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ARTICLE INFO ABSTRACT

Handling Editor: SN Monteiro This research investigates the thermal, mechanical, and dynamic properties of PLA composites reinforced with
banana peel powder (BPP). Composites with varying BPP contents were produced using melt blending followed
by compression moulding. Mechanical testing, thermogravimetric analysis (TGA), and dynamic mechanical
analysis (DMA) were conducted to evaluate performance. Thermal results highlight the influence of BPP filler
content on heat transfer, thermal stability, and the viscoelastic behaviour of the PLA matrix. Morphological
characteristics were examined through scanning electron microscopy (SEM) and visual inspection. PLA/BPP
composites containing 1 wt%, achieved the highest flexural strength with 1.7x higher than pure PLA, while the 3
wt% composite exhibited the highest thermal resistance. One-way ANOVA test approved significant differences
existed based on their increasing BPP wt% shown in F-values against F-critical. Despite being reduced relative to
its pure counterpart, the 1 wt% PLA/BPP formulation also recorded the greatest storage and loss moduli.
Conversely, an increase in BPP filler content is observed to significantly decrease the damping factor and its
overall thermal stability. Agglomeration is shown in poor mechanical performance in 2 wt% and 3 wt% despite
having high thermal resistance at temperature past 400 °C. This study significantly establishes systematic cor-
relation between filler content and viscoelastic behaviour of PLA/BPP composites, identifying the optimal
loading while explaining the degradation mechanisms through morphological analysis.
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1. Introduction known to exhibit biodegradation and acceptable mechanical properties,

comparable to conventional plastics [1].

In recent years, plastic wastes are generally increasing impactful
towards the environment. These issues include global warming, pollu-
tion in various media of air, soil and water which in general most plastics
can resist in harsh environments. Hence, their exceptional mechanical
and thermal properties are known to induce this phenomena. In order to
cope this issue, surging trend in research indicated a diversion from
conventional petrochemical plastics into alternative compostable, more
eco-friendly plastics. Polylactic Acid (PLA) is known to be one of the
popular biopolymer which can be fabricated from corn starch, sugar
beet, and other crops by fermentation. In addition, this polymer is

In Malaysia, crops of banana are produced annually in large quan-
tities, with over 500,000 metric tons recorded in recent years, making it
one of the top fruit commodities in the country [2]. This leads to sub-
stantial agricultural waste, with banana peels comprising approximately
30-40 % of the fruit's total weight. As a result, over 150,000 to 200,000
metric tons of banana peel waste is generated annually [3]. Improper
disposal of this biodegradable waste can contribute to methane emis-
sions, foul odour, and localized pollution, underscoring the need for
sustainable waste valorization strategies such as its incorporation into
biocomposites or bio-based materials. In addition, Saba banana is
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known to exhibit high cellulose concentration compared to other banana
species whereas studies found exceptional tensile modulus of 27 GPa
[4]. Thermal properties of saba banana peel powder is known to be great
as it can retain heat conductivity [5].

Polylactic acid (PLA), a biodegradable polymer derived from
renewable sources, serves as a promising matrix for biocomposite
development. When reinforced with natural fillers, PLA-based compos-
ites can enhance material performance while promoting circular econ-
omy practices. These includes kenaf-PLA, wood-PLA and banana fiber-
PLA improved PLA's tensile up to 40 %, 20 % and 30 % respectively
[6-8]. Though significant findings converges to banana filler which
studies have shown that incorporating 5 wt% banana into PLA can
improve flexural modulus by up to 60 % and enhance thermal resistance
[4,9]. Commonly, fiber-based organic additives are popular for PLA
composites as they can improve PLA's mechanical performance. Me-
chanical results has drastically proves that banana fiber has potential in
developing improved PLA characteristics.

PLA composites are often exposed to dynamic conditions, where both
load and temperature fluctuates whereas pure PLA struggles in exhib-
iting brittleness is specific temperatures. Thus, several researchers have
investigated the performance of natural fiber-reinforced polymer com-
posites under such dynamic loading conditions. Majhi et al. developed a
Banana-PLA composite by mercerization in order to maximise cellulose
content. Their study showed that the addition of the chemical treatment
steps have enhanced the storage modulus and loss modulus of the PLA
composite by 60 % and 8 % respectively. Hence, their findings indi-
cating improved interfacial adhesion between distinct materials pri-
marily causing improved stress transfer [10]. Komal et al. found that
banana fiber reinforcement reduced the damping factor (Tan A), sug-
gesting an improvement in the polymer's elastic properties. Fabrication
method include extrusion compression moulding which they also
concluded that fiber incorporation increased the glass transition tem-
perature (Tg) of the composites [11]. Previous research has demon-
strated that factors like the weaving pattern of the fiber mat and fiber
loading significantly impact the dynamic behaviour of polymer com-
posites. Interestingly, Venkateshwaran et al. reported that the use of a
plain weave pattern in banana mat composites improved their dynamic
mechanical properties [12]. From these studies, it can be inferred that
countless studies for in dynamic mechanical analysis. Hence, fiber ad-
ditive have more flexibility in their orientation in matrix and is more
direct approach compared to filler-based additives. This shows studies
for PLA-Filler are lacking especially in analysing their mechanical
properties. Filler banana additives has the similar potential if proper
fabrication method and tests are implemented to validate similar claims
with fiber additives.

A very recent study on PLA/BPP composites which their mechanical
properties are heavily discussed adjunct with thermal findings [5].
Though, research to date has not extensively explored the static and
dynamic mechanical behaviour of green composites reinforced with
promising Saba banana peel fillers. The current work aims to bridge this
gap by systematically investigating the mechanical, thermal, and
viscoelastic behaviours of PLA reinforced with varying banana peel
powder (BPP) loadings (0.5-3 wt%). Specifically, this study seeks to
evaluate the tensile and flexural performance of PLA/BPP composites to
determine the optimal filler concentration, examine fracture
morphology using SEM to relate with interfacial bonding and failure
mechanisms. Hence, characterize the viscoelastic response through
DMA results to assess the effects of BPP on stiffness and energy dissi-
pation and analyze the thermal stability and transition behaviours using
TGA and DSC to correlate thermal and mechanical properties. The
outcomes are expected to identify the ideal composition for balanced
mechanical strength and thermal performance, thereby supporting the
development of sustainable, bio-based polymer composites with
improved functionality.
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2. Materials and methods
2.1. Materials

Saba banana wastes were collected from a store in Serdang,
Malaysia. 3251D for injection grade of PLA was obtained from Innova-
tive Precision Sdn Bhd. The specific gravity of supplied polymer was
1.24 g/cc' as per supplier specifications. Melting temperature (Ty,) and
glass transition temperature (Tg) of PLA were 150 °C-160 °C and
55 °C-60 °C respectively.

