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Abstract

Polyetheretherketone (PEEK) is a biocompatible high-performance thermoplastic that can be processed through material
extrusion (ME) additive manufacturing (AM) for load-bearing implant applications. In this work, density measurements and
compression testing were used to investigate the relation between printing temperatures and deposition patterns of PEEK
3D printed samples. Different deposition patterns were tested with different nozzle and zone heater temperatures to observe
how the heat input from the printing process influenced the deposition stability with different nozzle paths. Compression
test results showed that samples with concentric-based deposition patterns resulted in higher compressive yield strength
and modulus than the rectilinear samples. These results were correlated with the samples’ void contents estimated from
density measurements. Both the highest 0.2% offset yield strength of 100.3 MPa and the highest modulus of 3.58 GPa were
obtained with an interlayer offset deposition which resulted in reductions in estimated void contents between 48 and 72% in
relation to concentric deposition. Different printing temperatures and deposition sequences were tested, where higher print-
ing temperatures resulted in lower yield strength and stiffness. Alternating deposition between the outer and inner lines of
the concentric pattern resulted in a reduction of about 43% in void contents and increased elastic modulus and yield strength
from 3.12 to 3.40 GPa and 94.4 to 95.2 MPa respectively. The results from this work suggest that the relation between print-
ing temperatures and deposition strategy for different print geometries plays a significant role in the ME-AM of PEEK for
high-performance applications.
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1 Introduction

Additive manufacturing (AM) has been one of the main sub-
jects of recent research in the technology and engineering
fields. With AM, complex three-dimensional (3D) geom-
etries can be fabricated based on computer-aided design
(CAD) virtual models by consecutively adding material until
the final part is obtained. This makes AM flexible to design
adjustments and can reduce product development costs [1]
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while its additive nature results in less material waste on
manufacture [2]. Considering this, recent improvements in
the reliability of AM technology and new material options
have made it highly suitable for industries focused on the
manufacture of customized products for demanding applica-
tions like the aerospace and biomedical industries [3].

In the biomedical field in particular AM, which is also
commonly referred to as 3D printing, can display its full
potential. In this field, AM’s ability to produce complex
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3D structures can be used for scaffold production in tis-
sue engineering, while its design flexibility combined with
the use of biocompatible materials allows for the 3D print-
ing of implantable medical devices tailored to the patient
[4-6]. For these reasons, the use of biocompatible thermo-
plastic polymers has been researched for their processabil-
ity through material extrusion (ME) AM techniques, also
known as Fused Deposition Modelling (FDM®, Stratasys,
USA) or fused filament fabrication (FFF), both in their bulk
state or as a composite’s matrix. One example of this is the
use of FFF for the fabrication of polypropylene—tricalcium
phosphate (PP-TCP) scaffolds with controlled porosity to
increase cell growth and adhesion [7].

Among biocompatible thermoplastics processable
through ME, polyetheretherketone (PEEK) has been high-
lighted in research as the leading biomaterial candidate for
the replacement of metals in load-bearing medical implant
applications [8—10]. With the possibility of using AM, the
viability of patient-specific designs increases expanding
the range of potential applications for PEEK which include
dental prosthetics, interbody fusion, arthroplasty and even
bone repair or artificial bone replacement [11-13]. PEEK’s
potential is attributed to its higher mechanical performance,
with specific strength and stiffness closer to that of human
bone, and to its chemical stability which make it resistant
to in vivo degradation [10]. In its potential for load-bearing
implant manufacture, PEEK’s mechanical performance plays
an important role as its bone-like stiffness can help prevent
stress shielding of the treated bone whereas the high stiffness
of metallic implant materials hinders bone stimulation and
has been shown to lead to bone resorption [14]. Despite this
potential, there are still some issues to be solved regarding
surface roughness, dimensional accuracy and mechanical
behaviour of 3D printed components for high-performance
applications [15]. Considering this, the relations between
FFF’s process variables and the mechanical behaviour of 3D
printed PEEK are an important subject of research to address
the requirements for medical device manufacture.

