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Abstract: The growing production of plastic waste and its recycling, from a circular econ-
omy perspective, faces challenges in finding solutions that are easy to implement, cheap
in labor and energy during recycling, and locally implementable to avoid transportation.
This work developed and validated a methodology to address these challenges. Designed
for small-scale use at home or in schools following a Do It Yourself (DIY) approach, it
transforms water bottles into plastic strips, which, after passing through an extruder nozzle,
become filaments with a diameter of 1.75 mm. These can replace commercially available
thermoplastic filaments. Specimens produced by additive manufacturing with recycled
PET (rPET) and commercial PETG showed similar mechanical properties and can serve as
alternatives to commercial PETG. PETG shows higher strength (30 MPa) compared to rPET
(24 MPa), a slightly higher Young’s modulus of 1.44 GPa versus 1.43 GPa, and greater strain
at failure with 0.03 mm/mm against 0.02 mm/mm, making it stiffer and more ductile. This
simple and widely applicable local solution may absorb a considerable amount of bottle
waste, offering an economical, sustainable alternative to commercial filaments.

Keywords: PET recycling; environmental sustainability; circular economy; additive manu-
facturing; filament for 3D printers; RPET; DIY

1. Introduction
1.1. From Production to Plastic Pollution

In the early 20th century, new types of materials were developed. Plastics, which
began to gain importance and find applications across various industries, reached global
production of 2 million tonnes by 1950. According to [1], it is predicted that this number
will increase. The mass production of plastics has resulted in an alarming amount of
waste. According to [2], global plastic production reached 400.3 million tonnes in 2022.
The production of circular plastics grew 16 times faster than that of fossil-based plastics,
accounting for approximately 10% of global production [2].

With high production volumes, waste generation is equally significant. Nearly 26 mil-
lion tonnes of plastic waste are generated annually in Europe [3]. The solution to this
problem does not lie in halting plastic production but rather in implementing more effec-
tive management and reintegrating this material into new usage cycles whenever possible.
One of the greatest challenges with plastic products is their end-of-life, as a significant
amount ends up in landfill or released into the environment. Each year, approximately
1 to 2 million tonnes of plastics enter the oceans, directly impacting wildlife and marine
ecosystems [1]. Strategies to mitigate the environmental damage caused by plastics focus
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on preventing their entry into natural environments. This involves measures to reuse and
recover the resources that plastics can still provide. The solution lies in adopting a circular
economy model [4].

After analyzing the general issues related to plastics, it is important to acknowledge
the diversity of products made from this material and identify those contributing most
to pollution. According to [5], excluding cigarette filters, the ten most common types of
plastic products found in the oceans are bags, plastic bottles, food containers and cutlery,
wrappers, synthetic ropes, fishing-related items, plastic caps and lids, industrial packaging,
glass bottles, and beverage cans. These items account for three-quarters of all globally
identified waste [5]. They also highlighted that plastic bags and bottles occupy the top
two positions. Both share a common characteristic: they are low-cost single-use plastic
packages, frequently discarded within just a few minutes of use [6]. This underscores the
need to implement recycling methods targeted at such items.

Within this context, this study focuses on plastic bottles. In 2016, 480 billion plastic
bottles were sold, compared to 300 billion over a decade earlier. It was estimated by [7]
that this figure would rise to 583.3 billion by 2021. The production of plastic bottles is vast,
but, when expressed through data and statistics, the scale of the problem appears to grow
exponentially. The global consumption of plastic bottles stands at one million per minute,
posing a threat as serious as climate change [7]. Most bottles used for soft drinks and water
are made from PET, a highly recyclable plastic, which provides a significant advantage in
such a concerning scenario. Therefore, given the requirement for the diversity of recyclable
polymers, and the significance of PET bottles among discarded plastics, this study will
focus exclusively on PET bottles.

1.2. ¥PET Filament for 3D Printing

Although various additive manufacturing techniques exist, each producing different
types of products, material extrusion (MEX), which includes fused filament fabrication
(FFF), remains the most common and accessible method in 3D printing. This study focuses
exclusively on the production of the filament used as feedstock for this technology. Thus,
any reference to additive manufacturing will specifically pertain to FFF.

FFF printers can use a wide range of filaments, from rigid to flexible materials. How-
ever, to promote sustainability, it is essential to prioritize eco-friendly filaments whenever
possible. Among these, PET—although not a biopolymer, such as PLA—is a viable option
due to its high recyclability.

