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Abstract

The demand for 3D-printed high-performance polymers (HPPs) is on the rise across sectors such as the defense, aerospace,
and automotive industries. Polyethyleneimine (PEI) exhibits exceptional mechanical performance, thermal stability, and
wear resistance. Herein, six generic and device-independent control parameters, that is, the infill percentage, deposition
angle, layer height, travel speed, nozzle temperature, and bed temperature, were quantitatively evaluated for their impact on
multiple response metrics related to energy consumption and mechanical strength. The balance between energy consumption
and mechanical strength was investigated for the first time, contributing to the sustainability of the PEI material in 3D print-
ing. This is critical considering that HPPs require high temperatures to be built using the 3D printing method. PEI filaments
were fabricated and utilized in material extrusion 3D printing of 125 specimens for 25 different experimental runs (five
replicates per run). The divergent impacts of the control parameters on the response metrics throughout the experimental
course have been reported. The real weight of the samples varies from 1.06 to 1.82 g (71%), the real printing time from
214 to 2841 s (~ 1300%), the ultimate tensile strength from 15.17 up to 80.73 MPa (530%), and the consumed energy from
0.094 to 1.44 MJ (1500%). The regression and reduced quadratic equations were validated through confirmation runs (10
additional specimens). These outcomes have excessive engineering and industrial merit in determining the optimum control
parameters, ensuring the sustainability of the process, and the desired functionality of the products.

Keywords Polyethylenimine (PEI) - ULTEM™ . Material extrusion (MEX) 3D printing - Mechanical response - Energy
consumption - Robust design

Nomenclature D, Deposition angle
3D-P Three-dimensional printing DOF Degree of freedom
AM Additive manufacturing DSC Differential scanning calorimetry
ANOVA Analysis of variance Dy Total degree of freedom
BBD Box—Behnken design E Tensile modulus of elasticity
CNF Cellulose nanofiber Epc Energy printing consumption
CQI Critical quality indicators FDM Fused deposition modeling
P4 Nectarios Vidakis Emmanuel Kymakis

vidakis@hmu.gr kymakis@hmu.gr

Markos Petousis 1

markospetousis @hmu.gr Department of Mechanical Engineering, Hellenic

Mediterranean University, 71410 Heraklion, Greece

x:;;zr? d?ailir(l@dl?ﬁu gr 2 Department of Electrical & Computer Engineering, Hellenic
’ Mediterranean University (HMU), 71410 Heraklion, Crete,

Nikolaos Mountakis Greece

mountakis @hmu. gr 3 Institute of Emerging Technologies (I-EMERGE) of HMU

Amalia Moutsopoulou Center for Research & Development, 71410 Heraklion, Crete,

amalia@hmu.gr Greece

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-024-13418-w&domain=pdf
http://orcid.org/0000-0002-6100-932X

1164 The International Journal of Advanced Manufacturing Technology (2024) 132:1163-1192

FFD Full factorial design

FFF Fused filament fabrication
HPPs High-performance polymers
M Injection molded

Ip Infill percentage

Ly Layer height

LRM Linear regression model
MEP Main effect plot

MEX Material extrusion

PA12 Polyamide 12

PC Polycarbonate

PEEK Polyetheretherketone

PEI Polyetherimide

PEKK Polyetherketoneketone
PPSU Polyphenylsulfone

Py Printing time

PVDF Polyvinylidenefluoride
QRM Quadratic regression model
RQRM  Reduced quadratic regression model
SEM Scanning electron microscopy
Spg Specific printing energy

Spp Specific printing power

SSg Sum of squared errors

SSp Sum of squared deviations
SSt Total sum of squares

St Travel speed

Ty Bed temperature

TD Taguchi design

TGA Thermogravimetric analysis
Ty Nozzle temperature

T, Tensile toughness

ULTEM Trade name of polyetherimide
UTS Ultimate tensile strength

Vp Variance of parameter

VPP Vat photopolymerization
W Specimen weight
op Tensile strength

1 Introduction

High-performance polymers (HPPs) for AM are utilized in
MEX 3D printing, also known as fused filament fabrica-
tion (FFF), to produce a wide variety of parts. The use of
HPPs in AM has advantages over traditional manufactur-
ing methods in terms of efficiency, cost-effectiveness, and
sustainability [1, 2]. Among the HPPs, the most adopted
are polyetherimide (PEI, usually called by its trade name
ULTEM™), polyetheretherketone (PEEK), polyetherke-
toneketone (PEKK), polyvinylidenefluoride (PVDF), and
polyphenylsulfone (PPSU) [3]. These HPPs were intro-
duced as upgraded alternatives to commodities and/or
engineering polymers for AM, which are usually restricted
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by accuracy issues and limited thermomechanical perfor-
mance [4, 5]. PEI was introduced by the General Elec-
tric Company as a polymer with higher strength, even at
elevated temperatures, making it suitable for applications
in which resistance to creep is a requirement [6]. PEEK
has similar mechanical specifications but is also suitable
for medical applications [7]. PEKK is similar to PEEK, but
has a lower melting point, making it easier to process [8,
9]. PVDF exhibits piezoelectric properties [10], whereas
PPSU is primarily used in membranes and foams [11-13].

It should be noted that HPPs need to be 3D printed
under relatively high processing temperatures (nozzle,
table, and chamber) [14]. Apart from the high processing
temperatures, the main drawbacks of using HPPs in AM
are related to the material costs and scalability [15]. Over-
coming these challenges shows potential opportunities for
broader adoption of HPPs in various industries [16]. HPPs
can find engineering applications in fields such as medi-
cine (as implant materials) [17], chemicals, electronics,
transportation, energy, marine, and construction, as well
as in defense and aerospace industries [3, 18-20]. Non-
load-bearing applications in airbuses include airflow ducts,
brackets, clips, and electrical boxes, which are suitable for
high-performance polymers (HPPs) [21].

Efforts have also been made to introduce HPPs to the
oil and gas industry, where there are high heat conditions
and corrosive environments; hence, there is a need for high
material strength and industrial safety [3]. Their remark-
able performance is a corollary of the stability they are
provided with, when found under extreme conditions, with
their durability lasting for extended periods of time [19,
20]. In addition to their notable mechanical properties,
HPPs are characterized by thermal stability and high and
continuous resistance to temperature, chemicals, wear, and
flames [22].

Cost-effectiveness and environmental safety are two cur-
rent issues that occupy the industrial and research domains
[23]. Some studies have investigated energy consumption
versus strength in the MEX 3DP of polylactic acid [23, 24],
as well as compressive [25] and tensile [26] responses ver-
sus power consumption in the case of acrylonitrile buta-
diene styrene. The energy consumption for manufacturing
parts using the 3D printing method versus their mechani-
cal strength has also been studied for polycarbonate [27],
poly[methyl methacrylate] (PMMA) [28], and polyamide 6
(PA6) [29] polymers. In these studies, an optimum set of 3D
printing parameters that minimized the energy consumption
and maximized the mechanical performance was the aim.

Consequently, it is also vital to investigate HPPs that
enable lightweight structures [30] for their power consump-
tion/absorption when 3D printed. It should be noted that, to
the best of the authors’ knowledge, there are limited studies
on energy consumption and part weight. However, similar
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to the common polymers used in 3D printing [31-34], sev-
eral investigations have been conducted on the mechanical
properties of HPPs [35, 36].

Regarding the energy consumption of HPPs in 3D print-
ing, which contributes to the eco-friendliness and sustain-
ability profile of the materials, there was an investigation
combining the energy consumption and tensile strength
metrics of PEEK in MEX 3DP with three key process
control parameters, utilizing the Box—Behnken modeling
approach [37]. In another study, the mechanical behavior,
modeling behavior, and energy absorption of short carbon
fiber-reinforced PEEK composites were investigated [38].
Carbon fibers reinforced with PEEK composite hot isostatic
pressing have been investigated to improve their mechanical
properties [39].

Polyetherimides (PEI) are amorphous, transparent, or
amber HPP and are widely known for their commercial
name ULTEM™, It has remarkable mechanical, thermal,
and chemical properties that make it suitable for applica-
tions that require high temperatures and harsh environments.
PEI has a polyamide composition with ether linkages in the
aromatic polymer backbone, which is responsible for its
satisfactory rheology and consequently its good melt pro-
cessability while maintaining its thermal and mechanical
properties under challenging conditions [40].

PEI’s glass transition temperature of PEI is reported
to be 217 °C [40, 41], and when utilized in conventional
melt processing methods, it can reach 350 to 425 °C [40].
In addition, even at 450-500 °C PEI was thermally stable.
The onset thermal degradation of PEI is not affected by the
nature of the atmosphere, except in an oxidative environment
where PEI degradation is effectuated in two rapid steps.
Notably, the 1- and 10-year TGA service life temperatures
were 318 °C and 292 °C, respectively [40].

PEI can resist chemical attacks from substances such as
hydrocarbons, alcohols, and halogenated solvents. They can
also retard flames and emit extremely low levels of smoke
[21]. The mechanical properties of ULTEM™ are influenced
by process parameters, such as layer or building orientations
[42].

Numerous studies have been conducted on the behavior of
PEI composites and their suitability in various fields, such as
PEI/carbon fibers [43], PEI/glass fabrics with three weaves
[44], PEI/graphite nanoplatelets [45], PEl/cross-ply glass
fibers [46], and PEI/LCP/polyphosphazene [47].

