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INTRODUCTION

worldwide. With plastics pervading nearly every aspect of modern life, from packaging to construction materials, the

urgency for sustainable disposal and reuse solutions has never been more apparent. Despite ongoing efforts and
growing awareness, achieving a circular economy for plastics remains a complex and multifaceted challenge. [1] The
endeavours of recycling and data analysis in Europe, for example the E*UDRES? Alliance, focus on leveraging
interdisciplinary research and collaboration to enhance waste management practices and promote sustainable regional
development. [2]
Amidst this global backdrop, 3D printing has gained significant attention for its potential to transform manufacturing
processes and product design. Offering unparalleled flexibility and customization capabilities, 3D printing has swiftly gained
traction across industries ranging from aerospace to healthcare [2]. Various techniques have emerged in Additive
Manufacturing, each shaped by distinct manufacturing processes. Fused Deposition Modelling (FDM) stands out among
these methods. FDM entails the creation of a three-dimensional model through the extrusion of molten material, layer by
layer, forming small beads that solidify to shape the model. Originating in the late 1980s, FDM was pioneered by Mr. S.
Scott Crump and subsequently refined by Stratasys in 1990 [4]. The authors provided a comprehensive overview of the
materials available for crafting 3D designs, discussing their strengths and weaknesses in practical terms. Gunaydin et al. [5]

I ) lastic recycling has emerged as a critical strategy in addressing the environmental challenges posed by plastic waste
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also shared practical tips for improving print quality. They suggested simple precautions, like ensuring a draft-free
environment and placing the printer on a stable surface. Additionally, they emphasized the importance of using high-quality
filament material for better results. However, the successful implementation of 3D printing hinges on the availability of
suitable materials with desired mechanical properties and performance characteristics. Polyethylene terephthalate glycol
(PETG) has emerged as a leading contender among 3D printable materials due to its favourable balance of strength,
flexibility, and printability. Derived from the same polymer family as PET (polyethylene terephthalate), PETG offers
enhanced durability and impact strength, rendering it suitable for a wide array of applications [6]. Despite its favourable
properties, PETG's sustainability is still a subject of scrutiny, primarily revolving around concerns regarding its end-of-life
disposal and the efficacy of recycling processes. As the world grapples with the environmental consequences of plastic
waste, researchers have intensified their efforts to address these challenges by shifting their focus towards the recycling of
PETG and other materials used in 3D printing. This growing interest in recycling initiatives aims to not only mitigate the
environmental impact of plastic waste but also to explore innovative solutions for the circular economy, where materials
are reused, repurposed, and recycled to minimize resource consumption and waste generation [7].

