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ARTICLE INFO ABSTRACT
Keywords: Currently, energy efficiency and saving in production engineering, including Material Extrusion
Polyetheretherketone (PEEK) (MEX) Additive Manufacturing, are of key importance to ensure process sustainability and cost-

Box-Behnken

. effectiveness. The functionality of parts made with MEX 3D-printing remains solid, especially for
Energy consumption

Mechanical response expensive high-performance polymers, for biomedical, automotive, and aerospace industries.

Material extrusion Herein, the energy and tensile strength metrics are investigated over three key process control

Fused filament fabrication (FFF) parameters (Nozzle Temperature, Layer Thickness, and Printing Speed), with the aid of

3D printing laboratory-scale PEEK filaments fabricated with melt extrusion. A double optimization is
attempted for the production by consuming minimum energy, of PEEK parts with improved
strength. A three-level Box-Behnken design with five replicas for each experimental run was
employed. Statistical analysis of the experimental findings proved that LT is the most decisive
control setting for mechanical strength. An LT of 0.1 mm maximized the tensile endurance (~74
MPa), but at the same time, it was responsible for the worst energy (~0.58 MJ) and printing time
(~900 s) expenditure. The experimental and statistical findings are further discussed and inter-
preted using fractographic SEM and optical microscopy, revealing the 3D printing quality and the
fracture mechanisms in the samples. Thermogravimetric analysis (TGA) was performed. The
findings hold measurable engineering and industrial merit, since they may be utilized to achieve
an optimum case-dependent compromise between the usually contradictory goals of productivity,
energy performance, and mechanical functionality.

1. Introduction

In recent years, AM has become one of the most rapidly expanding technologies with growing engineering notice and industrial
exploitation [1]. It is also considered an eco-friendly process, owing to its reduced energy consumption and minimized waste,
compared to other more traditional manufacturing technologies [2]. Nevertheless, the sustainability of AM remains an open issue that
is usually investigated in the literature [1,3]. One of the most dominant factors, especially nowadays, that affects the sustainability and
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Nomenclature

3DP 3D Printing

ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing

ANOVA Analysis of Variances
BB-DOE The Box-Behnken design of the experiment

BT Bed Temperature

DF Degrees of Freedom

DOE Design of Experiment

DSC Differential Scanning Calorimetry
E Tensile Modulus of Elasticity

EPC Energy Printing Consumption
FFF Fused Filament Fabrication

ID Infill Density

LT Layer Thickness

MEP Main Effect Plot
MEX Material Extrusion

NT Nozzle Temperature
ORA Orientation Angle
PA Polyamide

PLA Polylactic Acid

PEEK Polyetheretherketone

PT Printing Time

PS Printing Speed

RDA Raster Deposition Angle

QRM Quadratic Regression Model

RQRM  Reduced Quadratic Regression Model

sB Tensile strength

SEM Scanning Electron Microscopy
SPE Specific Printing Energy

SPP Specific Printing Power

Tg Glass Transition Temperature

TGA Thermogravimetric Analysis

the eco-friendliness of the AM processes is their energy consumption and efficiency in general [4,5]. Both are key metrics for classifying
environmental footprints [6]. Several experimental approaches and modeling tools [7] have been employed, such as machine learning
[8] and other statistical modeling methods, to quantify the main effects of 3D printing settings on the process energy demands [9].

MEX 3D printing is one of the most popular AM processes [10] owing to its distinctive features, which include flexibility,
cost-effectiveness, and the capability to fabricate products with complicated geometrical structures [11]. This method mainly uses
polymeric materials or composites, which are the most popular in the AM process [12]. Polymers such as PLA and ABS are the most
widely used polymers for the MEX process [13]. They are used as pure [14-16] or matrix materials in composites [17-20]. Therefore, it
is reasonable that the effects of the 3D-printer process settings on the overall performance of such feedstocks have been compre-
hensively investigated in previous studies [21,22]. Various modeling tools have been employed to assess and optimize the process from
various perspectives [23-25].

In addition to the commonly used MEX 3D-printing filaments, high-performance polymers such as polyetheretherketone (PEEK)
have been processed and investigated [26]. PEEK is a high-temperature [27], high-performance [28], biocompatible [29,30] polymer.
These superior properties led to the deployment of PEEK in several types of medical applications, such as implants (surgical, cranial,
lumbar, etc.) [31-33] and scaffolds [34,35] for bone regeneration [36,37]. PEEK has also been deployed in dentistry [38], where it has
been proven to be equally functional as titanium-based alloys [39]. These impressive properties render PEEK polymers suitable not
only for medical applications but also for the aerospace industry [40,41]. The significance of various 3D printing parameters on several
responses (mechanical and thermal, etc.) of MEX 3D-made samples with PEEK has been reported in the literature [42,43]. In-
vestigations have engaged methods such as multifactor coupling [26] and numerical modeling [28] to analyze the results and compile
predictive models. Additionally, parameters affecting the efficiency of 3D printed products, such as the bonding strength in the 3D
printed structure, have been reported [44]. The 3D printing settings for successfully manufacturing parts made of this polymer, that is,
without warping, have also been examined [45,46]. Thermal and microstructural investigations have also been conducted to describe
the thermal response of PEEK by identifying properties such as the glass transition point and other crystallinity alterations of the
polymer [47]. PEEK has also been explored as a matrix material for composite development [31] with carbon-based [48,49] or other
types of fillers, such as hydroxyapatite [50], to further enhance the mechanical performance of the PEEK Polymer or to induce specific
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Mechanical and Morphology Characterization MEX 3D Printing and Energy Measurements

Fig. 1. Screenshots from the experimental course of the current research (a) raw powder material, (b) raw material drying, (c) PEEK filament
extrusion, (d) feedstock drying, (e) monitoring of energy (f) samples MEX AM, (g) tensile testing, (h) morphological evaluations.

Table 1
VICTREX® PEEK 150UF10 properties from the material’s datasheet (https://www.victrex.com/-/
media/downloads/datasheets/victrex_tds_150uf10.pdf).