The commercial PEI appearing in the literature in most
cases is ULTEM™ 9085 [48], whereas ULTEM™ 1010,
ULTEM™ 1000, and ULTEM™ 5000 are occasionally used.
In the literature, as will be presented below, the examined
control parameters, as well as the responses, varied, high-
lighting factors and settings with remarkable effects. The full
factorial design (FFD) of the experiment was mostly used for
the analysis, while Doehlert or Taguchi designs were also

employed. ULTEM™ 9085 was utilized, in a study examin-
ing the fabricated specimens under the control parameters
of time, print direction, temperature, and annealing over
the responses of UTS, % strength compared to IM parts,
and the strain measured at break [49]. With the assistance
of an L9 design based on the Taguchi method, this study
demonstrated that longer and higher annealing temperatures
improved the mechanical metrics. In another study, a com-
mercial ULTEM™ 1010 filament was used. The fabricated
specimens were chosen as control parameters for the layer
height, raster angle, air gap, and direction of the building,
with the tensile strength, UTS, and Young’s modulus set as
the responses [50]. By engaging a two-level full factorial
design, the study showed that the air gap mainly affects the
UTS and modulus of elasticity, whereas the build direction
affects Young’s modulus and tensile strain at break.

A commercial ULTEM™ 9085 filament was used to
examine the fabricated specimens by selecting the orienta-
tion of the layers and the direction of the building control
parameters with tensile and flexural strengths as responses
[42]. The study proved that the edge-printing direction
yields increased levels of strength with the assistance of the
Design-Expert software (v. 11). A commercial ULTEM™
9085 filament was also utilized in a study in which the fab-
ricated specimens were examined under the control param-
eters of build orientation with responses of tensile strength,
strength utilization, elasticity modulus, and strain to failure
[51]. The study showed that a flat build orientation in the
Z-direction led to higher values for all mechanical metrics.

Another study utilized a commercial ULTEM™ 9085
filament and examined the responses of strain, flexural
modulus, and strength of the fabricated specimens under the
control parameters of temperature, time, pressure, printing
orientations, and annealing process [52]. With the assistance
of a Doehlert design, the study showed that samples under-
going annealing in an environment under pressure developed
a higher flexural modulus and strength, as well as reduced
surface roughness. The investigators of another study
used MEX 3DP processed polycarbonate and commercial
ULTEM™ 9085 compounds and examined the fabricated
specimens by setting the control parameters of temperature,
pressure, thickness reduction, and layer orientations with
responses to the density before hot pressing, density after
hot pressing, and ultimate strength [53]. Their study showed
that higher temperatures led to lower porosity and higher
ultimate strength after hot pressing.

Taylor et al. used a ULTEM™ 1010 filament and exam-
ined the MEX fabricated specimens setting as control
parameters, temperature, print orientation, raster angle, and
air gap, with yield strength and modulus as the response
parameters [54]. Employing a full factorial design, this
study showed that an increase in temperature decreases the
modulus of elasticity and yield strength. Taylor et al. added
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raster and contour widths to the control parameter ensemble
and examined the conditional critical stress intensity factor,
which was proved to be affected by the raster angle [55].
Chueca de Bruijn et al. used a ULTEM™ 9085 filament and
examined the fabricated specimens under the control param-
eters of the infill pattern, air gap, wall thickness, cell geom-
etry, and build direction with responses to the stiffness and
maximum load [56]. The study reported that building parts
without support structures resulted in increased stiffness.

In another study, researchers used commercial ULTEM™
1010 filaments and examined the fabricated specimens under
the control parameters of raster angles and multiorientated
layers, examining the response strength and hardness [57].
The study showed that multiorientation leads to higher ten-
sile stresses. Additionally, Yilmaz et al. utilized commercial
ULTEM™ 1010 filaments and MEX 3DP specimens, select-
ing the raster angle and annealing temperature as control
parameters, while the metrics were the elongation at break,
hardness, and tensile strength [58]. The authors claimed
that higher annealing temperatures resulted in an increased
hardness.

In Gebisa and Lemu’s investigations, ULTEM™ 9085
commercial filament was utilized to fabricate specimens
with control parameters, such as the air gap, raster deposi-
tion width, angle, and number of contours, and their width
with flexural strain, strength, and modulus, as well as tensile
strength and tensile strain as the response metrics [59]. The
results showed that the raster angle and width had significant
effects on the flexural strength, modulus, and strain.

In a study by Glaskova-Kuzmina et al., commercial
ULTEM™ 9085 was utilized for the fabrication of speci-
mens under the control parameters of 3D printing orienta-
tion and post-printing cooling temperatures, with response
parameters of flexural strength, modulus, tensile strength,
and elastic modulus [60, 61]. The results showed that the
cooling temperature did not affect the static and fatigue
bending properties, whereas post-printing cooling at room
temperature reduced the tensile strength and elastic modulus.

Mzabi et al. utilized a ULTEM™ 1000 filament to pro-
duce test specimens, setting the temperature and frequency
as control parameters, and the measured heat flow, absorb-
ance, and current were the response metrics [62]. Fabrizio
et al. used a commercial ULTEM™ 1000 filament to pro-
duce specimens by selecting the bed temperature, layer
thickness, fan speed, IR power levels, geometry, orientation,
and raster angle with the response parameters of warping
and overheating [63]. Higher control parameter levels have
been shown to prevent warping.

Motaparti et al. fabricated specimens with commercial
ULTEM™ 9085 filaments, with the direction of the build-
ing, air gap, raster angle, and temperature as control param-
eters and the yield strength, strength/mass, modulus/mass,
and flexural modulus as the response outcomes [64]. Using a
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full factorial design modeling method, it was proven that the
vertical direction exhibits a higher yield strength. Gémez-
Gras et al. utilized a ULTEM™ 9085 filament and fabricated
specimens by adjusting the diameter, build direction, feed
rate, and cutting speed in milling and examining their rough-
ness and dimensional deviations [65]. By utilizing a full fac-
torial design, it was found that the cutting speed influenced
the R, (average roughness) and Ry (height of the profile
(RT) roughness metrics).

Padovano et al. fabricated specimens from a commer-
cial ULTEM™ 9085 filament and determined the control
parameters of the build direction, temperature, humidity, and
density based on the yield strength, UTS, elasticity modulus,
and strain observed at break [66]. The building direction
had a strong impact on the tensile and flexural properties.
Han et al. utilized a commercial ULTEM™ 1010 filament to
fabricate specimens with control parameters of layer height,
extrusion width and temperature, bed and chamber tempera-
ture, nozzle speed, filament diameter, raft, and laser power
(used for filament preheating) [67]. The response parameter
was the tensile strength, and it was proven that a high laser
power yielded a higher ultimate tensile strength.

Kaplun et al. utilized commercial ULTEM™ 9085 to 3D
print specimens, choosing as control parameters raster infill
patterns, layer height, nozzle and chamber temperature, and
printing speed [68]. Shelton et al. fabricated specimens via
thermal processing using a ULTEM™ 9085 filament. The
control parameters were moisture, glass transition tempera-
ture of the exposed filament, build dog bone, dog bone after
dry-out, and melt flow index [69]. The response parameters
were ultimate tensile strength, elastic modulus, and failure
strain. The authors claimed that a lower moisture content
leads to a higher modulus and strength.

In the available literature, there are studies of similar
interest as this study, which conclude with various results.
As previously mentioned, high envelope temperatures lead
to high ultimate strength values and improved consistency
[70]. Forés-Garriga et al. [71] investigated three control
parameters and determined a high level of strength for edge-
created specimens. Chueca de Bruijn et al. [72] studied the
control parameters of chemical treatment and proved that the
tensile and flexural strengths increased with the addition of
particular solvents.

Moreover, according to Ding et al. [73], high nozzle tem-
peratures can improve the density levels. McLouth et al. [74]
demonstrated that the adhesive strength was improved by
atmospheric plasma treatment. Ahmad and Ezdeen [5, 75]
noted the influence of an increased coating thickness on the
ultimate tensile strength and Young’s modulus. Fischer and
Schoppner [76] concluded that chemical smoothing of parts
built in an upright orientation leads to a higher ultimate ten-
sile strength, whereas Bagsik et al. [77] proved that a nega-
tive air gap and thick filaments provide better mechanical
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properties. Krause et al. [78] imply that the thickness affects
isothermal potential decay.

Popular experimental designs include the full factorial
design (FFD), Box—Behnken design (BBD), and Taguchi
design (TD). In this study, the Taguchi design was chosen.
FFD has been applied in studies such as the comprehensive
investigation of the mechanical response resulting from the
3D printing control settings on polycarbonate (PC) [79].
Moreover, N. Vidakis et al. utilized an FFD on Polyamide
12 (PA12) with three different control parameters, with
the aim of investigating its strength and toughness [80].
In addition, the process modeling of the TPU’s FFF
mechanical response under the control parameters of
layer height and nozzle temperature [81] or the PLA
nanocomposites investigated the effects of laser-cutting
parameters [82].

The building of this experiment was based on the Taguchi
experimental design, which helped organize and develop the
investigation, as well as the whole procedure and the evalu-
ation of the results from the findings. Orthogonal arrays are
helpful in parameter studies for minimizing the required
number of experiments [83]. The choice of orthogonal
arrays is affected by the total number of degrees of freedom
(D7), which represents the number of factors subtracting one
[84] and is supposed to be less than the Dy of the chosen
orthogonal array.

The TD is also utilized to analyze the influence of vari-
ous parameters on the objective function, as well as their
capability to solve a problem, resulting in the greatest com-
bination of parameters [85]. Its proven success [86—90] has
contributed to its applications in several research fields [91].
This method suggests the most suitable order of independ-
ent parameters according to their importance for dependent
objective functions [92] while defining a summary of the
parameters, which will be used to produce the best-case and
worst-case scenarios.

Moreover, the Taguchi design was successfully adopted
in the study by Vidakis et al. [93] who conducted research
on biomedical resins for VPP-3D printing, reinforced with
nanofibers of cellulose (CNF), investigating the effect of
filler content, as well as geometric control parameters on
critical quality indicators (CQIs), employing a Taguchi L9
orthogonal array. In another study [94], the Taguchi design
was one of the three experimental modeling approaches
tested (full factorial and Box—Behnken were the other two
designs). They were used for mechanical strength pre-
dictability to optimize the thermal settings and cellulose
nanofiber content in PA12 for MEX. These methods, along
with the analysis of variance, have proven to be sufficient
and effective for analyzing and optimizing experimental data
[95]. Other modeling tools, such as artificial neural networks
(ANN), have also been employed [96, 97]. The literature
review findings are summarized in Table 1.

