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Abstract
This study aims to enhance the mechanical properties of polylactic acid by incorporating black tea waste as an economical

and sustainable additive capable of being recycled. The black tea waste, after the hot water color removal process, is

milled to a fine and uniform powder size. The combination of these particles with polylactic acid is carried out using

a twin-screw extruder. Specimens of pure polylactic acid and biocomposites containing 3 and 5 wt% black tea waste

are manufactured using a hot press machine at a temperature of 200 °C. The filaments are also successfully extruded

for three-dimensional printing purposes. Scanning electron microscopy images reveal that in the polylactic acid–3% tea

biocomposite, the tea particles are appropriately dispersed within the polylactic acid matrix. The tensile test results indi-

cate that biocomposite polylactic acid-3% tea has the highest mechanical properties, with a tensile strength of 67 MPa,

demonstrating a 34% increase compared to polylactic acid. Furthermore, the biocomposite of polylactic acid–3% tea

waste exhibits the best performance with a fracture energy of 2.5 kJ/m2 in the impact test. Hence, polylactic acid–3%
tea biocomposite can be recommended as a suitable sustainable substitute. Finally, numerical simulations are performed

on biocomposites containing double keyhole notches. This analysis is conducted to observe the behavior of biocomposite

models with double keyhole notch under mixed-mode loading. The critical fracture load of the models is calculated using

the strain energy density criterion. It is observed that an increase in the notch inclination angle and notch radius leads to a

decrease in the fracture load in the models.
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Introduction
Many polymers are used in the manufacturing process of
components due to their ease of processing and low asso-
ciated costs. As a result, extensive research is being con-
ducted in this field.1,2 In this regard, composites have
become one of the most widely used materials in
various industries due to their diverse properties such as
low weight, strength, hardness, impact resistance, and cor-
rosion resistance.3–7

The production of components using conventional
methods, such as hot pressing machines, is widely used
due to its high production speed for low quantities of
parts and cost-effectiveness. The effects of carbon black
(CB) on the mechanical properties of polylactic acid-CB
(PLA-CB) biocomposite produced by hot pressing were
investigated. The results showed that adding an appropri-
ate amount of CB improves the mechanical properties of
polylactic acid (PLA). However, the excessive addition
of CB decreases the mechanical properties of PLA-CB

composites.8 Dang Feng et al. fabricated biodegradable
composites of PLA and bamboo charcoal through the
process of melt blending and hot pressing.9 The influence
of incorporating this additive on the mechanical properties
of the composites was examined. The morphological fea-
tures of the composites were analyzed using scanning
electron microscopy (SEM). The findings indicated that
the addition of 40% by weight of bamboo charcoal
resulted in a 2.24% enhancement in the mechanical
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strength compared to PLA. Avci et al.10 investigated the
effects of ulexite and boron compounds on the mechanical
and thermal properties of flax–PLA biocomposites. The
test data indicated a significant reduction in the burning
rate of up to 80%. However, the mechanical properties
were adversely affected by the boron compounds, result-
ing in a decrease of up to 20%. Despite the decline in
mechanical properties, these biocomposites were consid-
ered highly desirable for application in the automotive
industry based on the results obtained.

Fused deposition modelling (FDM) is a three-
dimensional (3D) printing process that uses filaments
made of polymers or polymer composites as raw materi-
als. Therefore, producing filaments with suitable proper-
ties for the FDM process is of considerable importance.
Jayswal et al.11 produced composite filaments of PLA,
thermoplastic polyurethane (TPU), and poly(ethylene)
glycol (PEG) in various ratios using a twin-screw extru-
der. The mechanical properties of the fibers were deter-
mined through uniaxial tensile testing. By adding PEG
to the PLA-TPU blend, it was observed that the yield
strength and Young’s modulus of the composite filaments
decreased significantly compared to the pure PLA fila-
ments. Furthermore, it was observed that there was no sig-
nificant difference in the ultimate tensile strength, but the
elongation at break grew by > 500%.

