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ABSTRACT

This study examines the influence of thermoplastic extrusion parameters and post-processing via annealing
on the tensile mechanical properties and productivity of the additive manufacturing process. The 27 tensile
test specimens were additively manufactured from recycled PETG filament (rPETG) on a QIDI Q1 Pro 3D
printer using a layer height L;, of 0.10 to 0.20 mm and an infill density of I; of 50 to 100%. The tensile
specimens were heat-treated at a temperature of 75 °C for 180 min, with slow cooling. A total of 27
specimens were prepared using thermoplastic extrusion and heat-treatment, followed by testing on the
Barrus White 20 kN machine to determine their tensile properties, including tensile strength, percentage
elongation at break, and modulus of elasticity. The results indicate that pre-processing significantly
influences the tensile properties of the specimens, with I; having the dominant influence. The fundamental
principle of value analysis was applied to study the cost-effectiveness and the impact of heat treatment on

productivity. The findings suggest that annealing heat treatment negatively affects productivity.
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I.  INTRODUCTION

The evolution of additive manufacturing technologies, with
rapid prototyping, has enabled the development of effective
solutions for the manufacture of functional components in
leading industrial fields such as aerospace, defense, machine
building, medical, armament, and defense industries [1-5].
Additive  manufacturing by  thermoplastic  extrusion
outperforms other methods due to its accessibility, diversified
range of materials, and ease of use [6-8]. However, the specific
technology has several disadvantages, including the anisotropic
nature of the mechanical properties and the long execution time
of the parts.

Productivity is a crucial performance indicator of all
manufacturing processes. In thermoplastic extrusion additive
manufacturing, common strategies for enhancing productivity
aim at increasing the layer height deposited per pass (L), the
printing speed (V,), and decreasing infill density (/;) or
optimizing the internal structure [9-13]. Systematic
optimization of process parameters, such as layer height, fill
density, print speed, fill pattern, or nozzle diameter, is effective
in increasing the productivity of additive manufacturing by
thermoplastic ~ extrusion [14-17].  Optimizing additive
manufacturing parameters reduces the defect rate in the
production type and enhances the mechanical performance of
the printed components by increasing the interlayer adhesion
and thermal fusion between successively deposited layers [18-
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20]. Another strategy for improving the mechanical and quality
performance of parts made using additive technologies is to
implement machine learning, which, in additive manufacturing,
helps increase the sustainability and competitiveness of
additive technologies [21-23]. Moreover, post-processing by
annealing heat treatment increases the fusion between layers
and improves mechanical performance, while the residual
stresses accumulated during additive manufacturing are
allowed to relax, and the fusion between layers is improved
[24-26].

The application and influence of post-processing by thermal
annealing on mechanical characteristics have been investigated.
Authors in [24] analyzed the effects of printing parameters and
modern  post-processing methods (thermal treatment,
ultrasound treatment) on structural defects. Their results
indicated that the mechanical properties depend on the material
deposition angle, layer thickness, and nozzle temperature. Post-
processing by thermal treatment leads to a reduction of internal
stresses and improves the crystallinity of the polymer. In [25],
the influence of three key parameters (deposited layer height,
infill density, and heat treatment duration) on mechanical
characteristics was analyzed. It was demonstrated that the
strength of the parts is significantly influenced by the deposited
layer thickness and filling density, with heat treatment
generating a minor improvement. Authors in [26] explored the
influence of heat treatment on the tensile strength of PLA
specimens. The tensile specimens were subjected to
temperatures of 55, 65, 80, and 95 °C for 15 h, followed by
slow cooling. It was shown that the pieces treated at 95 °C
suffered significant deformation and could not be used for
tensile strength determinations. For the temperature of 65 °C,
the tensile strength increased by 29%, and at 80 °C, the tensile
strength increased by 32%. The Shore D hardnesses were in the
range of 80-83, indicating that the heat treatment does not
influence surface hardness.

