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Abstract: Sustainability in additive manufacturing refers mainly to the recycling rate of polymers and
composites used in fused filament fabrication (FFF), which nowadays are rapidly increasing in volume
and value. Recycling of such materials is mostly a thermomechanical process that modifies their
overall mechanical behavior. The present research work focuses on the acrylonitrile-butadiene-styrene
(ABS) polymer, which is the second most popular material used in FFF-3D printing. In order to
investigate the effect of the recycling courses on the mechanical response of the ABS polymer, an
experimental simulation of the recycling process that isolates the thermomechanical treatment from
other parameters (i.e., contamination, ageing, etc.) has been performed. To quantify the effect
of repeated recycling processes on the mechanic response of the ABS polymer, a wide variety
of mechanical tests were conducted on FFF-printed specimens. Regarding this, standard tensile,
compression, flexion, impact and micro-hardness tests were performed per recycle repetition.
The findings prove that the mechanical response of the recycled ABS polymer is generally improved
over the recycling repetitions for a certain number of repetitions. An optimum overall mechanical
behavior is found between the third and the fifth repetition, indicating a significant positive impact of
the ABS polymer recycling, besides the environmental one.

Keywords: additive manufacturing; 3D printing; recycling; acrylonitrile-butadiene-styrene (ABS);
material characterization

1. Introduction

Nowadays, polymer materials hold an important role in the industry, thanks to their unique
properties, such as a wide range of operating temperatures, high thermal/electrical insulation,
corrosion-and light-resistance and sufficient mechanical properties (high strength-to-weight ratio,
stiffness, toughness and ductility) [1]. However, one of the main issues for their use is the environmental
impact of the plastic residues accumulated in the natural environment and in landfills, due to their
longevity which can reach several decades (if not millennia) to degrade [2]. Worldwide, the production
of plastics was 360 million tons in the year 2018 [3].

In the literature, strategies have been studied regarding the recycle and reuse of plastic waste
and the economic benefits derived from these strategies, i.e., Peeters et al. reviewed the circular
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economy-based potential of personal polymer fabrication, clean production and industrial ecology by
providing an in depth analysis of the complex relationships among the identified recycling barriers [4].
Plastic recycling is a pivotal aspect of the circular economy strategy worldwide [4]. Thus, in recent
years, there has been an increasing amount of interest in the scientific community and entrepreneurial
initiatives to propose solutions to tackle the issue of plastic wastes, including the use of plastic recycling
for 3D printing purposes.

It was also proved that there is an economic benefit on the indoor recycling [5] of a vast variety of
polymer wastes from, e.g., electronics, wastelands or even industries and schools [6]. Several researches
focus on the recyclability of polymer wastes by extruding them and then injection molding them into
new parts or specimens to examine their mechanical, physical and thermal properties [7-14]. Another
novel strategy is to mix natural biodegradable material wastes, i.e., banana fibers [15,16] or mussel
shells [17] with recycled polymer wastes, that can lead to the effective reduction of plastic waste.

Recycling is also applied in various types of additive manufacturing (AM) technologies, for both
polymers and metal materials that are recycled in a form suitable for use in AM, i.e., powder and
filament. In the laser sintering AM technology, there is a research interest regarding the recyclability
of sintering powders that are heat-exposed from the initial sintering procedure. For Polyethylene
Terephthalate (PET) powders [18], Polyamide (PA) powders [19], aluminum oxide powders [20,21]
or even stainless steel powders [22,23], research proved that these type of materials offer excellent
recyclability and scalability.

Research is also focusing on the recyclability of polymeric wastes into filaments ready to print
in a household 3D printer [1,24], and more specifically on the recyclability and blending of common
polymer wastes like low-and high-density polyethylene (LDPE/HDPE) found in shopping bags and
bottles with natural recyclable fibers like hemp fibers and sand [2,24-26].

For the fused filament fabrication (FFF), the literature reports the fine recyclability of printed
parts, filaments and the production of novel materials containing virgin and recycled materials in
blends like Low-density Polyethylene (LDPE), High-density Polyethylene (HDPE), Polyethylene (PE),
Polypropylene (PP) [27-31], Nylon [32,33] or even recycled tires [34]. Regarding the recycling of
Polylactic Acid (PLA) filaments, research was focused more on obtaining a further insight into the
mechanical properties of 3D-printed parts and showed that there is a slight reduction in the mechanical
properties of 3D-printed parts using recycled materials in comparison with the ones using virgin
materials [35-39].