The design and fabrication of composite materials,
along with the prediction of their longevity, have gained
significant importance due to their effectiveness in
diverse industries such as automotive,12 aerospace,13,14

and missile manufacturing.15 The initiation and propaga-
tion of cracks are among the most significant factors
that cause the degradation of composite materials. In
other words, the presence of cracks is one of the critical
factors in the analysis and design of components and
structures. Given the existence of cracks in numerous
components and structures produced by human interven-
tion, the field of fracture mechanics is applied to
examine and analyze these types of components.16,17 In
addition, due to the essential role of notches in the
design of engineering structures, they are inevitably
present in various engineering components. The presence
of notch results in stress concentration and enhances the
susceptibility to component failure. Therefore, it is neces-
sary to examine the fracture behavior of notched compo-
nents.18–20

The present study employs the criterion of strain
energy density (SED), which was first introduced by
Lazzarin and Zambardi21 for sharp V-notch. Lazzarin
and Berto22 further developed this criterion for V-notch
curves. The criterion of SED, as implied by its name, is
founded on the concept of energy. Its magnitude is deter-
mined within the volume or surface of a structural element
and varies depending on the material composition.23,24

The simulation and analysis of crack propagation play a
crucial role in enhancing the performance and longevity
of vital components. Hence, the current study aims to
examine the behavior of a double keyhole notch in a
PLA composite incorporating tea waste. Sih25 is

acknowledged as the pioneer of the strain energy
density criterion, having introduced the assessment of
the impact of SED on predicting the paths of crack propa-
gation in brittle materials. Yishu26 building upon Sih’s
research, conducted an analysis of crack growth under
mixed mode (I+ II) loading. His interpretation indicated
that the theory of SED could be applied not only to
brittle materials but also to materials with limited plastic
zones. Soltaninezhad et al.27 derived novel insights by
utilizing experimental data obtained from double keyhole
notch specimens made of polyethylene (HDPE-PE100)
with different notch inclination angles and notch radii.
To analyze the behavior of notches, they utilized mixed
mode (I+ II) loading conditions. They determined the crit-
ical fracture loads by combining the equivalent material
concept (EMC) and SED within a specified control
volume near the notch tip.

The objective of this study is to enhance the mechan-
ical properties of PLA by incorporating tea waste as an
economical, sustainable, and recyclable additive. Tensile
and impact test specimens were fabricated from PLA
and biocomposites containing 3% and 5% tea waste in
PLA using the hot-pressing process. The filaments were
also successfully produced using a desktop extruder for
the purpose of 3D printing. The results indicated an
increase in mechanical properties in the 3% tea waste bio-
composite sample. However, an increase beyond this
additive content led to a decline in mechanical properties.
Consequently, the PLA–3% tea biocomposite serves as a
suitable sustainable substitute for pure PLA in industries
where mechanical properties hold significant importance.

Given that numerous industrial parts are susceptible to
having notches or experiencing fractures, with one such
geometric configuration being sampled featuring double
keyhole notches, computational simulation is also per-
formed subsequently. The aim is to employ the SED cri-
terion for appraising the threshold load at which critical
fracture load occurs in biocomposite samples featuring
double keyhole notches. This evaluation covers a range
of notch angles and radii, enabling an examination of
the distinct conditions relevant to these particular types
of notched biocomposite specimens. It was observed
that as the notch inclination angle and the radius of the
notch decreased, the critical failure load increased
proportionally.

Materials and methods

Materials
The materials used in the present study include tea waste
and PLA granules from Xtrusion Company. In this study,
commercial black tea waste was used without any addi-
tives. The black tea waste underwent a three-stage
process of color removal using boiling water. After thor-
ough drying, the black tea waste was milled for 5 min to
achieve a completely powdered and homogenous form,
obtaining the necessary black tea waste additive for the
research.
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Preparation of specimens
Specimens were produced at the Polymer and
Petrochemical Research Institute of Tehran. The drying
process of the PLA granules involved placing them in
an oven at a temperature of 80 °C for a duration of 3 to
4 h. Accurate measurements of composite percentages
were conducted using a digital balance (model I-EK,
AND, Japan). The biocomposite consisted of 3 and 5 wt
% black tea waste, combined with 97 and 95 wt% PLA,
respectively. Subsequently, the mixture of black tea
waste particles and PLA underwent processing using a
co-rotating twin-screw extruder (model ZSK25) manufac-
tured by Copren in Germany in 2002. The composition
parameters of the materials in the extruder are presented
in Table 1.

