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Abstract

Arburg Plastic Freeforming allows for transforming granulated thermoplastics with variable shapes and sizes. This opens
marvellous opportunities for in-place recycling of process waste and auxiliary structures. The present study investigates for
the first time the effects of recycled material on the mechanical properties of manufactured parts. To this end, the mechanical,
thermomechanical and rheological properties of parts produced with different contents of recycled material are investigated.
Findings demonstrate that a balanced mixture of primary and secondary material determines a drop in mechanical perfor-
mances due to a less accurate deposition. A higher percentage of recycled material determines a sharp decrease in viscosity,
leading to a more homogeneous layer and tensile properties similar to those of the virgin polymer. The drop in viscosity also
affects the accuracy of deposition, determining a worse definition of sharp edges.
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1 Introduction

As the applications of Additive Manufacturing (AM) in the
industry expand, the environmental sustainability of these
processes becomes an increasingly relevant area of research
[1, 2]. Particularly, previous studies demonstrated the poten-
tial benefits of parts’ redesign on the life-cycle impact of
industrial products [3-5]. This is mainly achieved by reduc-
ing the energy consumption during the utilisation phase by
lightweight design [6-8].

As far as the manufacturing phase is concerned, several
studies have been established to quantify the environmental
impacts of AM processes via Life Cycle Assessment (LCA)
[9]. Since AM consists of several technologies marked by
important differences, it is clear that the actual Environmen-
tal Impact (EI) of the production depends on the specific
process used for part manufacturing [10]. Nonetheless, it is
possible to identify three main sources of EIs common to all
AM processes, namely energy, machine and material [11].

Previous literature has demonstrated that the material can
significantly enhance the sustainability of the entire AM pro-
cess [12]. One of the most intriguing opportunities in this
direction comes from material recycling [13]. It is possible
to distinguish three main types of recycling occurring in
manufacturing processes, namely:

e Recycling of unused feedstock
e Use of feedstock from secondary resources
e Short-loop recycling

These types are indicated by letters a, b and c, respectively,
in the scheme shown in Fig. 1.

It is worth mentioning that the applicability of these recy-
cling methods depends on the specific manufacturing pro-
cess. For example, recycling of unused feedstock is used in

Fig. 1 Different types of

those technologies in which only a fraction of the material
introduced in the building region is selectively transformed,
e.g. Powder Bed Fusion (PBF), vat-photopolymerisation and
Binder Jetting (BJ) processes [14]. In these processes, the
leftover material is mixed with virgin feedstock for the next
building cycles. The research in this area focuses on the
variation in physical properties of the material over building
cycles in order to find a balance between part quality and
process sustainability [15, 16].

The second type of recycling consists of the adoption
of materials from secondary resources for the production
of feedstock. This approach is typical of processes based
on material remelting, such as Fused Deposition Modeling
(FDM) and PBF, and recently received close attention from
research [17, 18]. The end-of-life materials from secondary
sources must be first collected and separated according to
the traditional material recycling chain [19]. In this field,
the adoption of AM offers tremendous opportunities for dis-
tributed recycling, limiting the transportation of end-of-life
materials [20, 21].

The third type of recycling is in a way similar to the
previous one but adopts as a secondary resource the
material transformed by the AM process itself. This may
comprise the auxiliary material transformed during the
process, such as the support structures used for overhang-
ing geometries. The manufactured part can be also con-
sidered for this type of recycling whether it has a short
life cycle with no contamination (such as in the case of
aesthetic prototyping). The main advantage of short-loop
recycling is to eliminate the collection and transportation
phases [22]. Also, since the technological history of the
material is known, the properties of the recycled mate-
rial used as a feedstock can be predicted. This aspect is
crucial to the design since it allows for more strict control
of part properties. Therefore, most of the research in this
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field investigates the modifications of the part properties
depending on the content of recycled material [13, 23].