Images of banana peel powder were examined, as shown in Fig. 1.
Sieved BPP has depicted more uniform particle sizes compared to
unsieved BPP. Thus, sieving the powder is required to maintain the
similar powder sizes as recent studies have indicated improved me-
chanical property compared to unsieved [13].

Fabricating a PLA/Banana Peel Powder (BPP) composite by repur-
posing peel waste into functional fillers, enhancing PLA's flexural
strength by nearly twice. Through melt-blending and compression
moulding, the material was shaped into single-use products. This offers
an sustainable solution including everyday disposable items as waste are
repurposed and current PLA mechanically improved.

2.2. Processing of BPP

Banana peels were separated from the waste, washed with probiotic
soap to remove dirt, and isolated from the edible portion. The peels were
then sliced into smaller pieces using a knife and scissors. Smaller sizes
were prepared to optimize drying in an oven at 60 °C for 24 h. Once
dried, the moisture-free peels were ground using a 400W high-powered
blender (Panasonic, YG-SC-1589). The resulting powder was sieved
using a 250 pm mesh. Grinding and sieving were repeated to obtain
standardized banana peel particulates. Fig. 2 illustrates preparation of
BPP accordingly from banana peel waste to powder.

2.3. Composite fabrication

Fig. 3 emphasizes step in composite PLA/BPP fabrication with Melt-
Blend Mixer and Compression Moulding Machine.

2.3.1. Melt-blending of mixed material

The melt-blending process was carried out using a Brabender®
Plastograph® EC internal mixer with a screw mechanism that simulates
typical polymer extrusion. PLA pellets were added to the mixer running
at 50 rotations per minute (RPM) and heated to 190 °C. Once fully
melted, banana peel powder (BPP) was introduced and left for 15 min to
ensure even dispersion. BPP was incorporated at weight fractions
ranging from 0.5 wt% to 3 wt% in the PLA composite mixture.

2.3.2. Hot compression mould of hardened mixed mould

Fig. 3 shows that compression moulding machine model TECHNO-
PRESS 40HC-B was used to fabricate the hardened composite plates.
This equipment have pressure, cooling rate, total cycle time of 30 psi,
16 °C/min, and 15 min respectively. The blended material was crushed
and layered between metal sheets with 3 mm thickness and OHP films
before compression. The process involved an 8-min pre-heating stage,
followed by a 5-min full press. A final cold pressing step for 5 min was
applied to minimize voids and trapped air, preventing recrystallization.
Total samples compositions are 5 in total, includes PLA, varying com-
posites wt of 0.5 wt% BPP, 1 wt% BPP, 2 wt% BPP, and 3 wt% BPP
renamed as Control, PLA/BPP/0.5, PLA/BPP/1, PLA/BPP/2 and PLA/
BPP/3 respectively.
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Fig. 1. Images of BPP (left), sieved BPP (right).
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Fig. 2. Banana peel powder preparation.
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Fig. 3. Fabricating composite of PLA/BPP.

3. Characterisation Tensile tests were carried out according to ASTM D638 using a 10 kN

load cell, with a crosshead speed of 2.3 mm/min and strain rate between

3.1. Tensile and flexural analysis 1 and 500 mm/min. This standard prescribed dog-bone shaped di-

mensions of 115 mm (L) x 19 mm (W) x 3 mm (H). Flexural strength was

Physical testing was conducted using a Universal Testing Machine assessed following ASTM D790-17 (Procedure A) using a wedge-action

(INSTRON 5567) with appropriate load cells. Before testing, sample flexural clamp. Samples measured 120 mm x 12.7 mm and were

dimensions’ thickness and length were measured using a micrometer tested with a 46 mm support span at a crosshead speed of 1.3 mm/min. A
screw gauge. 50 kN load cell was used for the three-point bending tests.
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3.2. Statistical analysis

The tensile, flexural, and impact strengths as well as the tensile and
flexural modulus were each analyzed separately using an F-test in the
form of a one-way (or one factor) analysis of variance (ANOVA) ata 5 %
level of significance (95 % confidence level) to determine if the addition
of the BPP had a statistical effect on the mechanical properties of the
different composite groups. The only variable or factor changing was the
filler loading. Each mechanical property was evaluated as one group
which consisted of 5 groups where Group 1 was for pure PLA samples,
Groups 2 to 5 for composites with increasing BPP loading from 0.5 %, 1
%, 2 % and 3 % BPP. The analysis was performed using the Analysis
ToolPak add-in feature in Microsoft Excel 365 (Microsoft Corp., Red-
mond, WA, USA). If the F-critical value was less than the F-value, the
results suggest significant differences of means exist between the com-
posite groups (rejection of null hypothesis). If the F-value is close to zero
or close to the F-critical value, it suggests there were no differences in
the mean values obtained. If p-value is higher than 0.5, results can be
deduced as statistically significant and not due to random chance,
allowing to reject the null hypothesis.

3.3. Morphological analysis via scanning electron microscope (SEM)

Plate samples were initially examined using a digital camera before
cutting. Tensile specimens containing varying fiber contents were
analyzed using a scanning electron microscope (COXEM EM-30AX Plus,
Korea). Cross-sectional imaging was performed at an accelerating
voltage of 15.0 kV. To minimize image noise, all samples were gold-
coated using a sputter coater prior to SEM analysis.

3.4. Thermal gravimetric analysis

Thermogravimetric Analysis (TGA) was conducted using a TGA
analyzer (Mettler Toledo Model: TGA/DSC 3+ HT/1600) to evaluate the
thermal stability and decomposition behaviour of the samples.
Approximately 1-5 mg of each specimen was weighed and placed in a
platinum pan. The analysis was performed under a nitrogen atmosphere
to prevent oxidative degradation, with a continuous gas flow rate of
20-50 mL/min. The temperature range was set from room temperature
to 600 °C, at a constant heating rate of 10 °C/min. The resulting TGA and
derivative thermogravimetric (DTG) curves were recorded to identify
the onset decomposition temperature (Tonset), peak decomposition
temperature (Tpax), and residual mass at 600 °C. This equipment spe-
cifically has DSC (Differential Scanning Calorimetry) function, but only
the major peaks are discussed.