Printing parameters are strongly related to the mechanical
behaviour of 3D printed PEEK and different approaches to
process parametrization often result in different mechanical
properties for printed components. Among printing param-
eters, build orientation can be one of the most impactful
parameters since it affects how the loads are carried through
the printed specimen [16]. This is related to the weak bond-
ing interfaces formed between the deposited lines and lay-
ers, leading 3D printed components to exhibit an anisotropic
behaviour. Loads carried axially through the deposited lines
are transferred more efficiently than those causing shear in
these weak bonding interfaces [16—19]. For this reason,
build orientations where the deposited lines and layers are
oriented parallel to the loads have resulted in PEEK samples
with higher strength [20, 21]. In addition to this, the infill
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percentage parameter determines the density of the print and
is, therefore, related to the sample’s effective cross-section
for load support. PEEK samples printed with 100% infill and
build orientation aligned with the loads resulted in ductile
fracture after yield whereas brittle fracture initiating in the
deposited material’s bonding interfaces was observed for
samples with build orientation perpendicular to the loads
[22]. This suggests that build orientation and infill are some
of the most important settings for stronger PEEK 3D prints.

Assuming fully dense prints with aligned build orienta-
tion, the improvement of 3D printed PEEK’s mechanical
performance through parameter adjustment can be challeng-
ing. Research suggests that the strength and stiffness of 3D
printed PEEK can be increased through the improvement
of interfacial bonding which can be achieved through the
increase of contact areas between the deposited material
and consequent reduction of void volume. The void contents
of FFF prints are typical of the material’s deposition and
have been shown to represent as much as 8% of the volume
of PEEK samples even for 100% infill prints [22]. These
void contents affect the mechanical behaviour of PEEK 3D
prints given its high notch sensitivity and crack propaga-
tion rates [23, 24] where crack initiation can be promoted
by higher void contents. This is why PEEK samples with
higher porosity percentages have displayed lower strength
[22, 25]. Considering this, the various printing parameters
and their interplays can have different effects on the void
contents of 3D prints and previous works have suggested the
use of negative line-to-line distance (overlapping lines) and
interlayer line translation as effective approaches to reduce
the void contents of FFF printed parts [26, 27]. Addition-
ally, a recent work has shown that interlayer line translation
can efficiently improve interlayer bonding and reduce the
void contents of PEEK prints, resulting in higher tensile and
flexural strength and stiffness [28].

Apart from the reduction of void presence, the interfacial
adhesion of FFF prints can also be increased by promoting
molecular diffusion to the bonding interfaces of the depos-
ited material [29]. This occurs at the final stage of the bond-
ing process typical of FFF following neck growth between
the bonded material as described in previous works [30].
Here, printing temperatures play an important role as these
parameters are directly related to the temperatures of the
deposition zone and of the deposited material. Molecular
diffusion to bonding interfaces can also be improved by post-
printing annealing treatments with slower heating/cooling
rates which result in increases in both strength and stiff-
ness but can also promote brittle failure of 3D printed PEEK
samples [28, 31]. These results can also be attributed to the
increase of PEEK’s crystalline phase which is promoted by
the slower cooling rates of the annealing treatment and is
related to higher strength and modulus of PEEK samples
[32].
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The effects of nozzle and ambient temperatures on the
interfacial bonding of printed PEEK can be difficult to assess.
Higher nozzle temperatures can increase molecular mobility
and have been shown to improve the dynamic mechanical
behaviour of PEEK prints [21] while higher printing ambi-
ent temperatures of up to 90°C increased interlayer bonding
together with the tensile and flexural strength of PEEK sam-
ples [33]. Although these temperatures can affect bonding con-
ditions as previously mentioned, the temperature difference
between the deposited material and the deposition zone is also
significantly dependent on the deposition path [34]. Further-
more, nozzle temperature is also related to the deposited mate-
rial’s viscosity which can lead to instability in the extrusion
flow. This instability can result in irregular deposition and lead
to the appearance of larger scale void defects [28]. All of this
suggests that printing temperatures have a significant influence
not only on the molecular bonding of PEEK prints but also on
the behaviour of the material upon deposition and the overall
structural integrity of the 3D printed component.

