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ABSTRACT

This article presents the results of a study on the influence of 3D printing by Fused Deposition Modeling
(FDM) parameters on the tensile behavior of parts made from Everfil recycled Polyethylene Terephthalate
Glycol (rPETG). For this study, 27 rPETG tensile specimens with 100% recycled material were
manufactured using an Anycubic 4 Max Pro 2.0 3D printer and by varying the printing parameters: height
of the deposited layer in one pass, L;, and filling percentage, I;. The L, was set to 0.10, 0.15, and 0.20 mm
and the I; was set to 50, 75, and 100 %. The two variable parameters, I; and L,, influenced the tensile
characteristics of the rPETG specimens: maximum breaking strength, percent elongation at break, and
modulus of elasticity. The ultimate breaking strength and modulus of elasticity of the rPETG specimens
were most influenced by I4, whereas the percentage elongation at break was mostly affected by L,. The
optimized FDM parameters for the fabrication of rPETG tensile specimens were found to be L;, = 0.20 mm
and I3 =100%.

Keywords-FDM parameters; rPETG; tensile strength; percent elongation; modulus of elasticity; circular

economy

I.  INTRODUCTION

Plastic materials have many advantages over the metallic
materials, with one of the most important being their lower
production cost [1-5]. This major advantage has led to a
massive increase in plastic demand, which has given rise to a
global problem: plastic waste and the reduced lifecycle of
materials used for packaging [6-9]. At a European Union level,
it is desirable for a completely circular economy to have been
reached by 2050 [10, 11]. The circular economy is a production
and consumption concept associated with sustainable
development and refers to increasing material lifetime by
deploying the 3R concept (Recovery, Recycling, Reuse) in the
creation of new products [12, 13]. Additive manufacturing
technologies have led to the sustainable development and
circular economy concepts because, unlike conventional
manufacturing technologies, namely formative and subtractive,
parts are made by adding material in overlapping layers using

additive manufacturing technologies, while the amount of
technological ~waste is negligible [14-19]. Additive
manufacturing technologies have been continuously evolving
since their inception, and through this evolution, faster, more
precise, and accessible equipment, a diverse range of materials,
as well as better-performing CAD and slicer software have
emerged [20-22]. In the context of the transitioning to a circular
economy in the field of additive manufacturing technologies
through the extrusion of thermoplastics, plastic materials are
manufactured from virgin plastic material granules and
recycled plastic material granules [1-3, 14]. There is a wide
assortment of plastic materials suitable for additive
manufacturing technologies by extrusion of thermoplastics that
contain recycled material in their composition, that is, recycled
Polyethylene Terephthalate (rPET), recycled Polyethylene
Terephthalate Glycol (rPETG), recycled Acrylonitrile Styrene
Acrylate (rASA), recycled Polylactic Acid (rPLA), and others
[1-3, 20, 21].
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In [23], the impact of printing parameters on the tensile
behavior of specimens made from rPET and rPETG using
Fused Granular Fabrication (FGF) manufacturing was
investigated. The parameters that were varied for the tensile
specimens were the layer height deposited in one pass, Ly, the
percentage filling density, Iy, and the number of contours, N..
The maximum breaking strength of 264 * 1.2 MPa was
observed for rPET specimens manufactured with the
parameters L, = 1.1 mm, I3= 70%, and N, = 3. However, for
the tensile specimens manufactured from rPETG, the highest
value of breaking strength of 44.8 + 6.6 MPa was recorded for
the group of samples manufactured with parameters L, = 1.2
mm, I; = 100%, and N, = 2. In [24], the tensile behavior of
specimens manufactured using Fused Deposition Modeling
(FDM) and recycled PETG was investigated. The specimens
that were manufactured and tested consisted of 100% PETG,
50% granulated PETG and 50% rPETG, 100% rPETG, 100%
rPETG pelletized, and Verbatim brand PETG. The highest
breaking strength was obtained for the sample with 100%
PETG, exhibiting a 10% higher breaking strength than the
sample made of the Verbatim filament. The breaking strength
of the 100% rPETG sample was 13% lower than that of the
specimen made of Verbatim brand filament. In [25], Analysis
of Variance (ANOVA) was employed to determine the
optimized FDM printing parameters of the rPET samples. rPET
Ultrafuse® and rPET filaments were used to manufacture
tensile specimens, and four parameters were varied: extruder
temperature, T., height of the deposited layer in one pass, Ly,
filling density, Iy, and printing speed, P,. The results of the
study showed that from the 4 parameters studied, the Ly, had a
significant influence on the breaking resistance of the rPET
specimens. Moreover, it was demonstrated that by increasing
the height of the layer deposited at one pass, higher values of
the resistance to break can be achieved.