The present study examines the influence of additive
manufacturing parameters due to thermoplastic extrusion with
layer height deposited in one pass (L; = 0.10 to 0.20 mm),
filling density (I; = 50 to 100%), and annealing heat treatment
on the technical performance of specimens manufactured by
thermoplastic extrusion of recycled PETG (rPETG) filament.
The novelty of this study lies in the integration of recycled
materials within additive manufacturing, the use of post-
processing through heat treatment, and the integration of value
analysis to optimize costs, performance, and resources.

II. INFLUENCE OF THERMOPLASTIC EXTRUSION

A. Additive Manufacturing of Tensile Test Specimens

In the first step, a 3D model of the part was modeled using
Solidworks 2023 CAD software, and a tensile test specimen
was manufactured in accordance with the ISO 527-1:2019
standard [27, 28]. The 3D model of the tensile specimen was
converted to STL format and subsequently processed in the
QIDI Slicer software. 9 G-Code files were generated for the
manufacture of tensile specimens from Everfil brand rPETG.
According to the manufacturer's specification sheet, the
filaments have a diameter of 1.75 mm, a diameter tolerance of
+0.02 mm, a thermal conductivity of 0.2 W/m °C, a Vicat

softening temperature (rate B/50) of 97 °C, a relative
temperature index (electrical) of 130 °C, a glass transition
temperature of 80 °C, and a density of 1.29 g/cm? [29]. Figure
1 illustrates the shape and dimensions of the tensile specimen,
while Table I presents the manufacturing parameters. The
thermoplastic extrusion parameters were selected based on the
manufacturer's recommendations and the slicer profile.

Fig. 1. Tensile sample shape and dimensions in SolidWorks 2023.

TABLE L TERMOPLASTIC EXTRUSION PARAMETERS

Variable printing parameters Constant printing parameters

Equipment: QIDI Q1 Pro

Layer height, L, =0.10, 0.15, and Material: rPETG

0.20 mm Printing speed: P, = 120 mm/s

Extrusion temperature: E, =250 °C

Platform temperature: P, =70 °C

Infill density percentage, 1, =50, 75, Infill pattern: 7, = Grid

and 100 % Plate adhesion: P, = brim

Extrusion width: E,, = 0.42 mm

A Taguchi L9 design was used for the experimental design,
which ensures statistical relevance. Three replicates were
performed for each type of configuration. The 9 G-Code files,
containing the work instructions for manufacturing tensile
specimens from rPETG filament, were transferred to the QIDI
Q1 Pro 3D printer, as shown in Figure 2. A total of 27 tensile
specimens were manufactured. Figure 3 shows tensile
specimens manufactured from rPETG filament by
thermoplastic extrusion on the QIDI Q1 Pro 3D printer.

Fig. 2. QIDI Q1 Pro 3D printer: 1 — frame, 2 — access door, 3 — control
display, 4 — platform, 5 — print head, 6 — filament spool.

B. Post-Processing of Tensile Specimens

Post-processing is an intermediate operation that takes
place after the additive manufacturing is completed, and before
the final use of the part. In this study, post-processing includes
subjecting the tensile specimens to heat treatment for
improvement. The heat treatment parameters were chosen
considering the minimum deformation of the parts, based on
[30]. The samples were subjected to heat treatment at 75 °C for
180 min [30].
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Fig. 3. Tensile specimens additively manufactured on the QIDI Q1 Pro 3D
printer from rPETG filament.

()

(b)

Fig. 4. Equipment and parts used for heat treatment: (a) electric oven, (b)
tensile specimens additively manufactured from rPETG.

Fig. 5.
specimens.

Tensile testing of additively manufactured and heat-treated rPETG

C. Determination of Tensile Characteristics of Specimens

To determine the tensile characteristics of the 27 additively
manufactured and heat-treated rPETG specimens, a Barrus
White 20 kN machine was used. Tensile tests were performed
according to the ISO 527:2019 standard, using a speed of 5
mm/min, as displayed in Figure 5. During the tests, the

laboratory temperature and humidity were maintained at 22 °C
and 52%, respectively. Figure 6 shows the 27 rPETG

specimens after tensile testing on the Barrus White 20 kN
machine.

