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Abstract: In this research, an investigation related to the tensile testing of 3D-printed specimens, under
different fabrication parameters, is presented. The control samples were fabricated using Recycled-
PETG: EVO (NEEMA3D™, Athens, Greece). It consists of recycled polyethylene terephthalate glycol
(PETG) raw material, already used in industry, modified so that it becomes filament and can be
printed again. More specifically, the parameters set to be studied are the percentage of infill, the speed
and the type of infill. Both infill density and printing speed have three value levels, whereas for the
infill pattern, two types were selected. Two sets of 18 specimens each were fabricated, with respect
to the different parameter combinations. Through the results of the tests, the maximum tension of
each specimen was obtained separately. Of the three parameters defined, it was found that the most
important are the type of infill (44.77%) and the percentage of infill (24.67%). Speed (13.22%) did
not strongly affect the strength of the specimens. In conclusion, the empirical model developed was
considered reliable in terms of the value of the squared error, R-sq(pred) (97.72%), but also of the rest
of the resulting analysis residual graphs (through the full factorial design).

Keywords: additive manufacturing; polyethylene terephthalate glycol recycling; PETG-1; tensile
tests; analysis

1. Introduction

Nowadays, fused deposition modeling (FDM) is being widely used in several indus-
tries. The production of additives through the continuous layering of molten material
provides the possibility to obtain special structures at a relatively low cost and in a short pe-
riod of time. This particular 3D printing technology is an important subject of study for the
thermal and mechanical properties of synthetic materials used in additive manufacturing.
The studies carried out focus on various materials, but mainly on Acrylonitrile butadiene
styrene (ABS), Polylactic acid (PLA) and Thermoplastic Polyurethane (TPU), which are also
the most popular on the market [1-3]. However, the need that has arisen to reduce waste
pollution and strengthen the circular economy leads to a new trend: the use of recycled
polymers from plastic objects in the form of thread for 3D printing (PLA-r, ABS-r) [4-7]. An
additional thermoplastic elastomer now appearing in 3D printing filaments is polyethylene
terephthalate glycol (PETG). For this material, it is found that the improvement of its
properties, but mainly of the recycled material, is a promising research topic for a wider
and more effective application.

Most of the studies described below focused on testing the mechanical properties
for PETG material and its recyclability. Tensile, bending and compression test methods
were applied, individually or in combination. At the same time, in order to achieve the
correct control and validity of the studies, the tests used are based on ASTM and ISO
standards [8,9]. Ozen et al. used control specimens to study the mechanical properties of
PETG. Standards were selected to define the characteristics of the specific material used
as a filament in fused deposition modeling (FDM). This particular research was based on
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two directions of study. First, in digital control through the finite element method (FEM)
and then through the tensile method in the 3D-printed samples [10]. Hanon et al. defined
specific parameters in 3D-printed samples in order to test the mechanical properties of
polyethylene terephthalate glycol (PETG). The parameters selected were for five different
patterns and infill percentage, raster direction angles and print orientation in all three
axes, X, Y, Z. Through the tensile test method, the corresponding diagrams that led to the
conclusions of the study were also obtained [11]. To analyze the data obtained from the
tensile strength, deformation, Young’s modulus and yield stress through the test specimens,
Minitab™ software is used [12].