3.5. Melting crystallinity calculation

The degree of melting crystallinity (X,) was determined using the
following formula equation (1)
AH,

(XmiA'"HO) 100%
m

(€Y

X

AHp, represents the cold crystallization enthalpy of PLA/BPP composite;
AH§, refers to the enthalpy value of 93.6 J/g for 100 % crystallized PLA
[14]. Xpia defined as the weight fraction of PLA in the PLA/BPP
composite.

3.6. Dynamic mechanical analysis

A Q800, TA Instruments DMA/SDTA equipped with dual cantilever
tools was used for performing the DMA analysis. The test was run with a
preload of 3 N and a frequency of 1 Hz. The samples were heated from
0to 160 °C with at 3 °C/min in an air atmosphere. Based on ASTM D790,
all samples were prepared as 60 x 12.5 x 3 mm®.
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4. Result and discussion
4.1. Tensile test

Fig. 4 emphasizes tensile properties including tensile strength,
modulus and elongation at break of materials; PLA, PLA/BPP/0.5, PLA/
BPP/1, PLA/BPP/2, PLA/BPP/3. All samples exhibited typical brittle
fracture patterns. Neat PLA showed the highest mechanical perfor-
mance, with tensile strength of 44.15 MPa, modulus of 5678.93 MPa,
and elongation at break of 0.82 %, values comparable to conventional
petroleum-based plastics. Upon incorporating banana peel (BPP) at 0.5
wt%, these values dropped to 39.47 MPa, 5915.81 MPa, and 0.74 %
respectively. Increasing BPP to 1 wt% improved tensile properties, with
strength reduce to 37.45 MPa, while increased its modulus to 5674.11
MPa, and elongation at break to 0.82 %. Hence, due to poor interfacial
adhesion between the hydrophilic BPP and hydrophobic PLA will be
proven in section 4.3. The mismatch in polarity limits stress transfer
efficiency, leading to weak filler-matrix bonding and premature failure
under load. Additionally, moisture affinity of BPP due to hydroxyl
groups on its surface promotes micro-void formation and weakens the
composite interface [15,16]. These interfacial defects hinder uniform
stress distribution and reduce mechanical integrity. Similar trends have
been reported in other particle-reinforced composites, where inadequate
filler dispersion and particle size larger than 100 pm mesh reduce
reinforcing efficiency [17]. However, achieving finer particle sizes re-
quires higher energy input, theoretically making production less
economical.

Followingly, reduced tensile properties is observed for BPP at 2 wt%
where its strength (33.53 MPa) and elongation at break (0.61 %), while
modulus is the highest of 6164.88 MPa. For this study, 3 wt% is the
maximum BPP as the tensile properties is observed as the lowest
including strength, modulus and elongation at break of 22.47 MPa,
5446.51 MPa and 0.44 % respectively. Contradicting values of increased
young's modulus but decreased tensile strength verified in PLA/BPP/2 is
experiencing more brittleness behaviour of PLA. As the stress is
concentrated at poorly bonded filler interfaces, local debonding and
crack propagation occur more readily, resulting in reduced tensile
strength despite increased rigidity. This phenomenon is consistent with
fracture mechanics principles, where higher stiffness without corre-
sponding interfacial compatibility leads to reduced toughness and
greater brittleness [18]. Additionally, consistent trend when compared
for PLA/BPP/2 with PLA/BPP/3, overall tensile properties are reduced,
as the loading increased. For instance, if the BPP loading is increased,
expected tensile properties will be heavily reduced based on the pairing
of result from these 2 loadings of PLA composites.

The tensile of the biocomposites are primarily influenced by the
stretching of PLA molecular chains [19]. As BPP content increased from
0.5 wt% to 1 wt%, the interaction between PLA and BPP became more
pronounced due to the higher number of polymer chains in contact with
the filler. Hence, indicated from increase of elongation at break from
0.74 % to 0.82 % which has increased 10 % respect to 0.5 wt% BPP.
Additionally, SEM analysis in a study confirmed that some BPP partic-
ulates penetrated the porous structure of, creating entangled regions
that contributed to improved tensile deformation resistance [20].
However, when the BPP loading exceeded 2 wt%, the tensile properties
began to decline. This reduction was attributed to poor dispersion and
the formation of BPP agglomerates, which introduced stress concen-
tration points within the matrix.

Overall of tensile test deduces that PLA/BPP/1 is the best composi-
tion for this study as their tensile properties experiencing the slightest
deviations. Reduction of tensile stress compared to pure PLA, are only
15.17 %, and its young's modulus at only 0.08 %. Elongation at break
values are found to be identical for this study.
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Fig. 4. Tensile properties of PLA and PLA-BPP composites.

4.2. Flexural test

Fig. 5 summarizes flexural properties including tensile strength,
modulus and elongation at break for materials of PLA, PLA/BPP com-
posites from 0.5 wt% to 3 wt%.

Neat PLA recorded flexural performance, with a strength of 40.76
MPa, modulus of 3037.22 MPa, and elongation at break of 1.75 %. When
BPP of 0.5 wt% was added, these values slightly increased into 53.79
MPa, 3319.99 MPa, and 3.19 %, respectively. Followingly a modest
addition to 1 wt%, increased these values into 70.51 MPa, 3504.78 MPa
and 3.6 %. Though, inconsistent trend is observed for 2 wt%, as only
modulus are increased to 3520.98 MPa while its strength and elongation
at break depreciates to 25.38 MPa and 1.29 %. At 3 wt%, weakest
flexural property is also observed which these values decreased to 13.67
MPa,3183.86 MPa and 1.38 %

In comparison with pure PLA, flexural strengths for PLA/BPP/0.5 is
increased 31.96 %, followed by 72.99 % for PLA/BPP/1. Though, it
decreases 37.74 % and 66.46 % for PLA/BPP/2 and PLA/BPP/3. Flex-
ural modulus exhibited increase of 9.31 % for PLA/BPP/0.5, 15.39 % for
PLA/BPP/1 followed by minute difference of 15.93 % for PLA/BPP/2.
Similar trend of weakest mechanical property for PLA/BPP/3 which it
reduces 12.22 %. Elongation at break results suggest increase of 82.19 %
for PLA/BPP/0.5 followed by PLA/BPP/1. Though, for 3 wt% and 2 wt%

shown only reduction of 21.14 % and 26.42 % respectively. This
repeating trend from flexural properties is indicative of consistent
increasing trend for flexural respect with increase of BPP loadings only
from 0.5 wt% to 1 wt%. Though, this trend stops for when BPP loading
exceeded 2 wt% and the flexural properties began to decline. Poor
dispersion and the formation of BPP agglomerates is expected to be
contributing this occurrence which inconsistent stress across the matrix.