Plastic materials offer various recycling options, and the ease of recycling varies depending on the type of polymer, package
design, and product complexity. For example, rigid containers made of a single polymer are simpler and more cost-effective
to recycle compared to multi-layer or multi-component packages. Thermoplastics such as PET, PE, and PP promise
mechanical recycling, while thermosetting polymers like unsaturated polyester or epoxy resin cannot be mechanically
recycled. However, they can potentially be repurposed as filler materials after size reduction. A significant challenge in
producing recycled resins from plastic waste arises from the inherent immiscibility of different types of plastic at the
molecular level and differences in processing requirements on a macro scale. For example, even a small amount of PVC
contaminant in a PET recycling stream can degrade the recycled PET resin due to the evolution of hydrochloric acid gas
from the PVC at the higher temperature required to melt and reprocess PET. Conversely, PET in a PVC recycling stream
may form solid lumps of undispersed crystalline PET, significantly reducing the value of the recycled material. Therefore, it
is often technically infeasible to incorporate recovered plastic into virgin polymer without compromising some quality
attributes, such as colour, clarity, or mechanical properties like impact strength. As a result, most uses of recycled resin
involve blending it with virgin resin, often in non-critical applications such as garbage bags or irrigation pipes. The ability
to substitute recycled plastic for virgin polymer depends on the purity of the recovered plastic feed and the property
requirements of the plastic product. Current recycling schemes for post-consumer waste generally focus on easily separable
packages, such as PET bottles and HDPE milk bottles, which can be positively identified and sorted from waste streams.
Conversely, there is limited recycling of multi-layer or multi-component articles due to contamination concerns between
polymer types [8]. The recycling of PLA and PETG for additive manufacturing has been explored in several studies, yielding
varied results. Zhao et al. [9] observed that PLA exhibited a significant decline in viscosity after just two recycling cycles,
rendering it unprocessable. To mitigate this, recycled PLA was mixed with fresh granules, which successfully restored
processability. Anderson [10] compared the mechanical properties of virgin and recycled PLA, finding that recycled PLA,
after one cycle, showed a mechanical tension decrease of approximately 4 MPa compared to virgin material. Sanchez et al.
[11,12] conducted two studies on PLA recycling over five cycles. In 2015, they noted no significant decrease in tensile
strength but observed a 10% reduction in elongation at the breaking point after five cycles. However, their 2017 study found
a 35% decrease in the mechanical properties of additively manufactured tensile specimens, highlighting inconsistency in the
results for recycled PLA. In their study, Mats Bremmer et al. [13] investigated the recyclability of PETG, a PET-based plastic
modified with glycol to enhance its 3D printing properties, within the context of additive manufacturing. The research
specifically examined the use of 3D printing waste, such as misprints and support structures, to produce recycled filament
on a laboratory scale. To assess the feasibility of filament production, Bremmer et al. tested three blends of recycled and
virgin granulate. The quality of the recycled filament was evaluated based on filament diameter, the dimensional accuracy of
printed test specimens, and their mechanical properties. Given that previous studies on PLA recycling have shown
significant issues only after multiple recycling cycles, Bremmer et al. chose to reuse PETG plastic just once to minimize
potential impacts on material properties. This approach aimed to provide initial insights into the feasibility of PETG
recycling for additive manufacturing, addressing a gap in the literature, as no specific information previously existed for this
application. This study demonstrated that PETG 3D printing waste can be effectively recycled into new filament. Uniform
granulate shape and size improved filament diameter and mechanical properties. While recycled material showed slightly
lower tensile strength, a 50/50 mix with virgin granules matched the tensile strength of purchased material, indicating
significant potential for industrial recycling. Further research should explore the impact of multiple recycling cycles and
optimize production parameters. [13]

This paper aims to investigate the degeneration or evolution of mechanical behaviour exhibited by PETG throughout the
recycling process within the context of a circular economy. Specifically, we seek to assess how the mechanical properties of
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PETG specimens, initially printed from virgin material, are influenced as they undergo successive cycles of recycling and
reutilization. Our study involves subjecting 3D printed PETG samples to mechanical testing, including tensile, compression,
and impact tests, followed by re-milling and reusing the material to produce new filament for printing. By examining the
mechanical behaviour of PETG in the context of recycling and circular economy principles, this research serves as a crucial
step towards understanding the material's sustainable usage in 3D printing applications. Establishing a baseline of
mechanical properties for PETG after the first cycle of recycling will elucidate the potential trade-offs between material
sustainability and performance. Furthermore, insights gleaned from this study can inform future efforts aimed at optimizing
recycling processes and advancing the development of eco-friendly 3D printing materials within the framework of a circular
economy.

MATERIALS AND METHODS

available for use and study, but we will be concerning ourselves with the polymer Polyethylene Terephthalate
Glycol or PETG for short. This polymer is a widely known and very popular in the industry of 3D printing for its
mechanical properties, transparency and impact strength. Being that is part of the thermoplastic families of polymers it has
the advantage of being able to be moulded into different shapes or for our study, extruded into filament-based forms. An
additional property to be taken into consideration is also the chemical resistance of such a copolymer, having very good
behaviour when being acted upon by a large number of solvents, acids and alkaline substances [14]. Important to note is
that the material is hygroscopic and therefore proper storage would be required to minimize the absorption of water from
the environment.
From a mechanical characteristics point of view, our batch had the following properties, given by the technical spec sheets
on this polymer:
1. Density: 1.23 g/cm?
Melting point: 245-250°C
Elasticity modulus: E = 2-3 GPa
Poisson coefficient: 0.35-0.4
Tensile strength: 50-70 MPa
Flexural strength: 70-100 MPa
7. Hardness: between: 70 — 90 Shore D
The material used in our tests found itself in 2 distinct starting forms, that being filament (Fig. 1a) and pellets (Fig. 1b).
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I ; eeping in mind that the domain with which we concern ourselves is 3D printing, a plethora of materials are
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Figure 1: Filament based (a); Pellet based (b)

The main reasoning of starting with different forms of the same material is to see if there are any inherent differences
between these two regarding the mechanical and printability characteristics of them. The comparison is also of importance
because this would be a starting point for future recycling loops where the material will end up in the end as shredded pellets
ready to be reformed into filaments, marking a new usage cycle. Having prepared the necessary material, we must turn our
attention to the aforementioned cycles and which route the finished specimens would have taken in the study, as the
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recycling process is mechanical only, with no addition of other composites or additives. In the following Fig. 2 the routes
are presented from the start as raw material to the end as shredded polymer.