Recycled PET (rPET), derived from PET recycling, offers characteristics that make it
a sustainable and appealing choice for various applications, especially when compared
to PET and PETG filaments. Research indicates that using recycled polymers can reduce
energy consumption by up to 84% and greenhouse gas emissions by up to 74% [8].

Several studies have explored the potential of recycled filaments in 3D printing, with
promising results. Recycled filaments exhibit mechanical properties comparable to virgin
filaments, making them a viable alternative [9,10]. However, it is important to assess
the environmental impact of the entire recycling process, from plastic waste collection to
final product delivery. In some cases, the approach used may inadvertently contradict the
primary goal of reducing CO, emissions.

The most common process for the manufacturing of recycled filament begins with
transporting plastic waste to a recycling facility, where it is washed to remove impurities.
The material is then shredded into smaller pieces, melted, and converted into pellets. These
recycled pellets serve as raw material for the production of new products, such as filaments
for FFF machines. This process can either occur within a single facility or be distributed
across multiple locations [11].
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There are two main ways to obtain recycled filaments. The first is to purchase them
from specialized retailers offering commercial recycled filaments. These products undergo
testing and quality control, ensuring that they perform comparably to virgin material
filaments, although they are often of a higher price. The second option, suitable for those
willing to invest time, involves manufacturing filaments at home using machines like the
one developed in this study. While this approach requires setup time, it can significantly
reduce the cost of 3D printing materials [12]. Additionally, it helps to address the issue of
centralized recycling facilities.

Producing filaments at home requires specific equipment. Various approaches are
available, ranging from purchasing kits to building the equipment entirely from scratch.

For this study, a machine was constructed, which will be briefly described in the next
section. This machine produces rPET filaments from PET bottles or jugs by first cutting
the bottles into adjustable-width strips. These strips are then wound and fed through an
extrusion nozzle.

The primary objective of this research was to demonstrate the potential application
of an rPET filament by comparing the tensile test results of specimens produced with this
filament to those made with commercially available filaments that are more commonly
used, such as PETG.

2. Materials and Methods
2.1. rPET Filament Production

From the research conducted on various DIY models available online, it was possible
to observe their nuances and identify specific contributions to each stage of the process,
such as bottle cutting, strip storage, filament cooling, filament storage, and the control
system. In particular, the machine developed in this study shares similarities with the
models used in these studies [13-15].

To produce a uniform strip, a cutting mechanism is essential. In this case, since testing
different strip widths was important to determine the most effective option, a cutter with
an adjustable width was chosen. Inspired by the idea of [16], the mechanism was adapted
for this material with the parts available. The cutter is shown in Figure 1.

Figure 1. Plastic strip cutter.

To simplify the storage of the plastic strips, a spool was 3D-printed, as shown in
Figure 2i. This spool allows the strips to be quickly wound and later placed into the
machine, which unwinds them as the motor pulls the strip through the extrusion nozzle.

For filament extrusion, an extrusion nozzle (Figure 2j) and a heating block (Figure 2k)
were used. The nozzle hole was enlarged with a 1.6 mm drill bit and then filed to 1.75 mm.
The diameter calibration was performed until a commercial filament could pass through
with slight resistance, accounting for the tendency of plastic to expand slightly after cooling.
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This adjustment resulted in an approximate diameter of 1.75 mm. Since FFF 3D printers
tolerate small variations in the filament diameter, these adjustments do not pose issues.

(i)

Figure 2. Machine CAD model and assembled components: (a) JGY370 motor; (b) PWM controller;
(c) gear system; (d) Mean Well LRS-100-24 source; (e) W3230; (f) heating cartridge; (g) k-type
thermocouple sensor; (h) AC power socket; (i) spool for storage of plastic strip; (j) extrusion nozzle
(k) heating block.

The block’s temperature is controlled by a W3230 temperature controller (Figure 2e),
connected to a heating cartridge (Figure 2f) and a type-K thermocouple sensor (Figure 2g).
This setup allows the desired temperature of the heating block to be adjusted as needed.

To determine the required torque to pull the filament through the extrusion nozzle,
the mechanism described in [17] was used, which has proven effective in similar systems.
A 24-volt geared motor operating at 10 rpm (Figure 2a) was identified as ideal. This motor
was paired with a system of helical gears and supports, manufactured from PETG via 3D
printing to ensure durability and robustness.

Additionally, a system was implemented to allow the motor and driving gear to
slide relative to the driven gear. This design enables the spool, where the filament is
wound, to move freely even when the motor is locked. Motor control is achieved through a
PWM system with a potentiometer (Figure 2b). The complete filament traction system is
illustrated in Figure 2c.