Moreover, regarding the ABS filament recycling research, which has the most interest due to its
large filament market share (Figure 1), studies showed that it can be easily recycled multiple times
through extrusion systems and successfully re-utilized in 3D printers. Specific studies in the literature
report a reduction in the mechanical properties of recycled ABS in all cases studied [40-42], while
a few researchers report an increase in the mechanical properties after the second or third recycle
course [43,44].

The global 3D printing filament material market volume was 1.8 billion US$ in 2019, growing at
a Compound Annual Growth Rate (CAGR) of 27% (Figure 1). The ABS filament is the second most
popular material in the filament market, holding about 29% of the market, with a market share of about
0.5 billion US$. Thus, economically wise, it is considered necessary to evaluate the recyclability of the
ABS material and further examine the mechanical and physical properties of the recycled material,
to define their usability in FFF AM technology.

Furthermore, Figure 1 presents a 3D printing circular economy model, with the four main
parameters affecting the process; that is, the chemical and structural alterations, mechanical properties
modifications, composition fractions and contamination, and financial and environmental assessment.
All these parameters are crucial for the economy of the recycling process and the material’s behavior
after it is recycled.

This work focuses on the mechanical properties’ modifications due to recycling, by isolating the
thermomechanical treatment from other parameters and experimentally studying various mechanical
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parameters of the recycled ABS polymer material. An experimental simulation has been developed,
that accesses not only the indoor recyclability of ABS filament but also addresses and analyzes the
mechanical properties of the recycled ABS filament in many recycling courses, to determine the effect
of each thermomechanical treatment on the mechanical behavior of the material.

To address the effect of repeated recycling processes on the mechanic response of the ABS polymer
via extrusion, a wide variety of mechanical tests were conducted on 3D-printed specimens including
standard tensile testing, compression, flexion, impact and micro-hardness tests per recycle repetition.
The findings prove that the mechanical response of the recycled ABS polymer is generally improved
over the recycling repetitions, until the fifth repetition (and worsened in the sixth repetition), thus
making the recycling of ABS waste a more inviting option. The recycling cost through this procedure
is also estimated.

Global Filament Market
1.8$ billion, ~27% CAGR

Chemical and
Structural
Alterations

. 3D Printing
Circular Economy

data 2019

Financial and
Environmental
Assessment

Composition
Fractions and

ABS Global Filament Market Share CEarrEaa

0.5$ billion, ~27% CAGR

Figure 1. 3D printing circular economy critical parameters and global filament market volume in 2019
(market volume data source: https://www.marketwatch.com/).

2. Materials and Methods

2.1. Materials

For the polymer matrix, acrylonitrile-butadiene-styrene (ABS) was selected and purchased from
INEOS Styrolution. The ABS was industrial grade, delivered in a fine powder form, under the name
Terluran Hi-10. The same quantity of raw material was used throughout the experimental course, and
there was not any addition or blending of a virgin material at any stage of the present research. Before
each step of the process, from powder to filament, from filament to masterbatch and from masterbatch
to filament in each recycling course, the material was dried in a Memert industrial grade oven at 70 °C
for 24 h.

2.2. Methods

2.2.1. Recycling Simulation and Experimental Course

For the current research, the ABS powder was used to produce a virgin ABS filament via the
extrusion process. The produced filament passed through a quality control inspection to ensure that
the tolerances in the required 1.75 mm diameter are within the extruder vendor specifications and that
it has a smooth surface finish. Part of the initial ABS filament was used to produce the test specimens
via 3D printing. The specimens were thoroughly measured and analyzed regarding their dimensions
and their physical properties (i.e., color, surface finish). Tensile, compression, flexion, impact and


https://www.marketwatch.com/

Sustainability 2020, 12, 3568 4 0f 15

micro-hardness tests were conducted in order to evaluate the mechanical properties of the 3D-printed
virgin ABS specimens.

