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Abstract: Addressing the urgent need for sustainable and high-performance materials in 3D printing this study pioneers
the development of bio-epoxy (BE)-modified low-density polyethylene (LDPE) filaments for fused filament fabrication
(FFF) utilizing bio-epoxy derived from waste vegetable oil to enhance mechanical and thermal properties while reducing
environmental impact. Mechanical, thermal, and morphological properties were analyzed to identify the optimal
Sformulation.LB 3 exhibited the best performance, with a 4.14% increase in tensile strength 8.819 MPa over unmodified
LDPE (8.469 MPa), attributed to enhanced interfacial bonding and uniform filler dispersion. At higher BE loading 5
wt% phase separation and increased surface roughness led to a decline in mechanical integrity. Fractographic analysis
showed ductile failure modes across all BE-modified samples, with LB 3 demonstrate superior energy dissipation and
crack resistance. Thermal analysis revealed that while BE slightly reduced the onset degradation temperature 180—185°C
LB 3 showed the highest thermal stability with a maximum degradation temperature of 486°C. Minimal moisture uptake
and consistent filament diameters within 1.70 to 1.75 mm confirmed good dimensional stability. Overall, LB 3 formulation
enhanced mechanical strength, thermal resistance, and printability, demonstrate the promise of bio-based fillers in
producing sustainable, high-performance filaments for additive manufacturing.

Keywords: Sustainable material, Bio-epoxy, Low-Density Polyethylene, Fused Filament Fabrication, 3D Printing

1. INTRODUCTION rapid, cost-efficient prototyping platform [5]. The highest
’ manufacturability and scalability for product fabrication

have been demonstrated by thermoplastic filament
extrusion known as fused deposition modeling (FDM)
among various additive manufacturing (AM) techniques
[6,7]. Although a diverse range of thermoplastic
materials is available for FDM, acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), and polyamide
(PA) are most commonly employed [8].

Currently, limited attention has been given to the 3D
printing of semicrystalline polymers filament due to its
inherent limitations. Semicrystalline polymers are
typically subjected to substantial volumetric contraction
during the solidification phase following the molten state,
as polymeric chains tend to reorganize into a long-range
ordered crystalline structure upon deposition onto the

Polyethylene (PE) a high-volume thermoplastic polymer
widely recognized for its cost efficiency and
multifunctionality across various industrial sectors such
as packaging, agriculture, and biomedical applications.
However, the increased production has been associated
with a significant accumulation of polymeric waste. PE
extensively utilized in flexible packaging and fluid
transport systems has been reported to account for 78
million metric tons constitute approximately 20% of
global polymer output. This production volume has
continued to rise due to the growing demand for
lightweight and durable polymeric materials [1]. From a
structural standpoint, PE is categorized into different
grades based on its branches architecture includes high-
density polyethylene (HDPE), low-density polyethylene

(LDPE), and linear low-density polyethylene (LLDPE) print §ubstrate. These p olymers are highl'y prone‘to
tabulated in (Fig.1) [2]. LDPE is characterized by a excessive warpage and inadequate interfacial adhesion
with the print bed significantly compromises print

fidelity and structural integrity leads to fabrication
defects and process failure [9,10]. Moreover, LDPE’s
low elastic modulus poses challenges for 3D printing, as
it can lead to filament buckling during extrusion. The
insufficient rigidity of the solid filament section fails to
withstand the stresses required for smooth extrusion
through the nozzle. Additionally, poor layer adhesion and
a high coefficient of thermal expansion (CTE) contribute
to significant shrinkage and warping, compromising the
dimensional stability of printed parts [10-12]. These
thermal and structural limitations hinder the production
of high-quality 3D-printed objects using LDPE-based
filaments.

For some years, a single polymer alone does not possess
all the necessary characteristics. Some economists agree
with this view and share similar perspectives. The
concept of formulation has been widely recognized
across various industries, where intermediates or finished

higher density of long-chain branching (8—40 per 1,000
carbon atoms) which disrupts molecular symmetry and
results in a reduced crystallinity of 40% to 50%
compared to HDPE [3]. This structural irregularity leads
to limitations in mechanical strength thermal stability and
resistance to stress and deformation.