A Mean Well LRS-100-24 (MeanWell, New Taipei City, Taiwan) power supply, rated at
24 V and 100 W, shown in Figure 2d, was selected and connected to the electrical grid via
an AC power socket (Figure 2h).

The SolidWorks model of the machine is shown in Figure 2, with all the described
components assembled.

In the filament manufacturing process, the first step was the selection of a bottle in
good condition. Although any brand can be used, bottles from a single brand were chosen
to minimize the variability in the test results due to slightly different PET chemical formulas.
The first stage involved washing the bottle with water to remove visible contaminants,
followed by drying.
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Since many bottles have surface deformations and irregularities, these need to be
eliminated. A hand pump was used to pressurize the interior of the bottle by introducing
air through the valve, as shown in Figure 3a. Next, the bottle was evenly heated using a
heat source while rotating it, keeping the cap in place, until the bottle ridges disappeared.
After this procedure, the bottle had a smooth and regular surface, as shown in Figure 3b.

Figure 3. Preparation of the bottle: (a) before; (b) after.

Once this stage is complete, residual glue is removed from the bottle. A strip is then
cut and passed through the cutter groove. As shown in Figure 1, a component at the base
of the cutter allows for control of the strip’s width when the plastic strip is inserted into the
slot previously created on the threaded rod.

The strip’s width affects the amount of material in the filament cross-section. To
determine the optimal width, a preliminary investigation was conducted on the widths
used in similar machines. These studies showed widths ranging between 7.5 mm and
9.5 mm. The average thickness of the bottle used was 0.25 mm. Therefore, plastic strips
with widths in increasing steps of 0.5 mm, starting from 6.5 mm until 11 mm, were prepared.
After testing the different strip widths, our observations and conclusions were recorded, as
shown in Table 1.

Table 1. Various measurements for the plastic strip and the results obtained.

Strip Width Filament Diameter

(mm) (mm) Observations

6.5 n/a The filament is not completely closed.

7 165 In certain parts of the filament, there are
' parts that do not close well.

7.5 1.72
8 1.74

8.5 1.75
9 1.75

95 1.76 The filament is closed.

10 1.76

10.5 1.77

11 1.78

115 18 The motor starts to exert a lot of effort and

sometimes slows down.

12 n/a The filament breaks.
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As recorded in the table, the strip must have a minimum width to ensure that the
plastic forms a fully enclosed tube when shaped into a filament. At 7 mm, there is still
insufficient material in certain areas due to small variations in the strip’s width during the
cutting process. Conversely, if the strip is too wide, excess material causes issues when
extruding through the 1.75 mm nozzle, leading to filament breakage in the heating block.

It was observed that, with widths exceeding 11.5 mm, the motor began to stall due to
insufficient torque to pull the excess material. This is due to material stretching. When the
motor stalls, the filament melts in certain sections, causing irregularities. Given that the
commercial filament diameter is approximately 1.75 mm, and this diameter corresponds to
strip widths of 8.5 mm and 9 mm in the table (marked in bold), an intermediate value was
selected as a starting point.

A strip with a width of 8.75 mm was cut and wound onto the spool for use in the
machine. The machine’s controller was set to the desired temperature. PET melts between
255 °C and 265 °C, so the extrusion temperature should not exceed this range, with the
molding temperature at 240 °C [18]. It was determined that the filament reached the
optimal consistency at temperatures between 205 °C and 220 °C. Therefore, the extrusion
process temperature was set at 215 °C.

After 30 min, the bottle, previously considered waste, was transformed into approxi-
mately 10.5 m of filament, weighing 32 g, as shown in Figure 4.

Figure 4. rPET filament ready to use.

2.2. 3D Printing of Test Specimens

With the filament prepared, the process moved on to FFF printing. The slicer settings
are crucial, as suboptimal configurations may lead to unsatisfactory results. However, the
available information in scientific articles or online about rPET printing typically pertains
to commercial filaments, which often have different properties. Nonetheless, this served as
a starting point.

The printing temperature for rPET should range between 225 °C and 245 °C, with
the bed temperature between 65 °C and 85 °C [19]. Regarding the print speed, values
between 5 mm/s and 50 mm/s are suggested, with an optimal range of 20-30 mm/s [20].
Additionally, it is recommended that the printer fan operates between 0% and 30% [21].

The initial printing parameters used were as follows:

e  Bed temperature: 70 °C;
e  Fan speed: 30%;
e  Print speed: 30 mm/s.