The remaining quantity was shredded into pellets and was then fed into the extrusion system,
repeating the above process chain, in order to determine the mechanical properties of the 3D-printed
ABS specimens of the first recycling course. The shredding process of the filament was performed
with a 3devo shredder machine. According to the vendor specifications, the machine produces a
masterbatch with a less than 4 mm size. Part of the re-extruded filament was employed to manufacture
a new set of specimens which were also analyzed, while the remaining quantity of the filament was
reprocessed into pellets for the next recycling course.

Specifically, 6 recycling processes (recycle courses) were performed. The implemented recycling
simulation process is depicted in Figure 2 below. This process was followed in order to isolate the
effect of the thermomechanical treatment on the polymer’s mechanical properties during the recycling
process from other parameters, such as ageing, contamination and dirt.

With this process, the filament undergoes one additional thermomechanical treatment in each
recycle course. Additionally, in each recycle course, the material undergoes the 3D printing process,
which also adds one more thermomechanical treatment to the process. So, in total in each recycle
course, the material is thermomechanically treated the number of the recycle courses plus one more for
the 3D printing process in each course.

F Y

Filament
Fabrication
Filament
¢ Shredding

Filament
Quality
Control

v

Specimen
Fabrication

v

Specimen
Quality
Control

Material
Testing

Figure 2. Recycling methodology flow chart followed in this work.

The ABS filament in all recycle courses in this work was extruded through a Noztek Pro (from
Noztek UK) single screw extruder and preheated at 350 °C, with a nozzle setup suitable for 3D
printing filament production with a 1.75 mm diameter, provided by the extruder vendor. This working
temperature was derived experimentally, with the extrusion system producing a constant 1.75 mm
diameter filament with a good surface quality, while maintaining an uninterrupted extrusion flow.
According to the specifications provided by the extruder vendor, the produced filament diameter
tolerances are + 0.04 mm, which was also verified with the sampling diameter measurements taken
during the process. The filament was cooled with room temperature air and no cooling tubs were used,
as this is not required, in order to produce a filament suitable for 3D printing, according to the extruder



Sustainability 2020, 12, 3568 50f 15

vendor. This was also verified by the fact that the produced filament was 3D printed with no issues
during the process.

For the test scenarios studied, the specimens were manufactured using the same 3D printing
parameters on a Flashforge inventor 3D printer. The specimens were built with a full infill (100% solid
infill) with a honeycomb pattern at a 240 °C temperature, with the heat bed table of the 3D printer
adjusted to 110 °C during the 3D printing process. The layer thickness used was 0.20 mm and the
extrusion speed was set at 20 mm/s. All specimens were 3D printed in the horizontal orientation, as it
is shown in Figure 2, and they were then tested for the determination of their mechanical properties in
room temperature. The real density of the 3D-printed specimens was experimentally determined to be
on average 1.18 g/mL, with a 0.05 g/mL deviation.

2.2.2. Tensile Specimens’ Fabrication and Testing

The specimens for the tensile tests were manufactured according to the ASTM D638-02a standard
(type V specimens with 3.2 mm thickness). In total, 42 specimens were built consisting of 7 specimens for
each recycle case scenario. The tensile tests were performed using an Imada MX2 tension/compression
test device in the tension mode set up, using standardized grips. The tensile test machine chuck was
set to a 10 mm/min speed for testing (Figure 3a).

2.2.3. Compression Specimens’ Fabrication and Testing

The compression specimens specified in the ASTM D695-02a standard were manufactured with a
50.8 mm length, 12.7 mm width and 12.7 mm thickness. Seven specimens were tested for each case
studied, to comply with the ASTM D695-02a standard, which requires at least 5 specimens to be tested
for each case. The compressive tests were performed using a Schenk Trebel Co. tension/compression
test machine, according to the ASTM D695 standard. CLG-2B load cells with a 2-ton capacity,
1 Kp sensitivity and 0.5% accuracy of the applied load were used to measure the forces during the
experiments, while sensors (Sokki Kenkyujo Co. Ltd.: Tokyo, Japan) were online. An SDP-100c strain
gauge (extensometer, capacity 100 mm, sensitivity 0.01 mm and nonlinearity 0.2% rated output-RO)
was also used to record strain. The micro sensors (Kyowa Co. Ltd.: Okinawa, Japan) for the strain
measurement were connected through a bridge circuit. Sensors were logged with Labview. The test
machine’s chuck was set at the test speed prescribed by ASTM D695, i.e., 5 mm/min (Figure 3b).