Property standard value
Tensile Strength [MPa] 1SO-527 100.0
Tensile Elongation [%] 1SO-527 15.0
Tensile El. Modulus [GPa] 1SO-527 4.1
Flexural Strength [MPa] 1SO-178 170.0
Melting Point [°C] ISO 11357 343.0
Glass Transition Temp. [°C] I1SO 11357 143.0
Density [g/cm®] I1SO 1183 1.3

properties for particular medical applications. To depict the parameters that affect the mechanical performance of PEEK in 3D printing
through MEX, modeling approaches, such as the Taguchi robust design [51,52], as well as the Box-Behnken experimental design [53,
54], have been employed. Regarding the energy consumption in MEX 3D printing with PEEK filaments, the literature is still marginal,
and it focuses on the energy consumption when 3D printing PEEK/carbon fiber composites by employing a full-factorial design
approach [55,56].

Along with the evaluation of the mechanical response, the present research aims to provide information for process control settings
that support the eco-friendliness of MEX 3D printing with PEEK. More specifically, the primary goal of this study is to optimize the
control settings that minimize the energy consumption of the process. This information is not yet included in the existing literature, but
it is a critical aspect of the MEX 3D printing process, considering the high temperature required for 3D printing with PEEK filaments. It
is reasonable to expect substantially higher energy consumption.

Based on the literature survey presented above, the dominant 3D parameters governing the efficiency of AM workpieces made of
PEEK are printing speed, layer thickness, and nozzle temperature [46,53]. The Box-Behnken experimental design was employed to
analyze the experimental results [57]. In addition, to energy consumption, the effects of the selected control factors (and levels) on the
mechanical strength of PEEK tensile samples made with MEX 3D printing were also quantified. This analysis was accomplished
identically to the corresponding one for the energy consumption metrics, aiming to evaluate the process setting that ensures the best
possible compromise between the mechanical response and energy consumption. To this end, an attempt was made to lock a set of
parameters that concurrently provide the best possible mechanical performance over energy absorption. It was found that such
optimization was difficult; however, the prediction models provided useful insight into the expected outcome of each metric.
Therefore, the process can be optimized according to the requirements of each application, and the remaining metrics can be predicted.
In this manner, users can know the expected outcomes of the process. The objectives of the study are summarized as follows.

e To evaluate the sustainability of the high-performance biomedical PEEK polymer.


https://www.victrex.com/-/media/downloads/datasheets/victrex_tds_150uf10.pdf
https://www.victrex.com/-/media/downloads/datasheets/victrex_tds_150uf10.pdf

N. Vidakis et al. Heliyon 9 (2023) 18363

L 100 3D Printing Parameters Value Units m
§ j L ______ Nozzle temperature 400-410-420 °C
s 95% 400 420 Printing §peed 30-40-50 mm/s
= 90 410 Layer Thickness 0.1-0.2-0.3 mm
. Bed Temperature 160 EC
= 30 3D Printing Chamber Temperature 90 °C
Temp(?,?)t“res Infill Density 100 %
Raster Deposition Angle +45 Deg
70 Extruding Numbgr of Perimeters 2 -
Temperatures Top solid layers 0 -
60 (°C) Bottom solid layers 0 -
=90 e Tensile specimen: ASTM D638 Standard, Type V
50 355 '—‘ ’—' 370

0 100 200 300 400 500 600 700 800

Fig. 2. (a) Weight loss (%) vs temperature graph (TGA) and (b) 3D printing settings for PEEK MEX and (c) specimens’ geometry according to the
tensile test standard (ASTM D638-02a).

Temperature (°C)

e A perform a double optimization aiming to produce 3D printed parts with the PEEK polymer with increased mechanical strength
and by consuming the minimum possible energy for their production. This type of double optimization has not been investigated in
the PEEK polymer so far in the literature.

2. Materials and methods

The PEEK polymer was procured in fine-grade powder form (Fig. 1a) to be extruded in filament form suitable for 3D printing (1.75
mm diameter). The grade used was VICTREX® PEEK 150UF10 (Lancashire, United Kingdom). The technical specifications of this high-
performance polymer according to the manufacturer’s datasheet are listed in Table 1. This specific grade was selected for the following
reasons.

e It comes from a well-respected manufacturer.

e It is suitable for extrusion (specific grades are suitable only for injection molding).

o It comes in powder form, which was the desired form for filament extrusion.

e This grade was available in the desired quantities within the schedule of the study, which is critical nowadays that there is a
shortage of many products and materials.

Before the extrusion process, the PEEK powder was dried for 3 h at 150 °C according to the manufacturer’s instructions (Fig. 1b). It
was then extruded to the filament in a high-temperature single-screw extruder for filament production, which is thermally capable of
melting PEEK polymer (3D Evo Precision 450, 3devo B.V., Netherlands, Fig. 1c). The formed filament was further dried (Fig. 1d) and
fed into a high-temperature 3D printer also capable to AM process of PEEK polymer (Intamsys Funmat HT, Intamsys Technology,
Shangai, China). The 3D printing settings in the study were selected based on preliminary experiments, the existing literature in the
field [27,44,58], and the polymer datasheet, which suggests a processing temperature of 400 °C. The layer thickness used was the most
commonly used in the literature and ensures good quality characteristics. Higher layer thickness produces more rough parts.

Throughout the 3D printing process, the printing time and consumed energy were recorded with a stopwatch (stopwatch mea-
surement method, [59]) and Rigol DM3058E digital multimeter, respectively (RIGOL Technologies, Beijing, China, Fig. 1e). The
selected control parameters are shown in Fig. 2b. Using the 3D printing process, V-type specimens with 3.2 mm thickness, after the
ASTM-D638-02a norm (Fig. 2¢). Five specimens were manufactured for each set of control parameters (15 runs in total were conducted
in this study, with five replicates each).