To determine the optimal printing temperature, a temperature tower test was con-
ducted. The printing started with a melting temperature of 260 °C, decreasing by 5 °C



J. Manuf. Mater. Process. 2025, 9, 26

7 of 19

at every 10 mm level up to 240 °C. The file was transferred to the printer (Ender 3 V3 SE
Creality, Shenzhen, China), and the tower was printed.

As evidenced in Figure 5, the print progressed well at temperatures up to 255 °C.
However, when the temperature dropped to 250 °C, the extruder nozzle failed to melt
the material sufficiently. At 260 °C, stringing occurred, a defect caused by excessive
filament deposition where it was not intended. This stringing indicated an excessively
high temperature, as the filament melted too readily and leaked from the nozzle during
movement.

Figure 5. Printed temperature tower.

Thus, the optimal printing temperature for this filament was determined to be 255 °C.
The other pre-selected parameters were deemed appropriate based on the results of this
initial test.

Regarding the print speed, calibration towers were also used. The tower starts at a
minimum speed of 20 mm/s and increases by 20 mm/s increments at every 10 mm level,
reaching a maximum of 100 mm/s.

Once again, the piece was printed using the Ender 3 V3 SE, and the results are shown
in Figure 6. It was observed that the material was capable of printing even at the maximum
speed of 100 mm/s. However, some layer defects were visible at this speed. At 60 mm/s,
the layers exhibited the best print quality.

Figure 6. Printed speed tower.

Upon close analysis of the base of the temperature tower, material inconsistencies were
identified. Figure 7 shows images of these material inconsistencies obtained by an optical
microscope. The left side displays the top layer of a part printed with the commercial
filament, while the right side shows the top layer of the rPET temperature tower’s base. A
distinct difference is evident between the two materials, with the rPET piece showing clear
signs of insufficient material.
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Figure 7. Top layers: commercial filament (a) vs. rPET (b).

It was found that the recycled filament exhibited material deficiencies. Unlike the
commercial filament, the recycled filament was a central hollow, which may have been the
cause of this issue. Figure 8 presents a magnified image of the filament’s cross-section.

Figure 8. Cross-section of rPET filament.

Even when using a wider plastic strip, the resulting filament remained hollow. To
investigate this issue further, another sample was printed using a filament produced from a
10-mm-wide strip. This resulted in a visibly smaller hollow section, as seen with the naked
eye. However, during the printing of the first layer, the printer nozzle was clogged. Using
a printer capable of operating at temperatures above 260 °C might produce better results.
However, since this was not the case, and to ensure compatibility with standard printers,
this issue was addressed differently by increasing the extrusion flow rate to compensate for
the lack of material.

It was therefore necessary to quantify the material deficiency in the recycled filament
due to the hollow section to calculate the required flow rate adjustment. Using SolidWorks
to draw over the filament’s cross-sectional area, an estimation was calculated, as shown in
Figure 9.
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Area: 1.97mma2

Perimeter:| 7.32mm

Figure 9. Filament section area estimation in SolidWorks.

After determining that the approximate cross-sectional area of the filament created
earlier was 1.97 mm?, the cross-sectional area of the commercial filament was calculated
using the following equation:

1.75

2
5 ) = 2.405 mm?

ACFZT[XT’CFZZT[X<

where

e Acr represents the section area of the commercial filament;
e  rcr denotes the section radius of the commercial filament.

Considering the 8.75 x 025 = 2.2 mm? cross-section of the original strip, one can
conclude that stretching occurred during filament production.

Knowing the area that the recycled filament should have, the necessary flow compen-
sation could be calculated:

.o 241 5
Ratio = To7 = 1.22 mm

Flow,prma = 100%
Flowoprected = Ratio X Flow,grma = 1.22 X 100% = 122%

To observe the difference in the first layer, some tests were carried out, using a normal
flow rate of 100%, 115%, 122%, and 130%, which is the theoretical value to compensate
for the hollow nature of the filament with upper and lower tolerances. The differences
between the first layers in the different samples can be seen in Figure 10.

From Figure 10, the printing created with the standard flow rate of 100% shows
defects in the first layer, indicating that the material was not being extruded in the required
quantity to form a complete, flawless layer. Increasing the flow rate to 115% led to a
significant improvement, eliminating the defects and creating a consistent layer. At 122%,
the theoretical optimal flow rate for this filament, the layer became even more uniform.
Increasing the flow rate to 130% did not provide any significant visible improvement, so
122% was chosen as the optimal value for the flow rate.
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Figure 10. Samples with different flow values.