2.2.4. Flexion Specimens’ Fabrication and Testing

The specimens for the flexural tests were 3D-printed, according to the ASTM D790 standard
(64 mm length, 12.4 mm width, and 3.2 mm thickness). In total, 42 specimens were built consisting of
7 specimens for each case. The flexural tests were performed using an Imada MX2 in the flexion mode
set up. The machine chuck was set at a 10 mm/min speed for testing (Figure 3c).

2.2.5. Impact Specimens’ Fabrication and Testing

The impact specimens were built according to the ASTM D6110 standard, measuring 80 mm in
length, 8 mm in width and 10 mm in thickness. In total, 42 specimens were built. The specimens
were all built with the ASTM standard’s impact notch. In these series of experiments, a Terco MT 220
Charpy’s apparatus was employed. The apparatus’s hammer was released from the same height for
each experiment scenario in order to evaluate the impact energy. The initial hammer’s angle was set at
162° for all the implemented experiments.

2.2.6. Micro-Hardness Measurements

Regarding the micro-hardness, the specifications of the ASTM E384-17 standard were followed.
The applied method was the micro-Vickers one, with a 0.2 kg force scale (1.962 N) and 10 s indentation
time. The typical Vickers diamond pyramid was used as an indenter (apex angle of 136°), which was
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forced onto a polished surface of the specimens. The area of the remaining indentation, after the removal
of the diamond pyramid, is calculated directly by the device, from the remaining imprint’s mean
average of the diagonals. Experiments were held with the aid of an Innova Test 400-Vickers apparatus.
Figure 3d shows the typical setup of the experimental tests conducted in this work (Figure 3d).

Figure 3. (a) Tensile testing apparatus and procedure; (b) compression apparatus and procedure;
(c) flexion experimental procedure; and (d) micro-hardness Vickers experimental procedure.

2.2.7. Morphological Characterization

In the cases that the fracture mode of the tested materials was to be further documented (especially
in tension), a scanning electron microscopy (SEM) characterization was carried out. The SEM analysis
was performed using a JEOL JSM 6362LV electron microscope in the high-vacuum mode at a 5 kV
acceleration voltage on the uncoated samples.

2.2.8. Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimetry (DSC) was performed in the virgin ABS polymer and after each
recycling course in order to obtain information about the effect of recycling on the glass transition
temperature (Tg) of the polymer. The measurements were taken via a Perkin Elmer Diamond DSC
with a temperature cycle of 50 to 350 °C, with a heating step of 10 °C/min, and then cooled back down
to 50 °C.

3. Results

3.1. Tension Results

In Figure 4, the tensile mechanical behavior results of the virgin and recycled ABS are presented.
More specifically, in Figure 4a, the tensile stress vs. strain curves for each studied recycle course are
summarized. A specific specimen of each course is presented (in all cases, specimen number 3 was
selected). Figure 4b presents the average value and the deviation of the tensile strength results for all
the recycle courses, while Figure 4c depicts the average value and the deviation of the tensile modulus
of elasticity values for the aforementioned recycle courses.
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Figure 4. Recycle courses’ comparative graph: (a) tensile stress vs. strain; (b) tensile strength; (c) and
tensile modulus of elasticity.

3.2. Compression Results

In Figure 5, the results of the compression mechanical behavior of the virgin and recycled ABS are
presented. More specifically, in Figure 5a, the compression stress vs. strain curves for each studied
recycle course are summarized for a specific specimen of each course (in all cases, specimen number
3 was selected). Figure 5b presents the average value and the deviation of the compressive strength
results for all the recycle courses, while Figure 5c depicts the average value and the deviation of the
compressive modulus of elasticity values for the aforementioned recycle courses.
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Figure 5. Recycles courses’ comparative graph: (a) on compressive stress vs. strain; (b) compressive
strength; and (c) compressive modulus of elasticity.