In flexural results, presence of BPP within the PLA matrix have
provided improved stress transfer induced better interfacial bonding in
some regions by aiding the composite during bending test. As BPP
content increased, the overall flexural modulus showed an increasing
trend, peaking at 3520 MPa which is 15.93 % higher than pure PLA of
only 3037.22 MPa. This enhancement may also be attributed to the
interaction between PLA molecular chains and the porous structure of
BPP, where partial chain entanglement or anchoring within the filler
restricts mobility and provides greater resistance to bending deforma-
tion. The uniform dispersion of fillers during the preparation process
contributed to the enhanced mechanical properties observed in the
biocomposites compared to the neat PLA matrix. Notably, the use of
untreated particulate reinforcements typically expected to promote
cavitation and remains a point of interest. In particle-reinforced systems,
the inherent stiffness and hardness of BPP made bending more difficult,
often leading to stress concentration and microcrack initiation rather
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Fig. 5. Flexural properties of PLA and PLA-BPP composites.
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than plastic deformation under flexural strain [21].

Similar findings were reported by Ho et al., who observed a 49.4 %
increase in the total fracture energy of PLA composites when 7.5 wt%
bamboo charcoal was added [22]. This improvement can be linked to
the inherent properties of pure PLA, a semicrystalline polymer with
limited crystallization ability and a relatively low degree of crystallinity,
which results in poor resistance to impact. In other study, crystallization
of BP and UFBC-reinforced biocomposites improved significantly, with
crystallinity increasing alongside UFBC content. This enhancement
allowed the molecular chains to self-organize into more regular struc-
tures, forming larger crystalline regions that improved resistance to the
initiation of cracks [23].

4.3. Statistical analysis

Statistical evaluation using one-way ANOVA for tensile and flexural
is summarized in Table 1. For all tests, the F-value exceeded the F-crit-
ical value, leading to rejection of the null hypothesis and confirming
significant differences among the mechanical properties of the com-
posites. The results indicate filler loading levels significantly influenced
the tensile, flexural performance of the PLA matrix. Moreover, all test
has shown P-values to be less than 0.05 and deduces that respective
values among composites are statistically different.

F-values shown that flexural extension indicated the highest differ-
ence with F-critical value of 32.94 followed by tensile extension, flexural
strength, tensile strength, flexural modulus and tensile modulus at
22.86,22.81,13.80, 2.76, 2.46 respectively. This values can deduce that
extension for tensile and flexural results from section 4.2, shows the
highest contribution. Similar studies has obtained f-values and implied
that percentage contribution of the property can be proven with
increased difference with f-critical value [24,25].

4.4. Scanning electron microscopy and morphology analysis

Scanning Electron Microscopy (SEM) analysis of fractured surfaces
from composites with different filler loadings revealed distinct

Table 1

ANOVA (One-way) was conducted to evaluate the effects of increasing BPP filler
on tensile strength, tensile modulus, tensile elongation, flexural strength, flex-
ural modulus, and flexural elongation of the PLA matrix.

Source of SS df MS F- F- P-Value

Variation value Critical

Tensile Strength (MPa)

BG 2081.34 4 520.33 16.66 2.87 3.732E-
06

WG 62459 20 31.23

Tensile Modulus (GPa)

BG 943.92 4 235.98 5.33 2.87 4.348E-
03

WG 885.51 20 44.28

Tensile Extension (%)

BG 0.00 4 0.00 25.73 2.87 1.218E-
07

WG 0.00 20 0.00

Flexural Strength (MPa)

BG 8892.70 4 222318 25.68 2.87 1.239E-
07

WG 1731.58 20 86.58

Flexural Modulus (GPa)

BG 2118.87 4 529.72 5.63 2.87 3.350E-
03

WG 1883.19 20 94.16

Flexural Extension (%)

BG 13.09 4 3.27 35.81 2.87 7.458E-
09

WG 1.83 20 0.09

(BG, between groups; WG, within groups; SS, sum of squares; df, degree of

freedom; and MS, mean square).
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microstructural features corresponding to their mechanical properties.
As shown in Fig. 61 and 6l1, evident microcracks were present, indicating
weak interfacial bonding and poor stress distribution. In other polymer-
filler based composite study, SEM findings have indicated comparable
behaviour with current morphology [26]. Similar pattern of grooves can
be seen for the tensile tests sample across the 2 materials of PLA pure and
PLA composite in Fig. 6. Due to its brittleness property, PLA is shown to
be have apparent multiple matrix breakage with sizes ranges from 50 pm
up to 59 pm where in this image observed total of 6 breakages.

Compared to PLA/BPP/1, number of breakage is reduced, despite
being larger and differing sizes for each breakage points shown in high
range values of 132 to 70 pm and total of 4 breakage in this image
captured. Addition of BPP as filler-matrix interaction has provide
strengthening effect as the number of breakage is reduced in the similar
magnification. Visual interpretation of filler pull-out has indicated an
apparent stress point compared to other breakages. Hence, fillers in PLA
matrix has provide a degree of resistance through the PLA matrix.
Though, due to the apparent sizes of the breakages are more apparent
than pure PLA, has reflected into slight reduction peak tensile strength
values as reported in section 4.1. Reducing the filler sizes and improving
its surface adhesion for filler and matrix PLA may mitigate this issue as
reported in other papers slight improvement in respective methods [27,
28].

SEM images from Fig. 7(i) has indicated that BPP particles are rela-
tively uniform distributed in PLA matrix surface. Particle sizes can be
proven in scale provided where only 1-6 pm can be observed. This
particle size measured complies with the sieving of BPP being less than
250 pm. This filler material property assessment is analogous with
previous study on PLA composites [29]. Ideally, we can observe that
Fig. 7(ii) emphasis on BPP uniform dispersion in PLA matrix in cross
sectional area and be compared to isotropic figure of composite. This
particle arrangement clarifies that BPP can provide strengthening effect
by interlocking between PLA monomer chains as more contacts are
provided. Hence, this will improve stress transfer across the matrix and
might improve its mechanical performance. Apparently findings in
section 4.2, has validated as the flexibility of PLA has improved drasti-
cally. Other studies has shown validation morphology analysis with
increased mechanical strengths including PLA with rice husk and wood
fillers [6,30].