2.3. Tensile Tests

To evaluate the mechanical properties of the produced rPET filament, tensile tests were
conducted. These tests enable us to determine material parameters such as the strength,
strain at failure, and Young’s modulus, offering detailed insights into the material’s behavior
under tensile stress.

The National Institute of Standards and Testing indicates that the [22,23] standards
can give approximate results for parts produced via additive manufacturing; however,
caution is needed as these standards are intended for solid, homogeneous materials. In
additive manufacturing, the material properties depend on the complex mesostructure
created by the slicing software and the chosen printing parameters. This mesostructure
includes factors such as the fill percentage and pattern, layer height, and wall count, among
others [24]. To approximate printed samples to solid materials, a 100% infill was used, with
the top and bottom layers and the walls removed.

For these tests, an adapted method from the [23] standard, using a Type IV sample, was
used. Three samples were used for each material and orientation. All samples, regardless
of the material used, had the same dimensions and printing parameters and were printed
on the same printer to minimize potential variables.

The samples’ dimensions are shown in Figure 11.

R25 +1
f R14+1 ¥ s
T ~d 0
19 6
3 lk— 33+05 — 1
115 JI

Figure 11. Test piece dimensions in millimeters.

Tensile tests samples were produced, each with all its layers in the same printing
orientation. The procedure for the testing of samples from [24] was followed, and three
different test samples with printing orientations of 90°, 45°, and 0° relative to the load
direction were tested, as shown in Figure 12. The goal was to assess the impact of the layer
orientation on the mechanical properties of the recycled material. This approach provided
a more detailed analysis of the anisotropic behavior of the printed samples, as FFF additive
manufacturing results in mechanical properties that change with the layer orientation. The
mechanical behavior of specimens with a 90° printing orientation is primarily influenced
by the adhesion between layers, whereas the 0° layer orientation depends largely on the
properties of the extruded material itself. For specimens with a 45° crossed orientation
(intercalated layers of +45° and —45°), the mechanical behavior reflects a combination of
both layer adhesion and material properties. In [15], a recycled PET filament obtained
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through a similar procedure as in the present study was used to print a sample using this
printing orientation. This sample was later tested, which allows for a direct comparison
with the results in the present study.

(a)

(b)

(©)

Figure 12. Printing orientations of the three different samples tested, adapted from [24]. (a) Samples at
0° printing orientation; (b) samples at 90° printing orientation; (c) samples at 45° printing orientation.

As rPET is a recycled material, understanding how these variations affect its mechani-
cal properties compared to a virgin material is important. Therefore, these samples and
orientations were compared with the commercial PETG from the brand eSUN to examine
the similarities and differences in the mechanical behavior between the two materials.

At the standard 45° angle, samples from two different brands of bottles but with the
same thickness were also compared in this study, to determine if significant variations in
the mechanical properties existed in rPET obtained from different bottle suppliers, while
keeping the entire filament production and part printing process constant.

Finally, a test was conducted on samples cut directly from the PET bottle used to
produce the filament, to understand how the recycling and printing processes affected the
material’s mechanical properties.

The tensile tests were performed using the Shimadzu AGS-50 kN universal testing
machine, shown in Figure 13, with a test speed of 10 mm/min and an initial gauge length
of 65 mm.
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Figure 13. Shimadzu AGS-50 kN universal testing machine.

3. Results
3.1. Comparison Between rPET and PETG

In Figure 14 and Table 2, one can compare the tensile mechanical behaviors of PETG
and rPET at 45° by analyzing the stress—strain curves.

Printing direction 45°- PETG Printing direction 45°- rPET

50

45
— 40
35
30
25
20
15
10

Stress (MPa
Stress (MPa

0 0.02 0.04 0.06 0 0.02 0.04 0.06
Strain (m/m) Strain (m/m)
Figure 14. Representative stress X strain graph of PETG and rPET at 45°.
Table 2. Comparison of the mechanical properties of PETG and rPET at 45°.
Tensile Young’s Deformation
Strength Modulus at Failure Failure Mode Image of the Rupture
(MPa) (GPa) (mm/mm)

rPET 45° 2423+ 1.85 143+ 029 002+001 Vartially ductile
fracture

PETG45° 2997 + 048 1444003  003+001  Lartially ductile
fracture

In Figure 15 and Table 3, one can compare the tensile mechanical behaviors of PETG
and rPET at 90°, by analyzing the stress—strain curves.
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Printing direction 90° - PETG Printing direction 90° - rPET

50 50

45 45

40 40
® 35 =35
o [
E 30 % 30
»n 25 o 25
17, (2]
L 20 @ 20
S t
n 15 & 15

10 10

5 5

0 0

0 0.02 0.04 0.06 0 0.02 0.04 0.06
Strain (m/m) Strain (m/m)

Figure 15. Stress x strain graph of PETG and rPET at 90°.