The novelty of this work lies in the determination of the
influence of the FDM parameters, L, (the height of the layer
deposited in one pass), and I (the filling density) on the tensile
behavior of parts made from rPETG in the context of the
transition to a circular economy. Simultaneously, an
optimization of the FDM parameters was carried out to
maximize the values of the tensile characteristics of the tPETG
samples.

The samples were produced and tested in the laboratories of
the Faculty of Mechanical and Electrical Engineering of the
Petroleum — Gas University of Ploiesti.

II. WORK METHODOLOGY

Figure 1 displays the stages of the work methodology
regarding the influence of the FDM parameters on the tensile
behavior of the rPETG parts.

SolidWorks 2023 software [26] was utilized to create the
2D (Figure 2a) and the 3D models (Figure 2b) of the tensile
specimens. The 3D model of the sample was converted from
SLD format to STL format (Figure 2c) [20-22].

Choose material:
rPETG
Set parameters:
= layer height (Lh);
« infill density (/d)

3

Processing STL file
and generate
G-Code,
(Cura Slicer)

Generate 3D
model and convert
into STL file,
(SolidWorks 2023)

{

Tensile testing on

Transfer G-Code to
——3 the printer and
print the samples

|

Discussion based on

universal machine 5 .re.sl'"t? and
.Barrus White 20 optimization of the
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Fig. 1. The stages of the working methodology regarding the research of
the influence of FDM parameters on the tensile behavior of rPETG parts.

T

Fig. 2. Tensile test specimen in SolidWorks 2023: (a) 2D model, (b) 3D
model, (¢) STL model.

Using the STL format file corresponding to the tensile
specimen exhibited in Figure 2c and the FDM printing
parameters evidenced in Table I, a G-Code file for the
fabrication of the tensile specimens was generated using Cura
Slicer software (version 5.7.2) [27].

The G-Code file was transferred to the Anycubic 4 Max Pro
2.0 3D printer [28], illustrated in Figure 3. 27 tensile
specimens, observed in Figure 4, were fabricated using an
rPETG filament of 1.75 mm diameter supplied from Everfill.

Fig. 3. The 3D printer Anycubic 4 Max Pro 2.0, which was used to
manufacture the tensile specimens from ASA through FDM.
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TABLE L. FDM PRINTING PARAMETERS FOR 3D PRINTING TENSILE iy £ TDeeeselll e agiy
SAMPLES. D T E—T D
Variable parameters Material w2 piee—— L DS D
Constant parameters Layer height |Infill density| rPETG [ e— - _ “
Lomm) | la(%) | (pieces) e ] L R w—
Part orientation, Po X-Y 100 3 _ ~
Temperature of the 0.10 75 3 “
extruder, Et (°C) | > 50 3 D s D cossett) WY ss—
Temperature of the 100 3 [ —- —
plan;grcn)l, Bt 70 015 75 3 ey e ieeasee€] ey
Printing speed, Ps 30 50 3 Fig. 6. The rPETG specimens after the tensile test.
(mm/s) 100 3
Tnfill pattern, Tp Grid 0.20 75 3 A. Influence of 1.‘7DM quameters on the Tensile Strength of
50 3 rPETG Tensile Specimens

Fig. 4. The rPETG tensile test specimens were fabricated via FDM using
an Anycubic 4 Max Pro 2.0 3D printer.