After the implementation of different methodologies and analyses, the appropriate
use of recycled PETG as a 3D printing filament is established. Properties identical to
those of commerce make it a solution that will contribute to the improvement of the
life cycle of polymers in the industry [13-15]. Flores et al. dealt with the recycling of
PETG polymer material to create a filament suitable for 3D printing with the FFF (material
deposition) technology. The possibility of processing the specific material allowed five
recycling cycles. According to the studies carried out it was found that the mechanical
properties of recycled PETG can be compared to those of commercially available printing
filaments. The above process can be an alternative solution for the recycling and reuse of
polymers [16]. Vidakis et al. dealt with the recycling of PETG. The control of its properties
in continuous recycling processes was performed through methods of tensile strength,
impact resistance, bending and Vickers microhardness. In addition, a series of thermal
and morphological analyses were carried out. All this contributed to the conclusion that
PETG, even if it loses its mechanical properties to a small extent, can be used as a recyclable
material in 3D printing [17]. Lehrer and Scanlon studied the mechanical properties of
recycled polyethylene terephthalate (PET) yarn. Its goal is to highlight recycled yarns as
sustainable materials that can be used in fused deposition modeling [18,19]. Mattew et al.
focused on the influence that multiple recycling cycles of polymer composites have on their
mechanical properties, as well as their energy performance. More specifically, these are
materials used in fused deposition modeling (FDM). The test methods performed were
tensile strength, carbon emission and energy consumption in different recycling cycles. The
results of the research showed that recycled polymers can maintain their above properties
at high levels, contributing in their own way positively to sustainability [20]. Latko-Duratek
et al. reused poly(ethylene terephthalate) modified with glycol in order to create recycled
PETG. The specific recycled PETG was formed on the basis of homogeneous mixtures,
depending on the percentage of virgin PETG content they contained. The measurements
carried out proved that the mechanical tensile strength and modulus of elasticity of the
resulting materials are lower than those of virgin PETG. At the same time, the greater the
amount of PETG, the greater the elongation at break of the specimens during the tensile
test [21].

In addition to the comparisons between pure PETG and its recycled counterpart,
their comparisons with other popular materials (PLA, ABS, Polystyrene (PS), Acrylonitrile
styrene acrylate (ASA)) used in 3D printing are also a subject of study. Through tensile,
bending and compression control methods, results are obtained from the parameters and
printing conditions defined each time, with the ultimate goal of applying them to improved
components in industry [22-25]. Kumar et al. highlighted the need to utilize the used 3D
printing filaments, adding /bringing an ecological character to the industry. It was therefore
deemed necessary to study the environmental effects of known materials (PETG, PLA and
ABS), with the ultimate goal of choosing the most environmentally friendly material [26].

Thanks to the ecological character of the composite materials based on rPET, but also
to the enhanced mechanical properties they present, their use as 3D printing materials has
been established. The reinforcing materials chosen for this reason vary, from natural and
synthetic fibers, mixed with various virgin polymers or even microfillers [27,28]. The most
common and valid methods used to test mechanical properties for virgin and recycled
materials (PETG) are tensile and fracture. The results through these methods certify the
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possibility of using filament for 3D printing [29]. Additional studies wanted to establish
whether recycled PETG has the potential to be used as a basic material for 3D printing,
while containing carbon fibers. In a first phase, a comparison was made between virgin
PETG and its recycled material, which also contained carbon fibers. In subsequent steps
of the research, tensile and bending tests and SEM microscope studies of the results were
carried out. In conclusion, PETG containing synthetic materials (CCF) can be used as a 3D
printing material, while recyclable materials can contribute to the circular economy [30-32].

Considering the above literature and other research studies, a trend has been observed
in the control of materials used in 3D printing. PETG is a widely studied material since it
provides superior mechanical properties and constitutes an excellent matrix material for
polymeric composites. In contrast, limited data are available for the recycled version of
PETG and especially on its tensile properties, which are considered the most important
mechanical parameters of a material. In addition, this study aims to combine structural
characteristics such as the infill density and pattern with the critical printing parameter
of speed. For this reason, this particular study aims at the investigation of the tensile
strength of 3D-printed samples, with three basic 3D printing parameters. The material of
the samples is Recycled-PETG: EVO (NEEMA3D™, Athens, Greece), recyclable polyethy-
lene terephthalate glycol. The three parameters concerning the 3D printing settings are
the percentage of infill (infill), the speed (speed) and the type of infill (type) [33]. Eighteen
different experimental trials resulted from the full factorial design, with all possible combi-
nations of these structural features. Finally, the empirical/mathematical model for each
combination of values was defined through the aggregation and processing of the total
stress results collected from the tensile test.

2. Materials and Methods
Experimental Setup

This work focuses on the mechanical strength of samples that were manufactured by
utilizing a 3D printer. The parameters set/selected for the tests created a set of samples
with different values under specific printing conditions. The testing of these samples was
performed through a tensile machine and the measurement values were appropriately
organized in tables. Then, using these values, diagrams were produced that depicted which
parameters contributed the most to the strength. In order to derive an empirical formula
that will be able to predict the strength of the specimens, within the specific range of all
the values that the parameters could have, the response surface methodology (RSM) was
applied [34-36]. Figure 1 shows schematically the stages of the entire study. It started from
the printing of the samples with the specific values of the parameters in the first step, then
in the second step their organization and categorization. In the third step, the testing of the
samples was carried out in a tensile machine. Finally, in the fourth step, the analysis of the
controls and the conclusions obtained from them are presented in an organized manner.