PEEK’s 3D printing for high-performance applications
is still a challenge to researchers since the presence of void
defects and differences in the bonding upon deposition result
in PEEK 3D prints with strength and stiffness lower than their
injection moulded counterparts [20]. To take advantage of
PEEK’s 3D printing design flexibility in face of an applica-
tion’s mechanical requirements, a deeper understanding of the
effects of relevant FFF parameters for different sample con-
figurations is required. For this reason, there is the need to
address the effects of FFF parameters focusing specifically on
deposition stability and bonding quality and their effects on
void content reduction.

In this work, the effects of printing temperatures on com-
pressive properties and in the presence of void defects in
PEEK prints are studied for different deposition strategies.
Although the influence of FFF parameters such as line dimen-
sion, nozzle temperature and printing speed on the compres-
sive properties of printed PEEK has been described in previ-
ous works [35], research has disregarded the effects of the
deposition strategy and its relation to temperature parameters
for 3D printed PEEK. The aim of this work is to document
the effects of nozzle and deposition zone preheating tempera-
tures on PEEK compressive specimens printed with different
deposition strategies where deposition stability and bonding
quality can vary significantly. For this, the relations between
printing temperatures and the deposition pattern and sequence
are studied through the compressive properties and density of
3D printed PEEK.

2 Materials and methods
2.1 Materials and equipment

The samples for the experiments were printed using neat
PEEK filament (Apium PEEK 450 Natural, Apium Addi-
tive Technologies GmbH, Karlsruhe, Germany) with a
diameter of 1.75 mm. Filament specifications detail the
material properties as 1.3 g/cm? for filament density, glass
transition temperature of 143°C, a melting temperature
of 342°C and elastic modulus and tensile strength of 4
GPa and 98 MPa, respectively [36]. The PEEK filament
was dried before printing the samples in the Apium F300
filament dryer (Apium Additive Technologies GmbH,
Karlsruhe, Germany) for 4 h at 120 °C and then maintained
at 60 °C for conditioning and printing.

In this work, the samples were printed using Apium’s
P220 printer (Apium Additive Technologies GmbH,
Karlsruhe, Germany). This printer is designed for high-
performance printing of high-temperature materials such
as PEEK and includes some features that help improve
the quality of PEEK printed samples. Some of these fea-
tures are an extruder liquid-cooling system which has been
shown to improve filament feeding and improve flow sta-
bility [37] and an adaptive heating system around the noz-
zle, henceforth referred to as zone heater, that distributes
heat to the deposition area around the nozzle and improves
layer adhesion and dimensional accuracy by heating and
controlling cooling rates of the uppermost layers. Deposi-
tion zone preheating is essential to obtain good quality
PEEK prints and has been demonstrated to increase the
crystallinity and improve the mechanical properties of
3D printed PEEK samples [38]. With these materials and
equipment, high-quality samples were obtained using dif-
ferent printing parameters.

2.2 Experimental design

To investigate the effects of printing temperatures and
deposition on the density and compressive properties of
PEEK samples, compressive specimens were printed and
tested with different nozzle temperatures (NT) and zone
heater temperatures (ZHT). These temperatures were var-
ied according to Table 1 from the standard print settings
provided by the manufacturer of 485 °C for NT and 130 °C
for ZHT which were set as the “01” temperature combina-
tion. For this, the NT and ZHT were varied to test different
degrees of heat input for the printing process which also
include lower NT combined with higher ZHT for “05”
referenced samples and a much higher ZHT of 170 °C for
“06” samples.
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Table 1 Experimental design
for NT, ZHT and deposition
configurations for tested
samples

Temperature refer- NT [°C] ZHT [°C] Deposition pattern Label
ence
01 485 130 Concentric 01C
Rectilinear 01X
Outer concentric—inner rectilinear 01lM
Interlayer offset concentric 01S
02 485 150 Concentric 02C
Rectilinear 02X
Outer concentric—inner rectilinear 02M
Interlayer offset concentric 02S
03 495 130 Concentric 03C
Rectilinear 03X
Outer concentric—inner rectilinear 03 M
Interlayer offset concentric 03S
04 495 150 Concentric 04C
Rectilinear 04X
Outer concentric—inner rectilinear 04 M
Interlayer offset concentric 04S
05 475 150 Concentric 05C
Rectilinear 05X
Outer concentric—inner rectilinear 05M
Interlayer offset concentric 05S
06 485 170 Concentric 06C
Rectilinear 06X
Outer concentric—inner rectilinear 06 M
Interlayer offset concentric 06S