The produced tensile specimens were tested according to the same standard (ASTM D638-02a) with the aid of an Imada-MX2 tester
(Imada Inc., Illinois, United States), at a 10 mm/min speed of testing (strain rate) (Fig. 1g). An increasing uniaxial force load was
applied in the samples until they failed in the tensile test. So, loading was not the same in all samples, it depended on the sample and its
performance in the test before failure. The morphological features of the samples (fracture mechanism, etc.) were evaluated through
stereoscope microscopy (OZRS5 stereoscope with ODC 832 5 MP digital camera, KERN & SOHN GmbH, Germany), as well as with SEM
(JSM 6362LV, Jeol, Japan). The samples were gold-coated (Au) to acquire SEM images. Images were captured in a high-vacuum state
with an acceleration voltage of 20 kV (Fig. 1h). Furthermore, to ensure that the extrusion thermal settings during the filament
fabrication, as well as during the 3D printing course, did not degrade or influence the thermal stability of PEEK, TGA (PerkinElmer
Diamond TG/TDA, PerkinElmer, Inc., Waltham, Massachusetts, United States of America, heating cycle from 32 °C to 550 °C, heating
step of 10 °C/min, a nitrogen atmosphere) was performed (Fig. 2a). The graph of weight loss (%) vs. temperature (°C) verified the
accomplishment of this goal.
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Fig. 3. For one randomly selected sample of run 3, run 14, and run 2, (a), (c), and (e) present SEM images from the side surface of the corresponding
run, (b), (d), and (f) present tensile test results in stress vs strain graph form and (g), (h), and (i) present SEM images from the corresponding
samples’ fracture surfaces.

2.1. Energy indicators

The overall consumption of electric energy throughout the MEX-AM course consisted of three main components: e.g., (i) con-
sumption during the startup of the machine, (ii) consumption during the productive 3D printing phase, and (iii) consumption during
machine shutdown. Moreover, the total energy consumption was derived using the following equation (1) [9]:

Eiotl = Etermal + Emotion + Eauxitiary (€9)]

where Egherma is the thermal energy consumed, calculated by the following equation (2):
Elhermal = Ehealing + Ecouling (2)

Enotion iS the energy consumed by the feed motors of the 3D printing apparatus and Eayyiliary is calculated by the following equation

(3
Eauxiliary = Eslanup + Esteady—slale + Eshuldown (3)

And is defined as the energy consumed by the electronic circuits and the remaining subparts of the 3D printing device.
To generalize the energy documentation, the Specific Printing Energy metric is obtained using the following equation (4):

SPE = EVPV;C MI/g] @

whereas the Specific Printing Power metric derives from the following equation (5):

_ EPC
SPP= - e 10°[kW /¢] 5)

where Energy Printing Consumption (EPC) represents the energy used by the 3D printer (E), w is the actual weight of each
specimen, and PT is the actual printing time for each experimental run.
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Fig. 4. SEM images from the side surface of a randomly selected sample of (a) run 3, (c) run 14, (e) run 2, and the corresponding fracture surface
images of the samples (b) run 3, (d) run 14, (f) run 2. The conditions, that each run was built are depicted in the image.

2.2. Design of experiment, statistical analysis, and ANOVA

Box-Behnken experimental design is frequently used for process optimization in 3D printing [53,60-63]. In the current study, this
type of design was used for the optimization of the input parameters (3D printing settings) in terms of the tensile strength and energy
consumption of parts made by MEX 3D printing with a high-performance PEEK polymer. Three input process parameters were
selected: layer thickness, nozzle temperature, and printing speed. The process parameter levels were fixed (coded values: —1, 0, and 1),
resulting in 15 experimental runs, which is an optimization approach that is commonly used in the literature [63,64]. The input
parameters (3D printing settings) and their levels were chosen in accordance with the literature review. For instance, the literature
reports nozzle temperature as the most critical parameter for 3D printing with the MEX process PEEK polymer [53]. To select the input
parameter levels, the specifications of the PEEK polymer provided in its datasheet and 3D printer specifications were also considered.
Overall, these specific 3D printing parameters were considered in the study for the reasons explained above and additionally because
they have not been tested yet for the PEEK polymer, and literature on energy consumption on 3D printed parts suggests that they
significantly affect energy consumption [65-67].

The experimental results were analyzed, and MEP and interaction plots were formed to identify the optimum parameters and the
interaction between the input parameters. The regression followed and prediction models were compiled as functions of the input
parameters, for the part weight (g), printing time (s), EPC (MJ), SPE (MJ/g), and SPP (kW/g) energy indicators, whereas for sB (MPa),
E (MPa), and toughness (integral of the stress vs. strain curve produced in the tensile experiment) (MJ, /m°). The prediction quadratic
equations were validated through an additional run for confirmation.

3. Results and discussion
3.1. Failure analysis and morphological characteristics

Runs 3, 2, and 14 were selected for further analysis. The stress vs. strain diagrams for one randomly selected specimen out of five in
each run are presented in Fig. 3b, d, and f respectively. The 3D printing settings used for each run are shown in Fig. 2b. These runs were

selected to have different values for the two 3D printing parameters (LT and NT), and the same PS value, to present the differences
more clearly between the cases studied. The corresponding tensile strength, sB (MPa), and toughness (MJ/m>) values are shown in
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Fig. 5. Images from the stereoscope from the fracture surface of a randomly selected sample from each run (1-15, numbers in the images corre-
spond to the respective run).

Fig. 3d, d, and f respectively, as mentioned. It should be noted that forces approximately up to 1000 N were applied in these samples in
the experiments carried out within the context of the study.

Fig. 3a, ¢, and e present a stereoscopic image from the side surface of the corresponding sample. As shown, sB significantly differed
between the cases studied, with run 2 (Fig. 3d) having 2.7 times lower strength than run 3 (Fig. 3b). This demonstrates the extent to
which the 3D printing settings can affect the performance of the parts. The Run 3 sample can be evaluated as a high-performance
polymer, while the strength of the sample in Run 2 is similar to that of commonly used polymers such as PLA [18]. The differences
in the 3D printed structure are visible in the stereoscopic pictures (Fig. 3a, c, and e), especially with respect to the LT parameter. More
uniform fusion was observed in runs 2 (Figs. 3e) and 14 (Fig. 3c); however, the mechanical strength was inferior to that of run 3
(Fig. 3a). Fig. 3 also presents SEM images of the fracture surfaces of the samples (Fig. 3g, h, and i, respectively, for the three runs). In all
three runs, a brittle fracture mechanism was observed, with minimum deformation present on the fracture surface. In all the images,
the arrows indicate an estimation of the evolution of the fracture on the surface. In run 3 (Fig. 3g), the fracture appeared to start from
the top left vertex of the sample, in run 14 (Fig. 3h) from the left edge, as shown in the image, and for run 2 (Fig. 3i) in the middle of the
specimen. The deformation was slightly higher in run 3 (Fig. 3g), and brittle failure still occurred. Porosity is visible on the fracture
surface, which is expected because of the layer-by-layer 3D printing structure of the samples [68]. Through an optical inspection of the
specimens, the porosity was found to be lower in the fracture surface of run 3 compared to that of run 14. On the other hand, a more
extensive count and larger voids were visible in run 2. This agrees with the tensile test results, in which the sample from run 2 showed
inferior mechanical properties, and the corresponding literature reports that increased porosity negatively affects the mechanical
properties of the parts [69]. These findings agree with the literature on the fracture mechanisms of 3D printed parts, which have been
thoroughly investigated and analyzed [70-78].