Pellets

lExtrude

«22 ;E ?! 3D-Punt

Processed filament New Filament

I

Figure 2: Flow of new and/or recycled material as a complete cycle of use

The 3D printing was carried on the Prusa i3 MK3S printer (Fig. 3a), mainly being its ease of use, very intuitive controls and
overall adaptability. The extruding process was fulfilled by the Felfil -EVO- being a manually top loading heated screw
extruder with adjustable feed speed (Fig. 3b). After the testing trials the parts are shredded in the Felfil Shredder.

Figure 3: Prusa i3 MK3S (a); FelFIl -EVO- (b)
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The aforementioned devices are the main part of the fabrication and reusing cycle (Fig. 4). The Evo extruder is heated up
to 195°C with a set speed of 7 revolutions per minute. A higher temperature can be used, but of note is that above 350°C
PETG starts to lose density. For the time being the spooling of the filament has to be done manually, with future endeavours
including an automatic spooling mechanism for a higher yield of filament.

i I

g

Nozzlc’

Extruded
filament

PETG pellets Extruder Felfil EVO

Temperature: 195°C
Speed: 7 rpm

=

~

Prusa i3 MK3S Original

Tensile test specimens

Figure 4: Workflow of raw material from pellets to finished samples.

For each of the planned tests the printing of 2 distinct sets of specimens was required in order to compate the behaviour
of new filament and the processed filament from the pellets. Therefore, samples were numbered from 1 to 6 for the new
filament, and for the processed filament an extra asterisk/dot was added. Dimension wise, both sets of specimens were in
the same value range, without noticeable variations in tolerance range. Being that there are no noticeable differences between
new and processed filament specimens. Each sample has been measured at 3 points on the relevant area and averaged in
order to have an overall view of the value. No other post processes have been done to the samples after the printing phase,
other than the removal of the hair like strands of material, where applicable, after the process finished.

Tensile test setup
Tensile specimens ate printed according to the ISO 527 — 2:2012 for extruded and injected polymers (Fig. 5).

75 ,
58 j{
2 30 ®
:
I e e -9
— |
o 25

Figure 5: Specimen dimensions according to ISO 527-2:2012 [15]

After the printing process each specimen was measured and recorded in order to assure that there was no inherent fault
with the process that could negatively influence the results of the tests. The average thickness and width of the specimens
is 2.10 mm and 5.05 mm respectively with a measurement error of £ 0.05 mm. A slight challenge has appeared when printing
with the processed filament, because of its air inclusions into its mass. Such issues need to be troubleshooted and the
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printing process supervised as it could potentially decalibrate the printing process, resulting in either thinner specimens or
with defects.

Figure 6: New filament (a); processed filament (b)

For the effective testing of said specimens the equipment used was a Zwick/Roell Z005 universal testing machine (Fig. 7),
with a maximum force reading of 5 kN, precision class 0.5 according to DIN EN ISO 7500-1, ASTM E4, and a speed
between 0.0005 to 1500 mm/min. Measurement of the elongation was done using an electronic extensometer with an initial
state of 30 mm gap between the measuring points. Reading of the required data is done by the extensometer and such it is
imperative that the breaking point would have been between the 2 anchor points. The speed with which the test was carried
out is 5 mm/min at room temperature and normal atmospheric pressure.

" ,‘ m\" | 'I i

Measuring grid | ' M‘m"““"“ i

Command unit

Extensometru

Mobile platform

5kN load measuring

cell

Upper grip head

Specimen

Lower grip head

Base

Figure 7: New filament (a); processed filament (b)

Compression test setup
The specimens are cylinder shaped (Fig. 8), with an average height of 25.3 mm and a diameter of 12.5 mm with a measuring
error of 0.05mm.
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Figure 8: Compression test specimens.

The equipment used for the compression test is LBG A0009-TC100 06N /1 seties (Fig. 9), with a maximum force of 100
kN

Figure 9: LBG A0009-TC100 universal testing machine

Impact test setup

The specimens are printed according to ISO 179 - 2, and Fig. 10, with a 2 mm deep notch, along with the impact setup
consists of an INSTRON: CEAST 9050 Pendulum Impact System. Being that the notch is present in the specimens a 5 |
potential energy impact hammer was chosen.