Research process

Additive manufacturing Tensile Analysis

o

T ZOM |/

Figure 1. The flow of the experimental study: 3D printing, tensile and analysis of samples.
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For the 3D creation of the control samples, the CreatBot™ D600 Pro 3D printer (Henan
Creatbot Technology Limited, Zhengzhou, China) was used. The choice of this particular
printer was made purposefully. First of all, the large printing volume it provides (0.216 m3)
allows the simultaneous printing of all samples, resulting in them being printed under
the same conditions. In addition, the constant temperature that can be maintained inside,
thanks to its casing, allows for even better printing results. Regarding the material chosen
for the research, it is Recycled-PETG: EVO (NEEMA3D™, Athens, Greece). It consists
of recycled polyethylene terephthalate (PETG) raw material, already used in industry,
modified so that it becomes filament and can be printed again. It presents important
properties such as high impact resistance and excellent flexibility and is almost warping
free. In addition, it is a durable filament with high purity that allows for easy geometry
printing. At the same time, it is worth noting that for the correct printing of the specific
material and the protection of the nozzle from which it is extruded, it is advisable to use
hardened steel material in the nozzle. The following table, Table 1, lists the properties of
the specific material, according to its manufacturer [37].

Table 1. Recycled PETG yarn characteristics: EVO.

Description Test Method Typical Value
Specific gravity ASTM D1505 1.25g/cc
MEFR 200 °C/5 kg ISO 1183 7.5 g/10 min
Tensile strength at yield ISO 527 46 MPa
Strain at break ISO 527 61%
Tensile modulus ISO 527 2050 MPa
Impact strength ISO 527 5.9 kJ /m?
Printing temp. - 230-250 °C

Eighteen 3D-printed samples resulted from the combinations of the selected parame-
ters for a comprehensive study. The variables set are percentage of infill, print speed and
type of infill. More specifically,

e the percentage of infill refers to the completeness of the interior of a geometry and
plays an important role in its strength, weight and structure. Its values range from 0%
to 100% which is a complete compact structure.

e  The print speed determines how slow or fast the printer motors will move in the X,
Y, Z axes, as well as the nozzle ejection motor. Too low speeds can cause printing
problems due to too little movement of the nozzle that ejects the material, and too
high speeds can cause the material to fail to bond between layers. The measurement
unit is mm/s.

e  Finally, the type of infill refers to the infilling pattern of the interior of the structure. Its
main purpose is to save time and printing material. It is not necessary for a part to be
completely solid to be structurally sound. The kinds of patterns are many and some of
them can improve the efficiency of the structure in strength, weight and printing life.

Table 2 lists the variables selected along with their corresponding values.

Table 2. The three variable parameters and their levels.

Infill (%) Speed (mm/s) Type
50 5
70 20 RectilinearField TianWiggle
90 35

The tensile testing of each experiment was performed on the Instron 3345 testing
machine. More specifically, the total height of the tensile machine is 136 cm and its
maximum force is 5 kN. Its grips can move at a maximum speed equal to 500 mm/min and
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a minimum of 0.05 mm/min. Finally, measurements can be made in an area of 1123 mm

vertically and 100 mm horizontally.

Figure 2 shows the main stages of the experimental study, the printing material, the
definition of the parameters of the samples, the 3D printer to print the samples and the
tensile force machine to check them.

Experimental setup

rPET-G EVO CreatBot™ Instron™ 3345

NEEMA3D™ Model: D600 Pro Model: 3345
Recycled PET-G EVO 600*600*600 mm 5 kN (1125 Ibf)
Diameter: 1.75 mm Fully enclosed Speed: 500 mm/min

Figure 2. Printing filament, printing parameters, 3D printer and tensile machine.