Fig. 4 shows the corresponding SEM images for the specific runs (and samples) mentioned above (runs 3, 14, and 2). SEM images
were taken from the side surfaces of the samples, whereas higher-magnification images were taken from the fracture surfaces. From the
side surface images, run 2 (Fig. 4e) shows defect-free layer fusion, so the inferior tensile strength can be attributed to the internal
porosity of the specimens. In run 14 (Fig. 4¢), voids were observed owing to the 3D printing process and the parameters used. Run 3
(Fig. 4a) showed a non-uniform shape layer structure with small voids and defects. Nevertheless, the tensile strength increased in the
samples of this run (run 3) owing to the more solid internal structure with fewer pores and better adhesion between the strands. In the
higher-magnification images of the fracture surfaces of the samples, the morphology observed is typical for polymeric materials
[79-811, although differences can be observed between the specimens. Run 3 (Fig. 4b) showed a more uniform fracture pattern, and
run 14 (Fig. 4d) had a rougher surface with high and low hills formed in the fracture area. Run 2 (Fig. 4f) also had a rather smooth
pattern in the fracture area, but internal cracks could be observed in the image.

Fig. 5 shows images taken with a stereoscope of the entire fracture surface of one specimen from each of the 15 runs. Differences
between the samples are evident, with some surfaces being rougher than others; some samples have a smoother fracture surface, for
example, the sample from run no. 5 (Figs. 5-5), and in some samples, parts of the material have been abstracted, forming cavities on
the surface, for example, in the sample from run 14 (Figs. 5-14). These differences indicate that different 3D printing settings affect the
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Table 2
Box Behnken Design: Input Parameters, their Levels, Average Values, and Standard Deviations for metrics: Printing Time, Tensile Strength (sB), and
the EPC.

Run LT (mm) NT (°C) PS (mm/min) Weight (g) Printing Time (s) sB (MPa) EPC (MJ)
1 0.1 400 40 2.10 £ 0.02 1013.20 + 37.41 81.67 + 5.85 0.554 + 0.037
2 0.3 400 40 2.16 £ 0.03 367.20 £+ 21.43 32.04 + 3.07 0.183 + 0.005
3 0.1 420 40 2.08 £ 0.03 1016.00 + 72.46 87.71 £ 6.55 0.603 + 0.033
4 0.3 420 40 2.15 £ 0.03 380.60 + 20.40 48.68 + 3.52 0.142 £+ 0.010
5 0.1 410 30 2.10 £ 0.04 1275.40 + 85.39 82.51 + 6.97 0.689 + 0.047
6 0.3 410 30 2.07 £ 0.04 517.80 + 22.62 29.43 + 2.32 0.326 + 0.032
7 0.1 410 50 2.03 £ 0.01 855.20 + 14.04 42.33 + 3.22 0.451 + 0.027
8 0.3 410 50 2.16 £ 0.04 322.60 + 27.19 53.75 + 4.17 0.148 + 0.008
9 0.2 400 30 2.10 £ 0.03 675.40 £+ 32.39 47.22 + 3.24 0.405 + 0.014
10 0.2 420 30 2.14 £ 0.04 730.00 £+ 17.32 49.73 + 2.22 0.324 + 0.024
11 0.2 400 50 2.14 £+ 0.02 478.20 + 19.28 35.47 + 3.20 0.210 + 0.020
12 0.2 420 50 2.08 £ 0.01 479.60 + 28.59 60.05 + 6.46 0.217 + 0.024
13 0.2 410 40 2.14 £ 0.02 548.40 £+ 37.10 39.99 + 2.67 0.320 + 0.024
14 0.2 410 40 2.10 £ 0.03 527.20 + 21.14 41.34 + 3.74 0.284 + 0.023
15 0.2 410 40 2.14 £ 0.04 548.20 £+ 30.15 42.24 +£1.15 0.323 + 0.032
Table 3
Average Values and Standard Deviations for metrics: SPE, SPP, Tensile Modulus of Elasticity (E), and Tensile Toughness.
Run SPE (MJ/g) SPP (kW/g) E (MPa) Toughness (MJ/m?’)
1 0.264 + 0.018 0.261 + 0.020 277.25 +£7.61 10.53 £+ 1.08
2 0.085 + 0.003 0.231 + 0.020 190.27 + 4.28 3.04 £0.28
3 0.289 + 0.014 0.287 + 0.032 264.32 + 6.36 12.26 + 1.06
4 0.066 + 0.005 0.173 £ 0.015 234.03 £ 5.11 5.16 £ 0.44
5 0.328 + 0.027 0.258 + 0.023 272.69 + 7.99 12.88 + 0.73
6 0.157 + 0.015 0.304 + 0.019 181.22 + 3.44 2.51 £0.22
7 0.221 + 0.012 0.259 + 0.015 174.00 + 5.44 5.12 £ 0.55
8 0.068 + 0.005 0.212 £ 0.018 268.14 £+ 10.00 5.00 £ 0.45
9 0.193 + 0.007 0.286 + 0.017 261.75 + 4.06 4.49 + 0.50
10 0.152 + 0.013 0.208 + 0.021 258.22 + 6.27 4.71 £ 0.44
11 0.098 + 0.010 0.205 + 0.025 233.18 £ 7.52 2.84 £0.25
12 0.104 + 0.011 0.219 + 0.033 276.53 + 3.67 6.27 +1.09
13 0.150 + 0.011 0.274 + 0.029 209.06 + 5.95 4.57 £ 0.41
14 0.135 + 0.009 0.257 + 0.021 240.24 £+ 6.59 3.90 £ 0.46
15 0.151 + 0.017 0.277 £ 0.037 227.80 + 8.65 3.26 £ 0.29

performance of the samples. Further analysis is required, employing modeling tools to quantitatively identify the impact rate of each
control setting on the performance of the AM-made specimens. The descriptive analysis is as follows.