The application additive manufacturing (AM) is utilized
as a layer-by-layer fabrication process where materials
are integrated through fusion, binding, or solidification.
Precise geometric control and complex architectures are
achieved using 3D CAD modeling. Recent advancements
have made cost-effective 3D printing systems widely
accessible in research, academia, and domestic
applications [4]. With this accessibility, the fabrication of
multi-material structures with tailored mechanical,
thermal, and electrical properties has been facilitated.
Conventional methods render such integration costly due
to extensive post-processing whereas AM provides a
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products are created by combining multiple raw materials
[13]. Composite materials are made by combining two or
more different materials to create a final product with
improved properties. The synergistic interaction of these
materials is enabled by each component, which
contributes to enhancing mechanical strength, flexibility,
or specific functional attributes. [14,15]. To address the
limitations of LDPE, various filler formulations have
been explored for example LDPE/biochar composites
(90/10 wt%) were studied to enhance the mechanical,
thermal, and tribological properties of LDPE. Tensile
strength (1.9%), flexural strength (47%), and hardness
(24.3%) improved with biochar incorporation without
compromising processability. Furthermore,
thermogravimetric analysis (TGA) confirmed enhanced
thermal stability, while melt flow index (MFI) results
indicated reduced flowability. FESEM analysis revealed
a well-dispersed biochar morphology, contributing to
improved interfacial adhesion. Tribological tests showed
a 56.3% reduction in the friction coefficient for
LDPE+10 wt% biochar, highlighting its potential as a
cost-effective, sustainable filler for high-performance
LDPE bio composites [16]. As environmental
sustainability gains prominence, extensive research was
conducted on hybrid materials to replace conventional,
non-eco-friendly composites. In this study, polymeric
composites were developed by incorporates waste
cooking oil (WCO) as a functional filler and a LDPE is a
matrix at variety mass fractions (1, 2, 3, 4, and 5 wt%)).
The effects of WCO incorporation on the physical,
mechanical, morphological, and thermal characteristics
of 3D-printable filaments were systematically examined.
The primary objective was to fabricate filaments using
LDPE and WCO as a filler sourced from small and
medium enterprises (SMEs) without additional pre-
treatment, thereby reducing defects such as melt
fracture and phase separation during extrusion. For each
composition, filaments with a length of up to 1.0 meter
were successfully extruded.

(a) (e)

(b)
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Fig. 1. Structural variations among different grades of PE:

(a) High-Density Polyethylene (HDPE), (b) Low-
Density Polyethylene (LDPE), and (c¢) Linear Low-
Density Polyethylene (LLDPE).

2. EXPERIMENTAL PROCEDURE

2.1 Material

In this study, the materials utilized for sample fabrication
are detailed in Table 1. The polymer matrix consists of
LDPE with a density of 0.922 g/cm? a melt flow index of
4 g/10 min, and a Vicat softening temperature of 124°C.
The melting temperature of LDPE ranges between 105-
110°C. Additionally, Isocyanate was incorporated
exhibit a viscosity of 120-160 cps at 25°C, a specific
gravity of 1.18-1.20 g/ml at 25°C. The monomer
component was synthesized from waste vegetable oils
through an in-house catalytic conversion process
facilitating epoxy formation from unsaturated fatty
compounds. The condensation process includes
formation of hydroxylated monomer by acid-catalysed
ring-opening of the epoxides. The hydroxylated
monomer was then reacted with the cross-linking agents
to produce polymer, namely as bio-epoxy (BE). BE was
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employed as a functional filler within the LDPE matrix
to enhance the mechanical and physical properties of
LDPE. The composite filament was fabricated using a
Felfill Evo 3 single-screw extruder produced 1.75 £+ 0.05
mm diameter filament for 3D printing applications.
Table 1. Material Functions in BE-LDPE Filaments

Material Function
Waste Vegetable Oil Monomer
Isocyanate Crosslinker
LDPE Matrix
2.2 Testing
2.2.1 Visual and Microscopic Observation

The quantification of diameter and estimation of surface
roughness were conducted using a Dino-Lite Digital
Microscope with Dino-Capture 2.0 software and Imagel.
For each sample the reflection mode at 50x digital
magnification. Image analysis was then performed using
Image J software and average surface profiles were
generated.