In the existing literature on PEI in MEX AM, there is
an obvious lack of a systematic multiparametric assessment
of the key generic, that is, 3D printer vendor, model, and
size-independent control settings, and their impact on criti-
cal productivity, environmental, and performance metrics,
at once and correlated with each other. Moreover, most
researchers have engaged commercial PEI filaments with-
out thorough, yet essential, material documentation, owing
to the trade secrets of their vendors. Finally, owing to their
limited experimental runs, previous investigations examined
control parameters and levels and did not offer massive sets
of experimental metrics, were able to produce robust pre-
dictive equations, or could be exploited in multiobjective
optimization assessments. The present study aims to fill
this gap in the literature by elaborating a concrete, reliable,
and reproducible experimental course, along with a coher-
ent assessment of the derived response metrics and evolved
descriptive statistics.

As shown in the literature review above, the study of 3D
printing parameters for the enhancement of the performance
of parts built with this method is of great interest, and often
diverse results have been reported [98—100]. Herein, for the
first time, a fine powder of PEI was utilized to produce a
high-standard filament at a laboratory scale with varying
specifications and thermomechanical features to evaluate the
energy required to build a part using the MEX 3D printing
method. The motivation for studying PEI among HPPs is
related to the relatively lower cost of the polymer compared
to the remaining HPPs, along with its mechanical perfor-
mance. These qualities make the polymer a cost-efficient
one among the HPPs.

To the best of the authors’ knowledge, the quantification
of energy metrics to build parts with HPPs using the MEX
3D printing method has not been presented previously in the
literature. Apart from the quantification of the energy con-
sumed to build a part, the effects of six critical and generic
3D printing parameters on both the energy consumption
and mechanical performance of the parts produced using
the MEX method were assessed. This approach aimed to
propose a balance between the energy consumption and
mechanical performance of parts produced with PEI using
the MEX 3D printing method. This balance has merit, espe-
cially for the PEI HPP, considering the high temperature
required to build the parts, which is expected to require
higher energy amounts during the 3D printing process. An
orthogonal L25 experimental design was developed, includ-
ing six generic continuous control parameters: infill per-
centage (Ip), deposition angle (D), layer height (Ly;), travel
speed (St), nozzle temperature (Ty), and bed temperature
(Tg), with five suitable levels for each parameter. Hereby, 25
experimental runs were prepared with five repetitions (repli-
cates) of each run (125 experimental sets in total). The L25
experimental design was selected because a corresponding
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Table 1 (continued)

18

Increase of nozzle temperature improves density

Remarkable effect of the factors

Responses
Density

PEI 1010 (Junhua China)

Filament

(Ding et al., 2019) [73]

Study

Springer

levels

Flexural strength
Tensile strength

Breaking elongation
Impact strength

Adhesive strength is improved by atmospheric

Contact angle

ULTEM® 9085

(McLouth et al., 2021) [74]

plasma treatment

Tensile stress
Oxygen

o/c ratio

Relative composition

Increase of coating thickness causes an increase in

Modulus of elasticity

ULTEM 1010

(Ahmad & Ezdeen, 2023) [75]

ultimate tensile strength and Young’s modulus

Ultimate tensile strength

Damping loss factor

Injection molded built orientation shows higher

Ultimate strength

ULTEM 9085®

(Fischer & Schoppner, 2017) [76]

ultimate tensile strength

Elongation at break

Negative air gap and thick filaments give better

Tensile strength

Ultem 9085

(Bagsik et al., 2011) [77]

mechanical properties

Tensile strain at break

Thickness affects the isothermal potential decay

Isothermal potential decay

TSC current

Ultem 1000, Ultem 5000

(Krause et al., 1998) [78]

full factorial design would require 5°=15.625 experiments
to be implemented, which is not feasible in the context of
such a scientific study. In addition to the predictability of
the impact of the selected ensemble of control settings and
the corresponding equations presented below, the findings
prove that parameters that significantly affect energy expend-
iture do not necessarily have any significant impact on the
mechanical response of the workpieces and vice versa. The
experimental analysis employing statistical modeling tools
led to the formation of prediction models, to estimate critical
metrics related to energy consumption and the mechanical
performance for the manufacturing of PEI parts with the
3D printing method. These prediction models proved their
accuracy with a confirmation run and constitute a road map
for selecting the proper 3D printing setting, according to
the specifications of each application and they are ready to
be applied in real-life applications. The objectives of the
research are summarized as follows:

e Quantify the energy consumed when 3D printing PEI
parts with the MEX method.

¢ Estimate the effect of six generic 3D printing parameters
on the energy consumption and the mechanical perfor-
mance of PEI 3D printed parts.

e Exploration for a set of 3D printing settings that will min-
imize the consumed energy and maximize the mechani-
cal performance of the fabricated parts.

e Form reliable prediction models for the energy and
mechanical performance metrics, which can be used as
a road map for the design of industrial processes, related
to the fabrication of PEI parts with the MEX 3D printing
method.

2 Materials and methods

Figure 1 depicts the total process followed for the aim of this
experimental work. The raw material (PEI) was sourced in
powder form, and it was initially dried in an industrial oven
(Fig. 1b). The dried powder was fed in a filament extruder
(Fig. 1b) to produce 1.75 mm filament, compatible with the
MEX 3D printing process, which underwent a further dry-
ing process (Fig. 1c), before it was used for the 3D printing
of the specimens, due to the fact that the filament extru-
sion and the 3D printing process were not carried out on
the same day. Specimens were fabricated with the MEX 3D
printing process (Fig. 1d). During the 3D printing process,
the energy consumption was monitored (Fig. le). The fabri-
cated specimens underwent quality control (Fig. 1f) and then
they were tested for their mechanical performance (Fig. 1g).
The morphological characteristics of the samples, after their
failure in the experimental procedure, were examined with
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SEM (Fig. 1h). This process, briefly presented in Fig. 1, is
analytically presented below.

2.1 Materials

The matrix material used in this study was polyetherimide
(PEI) (Goodfellow Cambridge Limited, Huntingdon PE29
6WR England) in the form of a natural-colored powder. The
data table provided by the vendor claims that the density is
1.27 g/em’, tensile modulus is 2.9 GPa, tensile strength is
85 MPa, elongation at break is 60%, and the Poisson ratio
is 0.44, respectively.

2.2 Fabrication of filaments and specimens
along with testing of their mechanical
properties

Pure PEI in powder form was extruded in filament form
engaging a single-screw Composer series extruder (3devo
BV) from Netherlands’ Utrecht (diameter of filament:
1.75 mm, setting in first heat zone: 330 °C, in second heat
zone: 340 °C, in third heat zone: 350 °C, and in fourth heat
zone: 360 °C), in order to be utilized for the production of
specimens. The diameter of the filament was monitored
to ensure compliance with the standards throughout melt
extrusion fabrication. The fabrication of specimens was con-
ducted through MEX 3DP using a Funmat HT series MEX
3D Intamsys device (Intamsys, Shanghai, China), according
to the desired values of the control parameters, which can
be found in Figure S1 of the supplementary information.
The fabricated specimens were subjected to tensile testing
(according to the ASTM D638-02a international standard)
to form an image of their mechanical behavior using a model
MX2 Imanda device (Imanda Inc., IL, USA) equipped with
two standard grips.

Fig. 1 Depiction of the steps
followed during the experimen-
tal procedure, a drying process
of the PEI powder, b fabrica-
tion and ¢ drying of filament, d
specimen printing, e measure-
ment of energy consumption,

f quality control of specimens,
g mechanical characterization,
and h morphological charac-
terization

Mechanical and Morphology Characterisation

2.3 TGA, DSC

The key thermal properties were determined using TGA and
DSC. Thermogravimetric analysis was performed to depict
the thermal behavior of the specimens using a Diamond
PerkinElmer TG/TDA device (PerkinElmer, Massachusetts,
USA). During the analysis, a nitrogen atmosphere was used,
while the temperature fluctuated from O up to 800 °C, and
the heating rate was set at 10 °C/ min. For DSC, the appa-
ratus TA-Instruments DSC 25 (TA, Instruments from New
Castle, United States) was utilized at a heating of 25-460 °C
and a 10 °C heating step.

By observing the TGA graph (Fig. 2a), it is observed
that the weight loss did not decrease until the temperature
reached 400 °C and then dropped sharply when the tempera-
ture reached 420 °C. The filament extrusion and 3D print-
ing nozzle temperatures are presented in the graphs. It is
shown that the temperatures in the current study are lower
than the temperature that causes acute degradation of the
PEI polymer. Therefore, such behavior did not occur in the
subsequent process, as it would influence the mechanical
properties acquired during the experimental procedure. As
for the information extracted from the DSC graph (Fig. 2b),
it is noticeable that the heat lowers at higher temperatures,
while there is a phase transition as the temperature ranges
from 205 to 212 °C. Through the thermal property investiga-
tion, as mentioned, it was assured that the temperatures for
the filament extrusion and the 3D printing process do not
cause any degradation in the samples; thus, the provided
experimental results are not affected by such phenomena.
At the same time, the provided thermal behavior of the
PEI polymer can be considered when using the polymer in
applications, in which the parts operate in an environment
with high temperatures. This is a common application of the
HPPs, as presented in the “Introduction” section.