The overwhelming majority of studies on short-loop
recycling have been focused on FDM processes due to the
easiness of processing thermoplastic materials and their
dramatic environmental impacts. Particularly, Fused Fila-
ment Fabrication (FFF) received considerable attention
because of the widespread diffusion and low cost of these
machines [24]. The production of feedstock includes the
remelting of the polymer to extrude new filaments [25-28].
This phase poses limitations to the distributed recycling
of process waste due to the limited capabilities of desktop
filament extruders and the sensitivity of FFF to filament
diameter [29]. Also, the remelting of the material gener-
ally determines the thermal degradation of the polymer.

To surpass these critical issues, several recent studies
investigated the opportunity to apply Fused Granulate Fab-
rication (FGF) for the short-loop recycling of thermoplas-
tics [30, 31]. This approach allows for avoiding polymer
remelting for the preparation of the feedstock [32].

To date, no study on polymer recycling via Arburg
Plastic Freeforming Of Variance (APF) can be found in
the literature, in spite of the great relevance of this AM
technology [33]. This process offers advantages similar to
FGF on material reprocessing since a granulated polymer
is used as a feedstock. Nevertheless, important differences
exist between APF and FGF. Firstly, in APF, the mate-
rial is molten and pressurised by a reciprocating screw.
The polymer melt is thus maintained at high temperatures
and pressure for a significant period. Also, the material is
deposited with a droplet-by-droplet strategy, unlike in the
case of FGF, in which a continuous deposition is obtained
[34, 35]. These differences suggest that the effects of recy-
cling via APF on the polymer and the properties of manu-
factured parts may differ from those of FGF, deserving
dedicated research.

The present study investigates, for the first time, the
modifications in material properties of parts manufactured
via APF with different percentages of recycled material.
The study has been focused on Polycarbonate (PC) due to
the industrial relevance of this material [34]. Firstly, the
variations in physical properties depending on the content
of recycled material are investigated by means of rheo-
logical and thermo-mechanical tests. Secondly, the tensile
properties of the different mixtures are tested. Finally, the
quality of the external contours and surfaces of the manu-
factured parts is observed at the microscope. A limitation
of the present study is that only the first recycling itera-
tion is observed. Nonetheless, results allow for drawing
important conclusions on the specific effects of APF on
short-loop material recycling. Further studies are planned
to extend this analysis to multiple recycling iterations.

2 Materials and methods
2.1 Processing conditions

Experimental activity has been performed on an Arburg
Freeformer 2K 3A with a layer height equal to 0.2 mm. PC
Makrolon®2805 has been used for this study. All the experi-
ments are performed using the processing parameters sum-
marised in Table 1. These are the parameters suggested by
Arburg for processing the PC Makrolon®2805, i.e. those set
as default values in the slicing software.

To eliminate the effect of granulation and/or pelletiza-
tion from the result, the material to be recycled has been
directly printed in the shape of granules. Specifically, cyl-
inders with a diameter of 3 mm and a height of 4 mm have
been manufactured. This shape avoids clogging the material
in the feeding hopper.

The manufactured cylinders are vacuum dried, then
divided and mixed with the virgin pellet in different per-
centages. In particular, five experiments with 0%, 25%, 50%,
75% and 100% of recycled material have been run.

Both virgin and recycled PC granulates were dried in
a vacuum oven for 24 h at 80 °C. Preliminary tests car-
ried out using an AQUATRAC-3A produced by Bradender
Messtechnik™GmbH & Co. KG revealed that this drying
cycle allows for achieving a moisture content equal to 0.01%,
namely half the upper limit suggested by the material data-
sheet [36].

2.2 Tensile tests

Four tensile specimens according to ISO 527-1:2019 [37]
were manufactured for each material composition. The
dimensions are chosen according to the type 1A speci-
men typology. Particularly, the gauge section is equal to

Table 1 Process parameters used for manufacturing of pellets and
parts

Parameter Value
Temperature region 1 (°C) 35
Temperature region 2 (°C) 250
Temperature region 3 (°C) 270
Temperature region 4 (°C) 295
Contour speed (°C) 20
Hatching speed (°C) 65
Drop aspect ratio (DAR) 1.215
Discharge rate (%) 60
Chamber temperature (°C) 120
Infill density (%) 100
Hatching pattern direction (°C) +45
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4mm X 10 mm and the length of the narrow parallel-sided
portion is equal to 90 mm.