Both nozzle and bed temperature were set to a constant value, as given by the manu-
facturer, that is, 240 °C and 60 °C, respectively. The nozzle cooling fan on each print was
running at 100%. In addition, the diameter of the nozzle is 0.6 mm, while that of the thread
is 1.75 mm. For the layer of the samples the value of 0.2 mm was chosen, with the result
that 16 layers are needed to obtain the total height of the geometry. Also, the wall thickness
around the geometry related to the number of parallel passages of the nozzle is defined by
a natural number (N) and is directly related to the diameter of the nozzle. In this study,
itis 2 x 0.6 mm = 1.2 mm. Finally, flow, that is, the flow rate that determines the amount
of printing material that will pass through the nozzle, is expressed as a percentage and
is equal to 100%. Table 3 lists all the constant parameters described above and used in

the study.

Table 3. The fixed and common print settings.

Operation Parameter Value

Nozzle Temperature 240 °C

Bed Temperature 60 °C
Filament Diameter 1.75 mm
Nozzle Diameter 0.6 mm
Layer 0.2 mm

Flow 100%

Cooling Fan 100%

Having defined the variable and non-variable parameters of 3D printing, the ap-
propriate test specimen model was also selected. The ASTM D638 t1 standard, with a
thickness of 3.2 mm, is suitable for corresponding measurements. Its overall dimensions are
165 mm x 19 mm x 3.2 mm, while its critical area is 57 mm x 13 mm x 3.2 mm. It is worth
noting that the forces required to break the specimens were smaller than the maximum
force (5 kN) of the selected Instron 3345 tensile machine. In Figure 3 below is the model
designed in two-dimensional form along with its main dimensions [38].
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The ASTM D638 t1 dimensions

165.00

57.00

J/R?S.OO
]

13.00
19.00

] 3.20

Tensile process

Figure 3. The selected template for tensile testing.

3. Results
3.1. Three-Dimensional Printing and Tensile Strength Measurement

In this section of the study, the results from the printouts and control measurements of
the test pieces were gathered. In order to have more accuracy in the results, each sample was
printed twice, yielding a total number of 36 specimens. The two resulting groups, A and B,
were each printed in their entirety in order to have the same printing and environmental
conditions. The samples were filed in the order they were printed and the corresponding
group to which they belonged. To test their strength in the tensile machine, the tests were
performed in pairs in sequence, starting from A1-B1, continuing with A2-B2 and ending
in A18-B18. This sequence was chosen to simultaneously control for any intertrial drift
errors. In the cases where the value of the deviation was large, another print was made of
the specific samples, group C, for a better result. Figure 4 shows the main phases of the
study, the printing of the samples, their tensile testing and the results after that.

3D printed specimens Fractured Specimens

!!
|

If
I

7

[ ]
| e

Test

[ Y
el \
e W)

Figure 4. Three-dimensionally printed samples and testing their tensile strength.

Therefore, the 18 test combinations were generated through the three variables and
their parameter levels. For their more complete organization, the following table was
created. In Table 4, the results of all the measurements performed in series are listed. In
each test, the values of the variable parameters (the percentage of infill, the printing speed,
the type of infill), as well as the average tensile force required respectively in kilonewtons
(kN), are reported separately in columns. Additionally, with the average force required
to break each specimen, its corresponding stress in the last column was calculated, with
a unit of measurement in megapascals (MPa). More specifically, to calculate the stress of
each sample through the formula o = kN /A, it is sufficient to take into account the force
required to break the sample and area A of the critical area (13 x 3.2 =41.6 mm?).
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Table 4. Classification of the results from the experiments.

Test  Infill (%) Speed (mm/s) Type Average Max Load (kN) o (MPa)
1 50 5 Rectilinear 1.043 25.06
2 50 20 Rectilinear 1.095 26.31
3 50 35 Rectilinear 1.139 27.38
4 70 5 Rectilinear 1.306 31.39
5 70 20 Rectilinear 1.383 33.25
6 70 35 Rectilinear 1.415 34.00
7 90 5 Rectilinear 1.632 39.22
8 90 20 Rectilinear 1.657 39.83
9 90 35 Rectilinear 1.654 39.75
10 50 5 Wiggle 1.355 32.57
11 50 20 Wiggle 1.438 34.56
12 50 35 Wiggle 1.455 34.96
13 70 5 Wiggle 1.671 40.17
14 70 20 Wiggle 1.752 42.12
15 70 35 Wiggle 1.739 41.79
16 90 5 Wiggle 1.906 45.82
17 90 20 Wiggle 1.946 46.77
18 90 35 Wiggle 1.876 45.08

Table 5 below presents the maximum tensile stress values for PETG and recycled

PETG (r-PETG) materials. The research has identified the maximum tensile stresses for the
specific materials in order to highlight, firstly, the already sufficient literature on PETG and,
secondly, the limited research on recycled PETG, which is under study.