Table 3. Comparison of the mechanical properties of PETG and rPET at 90°.

Tensile Young's Deformation
Strength Modulus at Failure Failure Mode Image of the Rupture
(MPa) (GPa) (mm/mm)

rPET 90° 22.38 +2.26 1.87 £0.16 0.01 £0.0001  Fragile fracture

PETG90°  26.88 +1.33 1.38 +£0.08 0.03 £ 0.001 Fragile fracture _

In Figure 16 and Table 4, we can compare the tensile mechanical behaviors of PETG
and rPET at 0° by analyzing the stress—strain curves.

Printing direction 0° - PETG Printing direction 0° - rPET
50 50
45 45
40 40
w© 35 —~ 35
%{ 30 § 30
@ 25 o 25
g 20 g 20
n 15 &n 15
10 10
5 5
0 0
0 0.02 0.04 0.06 0 0.02 0.04 0.06
Strain (m/m) Strain (m/m)

Figure 16. Stress x strain graph of PETG and rPET at 0°.

Table 4. Comparison of the mechanical properties of PETG and rPET at 0°.

Tensile Young's Deformation
Strength Modulus at Failure Failure Mode Image of the Rupture
(MPa) (GPa) (mm/mm)

rPET 0° 4520 £ 7.52 2.19 £0.01 0.02 £0.34 Ductile fracture

PETG 0° 48.68 + 0.87 1.91 +0.01 0.03 £+ 0.001 Ductile fracture _
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3.2. Comparison of rPET Obtained from Different Brands of Water Bottles

To test how the material properties change when using different PET suppliers, a
Penacova brand water bottle, with the same thickness as the Luso water bottles, was
selected for testing with the standard printing angle. The results are shown in Figure 17
and Table 5.

Printingdirection 45° - rPET from Printing direction 45° - rPET from Luso

Penacova
50 50
45 45
— = 40
L 35 & 35
= 30 Z 5
a 25 A 25
2 2 2 2
9D 15 D 15
10 10
5 5
0 0
0 0.02 0.04 0.06 0 0.02 0.04 0.06
Strain (m/m) Strain (m/m)

Figure 17. Stress x deformation graph of rPET from different brands.

Table 5. Comparison of the mechanical properties of rPET from different brands.

Tensile Young's Deformation
Strength Modulus at Failure Failure Mode Image of the Rupture
(MPa) (GPa) (mm/mm)
rPET . .
Luso 24234185 1434020 0024001 1 ortally ductile
45° fracture

PET . .
Penacova 2738 +391 278401  001+0001  Lartiallybrittle
45° fracture

3.3. Comparison Between the Strips Obtained from the Bottle and the Specimens Obtained from
These Strips After Transforming Them into a Filament and Using Them in FFF Additive
Manufacturing

The results of the mechanical tests performed on the original strip, from which the
rPET samples were produced, as well as the PET sample cut directly from the water bottle,
are presented and compared with the results of the rPET samples produced at 0°. These
results can be seen in Figure 18 and Table 6.

PET Printing direction 0° - rPET
90 %0
80 80
—_ 70 70
& 60 T 60
% 50 % 50
g 40 2 40
& 30 g 30
20 @ 20
10 10
Y 0
0 0.02 0.04 0.06 o 0.02 0.04 0.06
Strain (m/m) Strain (m/m)

Figure 18. Stress x deformation graph of rPET and PET.
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Table 6. Comparison of the mechanical properties of rPET and PET.
Tensile Young's Deformation
Strength Modulus at Failure Failure Mode Image of the Rupture
(MPa) (GPa) (mm/mm)
rPET 0° 4520 £ 7.52 2.19 £ 0.01 0.02 +0.34 Ductile fracture
PET .
Luso 71.86 £7.81 3.64 +0.34 0.03 £ 0.01 Fragile fracture

