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ABSTRACT

The current paper presents the results of a research on the optimization of Fused Deposition Modeling
(FDM) parameters, namely the height of the deposited layer in one pass, L;, and the filling percentage, Id,
with the purpose of manufacturing compression specimens from recycled Polyethylene Terephthalate
Glycol (rPETG), and thus, aiming the transition to circular economy. A total of 45 compression specimens
were manufactured from rPETG on the Anycubic 4Max Pro 3D printer with variable parameters L;, =
0.10 mm, 0.15 mm, 0.20 mm, and Id = 50%, 75%, 100%. All 45 specimens were tested in compression on
the Barrus White 20 kN universal testing machine. The considered variable parameters influence the
Compressive Strength (CS) of the specimens, with Id being the parameter with overwhelming influence.
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I.  INTRODUCTION

The annual production of plastics has reached 441.25
million tons worldwide, with 14% of this quantity being
registered in the European Union. According to forecasts, in
the next 20 years, plastic world production will double,
accentuating the problem of plastic waste management [1-6].
Plastic waste pollution hurts the economy, public health,
effective functioning of ecosystems, and life quality. Therefore,
finding solutions regarding plastic waste management is a
necessity of major importance [7-12]. Additive manufacturing
technologies prevail over conventional ones due to their major
advantages, involving the negligible amount of waste,
realization of complex geometries without special elements of
basing and fixing, simplicity of use, and low operating costs
[13-16]. The use of additive manufacturing technologies
through thermoplastic extrusion combined with the production
and consumption model based on the circular economy can be
a viable solution in managing plastic waste [17-23]. There is a
growing interest in the synergy between additive

manufacturing technologies and circular economy, with the
studies on this subject, though, being limited. In [24], an
investigation on the tensile behavior of specimens
manufactured by Fused Deposition Modeling (FDM) from
Polyethylene Terephthalate Glycol (PETG) and recycled
Polyethylene Terephthalate (rPET) is presented. Ten samples, 5
PETG and 5 rPET, were manufactured using the following
parameters: height of the deposited layer at one pass L, = 0.06
mm, infill density Id = 100%, extruder temperature Te = 240
°C, bed temperature Bt = 60 °C, and print speed Ps = 70 mm/s.
The results of the study show that the samples made of rPET
have a breaking strength of 26.56 — 28.86%, higher than those
made of PETG. In [25], a Dynamic Mechanical Analysis
(DMA) is presented regarding the influence of certain factors
on the glass transition of 3D-printed rPET samples. A filament
with a diameter of 1.75 mm was made from rPET granules, and
subsequently, samples with dimensions of 1 mm x 4 mm x 50
mm were manufactured from the rPET filament using 5 ways
of deposition of the material, 0°, 10°, 20°, 30°, and 40°. The
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study results indicate that PET can be recycled up to 3 times.
An assessment of the viability of recycled polymer utilization
for 3D printing is presented in [26]. The main objectives of this
study are to find out the appropriate methods for recycling
plastic materials and their use for 3D printing. The benefits and
limitations of employing recycled plastic materials in
applications of additive manufacturing technologies were
evaluated and future directions were provided. The findings
revealed that additive manufacturing technologies mainly
concentrate on the use of the production and consumption
model based on the circular economy.

This paper presents a study on the FDM parameter
optimization for the manufacture of compression specimens
from rPETG with the purpose of transitioning to the circular
economy. The novelty of the current study lies in the analysis
of the compression behavior of the specimens, manufactured
by FDM from rPETG and the determination of the optimal
parameters for obtaining the best results from a technical and
economic point of view (compressive stress, printing time,
material consumption, scrap). The specimens were
manufactured and tested in compression in the laboratories of
the Faculty of Mechanical and Electrical Engineering of the
Petroleum—Gas University of Ploiesti.

II. DETERMINATION OF THE INFLUENCE OF FDM
PARAMETERS ON THE COMPRESSION BEHAVIOR OF
SPECIMENS MADE FROM rPETG

A. Work Methodology

Figure 1 shows the work methodology stages for the
experimental study on the FDM parameter optimization aiming
at manufacturing compression specimens from recycled PETG
in the context of transitioning to the circular economy.

Choose material: rPETG
Set parameters:
. layer height (Lh),

) . Lh = (0.10; 0.15; 0.20) mm;
Bibliographical R infill density (Id),
Lo I1d = (50; 75; 100%).
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Fig. 1. The stages of the work methodology regarding the influence of
FDM parameters on the CS of the samples made of rPETG.

The generation of the compression specimen 3D model was
carried out in the CAD software SolidWorks 2023. Using the
same software, the file corresponding to the 3D model was
converted from an SLD format to an STL format. Figure 2
depicts the compression specimen in SolidWorks 2023 [27].