]

i
I

T
!i

Fig. 6. Tensile specimens additively manufactured from rPETG and heat-
treated after tensile testing on the Barrus White 20 kN machine.

III.  RESULTS

After the tensile tests, percentage elongation at break and
modulus of elasticity were also determined. The test results are
depicted in Figures 7-9.
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Fig. 7. Tensile stress-displacement graphs of heat-treated tensile

specimens additively manufactured from rPETG, at : (a) L, =0.10 mm, (b) L;
=0.15 mm, and (c) L, = 0.20 mm.

The maximum average breaking strength was obtained for
the set of specimens manufactured with L,= 0.10 mm and I;=
100%, and the minimum average breaking strength was
obtained for the set of specimens manufactured with L,= 0.15
mm and I; = 50%. As shown in Figure 7(a) increasing the
filling density (/;) from 50% to 75%, increased the breaking
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strength by 5.66-6.77 MPa, representing a percentage increase
of 24.31% to 30.63%. Increasing 1, from 75% to 100% resulted
in an increase in tensile strength by 1.52-4.59 MPa (5.27%-
16.20%). Similarly, as presented in Figure 7(b), by increasing
1; from 50% to 75%, tensile strength increased by 3.20-3.64
MPa (16.46%-17.59%). While increasing I, from 75% to 100%
resulted in an increase in tensile strength by 5.20-7.04 MPa
(23.01%-28.95%). Figure 7(c) indicates a similar pattern. An
increase in filling density from 50% to 75%, increased the
tensile strength by 1.81-2.66 MPa (8.01%-12.96%), while
increasing the I value from 75% to 100% led to an increase in
the tensile strength by 2.43-2.79 MPa (9.94%-12.02%).
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Fig. 8. Average percentage elongations at break of heat-treated tensile

specimens additively manufactured from rPETG, at: (a) L, = 0.10 mm, (b) L;
=0.15 mm, (c) L,=0.20 mm.

Figure 8 illustrates the average values of the percentage
elongations at break of heat-treated tensile specimens
manufactured by additive thermoplastic extrusion of the rPETG
filament. For L;= 0.10 mm, an increase in I; from 50% to 75%
and from 75% to 100% led to a decrease in the average
elongations at break of the tensile specimens by 3.07% and
6.31%, respectively, as shown in Figure 8(a). For L, = 0.15
mm, a similar behavior was observed; that is, the increase in Iy
from 50% to 75% and subsequently from 75% to 100% led to a

decrease in the percentage elongations at break by 4.71% and
6.31%, respectively. However, for L, = 0.20 mm, a different
response was observed: increasing /; to 75% led to a decrease
in the average elongations at break by 0.83%, and increasing I,
from 75% to 100% led to an increase in the average
elongations at break by 1.98%.

Figure 9 depicts the average values of the elastic modulus
corresponding to the heat-treated tensile specimens additively
manufactured by thermoplastic extrusion of rPETG. The
highest values of the elastic modulus (0.49-0.77 GPa) were
obtained for the additively manufactured rPETG specimens
with L, = 0.10 mm. For L, = 0.10 mm, increasing the
percentage filling density value from 50% to 75% and
subsequently from 75% to 100% led to an increase in the
elastic modulus by 17.40-47.50 % and 10.23-30.71%,
respectively. For L, = 0.15 mm, increasing /; from 50% to 75%
and subsequently from 75% to 100%, increased the elastic
modulus by 19.13-21.18% and 37.10-38.98) %, respectively.
Similarly, for L, = 0.20 mm, the gradual increase of I; from
50% to 75% and from 75% to 100% resulted in an increase of
the elastic modulus by 2.82-20.86 % and 11.10 %, respectively.
The low values of the modulus of elasticity are the result of
micro-gaps between the layers that reduce the actual cross-
sectional area.
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Fig. 9. Average elasticity modulus corresponding to heat-treated tensile
specimens additively manufactured from rPETG, at: (a) L,=0.10 mm, (b) L,=
0.15 mm, and (¢) L,= 0.20 mm.
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A. Evaluation and Optimization of Thermoplastic Extrusion
Parameters for rPETG

Minitab software version 20.1 [31] was used to evaluate
and optimize the variable parameters of thermoplastic extrusion
at L,=0.10, 0.15, and 0.20 mm, and /; = 50, 75, and 100% for
the manufacture of rPETG tensile specimens. Table II
summarizes the data obtained from the Analysis of Variance
(ANOVA).