Fig. 8(i) depicts visual breakage of cross-sectional surface respect
with materials from pure PLA, PLA/BPP/0.5, PLA/BPP/1, PLA/BPP/2
and PLA/BPP/3. PLA shows the smoothest surface among the materials
while other composites shown rougher surfaces. Meanwhile, significant
voids is observed in PLA/BPP/2 cross-sectional surface of broken tensile
samples. Followingly, PLA/BPP/3 show similar voids but with a signif-
icant size at the bottom part. Hence, void fraction is greater for com-
posite 3 wt% relative to 2 wt%. Comparing to Fig. 8(ii), crack
propagation for tensile test can induce cracks when the filler agglom-
erates. This can be relate with PLA/BPP/2 and PLA/BPP/3 as BPP ag-
glomerates and instating more crack initiation sites across the matrix.
This schematic also illustrates that occurrence of rougher surfaces on
broken tensile samples as some BPP particles are left on the surfaces and
missing post-tensile test. These defects facilitated crack initiation under
tensile and flexural loading, with cracks propagating along the weak
filler-matrix interface rather than through the matrix itself, indicating a
brittle fracture mechanism. Similar findings can be observed for PLA
with cellulose fillers experience agglomeration on higher filler loadings
which the forces between the powder is stronger than the bond with the
matrix [20,31].

4.5. Thermal characteristics

The TGA curves for all samples are illustrated in Fig. 9(i) and (ii),
with key thermal degradation data summarized in Table 2. Pure PLA
begins thermal degradation (Topset) at approximately 259.98 °C, while
composites containing BPP start slightly earlier, around 255.36 °C.
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Fig. 6. SEM Images of surface area of broken tensile tests of PLA (i) and best performing PLA/BPP/1 (ii) (Enlargement at 500X).
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Fig. 8. (i) Cross sectional-area of breakage of Tensile Samples from left to right (PLA, PLA/BPP/0.5, PLA/BPP/1, PLA/BPP/2) and (ii) Schematic illustration of crack

propagation for tensile breakage for agglomerated BPP in PLA matrix.

Among them, the 3 wt% BPP composite shows the lowest Topset, likely
due to the greater proportion of BPP, which exhibits lower thermal
stability. The reduced Tonst across the composites suggests that
increased filler incorporation may disrupt the polymer matrix and faster
down gas release during thermal breakdown at lower temperatures.
Hence, the TGA and DTG profiles show similar degradation trends across
the samples. For 10 % mass residual, Tq shown 3 wt% has the lowest
temperature, followed by 2 wt%, pure PLA, 1 wt% and 0.5 wt%. For
decomposing temperature, PLA is improved only at lower loadings of
0.5 wt% and 1 wt% but worsens at higher loadings pass 2 wt%.
Interestingly at high temperatures, curve from the graphs depicts
that decomposition continues up to about 400 °C for the 0.5 wt% and 1
wt% BPP composites, compared to roughly 380 °C for pure PLA, indi-
cating the presence of additional degradable components in the blends.

3502

Followingly, 2 wt% and 3 wt% BPP composites complete degradation
further than pure PLA, reflecting increased thermal resistance despite
their weaker mechanical and morphological performance. At 10 % mass
residuals, it can be observed that PLA/BPP/0.5 and PLA/BPP/1 exhibit
increased temperature for 15.79 °C and 6.98 °C difference respectively
compared to PLA. Conversely, higher loadings of 2 wt% and 3 wt% BPP
shown reduced temperature with 10 % mass residual. Higher tempera-
tures favors more on PLA/BPP composites of higher loadings as indic-
ative of higher thermal retardancy. Hence, improved thermal stability
can be found for PLA/BPP composite of lower loadings less than 1 wt%
which is supported by its flexural properties found in Section 4.2. This
aligns with earlier findings in polymer composite studies, where fillers
contribute to higher residual mass upon degradation [23].
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Fig. 9. (i) Thermal stability result based on decomposed mass.

Table 2
PLA and PLA/BPP composites with 10 % mass residual,
respect with its Tq.

Material Temperature, Tgq (°C)
Control 359.479
PLA/BPP/0.5 373.26

PLA/BPP/1 366.397

PLA/BPP/2 356.826

PLA/BPP/3 351.789

4.6. Crystallization properties

In conjunction with previous study, FTIR findings have validated the
compatibility of PLA and BPP which reflects to some composites with
better crystallinity and interfacial adhesion that will be discuss here [5].
Table 3 summarizes the thermal parameters on melting point including
glass transition temperature (Tg), degree of crystallinity (X.) Melt crys-
tallization temperature (Tp,), initial border of melting phase (Tp1), final
initial border for (Tp,2), and melting crystallization enthalpy (AHy,). DSC
data is obtained from recent study on PLA/BPP composites [32]. Several
key trends emerge regarding the influence of BPP content on the thermal
behaviour of PLA composites.

As the BPP content increased, the glass transition temperature (Tg)
showed a moderate declining trend from 64.75 °C for pure PLA to
60.79 °C for the PLA/BPP/3 composite. This decrease in Ty may indicate
a shift in the molecular mobility of the polymer chains under thermal
conditions, suggesting a slightly earlier onset of thermal softening in
higher BPP-loaded samples. More prominently, the degree of crystal-
linity (Xy,) displayed a consistent increase with rising BPP content. Pure
PLA registered an X, of 32.23 %, while PLA/BPP/3 achieved the highest
at 51.23 %, reflecting an overall enhancement in the ordered phase
within the composite structure. This trend aligns with the melting

Table 3
DSC data of PLA and PLA/BPP biocomposites.
Samples Tg X, (%) T Tm1 T2 AHp, (J/8)
(°C) (°C) Q) “0)
Control 64.75 32.23 % 171.46 154.61 182.02 30.1676703
PLA/BPP/ 63.91 44.21 % 167.98 149.34 180.54 41.1746475
0.5
PLA/BPP/ 64.57 42.14 % 168.28 149.45 183.2 39.047561
1
PLA/BPP/ 63.38 45.66 % 166.87 146.6 181.87 41.8817951
2
PLA/BPP/ 60.79 51.23 % 168.6 153.24 181.28 46.5115534
3
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enthalpy (AHp,) values, which rose from 30.17 J/g in neat PLA to 46.51
J/g in PLA/BPP/3, indicating a greater energy requirement for melting
and, by extension, greater thermal stability of the crystalline regions.