Energy Measurements and Specimens Quality Control

@ Springer
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2.4 Specimens’ morphology, SEM analysis, optical
microscopy, and stereoscopy examination

To examine the morphology of the specimens, SEM, opti-
cal microscopy, and stereoscopy were utilized. SEM was
performed by capturing images with a field-emission
device, Jeol JSM-IT700HR (Jeol, Tokyo, Japan), while
the samples were precoated with Au to prevent charging
effects. The device was adjusted to high-vacuum mode and
an acceleration voltage of 20 kV. In addition to the quality,
the fusion between the strands was examined for the side
surface of the specimens, and their fracture faces were also
examined in terms of fracture patterns after the mechanical
tests. The microscopic inspection was performed using an
optical microscope (Kern OKO-1, Germany) and an OZR5
stereoscope, both featuring a digital camera (ODC 832 5
MP, KERN & SOHN GmbH, Germany). Images were cap-
tured from the upper surface of the specimens (optically),
their side surfaces (optically), and their fracture edges
(stereoscopic).

2.5 Documentation of energy consumption

During the fabrication of 3DP specimens, energy consump-
tion was measured and recorded by a Rigol DM-3058E
(RIGOL Technologies, Shanghai, China) digital multimeter,
choosing a “start-counting-stop” approach. The assessment
started from the machine’s startup, continued during the
3DP process, and ended when the machine was shut down.

The equations used for the calculation of the total energy
consumption E,,,; were

Etotal = Ethermal + Emotion + Eauxiliary (1)
where
Ethermal = Eheating + Ecooling (2)

Ejcating 18 the energy required for the heating of the periph-

energy consumed after the build of the part is completed to
cool the peripherals of the 3D printer before is shuts down.

E oiion Tefers to the energy absorbed by the motors of
the 3D printer, their various electronics, and their periph-
eral features, and finally E)jj;,. 1S the remaining consumed
energy not included in the above categories. This energy is
required to operate the 3D printing machine and it is con-
sumed in all three stages, at the 3D printer startup (Egqp)
the part manufacturing state (E ), and the shutdown

state (Eshutdown ):

E

auxiliary

steadystate

=E

startup

+ Esteadystate + Eshuldown (3)

To normalize the energy metrics, the specific printing
energy (Spg) was introduced as

_ Erc [W]

=k 4
LTl 4

while the specific printing power (Spp) metric was yielded
from

Spp = 5——
Py e Wy

ls
5

. )

Here, Ep represents the overall energy printing consump-
tion used by the 3D printer (E,,,), W represents the actual
weight of each specimen, and P is the actual printing time

of each experimental run.
2.6 Orthogonal L25 experimental design

The Taguchi method includes a formulation course with sig-
nal-to-noise (S/N) calculation of ratios for each factor under
question, the ratio calculation of delta values from S/N, and
each factor’s order (the so-called rank) determination. Three
different criteria rank the S/N ratio: the larger the value, the
better the lower, and the better the nominal value [101]. The
corresponding formula is as follows:
Larger is better [102]:

erals of the 3D printer (extrusion head, etc.) and E iy, 1s the
Fig.2 Graph of a weight (%) = B ® b |
versus temperature (°C) (TGA) =100 . e 420°C B
and b heat flow (W/g) versus o I e 111 95% | = -0.2
temperature (°C) (DSC) for PEI = 80 %
©
Q
‘ ag
Extrudin -
60 Tempera%ure ue
Profile
330°C
40 340°C -0.4
350°C
360 °C—
20
: -05 i
0 100 200 300 400 500 600 700 800 0 100 200 300 400
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1 |
S/N = _1010g<; Z Y—lz> 6)

i=1

Smaller is better[90]:

Sy = —1010g<% Z Yf) @)

i=1

Nominal is best [103, 104]:

s M2
/N = 1010g<;> 8)

where yu refers to the mean, o is the standard deviation, and
Y; corresponds to the resulting value of the iy, objective func-
tion. The calculation computes delta values through the dif-
ference between the highest and lowest S/N metrics for each
parameter and then ranks them. The highest delta value is
considered the most effective control setting, and the ranks
are depicted in this order.

The selected design was an L.25 orthogonal array includ-
ing 25 experimental runs, with five repetitions for each of
them, forming a massive experimental volume with 125
sets of responses. Six 3DP control parameters were used
in this robust design: infill percentage (Ip) (%), deposition
angle (D,) (°), layer height (Ly) (mm), travel speed (St)
(mm/s), nozzle temperature (7) (°C), and bed temperature
(Tp) (°C). Table 2 summarizes the set of 3D printing con-
trol parameters along with their respective levels. The levels
were chosen through preliminary screening tests as well as
through the literature research presented in the “Introduc-
tion” section above.

Corresponding modeling of the Taguchi L25 orthogonal
array design methodology was also utilized in the study
by Vidakis et al. [105] for the investigation of polylac-
tic acid, with six key process parameters in MEX 3DP,
as well as for the optimization of key quality indicators
in MEX 3DP for acrylonitrile butadiene styrene [106].
In this study, eight response metrics were evaluated and
optimized using this approach. Four metrics related to the
mechanical performance of the samples, that is, tensile
strength oy (MPa), tensile modulus of elasticity £ (MPa),
tensile toughness T, (MJ/m?), and sample weight Ws (2),
and four metrics related to the energy consumption (i.e.,
overall energy printing consumption (Ep-) (MJ), specific
printing energy (Spg) (MJ/g), specific printing power (Spp)
(W/g), and printing time Py (s)) were assessed. With this
approach, the effects of the control parameters on both
mechanical performance and energy consumption were
investigated. The aim was to locate the optimum set of
parameter levels for the mechanical metrics, energy met-
rics, or even a possible set of parameter levels that opti-
mizes both the mechanical and energy responses of the

PEI 3D printed samples. The control parameters were
ranked according to their importance for each response
metric.

2.7 Analysis of variance (ANOVA)

ANOVA is a descriptive statistical approach suitable for
analyzing experimental results to highlight and distinguish
the factors with the strongest impact on the outcomes, as
follows:

The SS; (total sum of squares) is calculated [107]:

N _\2
$Sp=Y (Y,. - Y> )
i=1
Here, N is the case number within the orthogonal array,

Y; is the numerical or experimental outcome for the i,
experimental case, and

= 1
Y= = Y.
< Zl, : (10)
The SSy (total sum of the squared deviations) (SST) is
derived from the SS, (sum of the squared error) (SSe) and
the SSp (sum of the squared deviations) (SSP) due to each
process parameter; therefore, SSp was defined as [107]

2 2
t SY. N
sSp=Y ( t,) -+ lz Yi] (1n
i=1

J=1

where P is one of the parameters, j is the parameter’s P level
number, 7 is the parameter’s P repetition at each level, and
SY; is the sum of the experimental results involving param-
eters P and j. The SS, (sum of squares from the error param-
eters (SSe) is [107]

The total degree of freedom was Dy=N—1, and the
degree of freedom of each tested parameter was Dp=N—.

The variance of the parameters tested was Vp=SSy/Dp.
The F value for each design parameter is simply the ratio of
the mean of squares deviations to the mean of the squared
error Fp,=V,/V,. The percentage contribution, pp, was cal-
culated as [107]

_SSp

P = S50 (13)

ANOVA was used to compile prediction models for each
response metric, as a function of the control parameters
studied. The reliability of these prediction models was esti-
mated by calculating the respective R values. Additionally,

@ Springer
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Table2 TD L25: control

. . Run Iy (%) D, (deg) Ly (mm) Sr (mm/sec) Ty (°C) T (°C)
parameters, along with their
levels 1 60 0.0 0.10 10 340 120
2 60 22.5 0.15 25 355 130
3 60 45.0 0.20 40 370 140
4 60 67.5 0.25 55 385 150
5 60 90.0 0.30 70 400 160
6 70 0.0 0.15 40 385 160
7 70 225 0.20 55 400 120
8 70 45.0 0.25 70 340 130
9 70 67.5 0.30 10 355 140
10 70 90.0 0.10 25 370 150
11 80 0.0 0.20 70 355 150
12 80 22.5 0.25 10 370 160
13 80 45.0 0.30 25 385 120
14 80 67.5 0.10 40 400 130
15 80 90.0 0.15 55 340 140
16 90 0.0 0.25 25 400 140
17 90 22.5 0.30 40 340 150
18 90 45.0 0.10 55 355 160
19 90 67.5 0.15 70 370 120
20 90 90.0 0.20 10 385 130
21 100 0.0 0.30 55 370 130
22 100 22.5 0.10 70 385 140
23 100 45.0 0.15 10 400 150
24 100 67.5 0.20 25 340 160
25 100 90.0 0.25 40 355 120

two confirmation runs were carried out (one with the opti-
mum control parameter values for the energy metrics and
one with the respective values for the mechanical property
metrics), to further evaluate the accuracy of the prediction
models, by comparing the actual and the predicted response
metric values.

3 Results
3.1 Morphological characterization

Figure 3 presents images of the upper surface of the fab-
ricated specimens (one randomly selected sample from
each of the 25 runs) captured by the optical microscope, as
well as their various control/3D printing parameters. It is
noticeable that the 3D structure of each run’s supplement
differs because of the different 3DP parameters. It should
be mentioned that runs 4 and 7 seem to present some
bubbles along the layer fusion, while run 25 shows less
well-distributed fusion layering, which means that there
is still some room for improvement regarding the settings.

@ Springer

The rest of the runs presented a great layer fusion without
voids or defects, characterized by uniformity, indicating
the appropriation of their applied settings.