2.2.2  Thermal Analysis

To obtain detailed information about the effect of
temperature on virgin LDPE and doped LDPE B3
emitted from tested printing materials,
thermogravimetric analysis (TGA) was performed. A
thermogravimetric analysis system (Model: LINSES)
was connected to measuring devices for particle
concentration and size distribution, including a Scanning
Mobility Particle Sizer (SMPS) and a Condensation
Particle Counter (CPC) (TSI Inc.). Six samples were used
for laboratory testing, identical to the printing materials
used for FDM. The tested filament samples were
cylindrical in shape with a diameter of 1.75 mm and mass
2.0 milli gram = 0.5 gram. These samples were subjected
to thermal loading according to a prescribed temperature
gradient scheme. The thermal analysis was performed
from ambient temperature 35°C to 600°C over 60
minutes at a consistent heating rate of 10°C/min. Next
Volatile Test was performed to evaluate the weight loss
of material. The temperature was setup 110 °C and the
initial weight sample was 0.5 milli gram + 0.4 gram.
2.2.3  Mechanical Properties

To evaluate the mechanical properties five test specimens
for each ratio include virgin LDPE as reference were
prepared for each filament sample. The average value
was calculated for every five samples and virgin. The
tensile properties were measured following the ASTM
D2256 standard using Universal Tensile Machine AG-I1
Shimadzu equipped with a 5 kN load cell. The gauge
length of the test specimens was set to 100 mm, diameter
filament was fixed to 1.75 mm + 0.05 mm and the testing
speed was maintained at 10 mm/min. The test was
conducted at room temperature between 26 to 28 Celsius.
2.2.4  Morphology and Macroscopic Observation
The morphological analysis of the filament surface and
cross-section was performed using a JEOL JSM-6380LA
scanning electron microscope (SEM) at different
magnifications (50%, 100x, and 200x). The cylindrical
filaments were cut to a length of 10 mm and a diameter
of 1.75 mm then coated with an ultrathin layer of
platinum to ensure electrical conductivity.

2.3 Single Screw Extruder

The BE was first mechanically mixed with waste LDPE
granules (size: 1-2 mm). The feedstock filament with a
diameter of 1.75 &= 0.05 mm, was then produced using a
single-screw compounder (Felfill Evo 3, maximum



barrel temperature: 300 °C ) by varying barrel
temperature, screw speed, and pull speed, as shown in
Table 2. The uniformity of the feedstock filaments was
monitored within this range using a diameter sensor on
the extruder. The image for machine extruder was
illustrated in Fig. 2.

Table 2. Extruder process parameter.

Barrel Screw Pull Speed Fan Speed
Temperature Speed (rpm) (rpm)

O (rpm)

180 4 3.7 15

Loegiepaivin Diarcter Scasor Pullers

Fig. 2. Schematlc Dlagram for Physical Mixing Process.
2.4 Processing Method

The processing of LDPE with BE filaments begins with
the preparation of the BE mixture. The process starts by
combining waste vegetable oil (monomer) with
isocyanate (crosslinker) in a 1:0.5 ratio. This liquid
mixture is stirred thoroughly until a homogeneous

solution is achieved, forming the BE. Upon solidification,

the BE is manually mixed with LDPE granules (matrix)
at room temperature through vigorous stirring to ensure
uniform distribution of the functional filler. The pre-
mixed composite is then allowed to cure at room
temperature for several hours to enhance bonding and
stability. The BE content is introduced at varying mass
fractions, as shown in Table 3.

Table 3. Different percent of bio-polymer particle to
produce polymer modification

Sample Percentage Mass BE Mass
Name BE (%) (2) LDPE (g)
Virgin 0 0 40

LDPE

LB 1 1 0.4 40

LB2 2 0.8 40

LB3 3 1.2 40

LB4 4 1.6 40

LB5 5 2.0 40

The doped LDPE undergoes a degassed process to
remove trapped air and prevent moisture. To further
prevent the formation of air bubbles or pores during the
extrusion process the coated LDPE is dried in an oven at
100°C for 24 hours in Memmert UNB 100 Oven before
extrusion process.