«Z 0 .L/—lo’” v

Fig. 2. The 3D model of the specimen for the compression test, in the
SolidWorks 2023 software.

TABLE L. FDM PRINTING PARAMETERS FOR RPETG
COMPRESSION SPECIMENS [13]
Variable parameters Material
Constant ]I: elegrh; Ofl:::lg
parameters ayt one"lfass Infill density Id rPETG
Ln
Part orientation: (mm) (%) (pieces)
XY
The temperature of 0.10
the extruder, (E,) =
250 °C
The temperature of
the platform, (B,) = 0.15 50 75 100 45
70 °C '
Printing speed, (P;)
=30 mm/s
Filling pattern, (I,) 0.20
= Grid

Utilizing Cura Slicer [28], the STL file of the compression
specimen, and the 3D printing parameters, displayed in Table I,
were made along with the G-Code files for the FDM
fabrication of the compression specimens from rPETG. Figure
3 shows the structure of the G-Code file for L, = 0.20 mm and
Id = 100%.

G5

G92 E@

G92 EO

Gl F1500 E-6.5

; LAYER_COUNT:99

;LAYER:©

M1e7

M204 S300

M205 X8.18 Y8.18

GO F2400 X99.39 Y79.552 70.3

M205 X3 Y3

; TYPE:SKIRT

G1 F1500 EO

G1 F1200 X100.743 Y78.46 E0.08674

Gl X102.724 Y77.474 E0.19714
Fig. 3. Structure of the G-Code file for FDM fabrication of compression
specimens from rPETG.

Using the Anycubic 4 Max Pro 2.0 3D printer and the G-
Code file generated in Cura Slicer, as evidenced in Figure 3, 45
compression specimens were manufactured, employing the
rPETG filament with 100% recycled Everfill brand material, as
seen in Figure 4.
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B. Results and Discussion
. - ‘ The results of the compression tests of the samples
manufactured additively by FDM from rPETG are graphically
Pat-6

PeT-6 (ol represented in Figures 7-9.
0,00 - 1007, 915 - 0007 o=t
40
. . g
S 30
-ash. -33) 3
..” “/. o as 0,20 8 =
o
c
820
‘ # * :
215
o
410
o - " - 507, 0,20 - 507, §
5
Fig. 4. Compression specimens made from rPETG by FDM. 0
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The aforementioned specimens were subjected to -
. . . . . isplacement, g, (mm).
compression testing on a Barrus White 20 kN universal testing
machine, according to ISO 604:2002 standard, at a speed of 10 - =& =
mm/min [29]. Figure 6 depicts the stages of specimen Id, (%) 100%  75% 50%

deformatl.on during .the compression test on the Barrus White Average Cs, MPa. 3383 2628 1522
20 kN universal testing machine.

Fig. 7. Average values of CS, for rPETG samples with L,=0.10 mm and
Id = 50/75/100%.

In Figure 7, it is observed how the filling percentage, Id,
influences the CS of the specimens manufactured additively by
FDM from rPETG with 100% recycled material. The highest
values, CS, 32.09 MPa — 34.80 MPa, were obtained for the
samples with the filling percentage Id = 100%. By decreasing
the filling percentage from 100% to 75%, the CS decreased by
27.07% — 28.75%, and by decreasing the filling percentage
from 75% to 50%, the CS decreased by 66.99% — 73.40%.
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Fig. 5. Compression testing on the universal testing machine Barrus White 2
20 kN: 1 — plates, 2 — sample. 5 10
§
s
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Displacement, &, (mm).
Id, (%) 100% 75% 50%

Average Cs, MPa.  33.10 26.07 16.69

Fig. 8. Average values of CS, for tPETG samples with L, = 0.15 mm and
© 1d = 50/75/100%.

Fig. 6. Stages of deformation following the compression test on the
additively manufactured specimen by FDM from rPETG: (a) specimen before
testing, (b) start of deformation, (c) final deformation.

As noted in Figure 8, by increasing the filling percentage,
Id, higher values of the CS of the samples manufactured
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additively by FDM from rPETG with 100% recycled material
are obtained. The highest CS values, 31.18 MPa — 33.86 MPa,
were attained for the samples with the percentage of filling Id =
100%. The decrease in the filling percentage from 100% to
75% generated a decrease in the CS of 21.67% — 24.58%, and
the decrease in the percentage of filling from 75% to 50%
produced a decrease in the CS of 41.09% — 67.96%.

40
35
30
25
20
15

10

Compressive strength, Cs (MPa).

0 2 4 6 8 10 12
Displacement, €, (mm).

Id, (%) 100% 75% 50%

Average Cs, MPa.  33.28 26.49 17.92

Fig. 9. Average values of CS, for rPETG samples with L, = 0.20 mm and
Id = 50/75/100%.