After printing, the width and thickness of the narrow sec-
tion were measured by means of a digital calliper with an
accuracy of +0.01 mm. Also, all the specimens were weighed
using a digital balance with an accuracy of +0.01 g.

Tensile tests have been performed with an Instron uni-
versal testing machine series 5966 with a 10 kN load cell,
equipped with manual wedge action grips. The deformation
was acquired with an 80 mm extensometer set to measure up
to 0.5 %. Above this value, the extensometer is removed and
the deformation is calculated from the press displacement.
The speed of the test was 5 mm/min and the specimen was
preloaded.

The elastic modulus, maximum stress, maximum force
and elongation at break have been elaborated using Instron’s
software. Specifically, Young’s modulus is calculated using
the chord between points at 0.05% and 0.25% deformation.

2.3 Dynamic mechanical thermal analysis

For each material composition, a parallelepiped of 8§ mm X
40 mm X 2 mm is manufactured for the Dynamic Mechani-
cal Thermal Analysis (DMTA) tests by using the processing
conditions reported in Table 1.

DMTA tests were carried out on a DMTA 3E (Rheomet-
ric Scientific, Piscataway, NJ USA) with single cantilever
geometry. The strain applied at 1 Hz frequency was within
the linear viscoelastic limit previously determined with a
strain sweep test. The heating rate was applied at 3 °C min
from — 100 to 180 °C. Glass transition temperature was
measured from the peak in tan delta and E- (loss modulus)
curves. Two replicates were done for each composition. Heat
Deflection Temperature (HDT) was determined also using
DMTA 3E by a procedure derived from the ASTM D648
standard procedure. In short, the deflection of a small bar in
three-point bending geometry was scaled to have the same
value as larger samples specified in the D648 procedure. For
reference about this procedure, see the application note [38].

2.4 Rheometry

A disk of diameter 25 mm and height 1.2 mm for the DSC
tests is printed to determine the rheological properties of
the material for all the compositions tested. Flow curves
were recorded on a Rheometric Scientific SRS rheometer
(stress controlled). Plate-plate geometry with electrically
heated plates, diameter 25 mm, was applied. A preliminary
stress sweep at 270 °C and 6.28 rad/s was carried out to
assess the linear viscoelastic limit of the polymer melt. For
all the subsequent frequency sweep tests, a 250 Pa stress
was applied. Time sweeps at 270 °C, constant stress and
frequency were also done to assess the stability of the melt
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during the time required to record a flow curve. For the
rheological experiment, the disk was inserted between the
plates heated at 270 °C. A 5 min melting time was allowed
to reach the equilibration of the sample at the temperature
of the test. The sample excess was trimmed out and the gap
between the plates was set at | mm. A frequency sweep
at 250 Pa was done between 300 and 1 rad/s. Experimen-
tal data were fitted with the Carreau viscosity model to
extrapolate the zero shear viscosity, #,.

2.5 Observation of the deposited material

To observe the quality of the deposition, a parallelepiped
of 10mm X 10mm X 5mm has been printed for each mix-
ture. These specimens have been then observed using a
ZEISS Inverted Microscope.

Firstly, the upper surface of the manufactured parts is
captured to observe the texture of planar surfaces. Then,
the corners of each specimen are analysed to determine the
accuracy of the contours. To this end, the acquired images
are binarized by means of the free image elaboration soft-
ware Imagel] (NIT software).

3 Results
3.1 Tensile tests

Table 2 summarises the weights and dimensions of the
gauge sections for different specimens, while the results
of the tensile test are reported in Table 3. Figure 2 shows
representative stress—strain curves of the different material
compositions.

The values in Table 3 and the curves in Fig. 2 show
that the 3D printing process determines a decrease in ten-
sile resistance if compared with the nominal material data
[36]. Specifically, a reduction of Ultimate Tensile Strength
(UTS) by up to 42% can be observed.