Figure 4 shows the mechanical test and morphological
analysis results from further investigation of the selected
runs (after a random selection of specimens among the five
produced for every run), specifically runs 1, 7, 13, 19, and
25. Figure 4a—e shows the graphs of stress vs. strain after
the tensile tests of each run, along with the respective ten-
sile strength (o5) (MPa) and toughness (7,) (MJ/m?) val-
ues. It can be observed that the highest toughness value is
found in the case of run 19 (7,=9.1 MJ/m?) along with the
highest value of tensile strength (o5 =63.0 MPa). It also
had the second-highest strain at failure, showing a more
ductile response than the other samples, except for run 1.
The high strain at failure, along with the highest tensile
strength, explains the higher tensile toughness among the
examined runs. Run 1 exhibited the lowest tensile strength
among all the runs. The specific sample showed the most
ductile behavior, as it failed at a higher strain than that in
the remaining runs.
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Figure 4 also depicts SEM images of the samples’ side
surfaces, which show a great fusion layering, except for the
case of run 13 (Fig. 4c), where some gaps appear between
the layers. The most uniform fusion was observed in run
1. Figure 4f—j presents the SEM fracture surface images of
the corresponding runs mentioned above, all at X 30 mag-
nification. The layer fusion appeared to be mostly well-
distributed. Run 7 showed a more brittle failure with lower

Fig.3 Depiction of the specimens’ upper surface for the 25 runs (a
randomly selected sample from each run), fabricated according to dif-
ferent 3D printing parameters, captured by a microscope. The param-

deformation than the remaining runs, which was also veri-
fied by the lower strain at the failure of the sample. At
the same time, the specific sample showed larger internal
voids in the structure, which can be attributed to the failure
of the sample in the tests. The fracture surface of run 19,
which had the highest mechanical performance, was rather
solid, with smaller internal voids. The structure showed
deformation, which is in agreement with the high strain of
the sample at failure. It should be noted that run 7 shows
the more brittle behavior among the runs presented. The
ductile or brittle failure mechanism is not connected to the
mechanical strength. Regarding the tensile toughness, it is

I
[315X

[S15X

500pm 500pm

eters are presented in every case. Red frames portray the diagonal
runs that are used as indicative ones below
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calculated as the integral of stress to strain. It is the area
below the stress vs. strain curve. So, since run 19 exhibits
the highest tensile strength and rather high strain at failure,
it is normal to have the highest toughness. Run 1 shows the
most ductile behavior with the highest strain at failure, but
the strength is about half of that of run 19, so it is normal
to have lower toughness than run 19.

Figure 5 shows microscopic images of the side sur-
face of the 3D fabricated specimen (one selected out of
the five samples made for each of the 25 runs), depicting
their layer fusion. The printing time, tensile strength, and
energy consumed (for fabrication with the 3D printing
process) are also depicted in the images for each sam-
ple. Most of the samples present excellent fusion layering
without gaps, voids, or bubbles, although there are still
some cases such as runs 3, 4, 5, and 9, where some gaps
appear, or runs 13, 22, and 25, where the layering is not
well distributed.

Figure 6 shows stereoscopic images of the entire fracture
surface of the 3DP specimens (one randomly selected among
the five samples made for every run) and the values of print-
ing time, tensile strength, and consumed energy during their
fabrication. There are samples such as runs 14, 18, and 19

Run1

S, 10mm/s
D,0deg T,340°C
L,0.lmm T,120°C

Run 7

I, 70% S, 55mm/s
D, 22.5deg T, 400 °C
L,0.2mm T,120°C

1, 60%

1, 80%

Run 13

S, 25mm/s
D,45deg T,385°C
L,0.3mm T,120°C

that seem to maintain a uniform surface and a large distribu-
tion of layering. However, in some of the runs (such as runs
6, 7, and 16), samples are presented with missing material
parts and many hollows, possibly caused by the printing set-
tings, which can affect the performance of the samples and
require further investigation. Such defects may have enlarged
during the failure of the parts in the tensile tests.

The fracture surface between a range of the selected
specimens specifically runs 1, 7, 13, 19, and 25 (as
explained above) was also investigated using SEM images
at a higher magnification of 20 kX, as well as 80 k x.
Images are presented along with the respective 3D printing
parameters for each sample in Fig. 7a—e. The 80 k X mag-
nification highlights the existence of bulges found at the
fracture surface, which in some cases are also accompa-
nied by pores, for example, run 7 (Fig. 7b). Overall, these
high-magnification images highlight significant differences
in the morphology of the samples at the microscale, aris-
ing from the variation in the 3D printing samples.

Run 25

I, 100% S, 40mm/s
D,90deg T,355°C
L, 0.25mm T,120°C

Run 19

I, 90% S, 70mm/s
D, 67.5deg T, 370°C
L, 0.15mm T,120°C

70

. ..63.0
60 o 60
50 A1 50
& 40 &40
s S
=30 =30
o
20 20 20
10 T, 10 T, 10 T, 10 T 10 T,
5.0 MJ/m’ | 6.5 MJ/m’ 7.0 MJ/m’ 9.1 MJ/m 4.8 MJ/m’

00 0.1 0.2 0.3 0.0 0.1 0.2 0.3

[3130X 500pm =—— | [6]130X  500um =— | [5]130X

Fig.4 Graphs of stress versus strain, resulting from the tensile test,
SEM images at X 30 magnification of a run 1, b run 7, ¢ run 13, d
run 19, and e run 25 sample side surfaces along with the conditions
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under which they were built and the corresponding f—j fracture sur-
face SEM images. The samples were selected according to the diago-
nal (Fig. 3), implying a total of 25 runs
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3.2 Experimental results

Table 3 contains all the runs’ oy, E, T, and Wq meas-
ured responses (average and standard deviation values)
from each run’s five replicates. All experimental measure-
ments of og, E, T,, and W, are shown in Table S5 in the
supplementary information of this study, along with the
corresponding values of the confirmation runs, which are
shown in Table S7.

Table 4 contains the Epq, Spg, Spp, and P measured
responses (average and standard deviation values) from
each run’s five replicates. All experimental measurements
of Epc, Spg, Spp, and P are shown in Table S6 in the

1566s ©
80.0 MPa—=

——rw—

Run22 & "% | Run 23
732 s — 2792 s
72.1-MPa

Run 21
295s
68.4‘MPa

[G]15X 500um

supplementary information of this study, along with the
corresponding values of the confirmation runs, which are
shown in Table S8. Table 5 lists the control parameters for
the infill percentage, deposition angle, layer height, travel
speed, nozzle temperature, and bed temperature ranking
for oy, E, T\, Wy, Epc, Spg, Spps and Pr.

3.3 Statistical analysis

Figure 8 shows the box plots for the 3D printing time (Pr)
(s) versus travel speed (St) and layer height (L) (Fig. 8a),
specimen weight (W) (g) versus infill percentage (Ip) and
layer height (L) (Fig. 8b), tensile strength (o) (MPa) versus

Run9- . faw = = o
1213 s
24.1 MPaasa—
0.7 MJ S|

| 65.2MmPal

[S15X

500pum

Fig.5 Microscope images of the side surface of specimens for 25 runs. The 3D printing time, tensile strength, and energy for each sample are

also presented
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1566 s
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0.8 M¥
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Fig.6 Stereoscope images from the specimen’s fracture surface of the 25 runs (one randomly selected out of the five of each run). The printing

time, tensile strength, and energy are also presented in every case

infill percentage (Ip) and deposition angle (D,) (Fig. 8c),
and overall energy consumption (Epc) (MJ) versus travel
speed (Sp) and layer height (Ly;) (Fig. 8d), created using the
derived experimental results. The aim was to determine the
most effective printing parameter for each response param-
eter. In the case of printing time and overall energy printing
consumption, the values range between three or four values,
while for specimen weight and tensile strength, the values
are mostly scattered. This shows that there is a strong influ-
ence of the parameters, which leads to the need for deeper
investigation and results analysis, as shown in Figs. 9, 10,
11, and 12.

@ Springer

All the response parameters were further analyzed and
are presented in the main effect plots in Figs. 9, 10, 11,
and 12. Out of the eight response-metrics evaluated, others
need to satisfy “the lower the better criterion,” such as the
printing time, weight, and energy metrics, while others
need to satisfy “the higher the better criterion,” such as
the tensile strength, Young’s modulus, and tensile tough-
ness. The printing time and specimen weight are shown in
Fig. 9. The increase in infill percentage does not affect Py
but causes a rise in Wy (rank no. 1, W, values are exces-
sively increased). The increase in the deposition angle,
nozzle temperature, and bed temperature did not affect the
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Fig.7 SEM images at 20 kxand 80 kX from the fracture surface of a run 1, b run 7, ¢ run 13, d run 19, and e run 25 samples, along with the

conditions under which they were built

P and only caused a small increase in the Wg. The rise in
layer height and travel speed seemed to cause a decrease in
P (rank 2 and no. 1, respectively) and a rise in Wy (rank
2 and no. 5, respectively).

The tensile strength and overall energy consumption
MEP are shown in Fig. 10. The increase in the infill
percentage, nozzle temperature, and bed temperature
increased oy, whereas the Ep- seemed to remain sta-
ble. An increase in the deposition angle decreased op
whereas the Ep- remained stable. As the layer’s height
and travel speed increase, oy remains almost stable, and
Epc decreases. The infill density is ranked as the no. 1
parameter for o, whereas the travel speed is ranked as
the no. 1 parameter for Epc. Only the travel speed caused
significant changes in the Epc values, whereas o values
remained rather stable only with the change in the layer
height levels.

The MEP, presented in Fig. 11, shows the analysis of
the tensile modulus of elasticity and tensile toughness
response parameters. The increases in the infill percentage,
nozzle temperature, and bed temperature increased both £
and T,. An increase in the deposition angle decreased both
E and T.. The height of the layer and the increase in travel

speed do not have an important influence on either E or 7,
as they remain almost stable.

The specific printing energy and MEP are shown in
Fig. 12. An increase in the infill percentage keeps the Spg
steady and decreases the Spp (rank 2), while both the dep-
osition angle and nozzle temperature maintain a steady
response of the Spp and Spp. The layer height and travel
speed cause a decrease in Spg (rank no. 1) and maintain
an Spp within a small range of values, while during the
increase in bed temperature, Spg is steady and Spp drasti-
cally rises (rank 1).