The ANOVA results indicate that /; is the most significant
parameter with a contribution of 69.40% (p-value = 0.012),
while L, does not significantly influence the tensile strength
values of the specimens manufactured from PETG and rPETG,
which have a contribution of 22.25%. For this reason,
increasing L, helps reduce the printing time and costs
associated with electricity, without significantly affecting the
mechanical characteristics.

TABLE II. RESULTS OF ANOVA ANALYSIS.
Source DF Contribution (%) F-value p-value
L, (mm) 2 22.25% 533 0.074
1, (%) 2 69.40% 16.63 0.012
Error 4 8.35% - -
Total 8 100% - -

Figure 10 portrays the Pareto chart, highlighting the
influence of the thermoplastic extrusion parameters on the
tensile strengths of rPETG tensile specimens. The statistical
influence value of the parameter B = I, is 5.617 units, and that
of the parameter A = L, is 2.839. This suggests that the
parameter B = I; has a 97.85% greater influence than the
parameter A = L. Figure 11 shows the optimization chart of the
thermoplastic extrusion parameters for the manufacture of
rPETG tensile specimens. The purpose of the optimization is to
maximize tensile strength.

Pareto Chart of the Standardized Effects

(response is Tensile strength, (MPa); o = 0.05)

Term 2.447
Factor Name
A Layer height, Lh (mm)
B Infill density, Id (%)
B
A
0 1 2 3 4 5 6

Standardized Effect

Fig. 10.  Pareto chart of the influence of variable thermoplastic extrusion
parameters (A = Lh and B = Id) on the breaking strengths of tensile specimens
manufactured from rPETG.
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Fig. 11.  Optimization graphs of variable thermoplastic extrusion

parameters for maximizing the breaking strengths of additively manufactured
rPETG specimens.

Considering the manufacturing parameters used in the
current study, as shown in Table I, the optimization graphs in
Figure 11 lead to the following optimal settings: L, = 0.10 mm
and I; = 100%.

IV. INFLUENCE OF ANNEALING HEAT
TREATMENT ON PRODUCTIVITY

To evaluate the cost-effectiveness of applying the annealing
heat treatment on productivity, the fundamental principle of
value analysis was used, which consists of maximizing the ratio
between the utility value (V; — tensile strength) and the
production cost (Cp) [32].

? - max. (1)
P

The production cost (C,) was determined as:
Cp = Qmat X Pmae + Py X E¢ X Py + Ay X E; X Ppy (2)

where C, represents the production cost, Q. represents the
material consumption, P,, is the material price (23.76 Euro/Kg),
P, is the printing time, E. is the energy consumption (0.23
kWh), P., is the electricity price (0.31 Euro/kWh), and A; is the
heat treatment time. The cost of energy is based on the standard
commercial rates, while the price of the material is represented
by the price actually paid by the authors.

Table III presents the % ratio based on the tensile strength
P

results for the 27 tensile test specimens made of rPETG and
heat-treated (rPETG A), as well as the tensile strength results
for the 27 tensile test specimens made of rPETG in [33].