Figure 10: Specimens (left); Pendulum impact system (right).

Below in Tab. 1 are the parameters and characteristics of the impact hammer used for this test along with the measured
values during the calibration period.
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Nominal Parameters

Hammer type Charpy
Potential energy 51
Impact speed 2.9 [m/s]
Starting angle 150°
Length 229.7 [mm]
Measured parameters
Hammer at 90° 11.637 [N]
Oscillation time 0.962 [s]
Reduced length 0.22977 [m]
Impact length 0.2297 [m]
Energy loss 0.009 []]
Vertical offset at impact -0.1 [mm]

Impact surface
Angle 30°
Radius 2.04 [mm]

Table 1: Charpy impact hammer characteristics

RESULTS AND DISCUSSION

Tensile Tests
ven at this step of material processing, signs of different characteristics are beginning to show (Fig. 11), regarding
to the Young Modulus, and maximum stress. The new filament has an average E = 2 GPa compared to the
processed one at E = 2.28 GPa. Together with the increase in elasticity there is also a difference in the value of the

maximum tensile strength, Gmax = 48.31 MPa for processed compared to Gmax = 46.47 MPa for the new filament. This
increase could be attributed to swings in material quality of the processed PETG.

50

Processed filament

v
o

40

New filament

5

30

©
o

20
10 b)

Stress [MPa]

8
Tensile strength

—
o

0

Procesed filament New filament

Strain [%]

Figure 11: Typical stress - strain curves (a); Tensile strength (b).

During the testing, the processed material although presenting marginally better results, it was more prone to instability of
the region where the fracture took place, having a bigger swing in the position where the rupture took place. Possible cause
is the presence of small defects from the printing process, either inside the samples or on the surface from the very thin
threads of plastic that are creating during passes. From the graph it can be also observed that the slope present in the elastic
zone for the processed material is indeed steeper compared to the new one. One exception would be in the area of the
interval where stress abruptly drops, almost vertical for the new material, compared to the processed one which seems like
it’s somewhat delayed, not such a fragile drop. As for the maximum force required, even is the new filament performed
slightly worse, the spread of its values is more contained compared to the processed one where the values are distributed in
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a wider interval, that implies that the stability of the material can be taken into question, but not forgetting that the printing
process and faults are also an important vatiable.

Type of filament New filament Processed filament
Specimen no. 1 2 3 4 5 6 1 2 3 4 5 6

Peak Force [N] 460.22 446.15 467 466.5  465.55 458 489 495.65 4825 489.42 492.67 4406.34

Pez[‘ll\‘ﬂs);‘]e“ 4623 4533 4683 4754 4653 4634 4939  49.81 4834 4889  49.99 4544

Stainatpeak 5350 316 320 315 332 321 35 351 345 346 34 322
Stress [%0]

Young’s
Modulus [GPa] 2.02 2.28 2.25 2.79 2.11 2.21 2.19 2.02 2.19 2.47 1.9 2.25

Table 2: Tensile test results.

Compression tests
The compression test follows a similar process to those that were done for tensile, having a batch of 6 samples from new
and processed filament and seeing their respective behaviour and if there are things to note. The speed with which the

compression test was performed was set at 6 mm/min. As it can be observed in Fig. 12, the overall form and values are
comparable, with almost a perfect match between them.

—— Processed filament

400
——New filament
350
300 "
=20 s 3
=
2
=200
w
g
&

100 ! .
3 ‘*“"/
L S

50
N4

0 10 20 30 40 50 60 70 80 90
Strain [ %]

Figure 12: Stress — strain diagram with sample behaviour.

Type of filament New filament Processed filament
Specimen no. 1 2 3 4 5 6 1 2 3 4 5 6
Compression

modulus [GPa] 1.05 1.15 0.91 0.96 1.02 1.09 1.06 1.01 1.26 1.27 1.31 1.25

Plat[e;d‘},zress 4821 4845  47.66 4572 4538 464  46.65 4716 44.62 4467 4537  44.07
Densification

. 46.8  47.26 4536 4446 4562 4594  46.40 52.4 45.65 4553 4588  44.78
strain [%o]