3.2. Box-Behnken experimental design

The Box-Behnken design with the input parameters, their levels, and the values for each input parameter in each run are listed in
Table 2. Table 2 also presents the average value and deviation calculated for the five replicas of each run for four of the response
parameters studied herein, that is, part weight (g), printing time (s), tensile strength (MPa), and EPC (MJ). Table 3 presents the
corresponding experimental results for the remaining metrics explored in the current study: SPE (MJ/g), SPP (kW/g), E (MPa), and
toughness (MJ/m?>). Metrics B, E, and toughness are responses related to the mechanical efficiency of the MEX 3D-printed parts, while
the remaining ones correspond to the energy consumption and eco-friendliness of the MEX process when fabricating parts with the
PEEK high-performance polymer.

3.3. Statistical analysis

Based on the experimental results above, box plots were formed for four response parameters, that is, printing time (s) (Fig. 6a),
part weight (g) (Fig. 6b), tensile strength (MPa) (Fig. 6¢), and EPC (MJ) (Fig. 6d), to identify which 3D printing parameters have a
strong effect on each specific response parameters. The scatter response of the values for each 3D printing parameter shows the strong
influence of this 3D printing parameter on the specific response parameter. For the printing time, the PS and NT values are gathered
around three values, which is not a clear compact response; however, the points are not scattered throughout the range of the values.
Scattered values are shown for the LT parameter for the 0.1 mm value. For the remaining LT values, the points are rather compact. For
the part weight parameter, the points are scattered in all cases. Similar observations were made for the tensile strength and EPC values.
This strong influence of the input parameters indicates that further analysis of the results is required to provide additional and more
solid conclusions about the effect of the input parameters on each response parameter. In this direction, MEP and interaction plots were
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Fig. 6. Box plots for the main response metrics over the control parameters: (a) printing time (s), (b) part weight (g), (c) tensile strength (MPa), (d)
EPC (MJ).

formed and are discussed further in Figs. 7-9.

The MEP for the response parameters of this work are presented in Fig. 7. An increase in LT decreases the printing time and in-
creases the part weight. NT has a moderate effect on the printing time, whereas the weight of the part decreases with an increase in NT.
The lowest part weight value was reported for the median NT value; however, the part weight was lower in the highest NT than in the
lowest value tested. An increase in PS decreased the printing time. The lower and higher PS values reduced the weight of the part,
whereas the median value increased the response parameter (Fig. 7a). An increase in LT decreased sB and EPC. The highest NT value
increased sB, whereas NT had a moderate effect on EPC. High PS values reduced the EPC and sB values. The highest sB value was
reported for a median PS of 40 mm/min (Fig. 7b). High LT values decrease the tensile modulus of elasticity. LT has a moderate effect on
tensile toughness. A similar response was reported for NT regarding the modulus of elasticity and toughness. The median NT value
reduced both response parameters and the highest values were reported for the highest NT at 420 °C considered in this study. Overall,
PS had a moderate effect on both the modulus of elasticity and toughness metrics. Higher PS values slightly increased the tensile
toughness, whereas the lowest PS value of 30 mm/min slightly increased the tensile modulus of elasticity (Fig. 7c). Higher LT and PS
values decreased SPE and SPP. NT had a moderate effect on the SPE parameters. For the SPP parameter, the highest value was reported
for the median NT parameter, and the lowest value was reported for the highest NT value (Fig. 7d).

Interaction plots of the input parameters for the printing time and part weight response parameters are presented in Fig. 8. More
specifically, Fig. 8a presents for the printing time, the interactions between the control parameters LT and NT, Fig. 8b presents the
corresponding interactions between LT and PS, and Fig. 8c presents the corresponding interactions between the NT and the PS control
parameters. For the part weight response parameter, Fig. 8d presents the interactions between the control parameters LT and NT,
Fig. 8e presents the corresponding interactions between LT and PS, and Fig. 8f presents the corresponding interactions between the NT
and the PS control parameters. For the printing time, PS has an antagonistic relationship with NT, whereas all the other input
parameter combinations show synergistic relations. For the part weight, all the input parameters show antagonistic relationships with
each other. For the tensile strength response parameter, the interactions between the control parameters LT and NT, are depicted in
Fig. 9a, while Fig. 9b presents the corresponding interactions between LT and PS, and Fig. 9c presents the corresponding interactions

between the NT and the PS control parameters. For the EPC response parameter, Fig. 9d presents the interactions between the control
parameters LT and NT, Fig. 9e presents the corresponding interactions between LT and PS, and Fig. 9f presents the corresponding
interactions between the NT and the PS control parameters. LT showed a synergistic relationship with NT, and all the other input
parameter combinations showed antagonistic behavior (Fig. 9). For the EPC response parameter, NT and PS showed antagonistic



N. Vidakis et al.

Printing Time (sec) / Part Weight (g)

(o)
©
o

(0]
o
o

~
o
o

D
o
o

Printing Time (sec)

(9]
o
o

5
)
o

.\/-
'
./0—0

—@— Printing Time
—&- Part Weight

i\ =

0.1 0.2 0.3
LT (mm)

Tensile. Mod. of El. (MPa) / Toughness (MJ/m?)

400410 420

NT (°C)

30 40 50

PS (mm/min

2.14
243
212
2.117%
Q
2103
2.09
2.08

— 260 :
& - E
>
= 250 Rttt
w
ks
3 2L h
=
2 230
(%)
[=
k)
220
0.1 0.2 0.3:400410420: 30 40 50
LT (mm) NT (°C)  :PS (mm/min)

Toughness (MJ/m3)

Tensile Strength (MPa) / EPC (MJ)

Heliyon 9 (2023) 18363

75 : l0.6
E 70 —-8- sB
2 65 = lde L0.5
= =
o =
(] | =
5 55 Cags
2 w
=2 A |
g 50 .\/ 10.3
8 45
40 0.2
0.1 0.2 0.3:400410 420: 30 40 50
LT (mm) NT (°C)  PS (mm/min)
SPE (MJ/g) / SPP (kW/g) d|
0.30 ; 10.28
—&— SPE L0.27
0k2 & SPP
W 10.26 T
S0.20 =
< 10.25<
(=
& 015 10.24 5
0.10 10.23
0.05 10.22
0.1 0.2 0.3:400410420: 30 40 50
LT (mm) NT (°C) PS (mm/min)

Fig. 7. MEP (a) printing time (s)/part weight (g), (b) tensile strength (MPa) over EPC (MJ), (c) Elasticity modulus (MPa) over toughness (MJ/m?>),

(d) SPE (MJ/g) over SPP (kW/g).