even layer

Fig. 1 Deposition patterns and printing results for configurations “C” (a), “X” (b), “M” (¢) and “S” (d)
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Each of these temperature settings was then used for 4
different deposition strategies as represented in Fig. 1. Two
of these strategies included a concentric infill for sam-
ples labelled with “C” (Fig. 1a) and an alternating angle
(— 45°/45°) rectilinear infill for samples labelled with “X”
(Fig. 1b). The configuration labelled as “M” (Fig. 1c) cor-
responds to a concentric deposition where the 5 innermost
concentric laps were replaced with an alternating rectilin-
ear infill to solve extrusion issues with small radius con-
centric deposition. Lastly, label “S” (Fig. 1d) corresponds
to a concentric infill with an interlayer offset, as presented
in previous works [28]. For each of the sample configura-
tions, a label was attributed combining temperature setting
configuration with deposition strategy as displayed in the
rightmost column of Table 1.

In addition to this, this experimental work also addressed
the printing process’s heat input for different deposition
sequences given the importance of the nozzle as a heat
source. For this, the concentric infill sample “C” for the
highest strength temperature setting was also printed with
different deposition sequences for the concentric laps.
Slicer software normally generates concentric deposition
either starting from the inside or from the outside with the
sequence remaining the same throughout the print. In this
work, different concentric deposition sequences were also
tested, including a strategy where deposition alternates
between outer laps and inner laps which corresponds to the
suffix “A”, and the strategy where deposition switches back
and forth from outside-to-inside to inside-to-outside between
each layer which corresponds to the suffix “I”’. This resulted
in two new printing configurations referenced as 01C-A and
01C-I which are schematically illustrated in Fig. 13. Samples
of these configurations were printed and submitted to den-
sity measurements and compression testing for comparison
with sample 01C to assess the effects of different deposition
sequences.

2.3 Samples’ 3D printing and testing

The G-code printing files were generated using the slicer
software Simplify3D (v4.1.2). All samples were printed
using a nozzle of 0.4 mm of diameter and with the same
settings for the line dimensions, meaning that line width is
equivalent to the nozzle diameter and layer height is 0.2 mm.
Printing speed was set to 1200 mm/min with an outline
underspeed factor of 50%. Also, specimens were all printed
with the print bed temperature set for 130 °C and a large
single layer brim with about 10 mm of width was included
to help with bed adhesion and prevent the detachment of the
print. With these parameters, the printing files were gener-
ated for a vertical build orientation with the “C”, “X”” and
“M” deposition strategies described in the previous section
for the circular layers. The interlayer line offset samples “S”

G-code files were obtained using a python script that uses
the file generated for samples “C” and rewrites the offset
toolpath for the even numbered layers.

Considering the different deposition samples, printing
conditions can vary significantly with both printing tem-
peratures and deposition. These conditions are thus related
to effective line width determined by spreading upon depo-
sition [39] and to deposition stability as a consequence of
pressure variations in the filament feeding system [40, 41].
Extrusion consistency is especially important for deposi-
tion strategies that present different line lengths as it is the
case for the concentric pattern. Concerning this, the printer’s
extrusion was calibrated iteratively until the concentric and
rectilinear depositions presented dense layers with little evi-
dence of void defects. In addition to this, the G-code files
of the concentric samples were edited using another python
script that applies a factor to “E” movements’ length based
on the full lap’s length. After some testing, different factors
between 0.8 and 0.95 were applied to 6 of the innermost laps
for both “C” and “S” samples. However, it is important to
note that the values used in this adjustment may depend on
test specimen size and geometry. Results from this calibra-
tion can be seen in Fig. 2 where the influence of extrusion
calibration in the void contents and overall quality of PEEK
prints is evident. The end-result for the printed samples’ dep-
osition is provided in Fig. 1 for each of the configurations.