3.4 Regression analysis and analysis of variances
(ANOVA)

The linear regression model (LRM) for each response is
computed:

Yi=aq+ ) byx +e (14)

n
i=1

while the reduced quadratic regression model (RQRM) for
each response is computed:
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Table 3 Average as well as standard deviation values of the oy, E, T},

and Wg responses

Table4 Average and

standard deviation values

responses for Epc, Spg, Spps Pr

of measured

Run oy (MPa)  E(MPa) T,(MIm®) W (g) Run  Epc (MJ) Spr MJ/g)  Spp (W) Pr(s)

1 24234449 108.79+4.57 451+1.33 1.06+0.06 1 0.871+0.016 0.821+0.043 288.8+15.1 2841.6+0.5
2 15.74+0.48 88.12+4.61 2.63+035 1.22+0.01 2 0.374+0.020 0.307+0.013 351.8+14.6 872.0+0.0
3 20.03+0.63 101.09+10.92 3.57+0.54 1.38+0.03 3 0.209+0.030 0.152+0.022 335.7+50.1 452.2+6.9
4 23.96+0.49 120.20+4.46 3.67+0.19 1.38+0.00 4 0.130+0.020 0.094+0.014 331.1+50.3 283.6+0.5
5 31.05+0.53 156.12+3.48 3.59+0.12 1.43+0.03 5 0.122+0.020 0.086+0.013  399.6+60.6 214.0+0.0
6 63.19+0.68 243.84+9.70 10.45+1.99 1.36+0.02 6 0.274+0.020 0.200+0.011 337.2+19.2 594.4+0.9
7 43.27+5.55 202.45+8.03 5.06+1.03 1.49+0.03 7 0.108+0.000 0.073+0.001 188.2+3.7 385.8+1.3
8 30.18+3.39  148.33+9.19 3.77+0.53 1.45+0.02 8 0.094+0.032 0.065+0.023 249.7+87.9 259.0+0.0
9 2991+4.82 143.05+9.58 4.12+0.04 1.58+0.01 9 0.598+0.041 0.379+0.027 312.8+22.6 1212.4+0.5
10 25.05+0.97 153.00+2.39 2404048 1.43+0.01 10 0.662+0.020 0.462+0.014 328.8+9.5 1405.0+1.6
11 77.20+0.96 238.84+7.48 17.56+2.59 1.48+0.03 11 0.144+0.051 0.097+0.034 322.5+113.4 302.0+0.0
12 69.42+7.54 240.56+21.59 11.48+1.53 1.57+0.02 12 0.799+0.016 0.509+0.017 325.3+10.6 1565.6+0.5
13 50.93+3.19 194.42+10.27 7444080 1.79+0.01 13 0.194+0.032 0.109+0.018 191.6+32.8 568.8+5.2
14 37.07+4.30 222.22+6.15 330+£0.54 1.61+0.01 14 0.454+0.020 0.282+0.011 264.7+10.2 1064.4+1.1
15 34254501 169.89+12.69 3.81+033 1.52+0.00 15 0.252+0.025 0.166+0.017 291.9+29.5 568.0+0.0
16 80.73+2.96  250.95+7.65 17.84+0.89 1.77+0.07 16 0.310+0.032 0.176+0.021 252.1+29.6 696.6+0.5
17 64.10+2.39  222.05+2.45 10.79+0.80  1.70+0.06 17 0.216+0.051 0.127+0.027 317.1+69.2 399.2+1.6
18 74.68+1.65 282.07+21.71 10.68+1.03 1.58+0.02 18 0.432+0.025 0.273+0.014 303.2+16.0 899.4+0.5
19 54.22+646 222.68+11.18 726+1.45 1.68+0.06 19 0.166+0.032  0.099+0.018 189.5+34.9 520.8+0.8
20 61.10+3.52 248.20+4.87 7.62+1.20 1.68+0.03 20 0.950+0.032 0.565+0.019 282.8+9.6 1998.4+0.5
21 65.19+£7.25 23528+1497 11.32+0.87 1.72+0.16 21 0.115+0.016 0.067+0.008 227.6+27.8 295.6+0.5
22 71.20+£2.06 265.14+14.60 11.79+0.54 1.80+0.01 22 0.353+0.030 0.196+0.016 267.3+22.2 731.6+0.5
23 68.28+£6.63  272.29+4.20 9.76+2.27 1.69+0.02 23 1.440+0.000 0.852+0.012 305.1+4.2 2792.8+0.8
24 52.21+6.74  215.25+9.77 7.74+136 1.82+0.06 24 0.410+0.020 0.226+0.016 2429+17.1 928.6+0.5
25 3533+2.84 172.95+1.00 423+0.53 1.79+0.05 25 0.144+0.000 0.080+0.002 156.6+4.6 513.6+0.5

! " reach 90.88%. These results (Table 5) show the adequacy
Yi=a + Z bix; + Z CiaX; + e (15) of Eq. 17 for forecasting the oy response factor.
i=1 i=1

Finally, the full quadratic regression model (QRM), includ-
ing the cross products of the settings, for each response was
computed:

n n
— 2
Yo =a; + Z b x; + Z CipX; + Z Z dj XX+ e, (16)
i=1 i=1 i

where k stands for the response output (i.e., oy, E, T}, Epc,
Spg> Spp, Wy, Pp), a is a constant value, b corresponds to the
coefficients of the linear terms, ¢ represents the coefficients
of the square terms, d is the coefficients of the two-way inter-
action terms, e is the error, and x; represents the six (n=06)
control parameters (i.e., Ip, D, Ly, St, T, Tg)-

Regarding the polynomial ANOVA results:

e The oy factor has a 117.93 F value and a 0.000 P value,
while the calculated values of the regression parameters
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e The E factor had an 84.21 F value and a 0.000 P value,
while the calculated values of the regression parameters
reached 78.98%. These results (Table 6) demonstrate the
adequacy of Eq. 18 prediction model for forecasting the
E response factor.

e The Wg factor has a 124.60 F value and a P value of
0.000, while the calculated values of the regression
parameters reach a percentage of 84.45%. These results
(Table 7) demonstrate the adequacy of Eq. 19 prediction
model for forecasting the Wy response factor.

e The Py factor has a 128.57 F value and a 0.000 P value,
while the calculated values of the regression parameters
reach 91.56%. These results (Table 8) demonstrate the
adequacy of Eq. 20 prediction model for forecasting the
P response factor.

Additional polynomial ANOVA results regarding the
T, Epc, Spg. and Spp response factors, along with the
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Table 5 Control parameter
ranking for oy, E, T,, Wy, Epc,
Spe» Spp» Pr

Level I (%) D, (deg) Ly (mm) St (mm/sec) Ty (°O) T (°C)
og (MPa)
1 23 62.11 46.45 50.59 40.99 41.59
2 38.32 52.75 47.14 44.93 46.57 41.86
3 53.77 48.82 50.76 43.95 46.78 47.22
4 66.97 39.47 47.92 48.27 54.08 51.72
5 58.44 37.36 48.24 52.77 52.08 58.11
Delta 43.96 24.75 4.32 8.83 13.08 16.52
Rank 1 2 6 5 4 3
E (MPa)
1 114.9 215.5 206.2 202.6 172.9 180.3
2 178.1 203.7 199.4 180.3 185 188.4
3 213.2 199.6 201.2 192.4 190.5 186
4 245.2 184.7 186.6 202 214.4 201.3
5 232.2 180 190.2 206.2 220.8 227.6
Delta 130.3 35.5 19.6 259 47.9 47.3
Rank 1 4 6 5 2 3
T, (MJ/m®)
1 3.594 12.338 6.534 7.498 6.124 5.701
2 5.161 8.35 6.782 7.609 7.846 5.728
3 8.718 7.042 8.311 6.468 7.206 8.226
4 10.838 5.218 8.199 6.907 8.192 8.835
5 8.967 4.33 7.452 8.795 7911 8.788
Delta 7.244 8.007 1.777 2.327 2.068 3.135
Rank 2 1 6 4 5 3
Epc (M)
1 0.3413 0.3427 0.5544 0.9317 0.3686 0.2966
2 0.347 0.3701 0.5011 0.3902 0.3384 0.3974
3 0.3686 0.4738 0.3643 0.2592 0.3902 0.3442
4 0.4147 0.3514 0.2952 0.2074 0.3802 0.5184
5 0.4925 0.4262 0.2491 0.1757 0.4867 0.4075
Delta 0.1512 0.131 0.3053 0.756 0.1483 0.2218
Rank 4 6 2 1 5 3
Sprs (MJ/g)
1 0.2917 0.2723 0.4065 0.6253 0.2806 0.2362
2 0.2358 0.2421 0.3248 0.2557 0.2273 0.2571
3 0.2326 0.29 0.2225 0.1682 0.2578 0.2136
4 0.2477 0.2158 0.1848 0.1345 0.2328 0.3264
5 0.2842 0.2717 0.1535 0.1084 0.2935 0.2587
Delta 0.0591 0.0742 0.253 0.5169 0.0662 0.1128
Rank 6 4 2 1 5 3
Spp (W/g)
1 341.4 285.6 290.5 303 278.1 202.9
2 283.3 289.9 295.1 273.4 289.4 275.3
3 279.2 277 274.4 282.3 281.4 292
4 268.9 268.2 262.9 268.4 282 320.9
5 239.9 291.9 289.7 285.7 281.9 321.6
Delta 101.5 23.7 32.2 34.6 11.3 118.7
Rank 2 5 4 3 6 1
Ws (2)
1 1.294 1.478 1.499 1.516 1.512 1.561
2 1.462 1.557 1.494 1.606 1.53 1.536
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Table 5 (continued)

Fig.8 Box plots for the a
printing time (P) versus travel
speed (St) and layer height (L),
b specimen weight (W) versus
infill percentage (/p) and layer
height (Ly), c tensile strength
(op) versus infill percent-

age (Ip) and deposition angle
(D,), d overall energy printing
consumption (Epc) versus travel
speed (St) and layer height (L)

Level Iy (%) D, (deg) Ly (mm) St (mm/sec) Ty (°O) T (°C)
3 1.593 1.577 1.569 1.569 1.554 1.608
4 1.682 1.613 1.592 1.538 1.603 1.537
5 1.765 1.572 1.642 1.568 1.597 1.554
Delta 0.471 0.135 0.148 0.089 0.092 0.073
Rank 1 3 2 5 4 6
Pr(s)
1 932.7 946 1388.4 2082.2 999.3 966.1
2 771.3 790.8 1069.6 894.2 759.9 897.9
3 813.8 994.4 813.4 604.8 847.8 732.2
4 902.9 802 663.7 486.5 835.4 1036.5
5 1052.4 939.8 538 405.5 1030.7 840.4
Delta 281.1 203.6 850.4 1676.7 270.8 304.4
Rank 4 6 2 1 5 3

P, versus S, and L, B W, versus I, and L, b
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corresponding equations of the prediction model, can be
found in the available supplementary information, Tables
S3-S06 and Equation S1-S04, respectively.