Table 5. The findings of the maximum stress levels, according to different studies and filaments.

Source Max Stress (MPa) Authors References
PETG 41.58-48.04 Dolzyk and Jung [39]
PETG 36.7 Bhahdari et al. [40]
PETG 449 Franciszczak et al. [41]

r-PETG 46.6 Bremer et al. [13]

3.2. Interactions Plot Diagrams

The next step of the study was to gather the results from the measurements. A total of

six interaction diagrams were obtained. Their purpose is to display each variable parameter
in relation to the other two, in terms of the generated tensile strength. Looking at the six
charts below, the following general facts emerge:

Figure 5a illustrates the interaction of infill rate and speed. The tensile strength
increases as the infill percentage increases. As for the tensile strength increase based
on the speed, it is very small between the speed values. It is even observed that as the
percentage of infilling increases to 90% and the speed approaches 35 mm/s, the tensile
strength starts to drop in relation to the values of 5 mm/s and 20 mm/s.

Figure 5b illustrates the interaction of infill rate and pattern type. The diagram proves
that the type of infill plays a very important role in increasing the tensile strength, in
combination with the percentage of infill. During the infill transition from 70% to 90%
for the wiggle type, the largest tensile strength increase is observed.

Figure 5c shows the interaction between speed and infill rate. Similarly to Figure 5a,
it is observed that the increase in speed does not greatly affect the increase in tensile
strength at each infill percentage.

Figure 5d shows the interaction of speed and pattern type. The generated tensile
strength varies in close values between the same type. Its lowest values are presented
at the speed of 5 mm/s, but there is no significant difference at the other two speeds.
Figure 5e illustrates the interaction of type of infill and percentage of infilling. The
slope of the lines is upward for all three values. Therefore, the wiggle type shows a
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greater trend in all percentages of infilling, compared to the rectilinear type, with the
best at 90% infilling.

Finally, Figure 5f illustrates the interaction between type of infill and speed. The results
of the graph are similar to those of Figure 5d. The tensile strength in each pattern
type has almost the same value, proving again that speed does not strongly affect the
tensile strength levels.

Interaction plot for o (MPa)
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Figure 5. Diagram for the interactions between the three parameters: infill, speed and infill type.

Through Figure 5, some conclusions emerge:

The percentage of infill strongly affected the strength of the specimens. In Figure 5a,b
we observe the trend of the lines. The strength of the specimens increased as the
percentage of infill increased. Increasing the speed values, as shown in Figure 5a, did
not affect the lines. On the contrary, in Figure 5b the trend of the lines proves the
strong influence of the infilling rate.

The speed parameter increases the tensile strength mainly at the value of 20, as opposed
to the other two values, 5 and 35. This is shown in Figure 5c,d. The increase in tensile
strength does not have a linear shape, as the values decrease from 20-35.

The type of infill chosen plays an important role in the durability of the 3D-printed
specimen. The wiggle type compared to the rectilinear type requires a higher stress
to destroy the structure. As can be seen in Figure 5e,f, by changing the values of the
variable parameters infill rate and speed, the slope of the lines for the two values of
the type also changes. In Figure 5e, for example, keeping the infilling rate constant at
50%, the stress difference between wiggle and rectilinear is 13.35 MPa, while keeping
the infilling rate constant at 90%, the stress difference between wiggle and rectilinear
is 11.84 MPa.