Fig. 5. Tensile test on universal testing machine "Barrus White 20 kN":
1 — grips; 2 — tensile sample.

The tensile specimens portrayed in Figure 4 were fabricated
by FDM on the Anycubic 4 Max Pro 2.0 printer using the
parameters evidenced in Table I and were tensile tested on the
"Barrus White 20 kN" universal testing apparatus manifested in
Figure 5, according to the ASTM standard D638-14, at a speed
of 5 mm/min [29].

II. RESULTS AND DISCUSSION

Figure 6 shows the 27 rPETG specimens after the tensile
test.

The results from the tensile strength experiments of the
tensile specimens fabricated by FDM from rPETG are plotted
in Figures 7 — 9 for L, values of 0.10, 0.15, and 0.20 mm.

Average breaking
1d (%) strength, (MPa)

——100 37.91
20

—75 25.10
15 —50 21.86

Tensile strength, (MPa).
N
G

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

Fig. 7. Average values of breaking strength of rPETG specimens with L,
=0.10 mm and Iy = 50, 75, and 100 %.

Analyzing Figure 7, it is observed how the filling
percentage influences the breaking resistance of the rPETG
samples. The highest breaking strength values of 36.64 — 38.58
MPa were obtained for the samples with 100% filling
percentage. By increasing the filling percentage from 50% to
75%, the breaking tensile strength increased by 12.76 —
14.36%, and by increasing the filling percentage from 75% to
100%, the breaking strength increased by 32.88 — 33.24%.
Figure 8 demonstrates that the Iy parameter had a significant
influence on the breaking strength of the samples made of
rPETG, with an L of 0.15 mm. The highest values were
obtained for the samples with a filling of 100% (25.17 — 26.71
MPa). By increasing the filling percentage from 50% to 75%,
the tensile strength increased by 8.50%, and by increasing the
filling percentage from 75% to 100%, the tensile strength
increased by up to 2.63%.

From Figure 9, it can be observed that for the samples with
Ly of 0.20 mm the filling percentage decisively influences the
resistance of the rPETG samples to tearing. The highest
breaking strength values ranged between 40.98 and 41.55 MPa
for the samples with a 100% filling percentage. By increasing
the filling percentage from 50% to 75%, the breaking tensile
strength increased by 22.58 - 24.84%, and by increasing the
filling percentage from 75% to 100%, the breaking strength
increased by up to 29.16%.
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Fig. 8. Average values of breaking strength of rPETG specimens with Ly
=0.15 mm and I; = 50/75/100 %.
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Fig. 9. Average values of breaking strength of rPETG specimens with L

=0.20 mm and I; = 50/75/100 %.

Using the Minitab software [30], the Pareto chart evidenced
in Figure 10 was plotted, which compares the standardized
effects of the two varied parameters, L, and Iy, on fracture
toughness.

Pareto Chart of the Standardized Effects
(response is Tensile strength, (MPa); a = 0.05)

Term 2.447
Factor Name
A Layer height, Lh (mm)
B Infill density, Id (%)

00 05 10 15 20 25 30 35
Standardized Effect

Fig. 10.
strength.

Pareto chart showing the influence of L, and Is on breaking

According to the Pareto graph in Figure 10, the percentage
of filling decisively influences the resistance to breaking of the
samples made by FDM from rPETG.

In Figure 11, the contour graph of the tensile strength for Ly,
was drawn between 0.10 — 0.20 mm, and I varied between 50 -
100% using Minitab [30].
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Infill density, Id (%)

Fig. 11.  Contour plot of breaking strength.