Following that, the PLA-tea biocomposite strands pro-
duced from the extruder were crushed using the Peletizer
750 Guanulierung pelletizer machine to obtain filaments
that are appropriate for 3D printers. Additionally, these
crushed strands were utilized to create test specimens for
conducting tensile and impact tests. To produce the speci-
mens, their moulds were prepared using a hot-plate press
process. After mold fabrication, a moisture removal and
drying operation was carried out for 3 to 4 h in an oven

at a temperature of 80 °C to minimize the presence of
bubbles during specimen formation. The hot-plate press
machine used for this purpose was the Minitestpress
model from Toyoseiki, a Japanese company, available at
the Polymer and Petrochemical Research Institute in Iran.
Specimens were prepared according to the ISO527-2 stand-
ard for tensile testing and the ASTM D256-Type10 stand-
ard for impact testing. This was conducted at a temperature
of 200 °C during 10 min. Following this, the specimens
were cooled using a manual cold press at room temperature
for 5 min to facilitate the production of the desired speci-
mens. Figure 1 depicts the process of specimen fabrication.

To produce suitable filament for 3D printing, a tabletop
extruder was used, and the filament stretching process was
mechanized using a conveyor belt system at an appropri-
ate speed. The biocomposite PLA–tea was produced.
Table 2 provides the parameters of the desktop extruder,
and Figure 2 illustrates the PLA–3% tea filament.

Equations and simulations based on the theory
of SED
In this study, double keyhole notch specimens were sub-
jected to numerical simulations to compare their critical

Table 1. Composition parameters of materials in the extruder.

Pressure Rotator Speed Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

110 bar 200 rev/min 160 °C 165 °C 170 °C 175 °C 175 °C 170 °C

Figure 1. Process of specimen fabrication.
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fracture forces in numerical modeling. Initially, the
desired models were designed according to Figure 3
with three different notch radii of 0.5, 1, and 2 mm, as
well as three notch inclination angles of 45°, 60°, and
75° in the software. The width of the notches was set to
1 mm.

In Figure 3,H,W, and t represent the length, width, and
thickness of the specimen, respectively. The symbol “a”
represents the distance between the centers of the two cir-
cular holes. This simulation was conducted based on the
theory of SED.

Based on this theory, fracture occurs when the average
strain energy density (Wavg) in a specified control volume
to a notch reaches its critical value. The critical strain
energy density (Wcr) is determined using the mechanical
properties of the material, according to equation (1).21,22

Wcr = σ2ut
2E

(1)

In equation (1), σut and E represent the ultimate tensile
strength and elastic modulus of the material, respectively.
In two-dimensional investigations, the control volume
neighboring the notch is defined as either a complete
circle or a segment of a circle with a radius of RC. The
size of the volume surface is depicted in Figure 4 for
V-notches characterized by both sharp and rounded tips.

According to Figure 4(c), the control volume for speci-
mens with a double keyhole notch under Mode I loading
is located relative to the horizontal midpoint of the notch.
Under mixed mode (I+ II), the control volume is no
longer located in the center of the notch, but rather at a
position where the principal stress reaches its maximum
value next to the edge of the notch.28 In the second
step, the radius of the control volume circle (Rc) is

Table 2. Tabletop extruder data.

Nozzle diameter Nozzle temperature

2 mm 190 °C

Figure 2. (a) Tabletop extruder and (b) polylactic acid (PLA)–3% tea biocomposite filament.