The melting temperature (Ty,) values, though showing slight fluc-
tuations, remained within a narrow range, with the highest Ty, observed
in the pure PLA at 171.46 °C, and the lowest at 166.87 °C in PLA/BPP/2.
Interestingly, a rebound in Ty, to 168.6 °C was recorded in the PLA/BPP/
3 sample, indicating improved thermal uniformity at that loading. Dual
melting temperatures (Ty,; and Tp,2) observed across all samples suggest
the presence of complex melting behaviour, possibly due to multiple
crystalline populations. Tp,; values ranged from 146.60 °C to 154.61 °C,
while Tpy values remained relatively stable between 180.54 °C and
183.20 °C, reflecting consistent high-temperature melting behaviour
across samples. In conclusion, the PLA/BPP composites, particularly at
3 wt% BPP loading, demonstrate improved thermal performance as
evidenced by higher crystallinity, elevated melting enthalpy, and stable
melting temperatures. These enhancements point to improved heat
resistance and thermal phase behaviour, making such composites more
thermally robust than pure PLA.

At melting temperature, it can be inferred that increased BPP into
PLA composite has concluded into higher enthalpy and crystallinity
during melting temperature behaviour. Hence, BPP is known to exhibit
high cellulose and silica content whereas exhibit high thermal resistance
[4]. In addition, consecutive studies has proven heat and flame retard-
ancy properties for banana peel powder [9]. In short, high melting
crystallinity degree at PLA/BPP/3 which indicated 59 % better thermal
characteristics than pure PLA has validated that BPP is a potent material
in safety applications.

4.7. Dynamic mechanical analysis of PLA/BPP composite

In order to observe polymer-composite material's viscoelastic
behaviour, dynamic mechanical analysis (DMA) is chosen as it is an
established method. Cyclic-load (twisting) respect to temperature are
analyzed which is time-independent deformation. Composition of ma-
terials can be easily identified for its viscoelastic behaviour, including
results of storage Modulus (G), loss modulus (G") and damping factor
(tan A). Respect with DMA method, mobility of polymer and their
composites' molecules starts can be analyzed with its transition zone of
composites. PLA is known to as a thermoplastic polymer, and can be
defined into 4 graph regions; sub-glass transition (glassy) region, glass
transition region, rubbery plateau and flowing region which will be
discussed in respective sections. Fig. 10 emphasizes the general pattern
of dynamic mechanical analysis of PLA as a thermoplastic [33].
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Fig. 10. A diagram illustrating the viscoelastic properties of a thermoplastic.
(Adapted from Ref. [33]).

4.7.1. Storage modulus

The storage modulus represents the elastic or “stored” energy in a
material when it is subjected to periodic deformation. It indicates the
stiffness of the material and its ability to store mechanical energy. A
higher storage modulus is typically associated with greater rigidity and
resistance to deformation, reflecting a material's improved load-bearing
capacity. In PLA-based composites, an increased storage modulus often
results from strong filler-matrix interactions or crystalline structures,
which enhance structural integrity and resistance to mechanical
breakage under stress [33]. Fig. 11 summarizes PLA and PLA/BPP
composites with relation of storage modulus respect to increasing tem-
perature. Table 4 depicts the values of storage of modulus on specific
temperature of Troom (Room Temperature) and Tg (glass-transitioning
temperature).

At room temperature, pure PLA exhibited the maximum storage
modulus at 2050 MPa. In composite form, storage modulus of PLA/BPP/
1 has reduced by 7.35 %, followed by PLA/BPP/0.5 (7.86 %), PLA/BPP/
2 (~8 %) and PA/BPP/3 (9.26 %) (Refer Table 4). From this pattern,
there is a direct correlation of particle concentration with decreasing
storage modulus. Hence, in specific concentrations of BPP for 0.5 wt%,
2 wt%, 3 wt%, affects the chain mobility of PLA, which reduces the ri-
gidity of PLA. Though in this study, PLA/BPP/1 having the least affected
storage modulus at room temperature, is also supported with results
from flexural stress tests whereas having the highest peak flexural stress,
elongation at break values (refer Fig. 5).
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Fig. 11. Storage modulus of developed composites and PLA.
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Table 4
Storage Modulus at Room Temperature vs Glass-Transition Temperature.

Material Storage Modulus at Treom (MPa) Storage Modulus at Tg (MPa)
Control 2050.721 127.933
PLA/BPP/0.5 1889.631 91.711
PLA/BPP/1 1900.496 98.267
PLA/BPP/2 1830.728 85.267
PLA/BPP/3 1897.887 26.657

At glass-transitioning temperature, similar peak storage modulus is
depicted by PLA which is 127.33 MPa. Minimum amount of BPP is
added at 0.5 wt% and has resulted into reduced storage modulus at
91.71 MPa (28.31 %). Followingly, incremental BPP at 1 wt% added to
PLA has resulted 98.27 MPa though less reduction relative to pure PLA
of 23.19 %. PLA/BPP/2 and PLA/BPP/3 have following depreciated its
storage modulus at 85.27 MPa and 26.66 MPa respectively. Massive
reduction in storage modulus can be observed for PLA/BPP/3 is signif-
icant at 79.16 %, compared to PLA/BPP/2 at 33.35 %. This may be due
to apparent voids and agglomeration (refer section 4.3 from SEM find-
ings) occur on this particular BPP loadings as forces between particles
are more apparent. Trends from the other studies, have shown reduced
storage modulus at higher mass fractions due to this particular forces
[34].

Compared to other developed composites, PLA/BPP/1 experience
the least storage modulus reduction at 23.19 %. This sample also showed
maximum flexural strength increase in earlier mechanical tests (refer
section 4.2.Hence, this increase in PLA/BPP/1 confirms a toughening
effect whereas the presence of BPP particles improved the composite's
ability to resist deformation under dynamic mechanical stress. This
particular composition verifies superior thermal-mechanical stability
among the tested composites at glass transitioning temperatures. Recent
findings indicated matching results, whereas the PLA-wood composites
increases its mechanical properties while slightly reduced its storage
modulus [35].

Fig. 11 emphasizes on the trend of storage modulus directly with
rising temperature. Generally, from the very low temperature to high
temperatures the behaviour of the polymer changes according to its
molecular mobility. For PLA (control) room temperature up until 58 °C
mark can be inferred as sub glass region indicates a small slope. Fol-
lowingly, the storage modulus abruptly change and changes into very
large gradient slope, can be inferred as glass-transition region. Rubbery
region starts at 69 °C mark, as modulus reduces and stabilizes which the
slope gradient reduced. In flowing region, modulus starts to increase at
100 °C but only exhibit small slope change. PLA 3251D is known to have
high melting flow index and reflects to the high temperature of the
flowing region [33,36].