Sustainability 2020, 12, 3568 8 of 15

3.3. Flexion Results

In Figure 6, the results of the flexural mechanical behavior of the virgin and recycled ABS are
presented. More specifically, in Figure 6a, the flexural stress vs. strain curves for each studied recycle
course are summarized for a specific specimen of each course (in all cases, specimen number 3 was
selected). Figure 6b presents the average value and the deviation of the flexural strength results for all
the recycle courses, while Figure 6¢ depicts the average value and the deviation of the flexural modulus
of elasticity values for the aforementioned recycle courses.
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Figure 6. Recycles courses’ comparative graph: (a) flexural stress vs. strain; (b) flexural strength; and
(c) flexural modulus of elasticity.

3.4. Impact and Micro-Hardness Results

Regarding the impact testing, the results are summarized in Figure 7a, while the results of the
micro-hardness tests are depicted in Figure 7b.
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3.5. Morphological Characterization

Regarding the morphological characterization of the studied ABS specimens, SEM images of the
representative tensile specimens’ fracture area are presented in Figures 8 and 9.

Figure 8. SEM images of the tensile fracture area of the representative specimens for 1st (a,b), 2nd (c,d)
and 3rd (e,f) recycle course.

Figure 9. SEM images of the tensile fracture area of the representative specimens for 4th (g,h), 5th (i,j)

and 6th (k1) recycle course.
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3.6. DSC Analysis Results

The DSC analysis results are summarized in Figure 10.
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Figure 10. The differential scanning calorimetry (DSC) curves for the virgin and recycled acrylonitrile-
butadiene-styrene (ABS) and the Ty temperatures determined in the DSC analysis for the
materials studied.

4. Discussion

The mechanical properties of the 3D-printed specimens with the virgin ABS polymer have been
thoroughly studied and discussed in the literature [45-48], with the results of the current study for
the virgin ABS mechanical properties being in good agreement with the literature, as it is analyzed in
detail below. The overall results on the mechanical properties of the virgin and recycled ABS showed
an increase in the mechanical properties until the fifth recycling course. More specifically, in tensile
strength, there was an increase of 20% reported on the 3D-printed specimens of the fifth recycle
course, when directly compared with the virgin ABS printed specimens. An increase is evident in the
compression strength of the third recycle course specimens by 12%. An increase of 8% was found in
the specimens of the fifth recycle course as well, regarding their flexion strength. Moreover, the impact
strength results showed a remarkable 59% increase in the impact strength in the specimens of the
fourth recycle course, when compared with the first recycle course specimens. Finally, regarding the
micro-hardness, there was an increase of 27% in the specimens of the fourth recycle course. The total
results on the mechanical properties of the virgin and recycled ABS are summarized in Figure 11 below.
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Figure 11. Overall results on the mechanical properties of the virgin and recycled ABS in the 6 recycle

courses studied.
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Regarding the tensile modulus of elasticity (Figure 4c), it was shown that the values of all courses
were similar. The peak value for the tensile modulus was found in the fifth recycle chain, with an
increase of 15% when compared with the first recycle course. The values of the flexural modulus of
elasticity (Figure 6¢) follow a similar pattern as the peak value appears also on the fifth recycle course,
with an increase of 15.8% when compared with the first course. Finally, regarding the compression
modulus of elasticity (Figure 5c), the highest value was present on the third recycling course, with an
increase of 16.7% compared with, as always, the initial course.

The mechanical properties values of the virgin ABS found in the current work are similar to the
values reported in the other literature studies. More specifically, Chacon et al. [49] reports tensile
strength values for virgin 3D-printed ABS specimens of 36-71.6 MPa, tensile modulus of elasticity of
99.7-2413 MPa, flexural strength of 48-110 MPa and finally flexural modulus of elasticity of 1917-2507
MPa. It is evident that the polymeric 3D-printed specimens exhibit a large degree of anisotropy,
depending on the printing system and of course the polymer itself (additives).

Regarding the mechanical properties of the recycled ABS in the literature, Garcia et al. [11]
investigated the recycling of an ABS filament and the mechanical properties of injection molded
specimens. It was found that the tensile strength increases, reaching its peak value at the third recycling
course (36.54 MPa), with an increase of 13% compared with a virgin ABS filament (32.26 MPa).