Figure 3. The geometries of the double keyhole notch models.
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determined by equation (2), which is a function of the
ultimate tensile strength, critical fracture toughness
(KIc), and Poisson’s ratio (ʋ).29

Rc = (1+ v)(5− 8v)

4π

KIc

σut

[ ]2
(2)

K1c represents the resistance to crack propagation when a
notch is subjected to plane strain conditions and under
Mode I loading. The value of KIc is dependent on the geo-
metric dimensions of the notched body. Equation (3) uses
KIc for calculation. In this equation, λ1 represents the
Williams’ parameter, which is a constant equal to
0.501.30 Additionally, σθ denotes the stress in the Y-axis
direction. The value of σθ can be determined at various
r sizes using the Abaqus software.30

K1c =
���
2π

√
lim
r�0

r1−λ1 [σθ(r · θ)] (3)

The control volume circle, as depicted in Figure 5(a),
moves outward from its center to a distance equal to
half the radius of the notch. It should be noted that in
the mixed mode state, the radius of the control surface
does not change. However, its location, as shown in
Figure 5(b), rotates in the direction of the maximum prin-
cipal stress.31

In this study, simulations were conducted using the
finite element analysis software ABAQUS® to obtain
the Wavg value. Since the specimens are subjected to
mixed loading conditions, it is necessary to identify the
location of the maximum principal stress on the boundary
of the notch first. In the initial step, the stress contour is
obtained from the specimens at the boundary of the
double keyhole notch. By considering the location of
the maximum principal stress, the control volume rotation
angle (φ) is determined. The precise location of the
maximum principal stress is determined by capturing an
image of the stress contour from ABAQUS® software
and utilizing SOLIDWORKS® software’s Sketch tools.
The control surface is created according to Figure 6.

By applying a software load of 100 N, the simulation
was performed to determine the values of strain energy
(ELSE) and volume value (EVOL) on the control

volume. The Wavg is determined by dividing the value
of ELSE by EVOL, as stated by equation (4). The
density of strain energy can be observed at the specified
control volume level in Figure 7.

Wavg = ELSE

EVOL
(4)

Finally, according to equation (5), the critical fracture
load (Fcr) can be determined based on the values of Wcr

and Wavg.
31

Fap

Fcr
=

������
Wavg

Wcr

√
(5)

In the above equation, the software value of load (Fap),
whose size is arbitrary, Fap 100 N is entered into the
software.

Figure 4. Critical volume definition for crack: (a) sharp V-notch, (b) blunt V-notch, and (c) rounded tips-notch.

Figure 5. The control volumes in the keyhole notched speci-

mens under (a) mode I and (b) mixed-mode conditions.
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Analysis
The morphology of the biocomposite was investigated using
an SEM Tescan Mira3 instrument, operating at a voltage of
15 kV. In addition, the gold coating was applied to the speci-
mens for microscopic imaging purposes.

The specimens underwent tensile and impact tests
using a Santam STM-20 testing machine for tensile
testing and a Santam SIT-20E machine for impact
testing. Additionally, filament tensile tests and Poisson’s
ratio calculations were performed in collaboration with
Dana Plastic Testing Company using a Speeco tensile
testing machine. The tensile tests were conducted at a
speed of 1 mm/min with a load cell of 50 kN.

Results and discussion

Microstructure morphology
Indeed, based on Figure 8(a), it is evident that the PLA–
3% tea biocomposite demonstrates enhanced dispersion
and uniformity of tea particles within the polymer
matrix when compared to the PLA–5% tea biocomposite.
This suggests a higher level of suitability between the tea
particles and the base polymer in the PLA–3% tea com-
posite. Furthermore, the agglomeration of particles in
the PLA–5% tea biocomposite is significantly higher
compared to the PLA–3% tea biocomposite. According
to Figure 8(b), X-ray mapping analysis was performed
based on carbon elements. In the Xmap test images, a sig-
nificant accumulation of carbon elements is observed in
the location of the tea waste particles, confirming the
agglomeration of tea waste particles in the PLA–5% tea
biocomposite. The presence of this agglomeration of tea
waste particles in the PLA–5% tea biocomposite is
expected to reduce the mechanical properties of this
sample compared to the PLA–3% tea biocomposite. The
reason for this behavior can be attributed to the weak
bonding between the components of the tea waste
agglomeration and the base polymer, as well as the pres-
ence of voids within this agglomeration, as evidenced in
Figure 8(c).