Other composites of PLA/BPP share the similar curve profile with
PLA of four regions. Though, slight deviation can be observed which
point of the phase region transition occurs. Most significant difference
can be observed for PLA/BPP/3 as sub glass region transition into glass
region shifts at earlier at 54 °C mark. Next region also shifts the initial
point at earlier temperature of 62 °C. Consistent shifting of lowered
temperatures respect with region transitions can describe a reduced
thermal stability and material stiffness. Hence, BPP at this mass-fraction
induces worse particle energy dispersion towards the PLA matrix. This is
also supported by the mechanical findings in section 4.1.

Similar to PLA, PLA/BPP/0.5 and PLA/BPP/1 indicate temperature,
at 58 °C for glass region transitions into sub glass region. This is also
reflected for the next region transition to rubbery also depicted at 69 °C.
Unfortunately, the final region of rubbery transition shifts the temper-
ature very early compared to PLA, at 95 °C in addition with higher
gradient slope change. These two deviations exhibit worse molecular
mobility and thermal stability at higher temperatures. Hence, BPP par-
ticles may disrupt the PLA matrix when in flowing form, as the viscosity
is increased, though the stiffness is reduced.
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In dynamic mechanical analysis (DMA), a steep gradient in the
storage modulus curve during the glass transition phase signifies a rapid
loss of stiffness, indicating that the material undergoes a sharp transition
from a rigid to a flexible state. This steep decline reflects increased
molecular mobility, where polymer chains gain freedom of movement,
leading to a substantial reduction in mechanical resistance. In this study,
for PLA showing such behaviour are more brittle, as less external force is
required to initiate fracture once the glass transition is reached. There-
fore, a high slope in the modulus-temperature curve corresponds to a
less stiff and structurally unstable phase, making the material prone to
deformation and breakage under minimal mechanical stress, especially
at elevated temperatures. This property denotes a limited ability to
retain load-bearing capabilities, highlighting the importance of a
gradual modulus decline for improved toughness and durability in
polymer composites. Conclusively, PLA/BPP/1 is known to exhibit the
least affected storage modulus at Treom and Tg, while increasing the BPP
filler is known to be reducing the storage modulus. In fact, modern ap-
plications, PLA can only be use in room temperature applications
including medical devices.

4.7.2. Loss modulus

The loss modulus quantifies the viscous or energy-dissipating
component of the material during cyclic loading. It reflects how much
mechanical energy is lost as heat. Materials with higher loss modulus
values tend to exhibit better energy dissipation, which can be advan-
tageous in damping applications [37]. In biocomposites, an increased
loss modulus may indicate enhanced interfacial friction or mobility of
molecular chains, often due to the presence of soft fillers or poor
interfacial bonding [38].

The loss modulus results of PLA and PLA/BPP composites at varying
filler loadings with respect to temperature are illustrated in Fig. 12.
Incorporating banana peel powder (BPP) into neat PLA enhanced its loss
modulus, reflecting improved interfacial energy dissipation. Among the
developed composites, PLA/BPP/1 exhibited the highest peak loss
modulus value of 405.76 MPa. PLA/BPP/2 achieved a peak value be-
tween PLA/BPP/1 and PLA/BPP/0.5, while PLA/BPP/3 recorded the
lowest peak at 362.21 MPa.

Loss modulus indicates the amount of energy dissipated as heat
under applied dynamic loading, which is strongly influenced by the
adhesion quality between filler and matrix [39]. Materials with higher
stiffness tend to dissipate more energy due to better stress transfer ef-
ficiency. As depicted in the figure, the loss modulus remains relatively
constant at lower temperatures due to restricted mobility of PLA
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Fig. 12. Loss modulus of developed composites and PLA.
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molecular chains. However, as the temperature increases, polymer
chains gain mobility, resulting in a progressive rise in loss modulus
values.

The variation in particle concentration and dispersion plays a critical
role in dictating polymer chain movement and filler within the PLA/BPP
composites. Particularly, PLA/BPP/1 showed superior filler-matrix
interlocking as due to uniformly dispersed powder particles. This
entanglement effect amplified interfacial friction, thereby enhancing
energy dissipation under elevated temperatures and contributing to its
highest loss modulus peak among the composites [40]. Conversely, the
higher filler content in PLA/BPP/3 & PLA/BPP/2 lacks uniform
dispersion and exhibit aggregation within BPP, reducing its interfacial
bonding strength. The lack of structural interlocks in this composite led
to interface weakening at higher temperatures, reflected in its lower loss
modulus compared to composites with lower BPP content.

PLA/BPP/1 also retained the highest loss modulus at its glass tran-
sition temperature (65.29 °C), implying best dynamic stability under
cyclic thermal and mechanical stresses among all composites produced.
This result aligns with existing findings that emphasize the critical role
of filler dispersion and interfacial adhesion in enhancing the energy
dissipation characteristics of PLA-based biocomposites [41]. The
detailed peak values and corresponding temperatures for each com-
posite are summarized in Table 5. Recent findings indicated that in-
crease of loss modulus at its glass transition relative to its pure polymer
counterpart can indicate an improved energy dissipation capability and
molecular chain mobility. This behavior reflects the material's greater
ability to absorb and dissipate mechanical energy under dynamic
loading, often associated with better stress relaxation, toughening ef-
fects, and reduced brittleness in the composite structure.

In short, the enhancement of loss modulus through banana peel
powder (BPP) reinforcement highlights the potential of PLA/BPP com-
posites for applications requiring improved energy dissipation and
structural durability under dynamic loading. The PLA/BPP/1 compos-
ite, in particular, exhibited the highest peak loss modulus and main-
tained superior stability at elevated temperatures. Optimal filler
dispersion and effective interfacial bonding ensured the composite's
ability to absorb and dissipate mechanical energy, reducing the risk of
premature failure in functional products. The observed trends outlines
that peak loss modulus is greatly dependent on the BPP wt%, as it
increased from Control followed with 0.5 wt%, peaks at 1 wt%. Though,
specialized occurrences for composites past 2 wt%, as agglomeration
happen, shown in sudden reduction in loss modulus. Hence, interface
degradation occurs, compromising the composite's stiffness.

4.7.3. Damping factor

The damping factor, or tan A, is the direct ratio of the loss modulus to
the storage modulus. It represents the material's ability to dissipate en-
ergy relative to its ability to store that energy. A higher tan A commonly
indicates more viscous behaviour and greater damping, while a lower
value suggests more elastic and rigid characteristics. In PLA composites,
a lower tan § is often linked with stiffer, more crystalline structures,
while higher tan A may signal improved toughness or molecular
mobility especially near the glass-transitioning temperature (Tg) [38].
Fig. 13 depicts the behaviour of damping factor correlate to rising
temperature which Table 6 displays the damping factor for individual
composites measured at their glass transition temperature.