—
o
]

&
)

£

-
o0
c

£
c

=

a

LT (mm) [ L
2.10
-2.05 &
]
oo
F2.15 ]
=
2.10 IS
& 420 -
E PS (mm/min)
’/.\' —e— 30
S = —@—- 40
o T H T #- 50
400 410 420

Fig. 8. Interaction plots printing time (s) (a) LT vs NT, (b) LT vs PS, (c) NT vs PS and part weight (g) (d) LT vs NT, (e) LT vs PS, and (f) NT vs PS.

10



N. Vidakis et al. Heliyon 9 (2023) 18363

\ 400 410 420 ‘ 30 40 50
LT (mm) m .____.."/. E - 0.6
L 0.4
-8 _ t‘“\i\
A -a Sy,
o e & 02
.! ------- .’ :
£ ] 2
— NT (°C) - 0.6
g a &
= —e— 400 L 0.4
2 —@—- 410 :
g --4--- 420 Lo
a
Q
E E PS (mm/min)
@ ]
- e —e— 30
= —8—- 40
-4 50
.
400 410 420

Fig. 9. Interaction plots tensile strength (MPa) (a) LT vs NT, (b) LT vs PS, (¢) NT vs PS and EPC (MJ) (d) LT vs NT, (e) LT vs PS, and (f) NT vs PS.

behavior, and all the other input parameter combinations showed synergistic relations.

The challenge in this study was to produce parts with the high-performance PEEK polymer using the MEX 3D printing process, with
optimized mechanical properties and consuming as little energy as possible. This is a critical task considering the overall eco-
friendliness of the AM process and the high temperatures required to manufacture parts with MEX 3D printing using PEEK thermo-
plastics, which consequently leads to increased energy requirements. However, this was not possible. The analysis and optimization
process indicated that either the energy consumption or mechanical strength could be optimized simultaneously.

From the literature review, the mechanical properties of MEX 3D printed PEEK samples and how they are affected by the 3D printed
settings have been reported [27,43,82]. In Ref. [82] the same 3D printing parameters (NT, LT, and PS) were investigated, and the
results were in agreement with the current work. Lower LT and high NT values resulted in better tensile strength. Regarding PS, in
Ref. [82], alow PS of 20 mm/min achieved better mechanical properties. Such PS values were not studied herein; however, an increase
in PS reduced the tensile strength. In the work of Sun Xiaoyong et al. [27] different 3D printing parameters were studied (bed tem-
perature, ambient temperature, and filling ratio); therefore, the results cannot be directly correlated. In Ref. [43], LT and raster angle
were investigated for their effect on the flexural and compressive strengths of PEEK 3D printed parts. Again, the results cannot be
directly correlated; however, LT at higher values than the current work achieved the best mechanical performance. Such variations can
be attributed to dissimilar PEEK grades, background conditions, and mainly to the different types of loading, in which the effect of LT is
expected to differ. Previous research investigating the effect of nozzle diameter, nozzle temperature, and printing speed (two out of
three factors under examination herein) on the flexural and compressive strengths of PEEK 3D fabricated parts [53] exploited the same
experimental design for the analysis (Box-Behnken). In the same previous work, the nozzle diameter was the dominant parameter,
followed by PS and NT. In the current work, PS was not as significant a parameter as in Ref. [53], whereas NT was a more important
parameter affecting the results. In addition, such variances can be attributed mainly to the different types of experimental testing
(compression and flexural tests) among other factors, as mentioned above.

However, the energy consumption when 3D printing parts with the PEEK polymer has not yet been presented in the literature, so
the results of this work cannot be correlated with the literature. In a study on the energy consumption of MEX 3D printed ABS parts [9],
the results were in good agreement with the outcomes of the current research. The increase in PS and LT decreases the energy con-
sumption but has a negative effect on the mechanical strength of the specimens, which is the same finding as the current work for the
PEEK polymer. Overall, the outcomes of the analysis, interactions, and effects of the 3D printing control settings on the studied indices
showed that the approach followed was necessary, as such interpretation was not possible otherwise.

3.4. Regression analysis and ANOVA

The full Quadratic Regression Model (QRM) for the response metrics is compiled as presented in the following equation (6):

Yi=ai; + 2": bixi + 2": CipXy + szij.kxixj + ek (6)
p = T 7
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Table 4

Polynomial ANOVA, Specimen Weight vs LT, NT, PS.
Source DF Adj SS Adj MS F-Value P-Value
Regression 9 0.092170 0.010241 11.34 0.000
LT 1 0.000245 0.000245 0.27 0.604
NT 1 0.001630 0.001630 1.81 0.184
PS 1 0.013122 0.013122 14.54 0.000
LT? 1 0.001940 0.001940 2.15 0.148
NT? 1 0.002016 0.002016 2.23 0.140
ps? 1 0.008653 0.008653 9.59 0.003
LT x NT 1 0.000034 0.000034 0.04 0.847
LT x PS 1 0.032482 0.032482 35.98 0.000
NT x PS 1 0.011424 0.011424 12.66 0.001
Error 65 0.058678 0.000903
Total 74 0.150848 0.011144
R? 61.10%
R? (adj) 55.72%
R? (pred) 48.64%

Table 5

Polynomial ANOVA, Printing Time vs LT, NT, PS.
Source DF Adj SS Adj MS F-Value P-Value
Regression 9 5368227 596470 364.86 0.000
LT 1 18662 18662 11.42 0.001
NT 1 1 1 0.00 0.985
PS 1 97 97 0.06 0.808
LT? 1 429158 429158 262.52 0.000
NT? 1 5 5 0.00 0.956
ps? 1 44356 44356 27.13 0.000
LT x NT 1 140 140 0.09 0.770
LT x PS 1 63281 63281 38.71 0.000
NT x PS 1 3538 3538 2.16 0.146
Error 65 106261 1635
Total 74 5474488 598105
R? 98.06%
R? (adj) 97.79%
R? (pred) 97.37%