Table 2 Results of the tensile tests

Recycled  Specimen weight  Gauge section width ~ Gauge sec-
PC content (g) (mm) tion thick-
(%) ness
(mm)

0 11.19 + 0.07 10.03 + 0.02 4.10 +0.04
25 11.20+0.22 10.05 + 0.02 4.25+0.05
50 10.62 + 0.03 10.00 + 0.02 4.02 +0.03
75 11.04 + 0.07 10.02 +0.00 4.05 +0.01
100 11.14 + 0.04 10.00 + 0.01 4.07 +£0.03
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3.2 Dynamic mechanical thermal analysis

Figure 3 shows the variation of 7, calculated by means of

Tan(8) and E”.

Table 3 Results of the tensile
tests

Fig.2 Representative stress—
strain curves at different per-
centages of Recycled Polycar-
bonate (R-PC)

Fig.3 Results of DMTA tests

The results do not show a significant modification of

the glass transition temperature Tg with the content of

recycled material. This finding suggests that the decrease

in molecular weight is negligible. Such a conclusion is
further supported by the value of HDT, which is equal to
131°C for all the mixtures, with variations of +1°C, i.e.
equal to the accuracy of the testing instrument.

Recycled Young modulus Max force Stress @Max force Strain @Max force
PC content (MPa) (N) (MPa) (%)
(%)
0 1872 + 78 1979 + 59 48.16 + 1.64 7.77 £0.29
25 1798 + 41 1950 + 11 45.64 +0.70 7.73 £0.34
50 1717 + 39 1626 + 67 40.46 + 1.93 9.76 + 1.04
75 1896 + 09 1982 + 27 48.81 +0.75 7.31 £0.29
100 1858 + 58 1912 +£29 47.04 +0.90 8.41 +0.34
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3.3 Rheometry

Figure 4 plots the results of rheological tests. As can be
seen, a linear correlation can be observed between the per-
centage of recycled material and the viscosity (#;).

The results can be interpolated by means of Eq. 1 with
a goodness-of-fit R> = 0.98.

Mo =912 — 808 X ry, 6))

where ry, is the percentage of recycled material.

It can be noticed that the amount of recycled polymer
has a strong impact on the rheological properties of the
mixture. Indeed, plateau (or Newtonian zero shear rate)
viscosity has a strong power law dependence on weigh-
average molecular weight with a 3.4 exponent. The rel-
evance of this to the deposition mechanism of APF is dis-
cussed in the next section.

Fig.4 Results of rheological 1000
tests 900 X
800
700
600
500
400
300
200
100

h*/Pas

3.4 Part observation

Figure 5 shows the top surfaces of parts with different per-
centages of recycled material.

In the case of virgin material (Fig. 5a), it is possible
to clearly distinguish the individual droplets of polymers
deposited by the machine. The introduction of recycled poly-
mer into the feedstock means that the shapes of droplets are
less defined (Fig. 5b). Increasing the content of recycled
material, the droplets become completely undistinguishable
(Fig. 5e).

Figure 5 shows the corner profiles of parts with different
contents of recycled material. The dashed red lines in the
figure show the nominal straight edge. First of all, it can be
noticed that APF technology does never allow for realis-
ing a sharp edge. This issue is intrinsic to the droplet-based
deposition and can only partially be addressed by means of
the deposition strategy [39].

20 40 60 80 100
R-PC (%)

Fig. 5 Microscopic observations of top surfaces of parts with a 0%, b 25%, ¢ 50%, d 75% and e 100% of recycled material
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It is also possible to observe that the accuracy of edges
decreases while increasing the content of recycled material,
i.e. moving from Fig. 6a—e.

4 Discussion

The results of tensile tests highlight a decrease in mechani-
cal performances when the content of recycled material is
increased from 0 % to 50 %. However, thermal-mechani-
cal analyses suggest that the reason for this loss of strength is
not the degradation of the material due to recycling. In fact,
DMTA tests reveal that the glass transition temperature Tg
is almost insensitive to the percentage of recycled material.
This result is consistent with the findings of previous stud-
ies, which show that the molecular weight of PC does not
vary after the first reprocessing cycle in both extrusion and
injection moulding [40].