With the extrusion duly calibrated, compression test
specimens were printed for the 6 temperature settings com-
bined with the 4 deposition strategies, resulting in 24 print
configurations. For each print configuration, a set of 5 sam-
ples were printed and tested. In addition to this, testing of
the effects of deposition sequence on the concentric printed
specimens added 2 different configurations, considering
the reference temperatures. Following ASTM D695-96
guidelines, 5 cylindrical compression test specimens with
12.7 mm of diameter and double of that in length (25.4 mm)
were printed for all 26 print configurations for a total of
130 test samples. Compression testing between plates was
then performed for all samples at the standard test speed of
1.3 mm/min. These tests were conducted using a universal
testing machine (INSTRON 1342, Instron Corp, Massachu-
setts, USA) equipped with a 250kN load cell from which the
modulus of elasticity and the offset yield strength at 0.2%
strain were calculated, all according to ASTM D695-96.

In addition to compression testing, density measurements
were performed on all samples to obtain an estimate for void
volume, as well as a quality control procedure to discard
outlier samples. The density of the samples was measured
according to the immersion method detailed in ISO 1183-1-
2012 where the relation between the samples’ weight and
its weight immersed in a fluid, in this case distilled water, is
used to calculate the samples’ density. Although this stand-
ard refers to the density of void-free plastic, it can be used
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Under-extrusion

Over-extrusion

Adjusted

Fig.2 Extrusion calibration in concentric samples 01C (a) and rectilinear samples 01X (b) with the radial cross-section of specimens with
under-extrusion (al, bl), with over-extrusion (a2, b2) and after extrusion adjustment (a3, b3)

to estimate the void contents of samples as the volume frac-
tion of air based on the measured density of the samples.
For this, the documented filament density of 1.3 g/cm? [36]
was considered as the specific mass of the bulk PEEK. This
estimation also assumes that there are no open porosities
that would allow the fluid to infiltrate the samples. Consid-
ering this, density measurements were taken for all printed
samples and the average density and corresponding void per-
centage was documented for each one of the configurations.

With this, the compressive properties and densities of
the PEEK 3D printed samples were used to investigate the
effects of printing temperatures for different deposition strat-
egies. Furthermore, with the extrusion calibration performed
in this work differences in print conditions were reflected in
both the density and compression testing results thus allow-
ing to investigate the effects of NT and ZHT on the deposi-
tion stability of 3D printed PEEK samples.

2.4 Calorimetry
Differential scanning calorimetry (DSC) tests were carried

out to test the impact of the thermal processing from differ-
ent deposition sequences in the transition temperatures and
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crystallinity for configurations 01C, 01C-A and 01C-I. For
this, samples were taken at half radius from the middle lay-
ers of compression test specimens. Testing was performed
using a NETZSCH DSC 204 F1 Phoenix calorimeter (Erich
NETZSCH GmbH & Co. Holding KG, Selb, Germany) and
the thermal analysis was performed using the NETZSCH
Proteus software. DSC testing was conducted at heating/
cooling rates of 10 °C/min and with maximum temperature
of 400 °C for 5 min. The glass transition (7,) and melt tem-
peratures (7,,,) were obtained from the heating curve while
the “hot” crystallization temperature (7},.) was obtained from
the cooling curve.

To determine the samples’ crystallinity, the ratio between
the heat required to melt the sample and the theoretical heat
of fusion of fully crystalline PEEK was calculated follow-
ing the same method used in other works [32, 42, 43]. With
this, the percentage of the crystalline phase was determined
by the equation:

Xc(%) — AI-Iendo - AI-Iexo

N ey

c
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where AH,,,, is the melt enthalpy measured as the area

under the melting endothermic peaks, AH,,, is the “cold”
crystallization enthalpy measured as the area above the exo-
thermic peaks of the heating curve and AH, is the theoretical
melt enthalpy of fully crystalline PEEK. Following the crys-
tallinity percentage determination methods used by other
authors, this theoretical melt enthalpy of fully crystalline

PEEK corresponds to 130J.g7! [44].

Table 2 Density and compression test results for different deposition
patterns

Density (g/ Porosity (%) Modulus, Yield strength,

cm?) E (GPa) 0429, (MPa)
01X 1.236+0.011 49+027 295+0.1 90.3+1.8
0IM 1.265+0.004 3.45+0.20 3.23+0.11 93.0£2.5
01C  1.255+0.010 2.68+0.22 3.12+0.06 94.4+1.7
01S  1.285+0.010 1.17+0.10 3.44+0.11 100.3+£1.2

3 Results and discussion
3.1 Deposition pattern

The results from the density measurements together with the
compressive modulus and 0.2% offset yield strength for the
baseline NT and ZHT specimens are provided in Table 2.
In these results, the different deposition patterns produced
samples with clear differences in void volume percentage.
The estimated void volume calculated from density measure-
ments revealed that the concentric pattern produces denser
samples than the alternating angle rectilinear patterns as
01C samples presents an average estimated void volume of
almost half of that of 01X samples.