The contour plot illustrated in Figure 11 shows that higher
breaking strength values can be obtained with higher filling
percentages. Moreover, the influence of Ly, on tensile strength
was marginal.

B. Influence of FDM Parameters on the Percentage
Elongation at Break of rPETG Tensile Specimens

Figure 12 displays the percentage elongation at break for L,
values of 0.10, 0.15, and 0.20 mm, and I; of 50, 75, and 100%.

4.14%

o
=
o

4.60%

4.77%

5.26%

% Id, (%).
m 100

0.00 0.02 0.04 0.06

Elongation, (%).

Fig. 12.  The average values of the percentage elongation at break of the
rPETG samples.

According to Figure 12, the percentage of elongation at
break was influenced by the filling percentage. The highest
elongation of 5.59 - 6.37% was recorded for samples with a
filling percentage of 75%. With an increase in the filling
percentage from 50% to 75%, the elongation at break increased
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by 11.04 — 17.46%. By increasing the filling percentage from
75 to 100%, the elongation at break increased by up to 3.81%. _ 0.53
Figure 13 depicts the Pareto chart comparing the 0.10 _ $-55
standardized effects of the two varied parameters, L and Iy, on _ 0.80
the percentage elongation at break.
Pareto Chart of the Standardized Effect H - ik
are (roespo:se fs’ Elonzati:r? ("/ao)' a'z:eOvOS) ects -E: 0.15 _ 0.55 u 50
Factor Name
A Layer height, Lh (mm) m 100
B Infill density, Id (%)
A
B 000 020 040 060 08 100
Elastic modulus, (GPa).

0.0 0.5 1.0 15 2.0 2.5
Standardized Effect

Fig. 13.  Pareto chart with the influence of Ly and I; on the percentage
elongation at break of the rPETG samples.

The Pareto chart in Figure 13 shows that out of the two
factors, Ly, and I, L, has a greater influence on the percentage
elongation at break of the rPETG specimens. The contour
graph of the percentage of elongation at break is demonstrated
in Figure 14.

Contour Plot of Elongation, (%)
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EEENNEER
vii

Layer height, Lh (mm)
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Infill density, 1d (%)

Fig. 14.  Contour plot of percentage elongation at break.

It can be concluded from Figure 14 that higher values of
layer height in one pass result in an extended elongation at
break. This observation is more prominent to lower filling
percentages.

C. Influence of FDM Parameters on the Modulus of Elasticity
at Break of rPETG Tensile Specimens
Figure 15 presents the average values of the modulus of

elasticity for L, values of 0.10, 0.15, and 0.20 mm, and I of 50,
75, and 100%.

Fig. 15.  Average values of the modulus of elasticity of the rPETG samples.

From Figure 15, it can be observed that the modulus of
elasticity is influenced by the FDM parameters. The highest
values of the modulus of elasticity were obtained for the
samples with L; parameters of 0.10 mm and I of 100%. When
the percentage of filling increased from 50% to 75%, the
modulus of elasticity increased by 4.12 - 23.28%, and when the
percentage of filling increased from 75% to 100%, the modulus
of elasticity increased by 17.45 - 43.88%. When the height of
the deposited layer decreased from 0.20 to 0.15 mm, the
modulus of elasticity decreased by 5.84 — 14.04%, and when L;,
decreased from 0.15 mm to 0.10 mm, the modulus of elasticity
increased by 19.09 — 23.22%.

Figure 16 illustrates the Pareto chart of the standardized
effects of the two varied parameters, L, and Iy, on the modulus
of elasticity.

Pareto Chart of the Standardized Effects
(response is Elastic modulus, (GPa); o = 0.05)

Term 2.447
Factor Name
A Layer height, Lh (mm)
B Infill density, Id (%)

0 1 2 3 4 5
Standardized Effect

Fig. 16.
elasticity.

Pareto chart showing the influence of L, and I; on the modulus of

The Pareto chart exhibited in Figure 16 clearly
demonstrates that the filling percentage has a greater influence
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on the modulus of elasticity than the layer height deposited in
one pass.