Table 6

Polynomial ANOVA, EPC vs LT, NT, PS.
Source DF Adj SS Adj MS F-Value P-Value
Regression 9 1.91913 0.213236 181.96 0.000
LT 1 0.00122 0.001220 1.04 0.311
NT 1 0.01231 0.012309 10.50 0.002
PS 1 0.01324 0.013239 11.30 0.001
LT? 1 0.14293 0.142934 121.97 0.000
NT? 1 0.01295 0.012955 11.05 0.001
ps? 1 0.00073 0.000726 0.62 0.434
LT x NT 1 0.01012 0.010125 8.64 0.005
LT x PS 1 0.00446 0.004464 3.81 0.055
NT x PS 1 0.00980 0.009804 8.37 0.005
Error 65 0.07617 0.001172
Total 74 1.99530 0.214408
R? 96.18%
R? (adj) 95.65%
R? (pred) 94.87%

where k is the response of a specific response output (e.g., Specimen Weight, Printing Time, sB, EPC, SPE, SPP, E, Toughness), a is the
constant of the equation, b refers to the coefficients of the linear terms, c corresponds to the coefficients of the square terms, d rep-
resents the coefficients of the cross-product terms, e is the error (modeling residuals), and x; is the three (n = 3) control parameters,
that is, the Layer Thickness, Nozzle Temperature, and Printing Speed.

The regression tables are presented (Tables 4-7). The regression tables for the remaining response indicators are presented in the
Supplementary Material. The predictive models as a function of the three input parameters for each response indicator are also

12
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Table 7

Polynomial ANOVA, sB vs LT, NT, PS.
Source DF Adj SS Adj MS F-Value P-Value
Regression 9 22558.5 2506.50 62.22 0.000
LT 1 671.0 670.99 16.66 0.000
NT 1 1485.1 1485.08 36.87 0.000
PS 1 691.6 691.63 17.17 0.000
LT? 1 2936.2 2936.20 72.89 0.000
NT? 1 1404.9 1404.94 34.88 0.000
ps? 1 59.4 59.42 1.48 0.229
LT x NT 1 140.4 140.38 3.48 0.066
LT x PS 1 5200.0 5199.98 129.09 0.000
NT x PS 1 609.2 609.22 15.12 0.000
Error 65 2618.4 40.28
Total 74 25176.9 2546.78
R® 89.60%
R? (adj) 88.16%
R? (pred) 85.70%

presented below (Equation (7)—(14)). In all tables, the F, p, and R values show regression accuracy. F values should be higher than four
(4), p values should be lower than 0.05, and R values indicate the expected % accuracy of the prediction model. All response pa-
rameters satisfy the criteria for F and the p-value. The regression values for all the response parameters were close to or higher than
90%, which is an excellent result. Only in the case of the printing time, and regression values higher than 48.64% are expected for the
SPP response indicator regression values higher than 50.55% are expected. For these two response metrics, the accuracy of the pre-
diction models was expected to be lower. For the remaining metrics examined herein, associated with the mechanical strength metrics
and energy consumption during the MEX 3D printing process of PEEK samples, the prediction models are more than adequate to

provide accurate results.

Weight =1.61 x 10" —1.45 x LT —7.72 x 1072 x NT 4+ 1.07 x 107! x PS — 1.02 x LT* + 1.04 x 107™* x NT? —2.16 x 10™* x PS?
+1.30%x 1073 X LT x NT +4.03 x 1072 x LT x PS —2.39 x 107* x NT x PS
@

PrintingTime =2.09 x 10° — 1.26 x 10* x LT 4 1.45 x NT —9.22 x PS4+ 1.52 x 10* x LT? +5.16 x 107 x NT* 4-4.90 x 10~
X PS? +2.65 x LT x NT +5.62 x 10" x LT x PS — 1.33 x 107! x NT x PS (8)

EPC= —4.08 x 10" +3.23 x LT +2.12 x 107" x NT — 1.07 x 107! x PS+8.79 x LT* —2.64 x 10™* x NT? + 6.27 x 107 x PS*
—225x 102X LT x NT +1.49 x 1072 X LT x PS+2.21 x 10™* x NT x PS
(C)]

sB=1.57 x 10* —2.39 x 10°* x LT — 7.36 x 10" x NT —2.46 x 10" x PS+1.26 x 10* x LT* +8.72 x 1072 x NT?* — 1.79 x 107>
X PS? +2.64 x LT x NT + 1.61 x 10" x LT x PS+5.51 x 1072 x NT x PS
(10)

E=447 x 10* = 7.45 x 10° x LT —2.08 x 10> x NT — 6.33 x 10" x PS — 8.82 x 10> x LT?> +2.45 x 107" x NT?> +7.13 x 1072
X PS? 4+ 1.41 x 10" x LT x NT +4.64 x 10" x LT x PS+1.17 x 10~ x NT x PS
11

Toughness =1.85 x 10° —2.87 x 10> x LT — 8.59 x NT —3.57 x PS+2.82 x 10* x LT? +1.01 x 1072 x NT? —3.54 x 107% x PS*
+9.80 x 1072 X LT x NT 4+2.56 x LT x PS+ 8.01 x 107> x NT x PS
(12)

SPE= —2.03%x 10" +1.70 x LT +1.05 x 107" x NT —5.72 x 1072 x PS+4.37 x LT?> — 1.32 x 107* x NT? +4.58 x 107> x PS?
—1.10 x 1072 x LT x NT +4.31 x 1073 x LT x PS+1.18 x 107* x NT x PS
13)

SPP= —478 x 10' +9.36 x LT +2.39 x 107! x NT —8.28 x 1072 x PS — 1.37 x 107" x LT* —2.99 x 10™* x NT? — 9.76 x 10~°
X PS? —2.08 x 1072 X LT x NT —2.31 x 1072 x LT x PS +2.27 x 107* x NT x PS
14