Next, 40g doped LDPE is processed in a Brabender
mixer at 180°C for 10 minutes to facilitate uniform
distribution and partial crosslinking. During this process,
the BE act as a functional filler dispersed into LDPE
matrix promoting better interfacial adhesion. The
controlled temperature and mixing time ensure that the
material achieves a homogeneous distribution and
preventing premature degradation. The resulting viscous
melt LB is then collected and cooled before further
processing into extrudates.

The result LB extrudates are collected and subsequently
crushed and pelletized into uniform pellets with a
diameter ranging from 1 to 5 mm. The palletization
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process ensures that the material is broken down into
small manageable granules and improve flowability and
melt consistency during the extrusion process.

The LDPE-BE pellets are fed into a single screw extruder
Felfil Evo 3 where LB melted and extruded at a screw
speed of 4 rpm and a temperature of 180°C. The filament
diameter is monitored and controlled by a built-in sensor
system ensures a consistent diameter of 1.75 mm + 0.05
mm. After extrusion, the filament is cooled using an air-
cooling system with speed fan 15 rpm to solidify its
structure. It is then wound onto spools at a spool speed of
3.7 rpm, maintaining uniform tension and layering.
Finally, 1-meter-long filaments are collected for storage,
testing, and further characterization. The experimental
setup is schematically illustrated in Fig. 3.

40 grams granulate virgin LOPE

Manual mixing of LDPE
doped with BE

(@222

Varied Ratio LDPE doped
BE Filaments

Crushed LDPE doped
BE pellets (1-5 mm)

Brabender Mixing
LDPE Doped BE

Fig. 3. Illustration of the LDPE-BE Composite Filament
Fabrication Process.

3 RESULT
3.1 Physical Analysis
Fig. 4. shows filament diameter and surface

characteristics were analyzed using a Dino-Lite digital
microscope with a 50x magnification, allowing detailed
observation of the filament's texture and uniformity. The
measured diameters of the virgin LDPE and BE coated
filaments (1%-5%) ranged from 1.70 mm to 1.75 mm,
which falls within the acceptable 3D printing tolerance of
1.75 mm £ 0.05 mm (1.70 mm - 1.80 mm). This confirms
that all filaments are dimensionally suitable for the
printing process ensure proper extrusion through the
nozzle 3D printer [17].

Fig. 4. Diameter determined with Dino Capture 2.0:
Virgin LDPE (a): LDPE (b); LB 1% (c); LB 2% (d); LB
3% (e); LB 4% (f) and LB 5% filament samples.

Fig. 5 shows the surface roughness profile of LDPE
filaments coated BE at different concentrations 1%-5%
shows that the filament (gray line) is the smoothest, with
minimal fluctuations in grayscale intensity. As BE
concentration increases surface roughness generally rises
with LB 1-3 (red, blue, green) exhibited moderate
roughness while LB 4 (purple) and 5 (orange) display
significant variations indicates rougher surfaces. The
higher surface roughness in LB 5 is attributed to the
presence of pores formed due to ductile fracture. In



contrast, the virgin LDPE sample underwent smooth
surface preventing pore formation through stretching

which resulted in lower surface roughness [18].
250 T T T T L T -
——LB1%
——LB2% |
——LB 3%

200 -
——LB 4%
LB 5%
Virgin

Gray Scale

3000 4000 5000 6000

Distance ym
Fig. 5. Surface Roughness Profile of the Filament as
Determined Using Imagel.

0 1000 2000 7000

3.2 Thermal Analysis

The thermal behavior of LDPE doped with BE was
systematically investigated to evaluate its suitability for
3D printing applications. The first focus was on thermal
stability and volatile release, which are critical for
determining the material’s performance during
extrusion-based additive manufacturing (AM). These
properties were analyzed using volatile content analysis
and TGA, as presented in Fig. 6a and 6b, respectively.
Volatile content results (Fig. 6a) revealed that the total
volatile content in LDPE-BE samples remained
comparable to or slightly lower than that of virgin LDPE
(2.40%), with LB 3 exhibiting the lowest volatile
percentage (1.80%). This suggests that although
volatilization begins earlier in the BE-modified samples,
the overall amount of volatile matter is not significantly
increased. The incorporation of BE introduced thermally
sensitive compounds that begin to volatilize at lower
temperatures, leading to early-stage weight loss due to
the release of low molecular weight components.