Figure 17 shows a contour graph of the modulus of
elasticity for L and Iy values ranging between 0.10 and 0.20
mm and 50-100%, respectively.

Contour Plot of Elastic modulus

Elastic modulus,
(GPa)

] < 045
W 045 - 050
B 050 - 055

0.55 - 0.60

0.60 - 0.65
B 065 - 0.70
B 070 - 075
| > 0.75

Layer height, Lh (mm)

750 60 70 80 90 100
Infill density, Id (%)

Fig. 17.  Contour plot of the elastic modulus.

The diagram in Figure 17 indicates that the modulus of
elasticity increased with an increase in the filling percentage.

As observed in Figure 18, the FDM parameters were
optimized to maximize the tensile characteristics, namely tear
strength, percentage elongation at break, and modulus of
elasticity, of the samples made of rPETG.

Layer he Infill d
High 0.20 100.0
Cur [0.20] [100.0]
Low 0.10 50.0

Optimal
D: 0.7266

Composite
Desirability
D: 0.7266

Elastic
Maximum
y = 0.6897
d = 0.69809

Elongati
Maximum
y = 0.0521
d = 0.77724

Tensile
Maximum
y = 35.5936
d = 0.70694

Fig. 18.  Optimization plot of FDM parameters (L, and I3) for maximizing
tensile characteristics of rPETG specimens.

According to Figure 18, the optimal FDM parameters for
maximizing the tensile characteristics of the samples made of
rPETG are L;, = 0.20 mm and I; = 100%.

IV. CONCLUSIONS

This paper presents research results regarding the influence
of Fused Deposition Modeling (FDM) parameters, such as the
height of the layer deposited in one pass, L, and filling density,
I3, on the tensile behavior of specimens made of recycled
Polyethylene Terephthalate Glycol (PETG). Using the
Anycubic 4 Max Pro 2.0 3D printer, 27 rPETG specimens were
made with 100% Everfil recycled material using the parameters
listed in Table 1. All 27 specimens were tensile tested on the
universal testing machine "Barrus White 20 kN ".

The minimum average tensile strength of 21.86 MPa was
recorded for specimens made by rPETG and FDM, with the
parameters L, set at 0.10 mm and I; at 50%. The maximum
average tensile strength of 41.29 MPa was recorded for the set
of samples with parameters L, of 0.20 mm and I of 100%. The
minimum average percentage elongation at break of 4.01% was
recorded for the set of samples with parameters L, of 0.15 mm
and Iy 100%. The parameters L, of 0.20 mm and I; of 75%
gave the samples with the maximum average percentage
elongation at break of 5.55%. The minimum modulus of
elasticity of 0.45 GPa was recorded for the set of specimens
with the parameters L, of 0.15 mm and I; of 50%. The
maximum modulus of elasticity of 0.80 GPa was recorded for
the set of specimens with the parameters Ly of 0.10 mm and I4
of 100%.

Comparing this study’s results with the literature, it is
observed that the resistance to breaking of the proposed rPETG
samples is higher by 29.17 — 31.59% compared to other PETG
samples [14].

Using the Minitab software, a statistical analysis of the
influence of the FDM parameters on the tensile behavior of the
samples made of rPETG was performed. The filling percentage
significantly influenced the breaking strength and modulus of
elasticity. However, the layer height deposited at one pass had
a greater impact on the percentage elongation at break than I.
In order to maximize the values of the traction characteristics,
by utilizing the Minitab software the FDM parameters were
optimized, and the optimal values were found to be L, = 0.20
mm and I = 100%.

The results of the study certify that the use of recycled
materials in applications of additive manufacturing
technologies through thermoplastic extrusion represents a
viable solution for plastic waste management. The conclusions
of this study can be extrapolated to FDM printing using other
recycled materials with different percentages of recycled
material.
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