Table 3: Compression test results

During testing the specimens were stable, not presenting brittle behaviour. At the end of the process, the samples have been
compressed to a height that is 20.5 mm shorter than their starting value. This was picked as an endpoint due to the fact that
more pressure wouldn’t bring any other discernible results, having already been necessary 37 kN of force to bring them into
this state. The overall difference in compression-modulus is insignificant, approximately 0.15 GPa between all samples, Tab.
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3. The average plateau stress, corresponding to 10% deformation is 46.97 MPa for new filament, respectively 45.42 MPa
for processed filament. Regarding the densification strain, defined the value of the strain at 30% stress increased from
plateau stress, the value for new filament is 45.90 %, respectively for processed filament 46.77%.
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Impact tests

The impact test results display a trend that closely mirrors previous findings, showing a tight distribution of outcomes
between the processed filament and the new one. For clarity, the data points that most accurately represent the average
results for each type of filament were selected and illustrated in Fig. 13.

0.18

200 ;-I::.e;j::‘ ill:mmf 016 ~———Processed Filament
180 New filament
6 0.14
140 012

Z. 120 E 01

@ 100 S 0.08

9 a

uot £ o 0.06

60 '
£ 0.04
2 a) 0.02 b)
0 0
0 0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2 0 02 04 0.6 0.8 1 12 14

Deflection [mm] Deflection [mm]

Figure 13: Specimen behaviour during testing load-deflection (a); Energy—deflection (b).

The specimens although presenting similar values, do show a slight difference in the failure mechanism, that being the
processed ones have a clearer cut fracture as opposed to the new filament ones, which show less brittle behaviour. All the
specimens do present, from each category, this behaviour which points to a stiffening of the processed material, at least for
the impact test. What is also to note is the Charpy impact strength of the specimens Fig. 14, having similar values calculated
with Eqn. (1), but slightly lower for the processed specimens as opposed to the new filament. To note is the tighter spread
of values for the new filament as opposed to the processed one where the amplitude of results is higher.

t = e X 10° <1>
hx by

where:
W._is the corrected energy absorbed by breaking the test specimen in [J];

h is the thickness of the test specimen, in [mm];
by is the remaining width in the notched section of the test specimen in [mm].

nn

B Processed filament H New filament

O b
A U

o L=, L1 N L LW W

Charpy impact strength [K]/mm?]
— N

o

Figure 14: Average Charpy impact strength.
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Type of filament New filament Processed filament
Specimen no. 1 2 3 4 5 6 1 2 3 4 5 6

Surface area [mm?] 31.69  31.7  31.78 3134 31.72 3117 315 3142 3156 3173 3121 3146

Peak Force [N] 158 180.71 195.82 179.29 152.06 153.48 167.81 162.13 176.33 168.74 1709 145.22
Total Energy [J] 0.13 0.10 0.13 0.11 0.12 0.13 0.09 0.13 0.14 0.13 0.09 0.12
Charpy impact strength

433 335 429 375 391 431 311 425 449 407 421 301
[k]/mm?]

Table 4: Charpy test results.

This study acknowledges some limiting factors that may influence the generalizability of the findings. Firstly, the relatively
small sample size could limit the statistical power of the findings, making it difficult to draw broader conclusions.
Additionally, the focus on only one recycling cycle restricts the ability to assess how material properties might change across
multiple cycles, which is important for understanding long-term durability and performance.

CONCLUSIONS

versus recycled material through compression, tensile, and impact tests. The preliminary findings indicate a marginal

difference in stiffness, with recycled material exhibiting slightly higher stiffness. Additionally, there is a small alteration
in mechanical characteristics, notably an increase in brittleness. However, it is important to exercise caution in drawing
definitive conclusions based solely on this initial data. Upon closer examination, the data reveals that the new material
demonstrates greater stability, particularly in its predictable performance in tensile strength tests. In contrast, the recycled
material, while occasionally stronger, displays greater variability in its results. This variability suggests a degree of instability,
possibly due to variations in material composition or inconsistencies in filament formation during the recycling process.
Thus, while recycled PETG shows promise in certain aspects of mechanical performance, such as strength, its variability
necessitates further investigation and scrutiny. The potential impact of these limitations on the generalization of the findings
is significant. The small sample size and single recycling cycle may result in conclusions that are not fully representative of
real-world scenarios, where materials often undergo multiple recycling processes. These constraints highlight the need for
caution when applying these findings to broader contexts. Future research should aim to address these limitations by
increasing the sample size and examining material properties over multiple recycling cycles. Such studies would provide a
more comprehensive understanding of the effects of recycling on material performance and enhance the generalization
of the results. This will allow for a better understanding of the trade-offs and implications of utilizing recycled PETG in 3D
printing applications, ultimately advancing sustainable manufacturing practices while ensuring consistent and reliable
performance.