Weight (%)
'

Volatile Content (%)

H 3
LDPEBE (%)

Temperature (°C)

Fig. 6. Volatile Content of LDPE Doped Bio-Epoxy (a),
Thermogravimetric Analysis (TGA) and Derivative
Thermogravimetry (DTG) Curves of Virgin LDPE and
LDPE-Bio-Epoxy Composites (b).

Thermogravimetric analysis (TGA) and its derivative
(DTG) were conducted on virgin LDPE and LB 1-LB 5
filaments over the 30°C—800°C range under a nitrogen
atmosphere, with the corresponding thermograms shown
in Fig. 6b and data summarized in Table 4. The 5%
weight loss temperature was slightly lower for LB (1-4)
samples (180.24—184.58°C) compared to virgin LDPE
(185.72°C), indicating an earlier onset of thermal

0.02
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degradation. However, LB 3 demonstrated the highest
maximum degradation temperature (Tdmax = 486°C),
indicates superior thermal resistance.

Table 4. Thermal Properties of Virgin LDPE and LDPE-
Bio-Epoxy Composites.

Specs Virg LBl LB LB3 LB4 LBS
in 2
LDP
E
Tw(°C) 109 113 109 110 108 113
TdMax 484 483 482 486 485 483
(°C)
TdMax 185. 182, 181. 180. 184. 184.
(°O) 72 70 40 24 38 58
TdMax 1.14 020 0.18 324 1.07 0.83
Remain
ing (%)

This enhanced stability in LB 3 is attributed to the
formation of an efficient crosslinked network between
isocyanate (-NCO) groups in the crosslinker and
functional groups in the bio-epoxy, forming urethane (-
NH-COO-) bonds. These interactions restrict polymer
chain mobility, promote uniform filler distribution, and
improve thermal resistance. As LDPE has limited
reactive sites, the crosslinker plays a crucial role in
creating additional chemical bonding, resulting in a more
thermally stable structure. The residual mass at Tdmax
further supports this: LB 3 retained 3.24%, while LB 1,
LB 2, LB 4, and LB 5 showed greater degradation (0.18—
1.07%). These findings suggest that a higher Tdmax
enhances 3D printability by improving the material’s
heat resistance [19].

Additionally, the broadening of endothermic peaks in the
BE-modified samples suggests a disruption in the
crystalline domains. This morphological change can
impact viscoelastic properties and flow behavior during
extrusion. Virgin LDPE displayed a sharp melting peak
an indicator of high crystallinity which enhances
mechanical strength but may limit melt processability. In
contrast, the modified samples, particularly those with
optimal BE content, showed more balanced thermal
transitions and crystallinity, which is beneficial for 3D
printing applications.

In summary, for LB filaments to be suitable for 3D
printing, the formulation must strike a balance between
thermal stability, crystallinity, and printability. Virgin
LDPE, with its high crystallinity and sharp melting peak,
provides good thermal stability but may be prone to
warping and poor interlayer adhesion during printing. As
BE content increases, crystallinity tends to decrease,
which enhances flexibility and interlayer adhesion but
may reduce mechanical strength. Among the modified
formulations, LB 1 showed the most disrupted crystalline
structure, suggesting excessive disturbance to the LDPE
matrix. In contrast LB 3 and 4 exhibited the best
compromise maintaining reasonable crystallinity while
improving flexibility and adhesion. If high crystallinity
and thermal stability are the primary concerns, virgin
LDPE or LB 2 would be more suitable. However, for
optimal 3D print performance, LB 3 and 4 offers a better
balance by promoting good melt flow behavior,
providing moderate crystallinity for structural integrity,
and reducing warping. On the other hand, LB 5 may
reduce crystallinity excessively making the filament too
soft and potentially compromising print quality. Overall,



LB 3 and 4 appears to be the most promising formulation
for extrusion-based 3D printing applications offers
enhanced processability without significantly sacrificing
mechanical or thermal performance.