4. Discussion
4.1. Comparison Between rPET and PETG

Analyzing the tensile test results of the 3D-printed specimens with a +45° layer
orientation using rPET and PETG, presented in Figure 14 and Table 2, both samples exhibit
similar stress—strain curves, characterized by an initial increase in stress until a peak,
followed by a gradual decline. This pattern suggests that both polymers share similar
mechanical behavior. However, PETG exhibits a more pronounced drop after the peak
load, compared to rPET, whose decay curve is smoother and more prolonged. The PETG’s
strength was 24% higher than the rPET’s strength, but the Young’s modulus was nearly the
same (PETG was 1% higher than rPET). This is evidenced by the steeper stress curve in
the initial deformation phase for PETG. PETG also shows slightly greater strain at failure,
with 0.03 mm/mm, compared to rPET’s 0.02 mm/mm, indicating that PETG is slightly
more ductile before reaching complete failure, as it can withstand greater deformation. This
difference is visible in the curve shapes, with PETG presenting a larger plasticity region. It
can also be observed in Figure 14 that the area below the stress—strain curve util rupture
was higher for PETG, meaning that it can withstand more energy until failure or that it
exhibits greater tenacity. Both materials exhibited a partially ductile fracture, meaning that
the rupture occurred similarly in both cases, with behavior between brittle and ductile
fracture. The fracture images show this characteristic, although PETG presents a more
localized failure, while rPET shows a more distributed fracture.

The results obtained for rPET in this study were compared with the values presented
for the recycled filament from [15]. Despite the differences in the specimen dimensions, the
tensile results allow for a direct comparison. The Young’s modulus of rPET was significantly
higher than that of the recycled filament from [15], which had a value of 0.133 GPa. In terms
of tensile strength, the materials showed similar values, with the [15] recycled filament
reaching 26.2 MPa, slightly higher than the 24.23 MPa obtained for the rPET produced in
this study. On the other hand, the recycled filament from [15] exhibited greater ductility,
with a strain at failure of 5.5%, compared to 2% for the rPET examined in this study.

Analyzing the tensile test results of the 3D-printed specimens with a 90° layer orienta-
tion using rPET and PETG, presented in Figure 15 and Table 3, both samples exhibit similar
stress—strain curves, characterized by an initial increase in stress until reaching a peak,
followed by a sharp drop, indicating a brittle fracture with almost no plasticization plateau.
Additionally, due to the similarity in the mechanical behaviors between the two materials,
the rPET specimen shows similar layer adhesion. Despite the similar curve shapes, PETG
reaches higher maximum stress, around 27 MPa, while rPET reaches approximately 22 MPa,
indicating that PETG has 23% greater tensile strength before rupture. On the other hand,
rPET shows a Young’s modulus that is 36% higher than that of PETG, justifying the greater
deformation at failure of PETG. Moreover, PETG presents slightly higher strain at failure,
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0.03 mm/mm, while rPET fails with a lower strain of 0.01 mm/mm. The images further
confirm that, with a 90° printing angle, both PETG and rPET exhibit predominantly brittle
behavior, with ruptures occurring abruptly and without visible signs of plastic deformation.

Analyzing the tensile test results of the 3D-printed specimens with a 0° layer orien-
tation using rPET and PETG, presented in Figure 16 and Table 4, both samples follow a
similar pattern to the 45° tests, with an increase in stress until reaching a peak, followed by
a decline. However, compared to the 45° graphs, more pronounced differences in behavior
are observed after the peak. In the case of rPET, the curve is more irregular, showing
fluctuations, indicating greater variability in mechanical failure related to the material and
its orientation. Nonetheless, with this orientation, the strength is higher compared to the
other orientations. PETG shows 9% higher strength (49 MPa compared to 45 MPa for rPET).
As in other directions, rPET presents a 15% higher Young’s modulus. The curves indicate
that PETG deforms more before failure, showing a maximum strain of 0.03 mm/mm, while
rPET tends to fail with a strain of around 0.02 mm/mm. This suggests that PETG is slightly
more ductile, as observed in the other graphs. Ductile failure is clearly visible in both
samples, with the two parts of the specimen never fully separating after the peak stress at
the end of the tests.

4.2. Comparison of rPET Obtained from Different Brands of Water Bottles

At first glance, it seems that the rPET specimen from Penacova has a printing ori-
entation of 90°, as the curve presented is similar to those previously analyzed with the
same orientation. As shown in Figure 17, and after the maximum stress peak, the material
exhibits brittle failure. Although it showed a strength value close to that of the initial rPET
(27 MPa), the specimen split into two parts immediately after the stress peak, unlike the
tests conducted at 45°, where the material showed greater deformation after the peak. This
difference indicates that the material from the other brand (Penacova) is considerably stiffer,
which is reflected in its stress—strain curves.

4.3. Comparison Between the Strips Obtained from the Bottle and the Specimens Obtained from
These Strips After Transforming Them into Filaments and Using Them in 3D Printing

In the graph shown in Figure 18, one can observe that the original PET displays typical
polymeric mechanical behavior, with a gradual increase in stress up to a peak, followed
by a sharp drop. The maximum strength achieved by the original PET is around 72 MPa,
with a high standard deviation, indicating significant variations between specimens due to
manual cutting. However, despite these variations, it is clear that 3D printing with rPET
introduces layers that weaken the internal cohesion.