TABLE IIL. DETERMINATION OF THE % RATIO
P
rPETG rPETG (A)
Vi Vi
Vi Cp Cp Vi Cp Cp
MPa Euro MPa/Euro MPa Euro MPa/Euro
28.03 9.82 2.85 25.49 10.41 242
The return on performance was calculated as:
Ac
R, = e 3)
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where R, represents the return on performance, Ao is the
difference between the average tensile strength of heat-treated
specimens and the average tensile strength of untreated
specimens, and AC is the difference between the production
cost that includes heat treatment and the production cost
without heat treatment. Using data from Table II and (3):

25.49-28.03
= 2008 = 4305
10.41-9.82

The cost analysis showed that heat treatment does not add
value, as the % ratio is 0.43 (MPa/Euro) lower than that of the
1]

untreated tensile test specimens. The result of the cost-benefit
analysis (-4.305) confirms that heat treatment reduces
productivity and increases production cost without justifying
the increase in mechanical performance.

V. CONCLUSION

This study examines the influence of thermoplastic
extrusion parameters, including single-pass layer height (L, =
0.10-0.20 mm) and fill density (Is = 50-100%), on the tensile
properties and the productivity of the additively manufactured
specimen. The specimen was subjected to post-processing by
annealing at 75 °C for a duration of 180 min. Twenty-seven
tensile test specimens were additively manufactured on the
QIDI QI Pro 3D printer by extruding rPETG filament. All 27
specimens were heat-treated and subsequently tested for tensile
strength on the Barrus White universal testing machine, with a
capacity of 20 kN. The highest average tensile strengths were
recorded for specimens manufactured with an L, of 0.10 mm
and an Iy of 100%, while the lowest average tensile strength
was recorded for specimens manufactured with an L of 0.15
mm and an I of 50%.

For L, =0.10 mm, a sequential increase in Iy by 25%,
starting from 50%, resulted in an increase in tensile strength of
26.67% and 12.29%, a decrease in percentage elongation at
break by 3.07% and 6.31%, and an increase in elastic modulus
by 29.21% and 20.58%. For L, = 0.15 mm, the sequential
increase in I; by 25% starting from 50% resulted in an increase
in tensile strength of 15.72% and 27.96%, a decrease in
percentage elongation at break by 4.71% and 7.28%, and an
increase in the elastic modulus by 21.50% and 38.19%. For L,
= 0.20 mm, the sequential increase of I; by 25%, starting from
50%, resulted in an increase in tensile strength by 9.05% and
10.87%, an increase in percentage elongation at break by
0.83% and 1.98%, and an increase in the elastic modulus by
6.27% and 10.14%. The modulus of elasticity is influenced by
the fill density and layer height: setting I; =100% ensures a
continuous cross-sectional area that efficiently transfers tensile
stresses. The highest modulus of elasticity was achieved with
L, = 0.10 mm and I; =100%. This performance can be
attributed to the pressure exerted by the nozzle at the time of
depositing the layers of material, which determines the
molecular orientation. Reducing the L, and I, values produces a
higher elongation at break since the thermoplastic yarns have
the geometric freedom to deform.

The evaluation and optimization of thermoplastic extrusion
parameters for the manufacture of rPETG tensile test
specimens were performed in Minitab. The optimization

analysis suggests that the percentage fill density (/) is the most
significant parameter influencing the tensile strength of the test
specimens. The highest tensile strength was obtained with an L,
of 0.10 mm and an I, of 100%. Using the fundamental principle
of value analysis (maximizing the ratio of utility value to
production cost), the cost-effectiveness and the influence of
heat treatment on productivity were determined. The strength-
to-cost ratio (Vi/C,) for the test specimens made of rPETG with
heat-treated is 17.73% lower than that of the specimens made
of rPETG. However, the rPETG samples were not heat-treated.
Regarding mechanical performance and production time, an Ly
of 0.20 and an /; of 50% were found to be the optimal process
parameters. However, from the strength-to-cost ratio point of
view, an L of 0.10 and an I; of 75% were the optimal process
parameters.

Future research will focus on extending the study to other
types of mechanical tests, as well as investigating the influence
of heat treatment on dimensional accuracy, in addition to the
influence of other parameters (printing speed and extrusion
temperature). In future work, the authors aim to use these
printing and heat treatment parameters for the manufacture of
PETG and rPETG protections in the automotive industry.
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