Figure 13 shows the values of the predicted versus experi-
mental data for the printing time (Fig. 13a), specimen weight
(Fig. 13b), tensile strength (Fig. 13c), and overall energy
consumption (Fig. 13d). The values in all cases appeared
to range around the same acceptable deviation zone. Fig-
ure S2 in this work’s supplementary information contains
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interaction graphs that show how the control factors are
linked with each other.

0 =—565+6.703 X Ip — 0.3942 X D,,

+91.2 X Ly — 0.599 X S3 +2.09

x Ty — 1.846 X Ty — 0.03567 x I2

+0.001280 x D} —206 X L}, an
+0.00813 x 3 — 0.00256 X T,

+0.00813 x Tg
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Fig.9 Main effect plot of print-
ing time (P) and specimen
weight (W) versus the control
settings of infill percentage (Ip),
deposition angle (D), layer
height (Ly), travel speed (S),
nozzle temperature (7) and bed
temperature (75)

Fig. 10 Main effect plot of
tensile strength (o) and overall
energy consumption (Epc)
versus the control settings of
infill percentage (Ip,), deposi-
tion angle (D,), layer height
(Ly), travel speed (Sy), nozzle
temperature (7)), and bed tem-
perature (Tg)

Fig. 11 Main effect plot of
tensile modulus of elasticity (E)
and tensile toughness (T,) versus
the control settings of infill per-
centage (Ip), deposition angle
(D), layer height (L), travel
speed (St), nozzle temperature
(Ty), and bed temperature (75)

E =—475.8+3.017 x Ip — 0.4000
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Fig. 12 Main effect plot of

specific printing energy (Spg)
and specific printing power Rank 5 Rank 3 63
(Spp) versus the control settings ’
of infill percentage (/;), deposi- ¢
tion angle (D,), layer height + @%0@45
(Ly), travel speed (Sy), nozzle & 0:28 0
temperature (7)), and bed tem- = : E
perature (T%) & ~=
£ : : : : 024 v
Rank 2 Rank 5 Rank 4 Rank 3 Rank 6
70 90 22.5 67.5 0.15 0.25 25 55 355 385 i0J130 150 0.20
60 80 100:0.0 45.0 90.0i0.10 0.20 0.30i10 40 70340 370 400120 140 160
lp(%) ° Dy(deg) ~ L,(mm) ° S(mm/s) T, (C) T, (0

Table 6 Polynomial ANOVA, RQRM, oy versus Ip, D, Ly, St, Ty, Table 7 Polynomial ANOVA, LRM, E vs I, Dy, Ly, St, T, Tg

T Source Dy AdjSS  AdjMS Fvalue P value
Source Dy Adj SS AdjMS  Fvalue P value
Regression 6 323,010 53,835 8421  0.000
Regression 12 47,825.6 398547 117.93  0.000 Ip 1 227,541 227,541 35594  0.000
Iy 1 6109.6 6109.62  180.79 0.000 D, 1 20,250 20,250 31.68 0.000
D, 1 1582.3 1582.26 46.82 0.000 Ly 1 5036 5036 7.88 0.006
Ly 1 111.4 111.40 3.30 0.072 Sp 1 2090 2090 327 0.073
St 1 9478 947.79 2805  0.000 Ty 1 39219 39,219 61.35  0.000
In 1 1415 14149 419 0.043 Ty 1 28,874 28,874 4517 0.000
Ty 1 151.9 151.91 4.49 0.036 Error 118 75,433 639
I 1 44543 445432 131.81  0.000 Total 124
D2 1 1469 14691 435  0.039 R 31.07%
LH2 1 93.1 93.08 2.75 0.100 R2 (adj) 80.11%
i 1 11723 117232 3469  0.000 R (pred)  78.98%
TN2 1 116.1 116.06 3.43 0.066
TB2 1 231.1 231.10 6.84 0.010
Error 112 3785.0 33.79
Total 124 Table 8 Polynomial ANOVA, LRM, W vs Ip, D, Ly, St Ty, T
R? 92.67% Source Dy AdiSS  AdiMS  Fvalue P value
R? (adj) 91.88%
R (pred)  90.88% Regression 6 4.03866 0.67311  124.60  0.000
Ip 1 3.37096  3.37096  623.99 0.000
D, 1 0.14884  0.14884 27.55 0.000
Ly 1 0.36711  0.36711 67.95 0.000
Pr =42896 = 72.7x Ip = 242X Dy Sy 1 0.00296  0.00296 055  0.461
— 9845 X Ly — 85.65 X Sp — 179.8 Ty 1 0.14835 0.14835 2746  0.000
X Ty — 4.0 X Ty + 0478 X I Ty 1 0.00044  0.00044 0.08  0.777
+0.0268 x D2 + 14078 x L2, (20)  Error 118 0.63746  0.00540
) N Total 124
+0.7572 x S + 0.2442 X T R 36.37%
+0.153x Ty R (adj) 85.67%

2
Figure 14 presents 3D surface graphs of the response R (pred) 84.45%

parameters versus the two control parameters that affect each
other, showing their dependence. Figure 14a shows the print-
ing time vs. St and Ly, Fig. 14b shows the tensile strength vs. s [, and L, Fig. 14e shows the tensile strength vs. Ty and

Ip and D, Fig. 14c shows the overall energy printing con- Ty, and Fig. 14f shows the overall energy printing consump-
sumption vs. St and Ly, Fig. 14d shows the specimen weight  tjon I, and Tg.
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versus experimental data,

Fig. 13 Values of the predicted Experimental P, vs Predicted P, E Experimental W, vs Predicted W, m
2.0
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Fig. 14 3D surface plots of the a printing time (Pp) versus travel
speed (St) and layer height (Ly), b tensile strength (o) versus infill
percentage (Ip) and deposition angle (D,), ¢ overall energy printing
consumption (Epc) versus travel speed (St) and layer height (Ly), d

60 90 Qv\

3407 120 Ko 60 120 <o

specimen weight (Wg) versus infill percentage (/p) and layer height
(Ly), e tensile strength (og) versus nozzle temperature (7y) and bed
temperature (73), f overall energy printing consumption (Epc) versus
infill percentage (/) and bed temperature (7%)
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Table 9 Polynomial ANOVA, RQRM, Py vs Iy, Dy, Ly, Sq, Ty, Tg

Source Dy Adj SS Adj MS Fvalue P value
Regression 12 59,476,432 4,956,369 128.57 0.000
Ip 1 718,500 718,500 18.64  0.000
D, 1 59,575 59,575 1.55 0.216
Ly 1 1,296,641 1,296,641 33.64 0.000
St 1 19,355,959 19,355,959 502.11 0.000
Tx 1 1,044,863 1,044,863 27.10 0.000
Ty 1 86,243 86,243 2.24  0.138
II,2 1 798,070 798,070 20.70  0.000
D A2 1 64,464 64,464 1.67 0.199
LH2 1 433,523 433,523 11.25 0.001
ST2 1 10,158,226 10,158,226 263.51 0.000
TN2 1 1,056,222 1,056,222 27.40 0.000
TB2 1 82,023 82,023 2.13  0.147
Error 112 4,317,546 38,550

Total 124

R’ 93.23%

R? (adj) 92.51%

R*(pred)  91.56%

3.5 Confirmation experiments and validation

Two additional confirmation experimental runs were con-
ducted with the aim of verifying the effectiveness of the pre-
diction models, while there was also a correlation between the
experimental findings and those calculated from the prediction
models. The results of the control parameters are presented in
Table 9, while the average and standard deviation values of the
og, E, T,, and Wg measured responses of the confirmation runs
are shown in Table 10, and the average and standard devia-
tion values of the Epq, Spg, Spp, and P measured responses
for the confirmation runs are shown in Table 11. The analyti-
cal experimental results from each replica of the confirmation
runs are presented in the Supplementary Information. Table 12
presents the deviations resulting from the experimental and
predicted values that were obtained during this study. It should
be highlighted that in the case of run 27, the values of the
actual and predicted Ep (MJ) coincide, as they do not present
errors. The difference between the actual and predicted values
of oy was small, and the error was low. For Ep, the deviation
was higher for run 26. Because the ANOVA showed that the
reliability of the prediction model was high (R values higher
than 89%, please see the supplementary information of the

Table 11 Average and standard deviation values of measured
responses for oy, E, T}, Wy, regarding confirmation runs

Run oy (MPa) E (MPa) T,(MI/m3) W (2)
26 87.51+437 315.72+22.93 11.14+272  1.70+0.09
27 36.89+0.89 14538+3.76 12204001 1.29+0.01

Table 12 Average and standard deviation values of measured
responses for Epc, Spg, Spp, and P, regarding confirmation runs

Run  Epc (M) Spg MJ/g) Spp (W/g)  Pp(s)
26 0.130+0.000  0.042+0.002  0.1+0.0 332.6+0.5
27 0.036+0.000  0.028+0.000  0.2+0.0 177.6+0.5

study), this deviation can be attributed to the specific set of
control parameter levels. . Table 13

4 Discussion

This study presents the popular and generic settings (which
were chosen as control parameters) for the mechanical
response and energy consumption of PEI specimens fab-
ricated using the MEX 3D printing method. The increased
mechanical performance of 3D printed parts is a common
demand in applications, while the energy consumption for
the manufacturing of parts is related to their sustainability,
which is also a popular subject nowadays. Six 3D printing
settings were evaluated against eight response metrics to
provide insight into their effects on the process for these
two critical aspects (mechanical performance and energy
consumption). The specimens were 3D printed and sub-
jected to various experiments. The results were analyzed
and validated using the Taguchi design method. The aim of
this study was to compose a set of control parameters with
optimal values while maintaining low energy consumption
and a high yield of response parameters.