Figure 9 demonstrates how the filling percentage, Id,
influences the CS of the samples manufactured additively by
FDM. The highest CS values, 31.60 MPa — 34.12 MPa, were
obtained for the samples with the percentage of filling Id =
100%. The decrease of the filling percentage from 100% to
75% resulted in strength decrease of 22.69% — 24.14%, and the
decrease of the filling percentage from 75% to 50% led to a CS
decrease of 37.67% — 70.61%. Using the average results of the
CS and the Minitab software, the graph illustrated in Figure 10
was constructed, exhibiting the influence of the variable
parameters, L, and Id, of FDM on the CS of the specimens
made of rPETG with 100% recycled material [21].

Main Effects Plot for Compressive strength, Cs (MPa)

Data Means
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Fig. 10. Influence of variable FDM parameters, L, and Id, on the
compressive strengths of rPETG specimens.

Figure 10 showcases how the FDM variable parameters, L,
and Id, impact the CS of the samples made of rPETG with
100% recycled material. Filling percentage is the parameter
most significantly influencing the CS of FDM-fabricated
specimens from rPETG. Using Minitab, the FDM parameters
from Table I, and the results of the CS of the samples
manufactured by FDM from rPETG were combined in the
Pareto graph shown in Figure 11 [30].

Pareto Chart of the Standardized Effects

(response is Compressive strength, Cs (MPa); a = 0.05)

Term 2.45

Factor Name
A Layer height, Lh (mm)
B Infill density, Id (%)

B

A

0 5 10 15 20
Standardized Effect
Fig.11. A =L, and B =1Id of FDM on the CS of rPETG specimens.

Analyzing the Pareto ex plus graph in Figure 11, it is
observed that the filling density, B = Id, has a major influence
on the CS of the specimens manufactured additively by FDM
from rPETG. The influence value of factor A = L, is 0.935429
units, and the influence value of factor B = Id is 19.9637 units.
Comparing the influence of the 2 factors, A = L, and B =1d, it
is noted that factor B = Id has a greater influence by 2034.18%
on the CS of the specimens manufactured by FDM from
rPETG. Using Minitab software, the FDM parameters outlined
in Table I, and the average results of CS, resulted in the
generation of the CS contour plot for the additively
manufactured specimens from rPETG [30].

Contour Plot of Compressive strength
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Fig. 12.  Contour plot of CS for rPETG specimens manufactured by FDM.

As displayed in the contour graph presented in Figure 11,
both parameters of FDM, L; and Id, influence the CS of the
samples made of rPETG, but the parameter affecting it the
most is the filling density, Id. In Figure 13, the FDM
parameters were optimized to maximize the results of the CS of
the samples made of rPETG [30].
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Fig. 13.  Optimization plot of Ly and Id FDM parameters for maximizing

CS for rPETG specimens.

Figure 13 demonstrates that the filling percentage, Id, has a
decisive role in the CS, since its values increase when the
filling percentage increases. The optimal parameters for the
manufacture of compression specimens from rPETG are L =
0.20 mm and Id = 100%.

III. CONCLUSIONS

The current paper provides the results of a study carried out
on the optimization of the FDM parameters, namely L;, the
height of the deposited layer in one pass and Id, the filling
density, for the manufacture of compression specimens from
recycled PETG, with the purpose of transitioning to the circular
economy. For the present study, conducted on the Anycubic
4Max 2.0 3D printer, 45 compression specimens (see Figure 4)
were manufactured by FDM, from the Everfill brand recycled
PETG with a percentage of 100% recycled material using the
parameters illustratted in Table I. Subsequently, all 45
specimens were tested in compression on the Barrus White 20
kN universal testing machine, as portrayed in Figure 5. It was
found that the overwhelmingly influencing parameter was Id,
as can be seen in Figures 10-12, which is also highlighted in
[15, 16]. The highest CS value, 34.80 MPa, was obtained for
the specimen manufactured with the additive Ly, 0.10 mm and
1d, 100%. The lowest value of the CS, 14.38 MPa, was attained
for the sample manufactured with the additive L;, 0.10 mm,
and Id 50%. To maximize the CS results of the samples made
of rPETG, by using the Minitab software, the manufacturing
parameters were optimized, with the optimal value being: Lj
0.20 mm and Id 100%. By comparing the present study’s
findings with the results in [15], regarding a virgin PETG, the
former results are higher, 11.39% — 25.91%. The present study
demonstrates that the use of the circular economy production
and consumption model for PETG plastics is a viable solution
for the application of additive manufacturing technologies
through the extrusion of plastics. This former has applicability
in the efficiency of production processes through additive
manufacturing. The use of the optimal parameters established
in the present study will contribute to a decrease in energy
consumption and the number of scraps, whereas productivity
will increase. It is proposed to extrapolate the study by
performing other types of mechanical tests, such as resilience
and bending tests, and also employing other types of materials,
like rASA and rPETG with different percentages of recycled
material.
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