The difference in void contents of these samples is
also evident in macrographs of their respective longitu-
dinal cross-sections (Fig. 3). In the concentric deposition
(Fig. 3a), lines are placed vertically in consecutive layers
which results in an equivalent concentric distribution of
voids while in the rectilinear deposition voids are placed
in a grid where the line interfaces from consecutive layers
intercept. Considering this, the higher void contents of the
rectilinear deposition can be attributed to two main factors:

Fig.3 Photographs and optic microscope macrographs of samples 01C (a), 01X (b), 01 M (c¢) and 01S (d) longitudinal cross sections taken

through the samples’ axis

@ Springer



Progress in Additive Manufacturing

the variations in line spreading as deposition crosses over
the lines from the previous layer, and to gaps created in the
perimeter-infill transition which were described in early
works on FFF [45]. Also, due to overlap between infill and
perimeter lines, the longer lines of the rectilinear deposition
usually result in less spreading at mid length. This makes
the void defects for the rectilinear deposition larger near the
sample’s centre as shown in Fig. 3b.

Concerning the remaining sample configurations, some
positive effects can be reported for these deposition strate-
gies. By limiting the rectilinear deposition to the innermost
layers for samples 01 M, extrusion adjustments to the inner
laps of concentric deposition can be avoided and the den-
sity of the samples can be easily improved in relation to the
“X” deposition. However, evidence of void presence can
still be seen in the transition from the concentric to recti-
linear patterns in both Figs. 1c and 3c for the 01 M sample.
Considering this, the hybrid configuration “M”, although
easier to implement, can be a less viable option for void
reduction than extrusion adjustment in the concentric depo-
sition. Lastly, the interlayer offset of samples 01S resulted
in a significant increase of density with the estimated void
volume being reduced about 56% compared to sample 01C.
For this sample, the cross-section macrographs of Fig. 3d
show less presence of void defects and their average size
seems smaller compared to the other samples. These results
are comparable to those obtained with micro-CT analysis
reported in previous works [28] and further support the use
of this offset in line placement for void content reduction.

Apart from this, the coloured photographs of the differ-
ent deposition’s cross-sections displayed in Fig. 3 reveal a
fundamental issue with the extrusion for fully dense prints.
With all configurations, there is a tendency for the formation
of larger scale void defects near the axis of the cylindrical
specimens. Since these specimens were built vertically, the
area for each layer is relatively small which reduces the time

Fig.4 Deformation of samples 01C (a), 01X (b), 01 M (c) and 01S (d)
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for the deposition zone to cooldown before the next layer
begins. This results in temperature build-ups in the centre
of the deposition zone where the deposited material remains
in the molten state until the next layer starts. Consequently,
the nozzle starts to stir the material that is still in the melt
state and creates these large-scale void defects which can be
seen in the samples cross-sections (Fig. 3) thus suggesting
that excessive heat input can be very detrimental to deposi-
tion quality.

Compression test results for the different deposition pat-
terns seem to be related to density measurements since both
compressive yield strength and modulus increase for the pat-
terns with lower estimated void volume. This relation can
be observed in previous works documenting the compres-
sive properties and density of 3D printed PEEK [35]. Nev-
ertheless, the results from the present experiments display
comparatively higher values for both strength and stiffness
despite the lower densities measured, which can indicate
that the procedure for extrusion calibration performed in
this work is essential to produce high-quality PEEK prints.

For the different depositions, the lowest yield strength
of 90.3 MPa and modulus of 2.95 GPa were obtained with
the rectilinear pattern as expected. This is justified by the
lower density of samples 01X which result in smaller effec-
tive cross-section areas for compressive load support. Con-
versely, the highest strength and modulus were obtained
by the concentric deposition patterns where sample 01S
averaged a compressive yield strength of 100.3 MPa and
modulus of 3.44 GPa. Interestingly, the second highest com-
pressive modulus was obtained for 01 M samples despite
averaging a lower density. The reason for this can be more
difficult to assess since it can be related to the suitability
of process temperatures and other parameters for these
depositions.