I n conclusion, this study examined the behaviour of PETG when comparing specimens printed from new material

REFERENCES

—
—_
[

Industry Agenda (2016). The new plastics economy rethinking the future of plastics. In World Economic Forum (Vol. 36).
Soares, S., Serralha, F., Paz, M.C., Carrico, N., Galatanu, S. (2024). Unveiling the data: An analysis of plastic waste with
emphasis on the countries of the EUDRES2 alliance. Heliyon. 10. ¢28375. DOI: 10.1016/j.heliyon.2024.¢28375.

[3] Vasudevan, A., Senthil Kumaran, S., Naresh, K., Velmurugan, R. (2018) Experimental and analytical investigation of
thermo-mechanical responses of pure epoxy and carbon/Kevlar/S-glass/E-glass/epoxy interply hybrid laminated
composites for aerospace applications, Int. J. Polym. Anal. Charact. 23(7), pp. 591-605

[4] Gokhare, V.G, Raut, D.N, Shinde, D.K. (2017). A review paper on 3D-printing aspects and various processes used in
the 3d-printing, Int. J. Eng. Res. & Technol. 6, pp. 953-958.

[5] Ginaydin, K., Tarkmen, H. S. (2018). Common FDM 3D Printing Defects, International Congress on 3D Printing

(Additive Manufacturing) Technologies and Digital Industry.

—
A

320



4
r’(;'
V. Doban et alii, Frattura ed Integrita Strutturale, 70 (2024) 310-321; DOI: 10.3221/IGF-ESIS.70.18 /

[6] Durgashyam, K., Indra Reddy, M., Balakrishna, A., Satyanarayana, K. (2019). Experimental investigation on mechanical
properties of PETG material processed by fused deposition modelling method, Materials Today: Proceedings, 18(06),
pp- 2052-2059.

[7] Koroneos, C.J, Nanaki, E.A. (2012) Life cycle environmental impact assessment of a solar water heater. Journal of
Cleaner Production, 37, pp.154-161.

[8] Hopewell ], Dvorak R, Kosior E, (2009). Plastics Recycling: Challenges and Opportunities, Philosophical Transactions:
Biological Sciences, 364 (15206), pp. 2115-2126 Published by: Royal Society Stable
http://www.jstor.org/stable/40485985 Accessed: 12-10-2016 14:25 UTC

[9] Zhao, P., Rao, C., Gu, F., Sharmin, N., Fu, J. (2018). Close-looped recycling of polylactic acid used in 3D printing: an
experimental investigation and life cycle assessment. J. Clean. Prod. 197(1), pp. 1046-1055.

DOI: 10.1016/j.jclepro.2018.06.275.

[10] Anderson, 1. (2017). Mechanical properties of specimens 3D printed with virgin and recycled polylactic acid. 3D Print
Addit Manuf 4(2), pp. S110-S115. DOI: 10.1089/3dp.2016.0054.

[11] Sanchez, F.A.C., Lanza, S., Boudaoud, H., Hoppe, S., Camargo, M. (2015). Polymer recycling and additive
manufacturing in an open source context: optimization of processes and methods. In: Proceedings of the Annual
International Solid Freeform Fabrication Symposium, ISSF 2015, Austin, TX, USA. pp. 1591-1600. hal-01523136.

[12] Cruz Sanchez FA, Boudaoud H, Hoppe S, Camargo M. (2017). Polymer recycling in an open-source additive
manufacturing context: Mechanical issues. Addit Manuf, 17, pp. 87-105. DOI: 10.1016/j.addma.2017.05.013.

[13] Bremer, M., Janoschek, L., Kaschta, D. (2022). Influence of plastic recycling—a feasibility study for additive
manufacturing using glycol modified polyethylene terephthalate (PETG). SN Appl. Sci. 4, 156.

DOI: 10.1007/s42452-022-05039-3.

[14] MatWeb Material Property Data — Overview of materials for PETG Copolyester.

[15] ISO 527-2: 2012 — Plastics determination of tensile properties, https://www.iso.org/standard/56046.html

[16] ISO 179-2: 2020 - Plastics — Determination of Charpy impact properties. Part 2: Instrumented impact test,
https://www.iso.org/standard/75825.html.

321




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