According to the above, the parameter that significantly determines the trend of the
samples, directly or indirectly, is the infill. The minimum tensile strength value of
25.06 MPa was recorded in test number 1. The variable parameters of this test are
infill = 50%, velocity = 5 mm/s, infill type = rectilinear. In contrast, the maximum
tensile strength value of 46.77 MPa was observed /recorded in test number 17. The vari-
able parameters of this test are infill = 90%, velocity = 20 mm/s, infill type = wiggle.
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o =—13.76 + 0.649 x InF +0.3534 x Sp + 1.061 x Ty — 0.001693 x InF?> — 0.00313 x Sp? — 0.002048 x InF

3.3. Definition of the Regression Equation

In the continuation of the research, the experimental results were used to develop a
prediction model. The second order polynomial regression (PE) was defined, described
by Equation (1). The non-linearity of Equation (1) results in the requirement of linear,
quadratic and cross terms. This equation is formulated below:

x Sp — 0.00373 x InF x Ty — 0.00242 x Sp x Ty @
where: 0 = maximum tensile strength, InF = percentage of infill, Sp = speed, Ty = type
of infill.

Using the above Equation (1), it is possible to predict the maximum tensile strength for
each combination of variable parameters. It is worth noting, however, that for this specific
calculation, the values of the variable parameters must be between the limits that have been
set. More specifically, the values that can be selected for the variable parameter infill must
range between 50% and 90%. Accordingly, for the speed variable parameter, they must be
5 mm/s to 35 mm/s. The infill type variable parameter can be either rectilinear or wiggle.
For example, the sample can be constructed with values of 65% infill, 25 mm/s speed and
the wiggle type of infill. In order to test the performance of the mathematical model and
the contribution rates of the terms to the response, an analysis of variance (ANOVA) was
performed. This analysis used a confidence level of 95%. Table 5 below shows the ANOVA
results. Considering the R-sq(pred) = 97.72% and p-value = 0.000 of the developed model,
they can contribute to the high accuracy for the calculated ultimate tensile strength model.

According to Table 6, the term with a p-value greater than 0.05 is the term Sp x Ty,
meaning that it is non-significant in terms of statistical significance. At the same time, the
variable that enhances the produced tensile strength is the type of infill, with a percentage
of 44.77%. Accordingly, the remaining infill% and speed with rates of 24.67% and 13.22%
have a notable effect. The contribution of the InF x Sp term is 5.89%. Finally, the terms
with the smallest contribution to the model are InF x Ty, InF?, Sp? with their percentages
reaching 3.24%, 3.58% and 3.86%.

Table 6. Analysis of variance results.

Source Degree of Freedom Sum of Squares Mean Square f-Value p-Value Contribution %
Regression 8 746.064 93.2580 226.21 0.000
Error 9 3.710 0.4123
Total 17 749.774
R-sq =99.51% R-sq(adj) = 99.07% R-sq(pred) = 97.72%
Term
InF (%) 1 12.660 12.6600 30.71 0.000 24.67
Sp (mm/s) 1 6.782 6.7822 16.45 0.003 13.22
Ty 1 22972 22.9724 55.72 0.000 44.77
InF? 1 1.834 1.8338 4.45 0.064 3.58
Sp? 1 1.983 1.9832 4.81 0.056 3.86
InF x Sp 1 3.021 3.0207 7.33 0.024 5.89
InF x Ty 1 1.666 1.6659 4.04 0.075 3.24
Sp x Ty 1 0.394 0.3944 0.96 0.354 0.77

3.4. Residual Analysis Graphs and Relative Error

Figure 6 shows the residual analysis (1), residual vs. fit (2) and residual vs. or-
der graphs. The distribution followed by the residuals is shown in graph (1) to be nor-
mal. Additionally, in (2) and (3) it is shown that no systematic error occurred in the
procedure followed.
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Residual analysis graphs
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Figure 6. Residual analysis and model summary. The residual analysis (a), residual vs. fit (b) and
residual vs. order graphs (c).

Below, Figure 7 shows the graph with the absolute relative error (%) between the
actual results of each test and the predicted values obtained by mathematical model. The
error values range between 0.01% and 3.20%, which proves that the final mathematical
model is accurate.

Comparison relative error
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Figure 7. The relative error between real and model results.