To further specify which parameters are statistically important in this study, Pareto charts were formed (Figs. 10 and 11). The

13
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Fig. 11. Pareto and actual vs predicted graphs (a) tensile strength (MPa) and (b) EPC (MJ).
parameters that crossed the margin for each response parameter were statistically important for the specific response parameter. Next,
an experimental vs. calculated graph (values derived from the respective prediction model) is presented. Two indicators were

calculated and depicted in each graph: the Mean Absolute Percentage Error (MAPE) [83] (acceptable values regarding the prediction
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response parameter.

accuracy are the values that are lower than 5) and the Durbin-Watson statistic, which is an autocorrelation test of the regression results
for each response parameter. A Durbin-Watson value of 2.0 shows zero (0) autocorrelation, higher values show negative autocorre-
lation and lower values show positive autocorrelation. In all charts, the MAPE value was acceptable, except for the tensile strength
metric (MAPE 10.05% is reported). For part weight (Fig. 10a), LT, LT x PS, NT x PS, and PS? are statistically important parameters.
The Durbin-Watson value showed a negative autocorrelation of the results. For the printing time (Fig. 10b), LT, LT? NT x PS, PS, and
PS? were statistically important parameters. The Durbin-Watson value showed positive autocorrelation of the results. For the tensile
strength (Fig. 11a), LT, LT2, NT, NT2, and PS were statistically important parameters. The Durbin-Watson value showed a negative
autocorrelation of the results. For the EPC (Fig. 11b), LT, LT2, NT x PS, NT2, and PS were statistically important parameters. The
Durbin-Watson value showed positive autocorrelation of the results. Finally, three-dimensional surface graphs were formed for the sB,
E, and EPC response parameters versus the most critical input parameters for each of them (Fig. 12). More specifically, Fig. 12a, b, and
c present a three-dimensional surface graph for the EPC metric versus the LT and the NT, the LT and the PS, and NT and the PS control
parameters respectively. Fig. 12d, e, and f present a three-dimensional surface graph for the sB metric versus the LT and the NT, the PS
and the LT, and PS and the NT control parameters respectively. Finally, Fig. 12g, h, and i present a three-dimensional surface graph for
the E metric versus the LT and the NT, the LT and the PS, and NT and the PS control parameters respectively. Additional data regarding
the analysis can be found in the supplementary material.

3.4. Confirmation experiments
To evaluate the accuracy of the prediction models, an additional confirmation run (run 16) was conducted, with five replicates. The
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Table 8
Control Parameters, their Levels and Average Values, and Standard Deviations of measured Response metrics for the Specimen Weight, Printing Time,
Tensile Strength (sB), and the EPC for the Confirmation Run.

Run LT (mm) NT (°C) PS (mm/min) Weight (g) Printing Time (s) sB (MPa) EPC (MJ)
16 0.1 400 30 2.20 + 0.09 1305.00 + 62.04 82.19 + 7.04 0.634 + 0.014
Table 9

Average Values and Standard Deviations of experimentally derived Responses for SPE, SPP, Tensile Modulus of Elasticity (E), and Tensile Toughness
for the Confirmation Run.

Run SPE (MJ/g) SPP (kW/g) E (MPa) Toughness (MJ/m?)
16 0.288 + 0.012 0.221 + 0.017 266.84 + 9.13 11.53 + 1.50
Table 10
Validation results.

Run 16

Actual Weight (g) 2.20
Printing Time (s) 1305.00
EPC (MJ) 0.63
SPE (MJ/g) 0.29
SPP (kW/g) 0.22
sB (MPa) 82.19
E (MPa) 266.84
Toughness (MJ/m%) 11.53

Predicted Weight (g) 2.1138
Printing Time (s) 1233.92
EPC (MJ) 0.65104
SPE (MJ/g) 0.32953
SPP (kW/g) 0.25168
sB (MPa) 97.46
E (MPa) 329.57
Toughness (MJ/m>) 13.696

Absolute Error Weight (%) 4.05
Printing Time (%) 5.45
EPC (%) 2.65
SPE (%) 14.32
SPP (%) 13.65
sB (%) 18.58
E (%) 23.51
Toughness (%) 18.77

input parameter levels, along with the average values and standard deviations of the main response properties, are listed in Tables 8
and 9. Table 10 lists the actual values derived experimentally, the predicted values with the modeling equations for the response
parameters, and the error between them. In all cases, the error was within acceptable limits, thereby verifying the reliability of the
prediction models formed in the regression analysis. Only in the case of sB and E is the error slightly higher (approximately 20%),
which is still an acceptable result, considering all the other metrics derived during the regression analysis for the accuracy of the
prediction models. Such errors can be attributed to the values of the input parameters in the confirmation run, as the prediction models
operate within limits in the range of the input parameters and their accuracy is not constant within these limits.

4. Conclusions

The research presented herein investigated three critical 3D printing parameters, that is, layer thickness, nozzle temperature, and
printing speed, for their effect on the energy efficiency during the MEX 3D printing of parts made with high-performance PEEK
thermoplastic. The impact of these three 3D printer settings on the mechanical strength scores of the PEEK MEX 3D printed parts in the
tensile test was also evaluated in an attempt to build parts with optimized mechanical performance and reduced energy demands in the
manufacturing process. This is critical considering the high temperatures required for the 3D printing of PEEK thermoplastics, which is
expected to increase the required energy of the process and negatively impact its eco-friendliness. A Box-Behnken design was
employed to achieve this goal. LT was the dominant parameter in terms of tensile strength and EPC. A higher sB was achieved (~74
MPa) with a lower LT of 0.1 mm, which had a negative effect on energy consumption. It was increased to ~0.58 MJ, while EPC as low
as ~0.2 MJ was achieved in the study with an LT of 0.3 mm (290% higher EPC). Therefore, it was not possible to optimize both the
energy consumption and tensile strength. According to the requirements of each application, either the mechanical properties or
energy consumption can be optimized, and the predicted models can provide an estimation of the other response parameter values. The
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credibility of the prediction models was verified using a confirmation run. The governing equations were shown to be satisfactory for
predicting the response parameters studied herein, making them suitable for use in real applications. In future investigations, different
or additional input parameters can be assessed, the levels of input settings can be further extended, and different experimental designs
can be examined.
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