Tensile test
The tensile test was conducted on filaments with a length
of 10 cm and a diameter of 1.75 ± 0.1 mm. The data
obtained from Table 3 and Figure 9 show that PLA–3%
tea filament showed the highest tensile strength of 46
MPa. Furthermore, it should be noted that the PLA–5%
tea filament possesses the lowest tensile strength, measur-
ing 26 MPa. The difference in tensile strength between
these two composites can be attributed to the agglomer-
ation and poor dispersion of tea powder particles within
the PLA matrix in the PLA–5% tea composite. As
observed, the PLA–3% tea filament exhibits higher
tensile strength even after undergoing two rounds of
extrusion compared to the PLA filament.

As indicated in Table 4, the PLA–3% tea dog-bone
specimen exhibits superior mechanical properties in
terms of both strain and ultimate tensile strength when
compared to the other specimens. With the increase of
tea waste to 5% in the PLA–tea biocomposite, both the
ultimate tensile strength and strain significantly decrease.
This behavior is due to the insufficient composition of
materials and particle density, which negatively affects
the overall homogeneity and surface bonding in the
composite. The stress–strain diagram for the dog-bone
specimens is illustrated in Figure 10, whereas Table 4 pre-
sents the mechanical properties of the biocomposites.
Furthermore, based on the results in Tables 3 and 4, it can
be observed that standard specimens of PLA–tea waste bio-
composites exhibit superior properties compared to the
filaments of these compounds in relation to pure PLA.

Figure 6. Control volume in polylactic acid (PLA)–3% tea

model with notch radius 2 mm and notch inclination angle 75°.

Figure 7. ELSE in PLA-3%Tea model with notch radius 2 mm

and notch inclination angle 75°.

ELSE: strain energy magnitude in the element; PLA: polylactic

acid.
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This behavior is due to the presence of agglomerated tea
waste particles in the samples of PLA–tea waste biocompo-
sites. The presence of these agglomerates in the filaments of
the biocomposites, due to their small filament diameter, can
indeed have a significant effect on the reduction of the
mechanical properties of the biocomposites. This issue is
particularly noticeable in the tensile results of PLA–5%

Figure 8. Morphological test on biocomposites PLA–3% tea (left) and PLA–5% tea (right): (a) SEM micrographs, (b) X-ray mapping of

carbon element, and (c) SEM micrographs with high magnification.

PLA: polylactic acid; SEM: scanning electron microscopy.

Table 3. Tensile test data of filaments.

Specimen σut (MPa) Strain

Polylactic acid (PLA) 37± 1.6 0.042± 0.002

PLA–3% tea 46± 3.9 0.035± 0.003

PLA–5% tea 26± 2.4 0.026± 0.001

Figure 9. Stress–strain diagram of filaments.

Khodadad Hatkeposhti et al. 7



tea. The effect of the presence of these tea waste particles
agglomerates in standard dog-bone specimens is less pro-
nounced due to the larger size of the tensile specimens.
Consequently, these biocomposites exhibit better tensile
properties compared to PLA.

Impact Test
The results of the impact test are shown in Figure 11. The
PLA–3% tea composite exhibits a fracture energy of
2.5 kJ/m2, while the PLA–5% tea biocomposite demon-
strates a fracture energy of 2.25 kJ/m2. Therefore, the
PLA–3% tea biocomposite is expected to be tougher
and optimized. The biocomposite specimens after the
impact test can be observed in Figure 12.

Numerical results of PLA–tea biocomposites with
double keyhole notch
Based on the mechanical properties and the governing
equations for the SED, the values of Rc, Wcr, and KIc

were calculated for the composite specimens, as shown
in Table 5.