3.5. Three-Dimensional Surface Plots

In addition to two-dimensional graphs that depict relationships between parameters,
there are also three-dimensional surface plots. In particular, the trend obtained through
the measurements is illustrated in relation to two of the parameters set during the printing
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(b)

Rectilinear

of the 3D-printed samples. Some variables are the percentage of infill, which refers to the
fullness of the interior of a geometry and affects its weight, strength and structure, the
print speed, which determines the movement of the printer motors in the three main axes,
and the type of infill refers to the infilling pattern of the interior of the structure, affecting
strength and weight efficiency. At the same time, the stress is the output of the results for
the 3D-printed geometry, with measurement in MPa. The higher its value, the better the
mechanical properties presented by the recycled PETG material.

Figure 8a shows the relationship between the speed (Sp) and infill rate (InF) parameters
along with their combined effect on tensile strength. As the infill percentage increases from
50% to 90%, the tensile strength values increase accordingly. Therefore, the greater the
percentage of infilling contained inside the geometry, the better its mechanical strength.
Increasing the speed, especially to the value of 20, can help to extrude the material better,
enhancing the results. However, the variations seen in the chart between values of 5 and
35 are small. Therefore, no particular effect is observed on the increase in the mechanical
properties of the 3D-printed sample due to the speed but there is thanks to the infill
rate parameter.

3D surface plots

4
I
. 50 Rectilinear

Type  Wiggle Type  wiggle

Figure 8. Three-dimensional surface plots with the stress relationship produced by the combination:
speed vs. infill (a), type vs. infill (b) and type vs. speed (c).

Figure 8b shows the combined effect of the pattern type (Ty) and infill rate (InF) param-
eters, along with the generated tensile strength. Accordingly, in this diagram it is observed
that the increase in material content inside the structure results in the strengthening of the
sample. The tensile strength value increases more strongly when the infilling percentage
reaches 90%. In addition, the sample becomes stronger in terms of its mechanical strength
when wiggle is chosen as the type of infilling. Therefore, the strong tensile strength increase
is highly influenced first by the type of infilling and then by the percentage of infilling,
which improves the performance of the 3D-printed sample.

Finally, Figure 8c shows the relationship of the generated tensile strength with the
combination of the pattern type (Ty) and speed (Sp) parameters. It is observed that as the
type of infilling changes, a linear increase in tensile strength occurs. On the other hand,
it is not the same, since printing at 20 mm/s gives the highest tensile strength value, and
then it starts to decrease when reaching 35 mm/s. This suggests that the best interlayer
material deposition occurs with the medium velocity value. In summary, the 3D graph
shows that choosing the right type of fill and an intermediate value of velocity creates a
strong 3D section, with type of infill playing the determining role versus velocity.
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4. Conclusions

This study presents an investigation on the effects of three fabrication parameters on
the generated tensile strength of 3D-printed specimens. The fabrication material of the
samples used is a recycled-PETG polymer. The 3D samples were printed on the Creat-
BotTM D600 Pro FFF class 3D printer. The three parameters concerning the settings of
the 3D printing are the infill rate, the speed and the type of infill. Eighteen different
experimental trials resulted from the implementation of a full factorial design, with all
possible combinations of the structural features. At the same time, in order to inprove the
reliability of the experiments, each specimen was printed twice. Finally, the mathematical
model for each combination of values was defined through the aggregation and processing
of the total stress results collected from the tensile test. Below, the conclusions obtained
through the results and observations of the experiments are presented:

e Increasing the infill rate parameter greatly increases the strength of the 3D-printed
sample. At the same time, the changes in the type of the infill inside the structure
directly affect the slope of the lines separately for each level value.

e  Increasing the speed parameter did not particularly increase the tensile strength of the
specimens. Increasing tensile strength does not create a linear pattern. The higher the
percentage of filling inside the structure, the higher the increase in tensile strength.

e  The type of infill chosen plays an important role in the strength of the 3D-printed
specimen. The second type (wiggle) compared to the first type (rectilinear) requires a
higher stress to destroy the structure. The slope of the lines for the two type values
changes, as do the values of the infill rate and speed variables.

e  The parameter that significantly determines the trend of the samples, directly or
indirectly, is the infill.

o The maximum tensile strength value, 46.77 MPa, was observed in test number 17
(infill = 90%, velocity = 20 mm/s, infill type = wiggle).

e The minimum tensile strength value, 25.06 MPa, was recorded in test number 1
(infill = 50%, velocity = 5 mm/s, infill type = rectilinear).
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