3.3 Mechanical Analysis

Table 5 shows the tensile test results for virgin LDPE and
LDPE filaments coated with BE at different
concentrations (1%-5%) reveal a correlation between BE
concentration and tensile strength (TS). The virgin LDPE
sample exhibits a maximum stress of 8.469 MPa with the
highest elongation at break 275% indicate its ductile
nature. As BE concentration increases, TS initially
improves due to better interfacial adhesion but declines
at higher concentrations due to poor dispersion and phase
separation. The highest maximum stress of 8.819 MPa
with a strain of 149.137% was observed in LB 3
representing a 4.14% enhancement in tensile strength
compared to virgin LDPE. This improvement can be
attributed to the effective stress transfer facilitated by
electrostatic interactions between adjacent chitosan
(CTS) chains through their amine functional groups [20].
The incorporation of BE led to enhanced load distribution
within the matrix that reinforces the composite structure.
The superior mechanical performance of the LDPE
doped BE composite was primarily due to the
homogeneous dispersion of high-aspect-ratio CTS
particles within the LDPE matrix as shown in Fig. 5 can
resulted in ultra-high interfacial adhesion and the
formation of robust ionic bonds thereby improves the
overall structural integrity of the material [21][22].
However, beyond 3%, TS begins to decrease with LB 4
shows a moderate stress of 8.015 MPa and LB 5 drop
further to 7.738 MPa despite maintains a relatively high
strain (171.055%).

Table 4. Mechanical properties of filaments.

Types of Maximum  Strain (%)  Elongation
Filaments  Stress Break (%)
(MPa)

Virgin 8.469 182.537 274.969
LDPE

LB 1 7.917 77.598 166.880
LB2 8.819 149.137 232.084
LB3 8.015 164.277 173.507
LB4 7.738 171.055 101.255
LBS 7.917 77.598 166.880

As shown in Fig. 7 shows the mechanical properties for
filament the surface irregularities were observed in the
LB 5% composite reduced the effectiveness of stress
transfer between the BE and LDPE matrix. Gaps and
weak spots were created at the interface make the proper
bonding between the materials more difficult. As a
results stress was concentrated in these weak areas
leading to localized failures and a reduced load-bearing
capacity [23][24]. Additionally, the tensile strength of the
composite was affected by the distribution and
arrangement of BE within the matrix especially when BE
was randomly dispersed which is weakened the overall
structure. LB 1 and 2 exhibit lower TS values 7.756 MPa
and 7.917 MPa, respectively due to weaker interfacial
bonding. This trend suggests that while moderate BE
concentrations around 3% enhance TS excessive BE
leads to phase separation and stress concentration
ultimately reducing mechanical performance.
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—1LB 1%
LB 2%

—LB 3%
LB 4%
LB 5%
Virgin

Stress (MPa)
o

T T T
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Strain (mm)

Fig. 7. Stress—strain curves for tensile test of 3D printing
filament.

The mechanical characterization of LDPE filaments
incorporated with BE demonstrates distinct performance
trends. Minimal variability in maximum stress is
exhibited, as evidenced by a low standard deviation of
0.434 MPa and a relative spread of 5.3%, as shown in
Table 6. This suggests that the tensile strength of the
LDPE matrix is not markedly compromised by the
incorporation of BE across varying mass fractions. The
consistency in maximum stress indicates that BE is
effectively integrated within the polymer matrix,
preserving the material’s load-bearing capacity.

In contrast, strain and elongation at break parameters
show substantially higher variability, with relative
spreads of 34.9% and 39.6%, respectively, as shown in
Table 5. This highlights that the presence and distribution
of the BE phase are more significantly influencing
ductility-related properties. The moderate dispersion in
strain values implies that BE addition may induce either
stiffening or plasticization effects, depending on the
uniformity of dispersion and the quality of interfacial
adhesion. The pronounced variation in elongation at
break underscores the critical role of filler-matrix
interactions, where inadequate dispersion or interfacial
bonding  facilitates  premature  failure,  while
homogeneous distribution enhances extensibility and
toughness. Overall, it is suggested that while the
mechanical strength of LDPE is largely retained upon BE
incorporation, the ductility and fracture resistance are
more significantly influenced by the morphology and
distribution of the BE within the matrix.