Similar results were reported by Hirayama et al. [44]. The tensile strength values and modulus of
elasticity on the recycled virgin ABS were increased by 1.5%, while a drop in the impact strength of
300% was also reported. Furthermore, a slight increase of 4% in the tensile strength of recycled ABS
filament specimens was also found in the work of Woern et al. [43].

Moreover, regarding the recycling of extruded ABS FFF specimens, Mohammed et al. [42] reported
a reduction of 14.5% in the tensile strength of recycled ABS specimens when compared with virgin
ABS specimens. Those values were found depending on the deposition orientation. A similar decrease
was also found in PLA recycling in the work of Zhao et al. [50], who reported a 1% decrease in
the tensile strength and a 3% decrease in the flexural strength and flexural modulus of elasticity.
The morphological characterization showed a change in the fracture mode of the specimens when
compared with the recycling courses. More specifically, there seemed to be no significant change in the
layer deposition and the fusion of each layer with the increase of the recycling courses, but there was a
change in the fracture mode making the specimens of the sixth recycling course more brittle (Figure 9k)
when compared with the first recycling course specimens. This finding can be also be validated from the
tensile stress and strain curves in Figure 4a. No literature is yet available for 3D-printed ABS specimens
from recycled filament regarding the fracture toughness and micro-hardness Vickers properties.

The increase in the mechanical properties of the specimens until the fifth cycle and the decrease in
the sixth cycle can be justified due to the assumption that the first polymer thermal cycling courses cause
re-alignment of the amorphous polymer chains, thus increasing the molecule interactions, stability and
overall mechanical response of the polymer. After the fifth recycling course, chemical degradation
takes place, breaking parts of the polymer chains, which is responsible for the decrease in the mobility
of the ABS chains and increase in the Ty temperature of the polymer [51,52]. This assumption was also
verified by the DSC analysis performed, in which it was shown that for almost every case studied,
the Ty temperature had no significant variation until the fifth recycling course, when the Ty starts
to increase.

Recycling has important benefits for the environment. This work shows that the recycling of the
ABS polymer does not affect its mechanical properties for up to five recycling courses, with an increase
in its mechanical strength expected. The efficiency of the process, apart from the environmental impact,
depends highly on its cost. The cost of the ABS powder for the filament production is about 5 €/kg,
while the ABS filament costs about 50 €/kg. So, the proposed process should have a retail cost on the
recycled filament produced less than this amount.

The cost of the recycled process depends on the cost of the equipment and the labor cost. The higher
the cost of the equipment (extruder, shredder, etc.), the higher the production value per day, making
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the process more efficient. Various types of ABS items can be recycled with this process, from misprints,
to faulty filament, masterbatch and plastic parts of items that are no longer operational. An entry level
shredder costs about 2000 €. A 1500 € extruder can produce up to 4 Kg of filament per day, while a
5000 € extruder can produce up to 20 Kg of filament per day. One worker costs about 100 €/day and can
operate more than one extruder on a daily basis. Assuming a production with two 5000 € extruders,
one worker and a shredder, the daily production can be 40 Kg of ABS filament. The labor cost per Kg
for this production is 2.5 €, with the rest of the operating costs (power cost, building costs, machines
maintenance and depreciation) roughly estimated at 5 €. So, the cost for the filament production in this
case is roughly 7.5 €/Kg, making the process efficient for the market.

5. Conclusions

In this work, standard tensile, compression, flexion, impact and micro-hardness tests were
performed per ABS filament recycle repetition for six recycling courses, in order to evaluate the effect
of the thermomechanical treatment on the ABS polymer during the recycling process. The above
findings prove that the mechanical response of the recycled ABS polymer is generally improved over
the recycling repetitions for a certain number of repetitions. An optimum overall mechanical behavior
is found between the third and the fifth repetition, indicating a significant positive impact of the ABS
polymer recycling, besides the environmental and the economy sectors.

It became evident that the recycling courses alter the mechanical properties of ABS, resulting in an
average 30% increase in all mechanical properties studied herein, between the third and fifth recycle
courses, while the polymer seems to be rapidly degraded after the fifth recycling course. The next
steps based upon this work are to study the structuring, morphology and thermal properties changes
of ABS filament throughout this recycling process.
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