A better explanation for the decrease in part performance
can be found if considering the change in material deposi-
tion. In Fig. 4 it can be seen that increasing the content of
recycled material determines a dramatic decrease in polymer
viscosity. Comparing Fig. 5 a) and Fig. 5 c), it is possible to
observe that the mixture with 50 % of recycled material suf-
fers from a less regular deposition, with surface voids caused
by material drag. This irregularity may be responsible for
the loss of properties observed. This hypothesis is further
supported by the average weights reported in Table 2, which
show a decrease in part mass corresponding to this mixture.
This means a decrease in part density, since no significant
variations can be observed in the dimensions of specimens.

On the other hand, a further decrease of viscosity due
to a higher content of recycled material determines a more
homogeneous redistribution of the polymer melt on the
layer, as shown in Fig. 5d and e. This effect tends to reduce
voids in the manufactured part, determining an increase in
the mechanical properties of the part. Particularly, it should
be noticed that the tensile properties of the 100 % recycled
polymer are substantially identical to those of the recycled
material. As a drawback, the lower viscosity of the material
determines a loss of accuracy as far as the content of recy-
cled material increases. This can be clearly seen by compar-
ing the different contours in Fig. 6. A possible explanation is
that the more fluid polymer tends to flow on the underlying
material, running out of the nominal boundaries.

It should be also considered that, unlike other FDM
technologies, APF deposition is controlled by pressure and
not by volume. The polymer melt is pressurised by the
reciprocating screw and the nozzle is opened according
to the deposition path and feed rate [41]. Therefore, vari-
ations in the material properties, in particular viscosity,
can modify the volume of extruded material. This effect
is usually compensated by setting the Drop Aspect Ratio
(DAR), for each material [35]. The DAR is the nomi-
nal ratio between the nominal width of droplets and the
height of the layer. This parameter is used in the slicing
phase to calculate the position of each droplet. Previous
research demonstrated how even small variations of DAR
can greatly affect the accuracy of PC parts manufactured
via APF [34]. Therefore, a recommendation emerging
from this study is that the calibration procedure should be
repeated every time recycled material is used to determine

Fig. 6 Microscopic observations of corners of parts with a 0%, b 25%, ¢ 50%, d 75% and e 100% of recycled material. The dashed lines repre-

sent the nominal straight angle
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the optimal value of DAR. Future studies should also
investigate the opportunity to act on other process param-
eters, such as nozzle temperature and discharge rate [35],
in order to compensate for material variations.

The results of this study highlight that the loss of
mechanical loss occurs when the percentage of recycled
material is more than 25% and less than 75%. Further work
will be dedicated to investigate intermediate material com-
positions so as to give a more in-depth insight into the
phenomenon.

5 Conclusions

The present paper demonstrates the opportunity to reuse
material processed by APF within the same process, open-
ing new opportunities for recycling prototypes and scraps
in a circular manufacturing cycle.

The main findings of the study can be summarised as
follows:

e Tensile tests demonstrate that the mechanical proper-
ties of parts decrease with 50% of recycled material,

e DMTA analyses demonstrated that thermomechanical
properties (Tg and HDT) were not much affected by the
percentage af recycled PC,

e Microscopic observation revealed a worsening of the
deposition at 50% recycled PC due to the lower viscos-
ity of the material, which is arguably responsible for
the drop in mechanical performance,

e When the percentage of recycled material increases
by over 75%, a homogenization of the layer can be
observed due to the extremely low viscosity, which
leads to mechanical performances similar to those of
the virgin material,

e The abrupt decrease in viscosity when the percentage of
recycled material is greater than or equal to 75% deter-
mines a loss of accuracy on the edges of the manufac-
tured parts, clearly visible by microscopical observations.

Future studies are planned to study the effects of mul-
tiple recycling cycles on material properties. Moreover,
the opportunity to compensate for material variations by
means of process parameters should be investigated.
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