The Fcr for the PLA–tea biocomposites was estimated
using numerical simulations in the ABAQUS® software,
based on the mechanical properties provided in Tables 4
and 5. The results of these simulations are presented in
Tables 6 and 7.

The Fcr for the PLA–tea biocomposite specimens can
be observed in Tables 6 and 7. It can be seen that increas-
ing the notch inclination angle and notch radius leads to a
decrease in the Fcr value. For example, in Table 6, among
the PLA–3% tea-75-0.5, PLA–3% tea-75-1, and PLA–3%
tea-75-2 specimens, all with the same notch inclination
angle of 75°, the PLA–3% tea-75-0.5 specimen with a

Figure 10. Stress–strain diagram of dog-bone specimens.

Table 4. Mechanical properties of dog-bone specimens.

Specimen σut (MPa) Strain ʋ E (MPa)

Polylactic acid (PLA) 50± 3.3 0.049± 0.004 0.36 1142

PLA–3% tea 67± 5.7 0.07± 0.009 0.28 1259

PLA–5% tea 53± 5.4 0.047± 0.005 0.28 1351

Figure 11. Fracture energy of specimens.

Figure 12. Biocomposite specimens after the impact test.

Table 5. Rc, Wcr, and KIc values for polylactic acid (PLA)–tea

composites.

Specimen Wcr (N/mm2) KIc(MPa·
���
m

√
) Rc (mm)

PLA–3% tea 1.783 3.45 0.73

PLA–5% tea 1.039 3.18 1.01
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notch radius of 0.5 mm has the highest Fcr, while the
PLA–3% tea-75-2 specimen with a notch radius of 2
mm has the lowest Fcr. The decrease in Fcr in the PLA–
3% tea-75-1 and PLA–3% tea-75-2 specimens in
Table 6 can be attributed to the increase in the notch
radius. As the notch radius increases, the cross-sectional
area of the fracture decreases, resulting in a reduced load-
carrying capacity of the specimen for fracture.

In the case of the PLA–5% tea-45-1, PLA–5%
tea-60-1, and PLA–5% tea-75-1 specimens mentioned

in Table 7, all with a notch radius of 1 mm but differing
in notch inclination angle, it can be observed that the
PLA–5% tea-75-1 specimen with a notch inclination
angle of 75° exhibits the lowest Fcr, while the PLA–
5% tea-45-1 specimen with the notch inclination angle
of 45° has the highest Fcr. The reason for this behavior
is that with a decrease in the notch inclination angle,
the stresses deviate from the direction of the applied
load and spread across the notch surface. The Fcr behav-
ior in PLA–3% tea and PLA–5% tea composite

Table 6. Numerical test results of PLA-3% tea biocomposite with double keyhole notch specimens.

Specimen β (°) ρ (mm) φ (°) ELSE (N mm) EVOL (mm3) Wavg (N/mm2) Fcr (N)

PLA–3% tea-45-0.5 45 0.5 50.11 0.008 18.65 0.00043 6439

PLA–3% tea-45-1 45 1 43.81 0.01 20.33 0.00049 6097

PLA–3% tea-45-2 45 2 46.87 0.015 22.4 0.00066 5208

PLA–3% tea-60-0.5 60 0.5 62.1 0.009 18.35 0.00049 6031

PLA–3% tea-60-1 60 1 62.4 0.011 20.17 0.00054 5780

PLA–3% tea-60-2 60 2 57.58 0.016 22.39 0.00071 5012

PLA–3% tea-75-0.5 75 0.5 63.32 0.01 18.3 0.00055 5678

PLA–3% tea-75-1 75 1 71.5 0.013 19.91 0.00065 5236

PLA–3% tea-75-2 75 2 75 0.021 22.38 0.00094 4367

ELSE: strain energy magnitude in the element; PLA: polylactic acid; EVOL: element volume.

Table 7. Numerical test results of PLA–5% tea biocomposite with double keyhole notch specimens.