The original PET has an elastic modulus of 3.64 GPa, 66% higher than that of the rPET
specimens oriented at 0°. This demonstrates a significant reduction in material stiffness
after recycling and printing processes. On one hand, molecular weight loss may occur
during the filament transformation and printing processes. On the other hand, the printed
structure will contain voids, which reduce the actual cross-sectional area compared to the
measured area. Another important factor to consider is the blow molding process used
in bottle production. This process causes strain hardening due to the alignment of the
polymer chains in the direction of viscoplastic flow. This explains the high strength and
relatively brittle behavior.

The strain at failure for PET is 0.03 mm/mm, which shows that, despite being rigid,
the material retains some ductility.

5. Conclusions

This study demonstrates the feasibility of producing 3D-printed parts using filaments
created at home or in schools, universities, clubs, etc. The construction of a DIY machine
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for the production of recycled filaments from PET bottles was described, aiming to explore
a more sustainable and economical alternative to commercial filaments for FFF 3D printers.

Regarding the comparison of the mechanical tensile behavior, the main difference
between the two materials, PETG and rPET, lies in the predictability and consistency of
the results for specimens with the same printing orientation. rPET specimens exhibit
more irregularities and variations compared to PETG. These irregularities are particularly
evident in the strength values, where rPET specimens consistently show a relatively higher
standard deviation. Potential causes for these include the following.

e  Material inconsistencies: During the plastic strip cutting process, minor variations
in the strip width can lead to larger hollow cores in the filament, affecting the print-
ing quality.

e  Temperature fluctuations in drawing: Small temperature variations during drawing
can alter the filament’s quality and consistency, impacting the final properties of rPET.

However, the shape of the stress—strain curves for PETG and rPET is quite similar,
although the range of values varies. Both materials show similar behavior in terms of the
strength, Young’s modulus, strain at failure, and even failure modes, with PETG generally
achieving higher strength values than rPET, but a lower Young’s modulus. At the 0°
orientation, as expected, the highest maximum stress values were observed, confirming the
significant influence of the printing direction on the specimens’ mechanical behavior.

Even with similar tensile strengths, the higher stiffness of the filament developed in the
present study compared to the filament from [15] can be explained by the manufacturing
process that favored a more organized structure, resulting in a stiffer material.

Regarding the rPET specimens from a different brand, it was concluded that PET from
different sources can result in significantly different mechanical properties and behavior,
warranting further analysis to understand the causes of these variations.

The comparative analysis between PET and rPET highlights significant differences in
their mechanical properties, reflecting the impact of recycling and 3D printing processes.
The layering introduced during 3D printing creates structural weak points and reduces
the internal cohesion, resulting in lower strength and stiffness. However, it is important
to note that this performance reduction is not solely due to the material being recycled.
The 3D printing process itself contributes, as evidenced by the similar performance values
between rPET and PETG, the latter being a non-recycled material but also produced through
3D printing.

Tests on the recycled rPET filament revealed that, despite the slightly inferior me-
chanical properties compared to commercial PETG, the recycled filament offers a viable
solution for 3D printing. For more demanding applications, commercial filaments may be
necessary due to their stricter quality control. This result is unsurprising, as the developed
machine lacks the rigorous quality control applied to commercial filaments, leading to
higher impurity levels and less uniformity in the filament.

Nevertheless, the main advantage of rPET filaments lies in their ability to transform
plastic waste into a value-added product, promoting local recycling and reducing plastic
waste. The described machine allowed the production of filaments from PET bottles
with relatively low investment, offering an economical alternative to commercial options.
This filament can be used in basic 3D printers, enabling the creation of parts with good
performance and appearances.

Future work will focus on optimizing the 3D printing parameters to enhance the
mechanical properties of the obtained rPET filament. This includes fine-tuning the printing
settings to achieve better performance and consistency in the printed parts. Additionally,
further characterizations will be conducted to assess the thermal and viscoelastic prop-
erties of the recycled material. Expanding the analysis to these properties will provide
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a more comprehensive understanding of how recycling and 3D printing processes affect
the material.

The presented solution is not only viable but also promotes sustainability while
providing a practical and economical alternative for 3D printing and centralized recycling.
This approach represents a significant step towards increasing the independence of 3D
printer users while contributing to the reduction of plastic waste.
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