3.4 Fractography Analysis

The fractography analysis could deliver more
information about the failure modes of the filament
specimens. The cross-sectional view of broken samples
after tensile test was conducted to determine the failure
mode of filament after it fracture as shown in Fig. 8. Fig.
8; (a-e) illustrates ridge markings, which indicate a
substantial amount of energy dissipation during the
damage process. These features are associated with a
ductile fracture mechanism where significant plastic
deformation occurs before failure. The presence of these
ridges suggests that greater resistance to crack
propagation is provided require a higher energy input for
fracture progression [23]. Fig.8; (f) where smoother
fracture surfaces with minimal plastic deformation are
observed reflecting lower energy absorption before
failures [25] [26].

The fracture morphology observed in the SEM images
demonstrates a clear correlation between BE
concentration 1% to 5% and the fracture behavior of



LDPE compared to virgin LDPE. As the BE
concentration increases from 1% (image a) to 3% (image
c) the material exhibits enhanced mechanical properties
evidenced by the presence of elongated pores and
extensive plastic deformation which indicates improved
energy absorption during fracture [27]. This suggests that
BE acts as a toughening agent by enhancing the
polymer’s ability to resist crack propagation. The optimal
performance is observed at 3% BE (image c¢) where a
balance between ductile and brittle fracture mechanisms
is present as seen in the presence of cleavage facets, mist
areas, and stable crack propagation. The transition of
fracture behavior from the propagation zone to fatigue
complete fracture is also depicted in this image reveal the
number of microcrack is reduced.

However, beyond 3% bio-epoxy the fracture behavior
shifts towards increased brittleness as seen in 4% and 5%
BE (image d and e). At this concentration the material
exhibits fewer elongated pores, increased cleavage
facets, and shows the tear ridges indicates reduced
ductility and higher susceptibility to brittle fracture [28].
In contrast, the virgin LDPE (image f) which contains no
bio-epoxy, shows a smooth surface in polymer matrix.
The types fractography in virgin LDPE shows with well-
defined cleavage facets and no elongated pores
demonstrate low energy dissipation and poor resistance
to crack propagation [29][30]. The cleavage mark
observed in this sample represents a low-energy fracture
that propagated along well-defined low-index
crystallographic planes known as cleavage planes [31].

Fig. 8. SEM images at the magnification x 50, x 100, x
200, of the fractured surface of the filament a) LB b) LB
2%, ¢) LB 3%, d) LB 4%, ¢) LB 5% and f) Virgin
LDPE.

3.5 Correlation Fractography and Thermal Analysis
The DSC and SEM analyses collectively highlight the

515

relationship between thermal behavior, crystallinity, and
mechanical properties in BE-modified LDPE. The DSC
results in Fig. 6 shows that virgin LDPE has a sharp
melting peak around 109-110°C indicates high
crystallinity which corresponds to a more rigid structure.
This sharp peak also suggests that the material is easy to
degradation during thermal processing and its high
crystallinity limits its processability make it less suitable
for applications requiring easy melt flow. In the SEM
images referred in Fig. 8 shows Virgin LDPE (image f)
shows smooth fracture surfaces with well-defined
cleavage facets reflecting a brittle fracture behavior with
low energy dissipation consistent with the high
crystallinity observed. As the BE concentration increases
the DSC thermograms of BE-modified LDPE show slight
shifts in melting temperature and broader endothermic
peaks suggest a disruption in the crystalline structure.
This disruption improves the material's flow behavior
during processing particularly in 3D printing as the
broader peaks indicate more gradual melting transitions.
The SEM images support this, as lower BE
concentrations (1-3%) exhibit ductile fracture features,
such as elongated pores and significant plastic
deformation, indicative of improved energy absorption.
For instance, in image a (LB 1) and image ¢ (LB 3) these
ductile fracture features are prominent demonstrate
enhanced toughness. At the optimal BE concentration of
3% (Fig. 8, image c) the DSC shows the increment
melting temperature (110°C) reflecting a balance
between crystallinity and toughness. SEM images at this
concentration (image c) show a mix of ductile and brittle
fracture mechanisms suggest that the material has both
adequate toughness and thermal stability. However,
beyond 3% BE, both the DSC and SEM reveal a shift
towards brittleness. The broader DSC peaks indicate
further disruption in crystallinity leading to reduced
energy absorption and tougher fracture behavior. SEM
images at these higher BE concentrations (4-5%) for
example, in images d and e (LB 4 and LB 5) show fewer
elongated pores and more cleavage facets indicates
higher brittleness which is associated with the over-
disruption of the crystalline structure. Thus, the sharp
melting peak observed in the virgin LDPE’s DSC
thermogram shows in Fig. 6 correlates with its brittle
fracture behavior in the SEM illustrates in Fig. 10 while
the broader DSC peaks in BE-modified LDPE
correspond to improved energy absorption and
processing ease with the optimal BE concentration
striking a balance between thermal stability and
mechanical performance.