In addition to compression test results presented in
Table 2, which are determined from the linear elastic
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Fig.5 Engineering stress—strain curves from the compression testing
of the highest 0.2% offset yield strength “01” samples plotted with
offsets of 1% in strain for visualization

behaviour. Figure 4 shows images of the deformed com-
pressed specimens that were taken to examine plastic defor-
mation. Also, Fig. 5 plots the stress—strain curves from the
highest yield strength sample of each configuration with
an offset of 1% in strain applied to the curves for better
visualization.

The images of the deformed samples show typical barrel-
ling deformation for the concentric samples while the sam-
ples which included rectilinear deposition show unstable
compression almost leading to buckling. This can suggest
an uneven distribution of voids for samples 01X and 01 M.
In any case, as compression loading in these configurations
leads to pore compression, the plot of Fig. 5 shows that all
samples tend for the same plastic behaviour after yield apart
from sample 01S which shows a much higher yield strength
despite its similar elastic modulus. Once again, this could be
related to the reduced void contents of interlayer line offset
deposition and further supports the use of such deposition
strategies to increase the mechanical performance of 3D
printed PEEK samples.

3.2 Nozzle and deposition zone preheating
temperatures

The results for the baseline “01” temperature combination
show that the tested deposition strategies produce samples
with notable differences in both density and compressive
properties. Different nozzle paths have different effects
on extrusion stability since deposition pattern is related to
both line length and heat input from the nozzle. Considering
this, process temperatures like NT and ZHT can have dif-
ferent effects on material bonding and deposition behaviour
depending on the layer pattern. This means that parametriza-
tion of printing temperatures should be performed according

to the deposition strategy and, to observe this, NT and ZHT
temperatures were varied for the different samples.

The tested temperature combinations outlined in Table 1
are related to different heat inputs for the printing process.
For configuration “02” the increase of ZHT is tested while
“03” tests the increase of NT. Temperature combination
“04” increases both NT and ZHT while “06” corresponds
to a twofold increase in ZHT. Both these combinations rep-
resent the highest heat inputs tested for the printing process.
Lastly, “05” prints correspond to a low NT, high ZHT con-
figuration. With these combinations, it is possible to dis-
tinctively evaluate the effect of these process temperatures
in the samples’ compressive properties and densities. The
results from both density measurements and the compression
testing of all samples are provided in Table 3 while results
for each one of the tested deposition patterns were analysed
separately.

Between the tested deposition patterns, the results pro-
vided in Table 3 show that the compressive behaviour of
3D printed PEEK is closely related to the estimated void
volume of the tested specimens. This relation between the
compressive properties of printed PEEK and respective void
contents can be seen in the results of previous works for both
100% infill PEEK specimens [35] and 3D printed macropo-
rous PEEK scaffolds [46]. Higher void volume corresponds
to smaller cross-section areas for compression load support
thus resulting in lower compressive strength and stiffness.

Regarding the rectilinear deposition for samples “X”, the
results shown in Fig. 6 suggest that increasing process tem-
peratures, either through the nozzle or through deposition
zone preheating, can increase the modulus of the samples.
Both samples 02X and 03X displayed higher elastic modu-
lus than samples 01X. However, samples 02X resulted in
lower void percentage and higher yield strength than 03X.
This suggests that increases in the temperature of the deposi-
tion zone can improve extrusion quality and consequently
increase the samples’ stiffness. This can also be seen for
samples 06X printed with ZHT of 170 °C which resulted
in the highest compressive modulus of 3.37 GPa despite
their lower density. Interestingly, the samples’ yield strength
seems to vary inversely to compressive modulus despite the
different void contents. Sample 01X which presented the
lowest modulus of 2.95 GPa also resulted in the highest yield
strength of 90.3 MPa closely followed by sample 05X which
presents a higher estimated void volume.