Specimen β (°) ρ (mm) φ (°) ELSE (N mm) EVOL (mm3) Wavg (N/mm2) Fcr (N)

PLA–5% tea-45-0.5 45 0.5 49.55 0.011 35.43 0.00031 5793

PLA–5% tea-45-1 45 1 47.16 0.013 39.08 0.00033 5617

PLA–5% tea-45-2 45 2 46.37 0.017 40.18 0.00042 4974

PLA–5% tea-60-0.5 60 0.5 62.91 0.012 37.62 0.00032 5681

PLA–5% tea-60-1 60 1 61.29 0.014 38.28 0.00043 4920

PLA–5% tea-60-2 60 2 58.88 0.022 40.21 0.00055 4347

PLA–5% tea-75-0.5 75 0.5 63.8 0.013 34.86 0.00037 5302

PLA–5% tea-75-1 75 1 72.88 0.017 37.63 0.00045 4805

PLA–5% tea-75-2 75 2 74.21 0.026 40.17 0.00065 3998

ELSE: strain energy magnitude in the element; PLA: polylactic acid; EVOL: element volume.

Figure 13. Effects of notch inclination angle and notch radius on Fcr: (a) polylactic acid (PLA)–3% tea and (b) PLA–5% tea.
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specimens with a double keyhole notch can be observed
with different notch inclination angles and notch radii in
Figure 13.

Based on Figure 13, the PLA–3% tea and PLA–5%
tea biocomposites exhibit similar behavior in simulated
specimens with a double keyhole notch. In both compo-
sites, the Fcr decreases with an increase in the notch
inclination angle and notch radius in the ABAQUS®
simulation.

Conclusion
This study was conducted to enhance the mechanical
properties of PLA through the incorporation of tea
waste. A numerical investigation was also carried out on
specimens featuring double keyhole notches. The results
obtained from this study are presented below.

1. In the SEM images, it was observed that in the PLA–
3% tea biocomposite, tea waste particles are uni-
formly and appropriately dispersed within the PLA
matrix. However, in the PLA–5% tea biocomposite,
the agglomeration of tea waste particles was
observed. Therefore, it can be inferred that particle
dispersion significantly affects the properties of
PLA–tea biocomposites. The presence of agglomer-
ation in PLA–5% tea biocomposites leads to a reduc-
tion in mechanical properties. The reason for this
decrease in properties is the weak bonding between
the components of the agglomeration and the pres-
ence of voids within them. Furthermore, it is pos-
sible that by implementing appropriate measures to
prevent particle agglomeration, such as treating
them, the properties of PLA–5% tea biocomposite
may improve.

2. The results of the tensile and impact tests demon-
strated that the incorporation of tea waste into PLA
improved mechanical properties. The biocomposite
PLA–3% tea exhibited the best performance, show-
casing a 34% increase in tensile strength compared
to pure PLA. The elongation also improved by 43%
in the PLA–3% tea biocomposite compared to PLA.
However, with an increase in the amount of added
tea waste beyond 3% in PLA, both tensile strength
and elongation noticeably decreased. In the tensile
test, the filaments suitable for 3D printing also exhib-
ited the highest mechanical properties within the bio-
composite PLA–3% tea. Hence, the biocomposite
PLA–3% tea is recommended as a substitute for
pure PLA in the production of components using con-
ventional methods and 3D printing across various
industries.

3. In the conducted simulations on models featuring
double keyhole notches, the biocomposite models of
PLA–3% tea exhibited a higher Fcr value compared
to the biocomposite models of PLA–5% tea in
similar geometries. Additionally, it was observed that
the Fcr decreases as the inclination angle of the notch
and the radius of the notch increase.
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Appendix
Notation

PLA polylactic acid
E Young’s modulus
ʋ Poisson’s ratio
RC control radius
σθθ stresses at a distance r from the local frame

origin
σut ultimate tensile strength
KIc fracture toughness
Fcr critical fracture load
Fap applied load
SED strain energy density
Wcr critical SED
Wavg averaged SED over the related control volume
ELSE strain energy magnitude in the element
EVOL element volume
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