiber particles using FTIR was
not performed, and untreated fibers were not characterized using the
same analytical procedure. Therefore, changes in chemical composition
and functional groups resulting from the alkali treatment could not be
quantified. Accordingly, the literature values presented for untreated
fibers in Table 2 are used only as general background information and
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Fig. 8. SEM micrographs of the impact-fracture surfaces of PP-BF composites at fiber loadings of (a) 10 wt%, (b) 20 wt%, and (c) 30 wt%. C: localized cavity; FP:
exposed fibrous particle; CR: clustered region; MR: relatively matrix-dominated region.

should not be interpreted as direct measurements of the treated, ground,
and sieved particles used in this study.

Although the dimensions of the ground and sieved particles were
measured before extrusion, their dimensions after extrusion and injec-
tion molding were not evaluated. Therefore, processing-induced particle
attrition during melt compounding and injection molding could not be
quantified. Future studies should include particle extraction from mol-
ded specimens and post-processing dimensional analysis to determine
changes in particle length and aspect ratio during processing.

Comparable thermal-characterization data were not available for all
three composite systems. Representative PP—coir and PP-PALF formu-
lations had previously been examined using different thermal-analysis
techniques, whereas corresponding data were not available for the
PP-BF formulations. Because the three composite systems were not
evaluated using an identical thermal-analysis method and testing pro-
cedure, the available information could not provide a direct comparison
of their thermal behavior.

Melt-rheological characterization was also not performed. Conse-
quently, the relative contributions of possible thermal degradation,
moisture or volatile release, increased melt-flow resistance, particle
agglomeration, limited matrix penetration, and interfacial effects could
not be quantitatively distinguished. Therefore, the reductions in me-
chanical performance and morphological changes observed at higher
particle loadings should be interpreted as potentially arising from a
combination of these factors rather than from a single mechanism.
Future studies should include comparable thermal characterization of
all composite systems, FTIR analysis of untreated and treated fiber
particles, post-processing particle-dimensional analysis, and melt-
rheological characterization of all fiber-containing formulations.
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5. Conclusions

Under identical extrusion and injection-molding conditions, fiber
type and nominal loading produced distinct mechanical and fracture
responses in PP biocomposites reinforced with ground low-aspect-ratio
fibrous particles. PP-PALF showed the most favorable overall
response, with the highest mean tensile strength of 34.91 MPa at 10 wt%
and impact strength of 2.75 kJ/m? at 30 wt%, corresponding to nu-
merical increases of 4.2% and 121.8%, respectively, relative to pro-
cessed neat PP. Tensile strength remained relatively stable in PP-PALF
but decreased at higher loadings in PP-BF and PP-CF, whereas impact
strength generally increased with loading.

SEM observations revealed loading-dependent differences in matrix
deformation, cavities, clustered or fiber-rich regions, exposed fibrous
particles, and localized openings. These results indicate that composite
performance was governed by the combined effects of particle type,
loading, particle distribution, matrix continuity, interfacial interaction,
and processing-induced microstructure. The study provides a controlled
comparative benchmark for selecting natural-fiber type and loading in
injection-molded PP biocomposites. Further work should evaluate
compatibilizer content and include comparable chemical, thermal,
rheological, and post-processing particle characterization.
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