Table 5
Loss modulus value of composites respective with temperature.

Materials Peak of Loss Modulus G’ (MPa) Temperature (°C)
Control 351.72 65.87
PLA/BPP/0.5 373.79 65.04
PLA/BPP/1 405.76 65.29
PLA/BPP/2 387.22 63.17
PLA/BPP/3 362.21 61.86
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Table 6
Damping factor and Tg, (glass-transitioning temperature) of PLA and its
composites.

Composite Peak Damping T temperature Damping
Samples Temperature Factor difference factor
[Tg (CO)] (Tan A) towards pure difference
PLA (°C) relative to
pure PLA
Control 69.51 1.118 - -
PLA/BPP/ 69.54 1.124 0.03 0.52 %
0.5
PLA/BPP/1 69.55 1.143 0.04 2.20 %
PLA/BPP/2 69.58 1.203 0.06 7.60 %
PLA/BPP/3 70.00 1.233 0.48 10.26 %

It can be observed that each material exhibit similar curve transition
shape from initial of room temperature of 30 °C, up until 120 °C. Highest
value of tan A is defined as the maximum damping factor while its
temperature can be classed as Tg, (glass transitioning temperature).

The data reveals that incorporating BPP into PLA composites induces
varying effects on the glass transition temperature (Tg) and damping
factor (tan A) depending on the filler loading. At lower filler contents,
specifically 0.5 wt% and 1 wt%, the T experiences a marginal increase
of 0.03 °C and 0.04 °C, respectively, compared to neat PLA. This subtle
rise suggests that small quantities of BPP have a negligible impact on the
thermal softening behaviour of the polymer matrix. For filler content of
2 wt%, Tg increased by 0.06 °C is observed, indicating an increase in
molecular mobility, possibly due to less effective filler-polymer inter-
facial adhesion that fails to restrict chain segment movements
adequately. Interestingly, when the filler content is increased to 3 wt%,
the Tg shifts upward by 0.48 °C, suggesting that at this loading, the BPP
filler acts more effectively as a barrier to polymer chain motion,
enhancing thermal stability.

Regarding the damping factor (tan A), a slight increment of 0.52 %
and 2.20 % is noted for 0.5 wt% and 1 wt% BPP loadings, respectively.
This indicates a minor increase in energy dissipation capacity through
poor interfacial friction between the filler and matrix. Consequently 2 wt
% BPP, the damping factor experiences a increase of 7.60 %, more than 3
times percentage difference relative to 1 wt%. Similarly at 3 wt%, there
is significant increase in tan A by 10.26 %, highlighting pronounced
energy dissipation through reduced internal friction as agglomeration
may cause this issue. Hence, particle are more freely moving attributed
to reduced stiffness but increased elasticity.

Overall, the trend demonstrates that at low BPP loadings of less than

3506

Journal of Materials Research and Technology 40 (2026) 3496-3508

1 wt%, the composite's thermo-mechanical behaviour remains relatively
close to that of neat PLA shown less than 3 % damping factor difference
despite slightly affecting the peak temperature. Nevertheless, high
loading of BPP more than 2 wt%, have indicated greater reduction in
damping factor which is more than 7 % difference relative to pure PLA.
Hence, limits the material's ability to dissipate vibrational energy, thus
reducing its potential for dynamic or impact-resistant applications. On
the contrary, PLA/BPP/3, the composite exhibits enhanced thermal
resistance and damping properties, signifying better stress absorption
and molecular mobility restriction resulting from the increased filler-
matrix interaction. Similar trend can be seen with other papers, which
PLA incorporated with cellulose nanocrystals, which slight increasing Tg
directly proportional with slightly increasing damping factor [42].

Another critical factor influencing the performance of binary bio-
composites is the aggregate structure of PLA molecular chains. The
heterogeneous mixture of PLA filler promote the formation of isotropic
arrangement at the filler-matrix interface depicted in Fig. 7. Barrier
properties of PLA and BPP may play a role as PLA-composite findings
have reaffirm this phenomena directly affects these interactions [43].
These crystalline structures contribute to enhancing the modulus and
strength of the biocomposites. This observation aligns with TGA analysis
results, where increasing BPP content corresponds to higher crystal-
linity. Additionally, the PLA/BPP system behaves similarly to a
matrix-aggregate composite, wherein BPP acts as the reinforcing
framework and PLA provides the matrix strength. Under tensile loading,
the mechanical performance predominantly depends on the interfacial
adhesion between PLA and BPP, while under flexural loading, it is
largely governed by the crystallization behaviour of the composite
system.

5. Conclusion

This study demonstrated the feasibility of the incorporation of ba-
nana peel powder (BPP) into PLA matrix significantly influenced the
mechanical and thermal performance of the developed biocomposites.
PLA/BPP/1 composite exhibited the most effective mechanical
behavior, achieving the highest flexural strength 1.7x higher than pure
PLA and aggregation is verified at BPP past 2 wt%. This is supported by
ANOVA results indicated that mechanical properties are statistically
significant, particularly, flexural extension and tensile extension. At
room temperature, DMA tests also this composite material shown
highest storage modulus and loss modulus at 1900.4 MPa and 405.76
MPa. These findings suggest that the PLA/BPP composites can retain
sufficient stiffness and elasticity for practical use in existing PLA appli-
cations include 3D printed implant based devices. TGA results revealed
that while higher BPP content slightly reduced overall thermal stability
at lower temperatures, the 2 wt% BPP composite showed enhanced
resistance beyond 400 °C, suggesting potential for thermal retardant
applications. Differential Scanning Calorimetry (DSC) results further
confirmed the influence of filler loading on thermal transitions.

The present work effectively demonstrates a systematic correlation
between filler content and the viscoelastic behavior of PLA/BPP com-
posites, identifying the optimal filler loading while elucidating the un-
derlying degradation mechanisms through morphological observations.
Despite these promising outcomes, certain limitations remain as current
study primarily focused on micro-scale BPP particles. Future work
should incorporate nano-treated or surface-modified BPP fillers to
improve filler-matrix compatibility and further enhance mechanical
integrity. Additional investigations such as barrier property analysis,
contact angle measurement, and X-ray diffraction (XRD) are recom-
mended to understand the composites’ interfacial characteristics and
crystalline structure. Moreover, exploring the rheological and long-term
degradation behaviors would provide deeper insights into processability
and performance stability, thus advancing the development of high-
performance, sustainable PLA-based composites.
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