4 PRELIMINARY MECHANICAL RESULTS OF
3D PRINTING
The mechanical analysis of the polymer composite, as
shown in Fig 9. a) demonstrates that the optimal
performance is achieved at 3% Be content, where the
material exhibits the highest stress 6.91 MPa and strain
37.8% indicates good interlayer bonding between matrix
and fillers [32]. In Fig 10. b) the break force also peaks
at 59.2 N at 3% Be further confirming this composition
as the most mechanically robust. While displacement
reaches a maximum at 4% Be 12.61 mm suggesting
increased ductility, this comes at the expense of strength.
Fig 10. c) illustrates the molecular mechanism behind
these trends: at 3% Be, a well-balanced network of



hydrogen bonds, electrostatic bonds, and ion-dipole
interactions is formed, leading to enhanced mechanical
integrity. At lower Be content 1% and 2%), these
interactions are insufficiently developed, and at higher
content 4% and5% the bonding network becomes
overloaded or disrupted. Therefore, 3% Be represents the
ideal concentration, achieving the best combination of
strength, elasticity, and structural cohesion in the

polymer matrix.
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Fig. 9. Effect of Be Percentage on Mechanical Properties
and Molecular Interaction Mechanism of Polymer
Composites: (a) Stress and strain behavior under tensile
testing at varying Be concentrations; (b) Displacement
and break force data corresponding to Be percentage; (¢)
Schematic illustration of molecular bonding interactions.

5 CONCLUSION

The study investigates the incorporation of bio-epoxy as
a functional filler in LDPE filaments to enhance their
mechanical, thermal, and surface properties for 3D
printing applications. The results indicate that a 3 wt%
bio-epoxy concentration provides the most balanced
improvement enhance tensile strength, interfacial
adhesion, and thermal stability while minimizing issues
related to agglomeration and stress concentration.
Homogeneous dispersion of bio-epoxy improved stress
transfer whereas excessive loading led to irregularities
affecting adhesion and mechanical integrity. Thermal
analysis confirmed that LDPE doped bio-epoxy
composites exhibited improved stability with an optimal
printing temperature identified before degradation.
Additionally, surface roughness analysis emphasized the
need for a controlled balance between smoothness and
roughness to optimize printability. These findings
highlight the potential of 3 wt% bio-epoxy as an optimal
additive for LDPE-based 3D printing filaments offers
enhanced performance and printability. Future research
focus an advanced characterization techniques (e.g., in-
situ rheology during extrusion, real-time thermal imaging)
could elucidate how BE concentration (3—5%) influences
melt flow and crystallization dynamics. To enhance
sustainability, research must develop standardized
recycling protocols for LDPE doped BE waste includes
chemical/mechanical  recycling  efficiency  and
reprocessing effects on material properties. Finally,
multi-functional composites (e.g., LDPE doped BE with
nanoparticles or natural fibers) should be explored to
expand applications in smart packaging, biomedical
devices, and lightweight automotive components. These
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efforts would bridge the gap between lab-scale
innovation and industrial adoption of bio-enhanced
filaments.
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