The mechanical behavior of the 3D fabricated parts was
mostly influenced by the control parameter of the infill
percentage, but it has not yet been investigated in the exist-
ing literature, to the best of the authors’ knowledge, and
it has been proven to have a great impact on many of the
response parameters. The infill percentage had the great-
est impact on specimen weight. With the values range
studied herein it varied from 1.3 to almost 1.8 g (~30%

Table 10 Control parameters

R 1, D, (d L S Ty (° Ty (°
for the confirmation run o p (%) A (deg) u (mm) Sr (mm/sec) O B (O
26 90 0.0 0.20 70 385 160
27 60 0.0 0.30 70 355 120
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Table 13 Validation table

Run 26 27
Actual o (MPa) 87.51 36.89

Epc M) 0.130 0.036
Predicted o (MPa) 95.21 30.37

Epc (M) 0.190 0.036
Absolute error og (%) 8.8 17.7

Epc (%) 46.6 Threshold

reached

difference), without significantly influencing the required
printing time.

Additionally, the /I, also influenced the tensile strength,
which varied from approximately 22 to almost 70 MPa
(~300%), again without a notable change in the energy
demands. The tensile strength of 22 MPa corresponds to
a common polymer strength in 3D printing (such as PLA
[108]), rather than a high-performance polymer, such as PEL
The tensile strength is consistent with the expected mechani-
cal properties of the high-performance PEI polymer in MEX
3D printing [73]. Such differences in the performance of
the parts built with the MEX 3D printing method justify the
need for such an analysis and optimization and provide valu-
able information when 3D printed parts are used for appli-
cations. Modulus of elasticity and tensile toughness were
also increased by Ip at around 240 MPa (with the lowest
reported value being around 115 MPa, more than 100% dif-
ference) and 12 MJ/m? (with the lowest reported value being
around 3.8 MJ/m?, about 400% difference), respectively,
while specific printing power dropped drastically below
0.24 kW/g without presenting high levels of specific printing
energy consumption. The increase in travel speed lowered
the printing time and caused a significant decrease in the
energy printing consumption at 0.2 MJ, without influencing
the weight of the specimens. The highest energy printing
consumption reported with lower travel speed values was
almost 0.95 MJ. This means that approximately one-fourth
of the power was required to build parts with higher travel
speeds than those with low ones. It was also observed that
as the travel speed increased, the specific printing energy
decreased.

The increase in both the nozzle and bed temperature only
had a slight influence on the response parameters, except
for the case where the bed temperature demanded a high
amount of specific printing power (0.32 kW/g). This indi-
cates that temperature does not have an important effect and
sidesteps the study of Shelton et al. [69], which implies that
the mechanical strength of the specimens depends highly
on the envelope temperatures. It should be mentioned
though that Ding et al. [73] proved that by increasing nozzle

temperature up to 390 °C, the tensile strength decreased and
then increased again at temperatures above 400 °C, in this
study the exact opposite is proved. It should be noted that the
specimen weight did not show remarkable changes during
the increase in control parameters, except for the infill per-
centage, which caused a drastic increase in specimen weight
reaching almost 1.8 g, as already mentioned.

The deposition angle had a significant impact on the
tensile strength without significant energy consumption.
This increase lowered the tensile strength from over 60 to
below 40 MPa, which complies with the research of Forés-
Garriga et al. [71] They concluded with results showing
that raster angle values higher than 0 °C presented lower
tensile strength. A lowering of the modulus of elasticity to
180 MPa and tensile toughness to approximately 4 MJ/ m*
were also observed. Layer height increase was effective for
lowering printing time at 500 s as well as specific printing
energy at below 0.2 MJ/g, and slightly lowered the energy
printing consumption, similar to the study of Pandelidi
et al. [50] where the overall energy-printing consumption
is also reduced. Table 14 presents a comparison of the cur-
rent research tensile strength results with the literature. As
shown, the presented results are in good agreement with
the literature. Some studies present lower values and others
higher values, within a reasonable range. Any differences
can be attributed to the different grades used, different 3D
printing settings and machines, and overall to the entire pro-
cess followed. Additionally, some of the studies presented
are investigating solid parts, not 3D printed ones, which, as
expected, have higher strength than the 3D printed parts.

Overall, the results presented herein cannot be completely
correlated with the literature, because no similar work so
far, to the authors’ knowledge, has investigated so many
3D printing parameters (six) simultaneously. To the best of
the authors’ knowledge, no study so far has examined the
required energy for the manufacturing of parts made with
high-performance PEI polymer in MEX 3D printing. As
mentioned above, the findings of this study are consistent
with the existing literature. As explained, specific param-
eters significantly affect the mechanical performance of the
parts, whereas others affect the energy consumption. There-
fore, these factors should be considered when 3D printing
PEI parts using the MEX process.

The need for such an analysis and modeling of the experi-
mental results was thus highly justified in the study, espe-
cially because similar research on high-performance poly-
mers in MEX 3D printing is still limited. Unfortunately, no
set of control parameter levels optimizes both the mechani-
cal performance and energy consumption, but a balance
between the two aspects can be found because parameters
highly affecting one aspect in some cases have mild effects
on the other. However, in applications with clear priorities
toward one or the other aspect (mechanical performance or
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Table 14 Comparison of the tensile strength (MPa) results presented herein with the literature

Study herein  (El Magri (Bybergetal.,, (Zhang & (Pandelidi  (Zaldivar (Chueca (Yilmaz (Gebisa (Glaskova-
etal., 2021) 2018) [42] Ki Moon, etal., 2021) etal., 2017) de Bruijn et al., and Kuzmina et al.,
[5] 2021) [50] [51] etal., 2022) 2022)[58] Lemu, 2023) [60]
[49] [56] 2019)
[59]
80.73 100.0 89.0 88.0 94.2 71.03 61.0 75.11 87.0 68.1
(Padovano (Han et al., (Kaplun et al., (Shelton  (Chueca (Ding etal., (Ahmad & (Fischer & (Bagsik All values in
etal., 2020) 2019) [67] 2020) [68] et al., de Bruijn 2019) [73] Ezdeen, Schopp- etal., (MPa)
[66] 2020) etal., 2023) ner, 2011)
[69] 2020) [75] 2017) [77]
[72] [76]
73.0 82.0 101.5 87.1 64.82 135.0 140.0 50.6 84.0

energy consumption), this study provides valuable informa-
tion to achieve these goals. The compiled equations proved
their reliability (by the calculated factors in the ANOVA
and the confirmation runs) and provided both qualitative
and quantitative information. These prediction models along
with the optimization of the control parameters studied con-
tribute to the sustainability and functionality of 3D-printed
PEI products. As reported above, the energy consumed for
the 3D printing of PEI parts can be reduced by ~400%, while
the strength of the parts can be increased by ~300%. No
set of control parameter values optimized both the energy
consumption and the strength of the 3D printed PEI parts,
still a balance between sustainability and performance can
be found and values that lead to inferior sustainability and
performance results can be avoided.

5 Conclusions

This study is related to the analysis and optimization of
the mechanical performance and energy consumed (dur-
ing the production) of parts made with the pure PEI high-
performance polymer using the MEX 3D printing process.
Subsequently, the energy demands were measured during
the 3D printing process, and the produced samples were
subjected to testing to determine their performance under
uniaxial loading (tensile test) following the guidelines
outlined in the ASTM D638-02a international standard.
The Taguchi design was selected as the methodology for
evaluating the interaction between the six printing/control
factors and the intended yield of mechanical and energy
qualities. The objective was to minimize energy consump-
tion while maximizing mechanical performance. No set of
parameters simultaneously maximizes the tensile strength
and minimizes the energy consumption; therefore, the con-
trol parameter level should be selected according to the
demands of each application. However, some parameters
significantly affect the mechanical property metrics and
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have a limited effect on the energy metrics, such as the
deposition angle. Additionally, some parameters, such as
the travel speed, increase the tensile strength and reduce
the energy consumption. Such findings can achieve a bal-
ance between mechanical performance and energy con-
sumption for specific applications. The increase in the
infill density significantly increased the tensile strength
of the samples, whereas the increase in travel speed sig-
nificantly decreased the energy consumption. Therefore, it
is feasible to find a set of control parameter levels to pro-
duce PEI parts with high mechanical performance using
the MEX process, while simultaneously saving energy for
their production at the same time.

Prediction models were formed with high confidence
levels for all the metrics. Two confirmation runs were
conducted to assess the reliability of the prediction models.
The reliability of the prediction model for the tensile strength
was fully confirmed, whereas the energy consumption
model did not provide perfectly accurate results owing
to the control parameter levels, showing the restrictions
of the modeling process. In future work, the range of the
control parameter levels can be broadened, and additional
modeling approaches can be applied and compared for their
effectiveness using specific experimental data. Additionally,
additional mechanical tests can be performed. Nevertheless,
the reliability of the prediction models makes them valuable
tools for producing parts using the MEX 3D printing method
with a high-performance PEI polymer.
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