In the case of the concentric pattern, the results plotted
in Fig. 7 suggest that the tested temperatures play a different
role to that suggested for the rectilinear deposition. While,
similarly, the highest strength of 94.4 MPa is presented
together with the lowest modulus of 3.12 GPa in samples
01C, the highest modulus of 3.37 GPa in the concentric pat-
tern also presents the second highest strength which cor-
responds to sample 02C. This can suggest that increases in
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Table 3 Density measurements

. Density (g/cm?)
and compression test results for

Porosity (%) Modulus, E,. (GPa) Strength, ¢ 5, (MPa)

samples printed with different 01X 1.236+0.011 4.90+0.27 2.95+0.1 90.3+1.8
temperatures 01C 1.265+0.004 3.45+0.20 3234011 93.0+2.5
01 M 1.255+0.010 2.68+0.22 3.12+0.06 94.4+17
01 1.285+0.010 1.17+0.10 3.44+0.11 1003+1.2
02X 1.244+0.010 4.30+0.44 334+0.03 853+1.0
02C 1.267+0.006 2.55+0.26 3.37+0.04 88.3+1.0
02M 1.253+0.012 3.65+0.16 333+0.03 90.6+1.1
028 1.291+0.003 0.72+0.06 3.54+0.06 97.3+0.6
03X 1.232+0.016 5.20+0.46 3.28+0.07 822427
03C 1.264+0.006 2.74+0.11 3.35+0.05 87.6+2.0
03 M 1.247+0.013 4.04+0.24 3.23+0.13 86.1+ 1.4
038 1.289+0.017 0.82+0.15 3.58+0.04 93.8+2.0
04X 1.231+0.025 5.30+0.22 2.97+0.07 87.9+42
04C 1.257+0.006 3324033 3.25+0.06 85.0+1.9
04 M 1.239.+0.006 4734020 3.13+0.13 86.0+2.3
048 1.283+0.024 1.29+0.13 3.30+0.02 95.6+2.1
05X 1.238+0.006 4.80+0.60 3.32+0.05 83.7+13
05C 1.257+0.013 3.33+0.10 332+0.03 86.4+0.7
05M - - - -
058 1.285+0.019 1.18+0.13 3.58+0.02 95.7+0.9
06X 1.232+0.017 5.22+0.57 3.37+0.05 81.8+2.7
06C 1.254+0.012 3.52+0.28 3.27+0.07 84.8+1.5
06 M - - - -
068 1.285+0.014 1.12+0.17 3.58+0.02 92.8+1.0
5. Void volume [%] L 100 5 Void volume [%] L 100
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Fig.6 Density and compression test results plot for the “X” deposi-
tion

ZHT can improve stiffness without significant consequences
to yield strength. However, this might not be the case for
higher increases in temperature since samples 06C that were
printed with a twofold increase in ZHT resulted in the high-
est void percentage, lowest yield strength and lower modu-
lus. This is also reflected in the samples’ deformation where
the barrelling observed in samples 01C transitions to slightly
uneven compression for samples 04C which were printed

@ Springer

01C 02C 03C 04C 05C 06C

Fig. 7 Density and compression test results plot for the “C” deposi-
tion

with higher temperatures (Fig. 8). For the concentric deposi-
tion, the lower heat input settings seem to improve the depo-
sition quality as reflected in the lower void volume obtained
for samples 01C, 02C and 03C but lowering this input any
further can also reduce material spreading and increase the
void contents as demonstrated in the results for sample 05C.

This relation between printing temperatures and deposi-
tion stability can also be observed in the results for samples
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Fig.8 Compression stability deformation comparison between sam-
ples 01C (a) and 04C (b)
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Fig.9 Density and compression test results plot for the “M” deposi-
tion

Fig. 10 Failed prints 05 M (a) and 06 M (b) due to insufficient cool-
ing
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Fig. 11 Density and compression test results plot for the “S” deposi-
tion

with the “M” pattern (Fig. 9). In this configuration, exces-
sive heat input in the printing process leads to temperature
build-ups in the core of samples 04 M and 06 M destabi-
lizing deposition and ultimately resulting in failed prints
(Fig. 10). In these prints, the extruded material does not have
enough time to solidify between layers and the rectilinear
movements begin to stir the deposition zone which is still
in its molten state. This issue is present in all the concentric
based patterns “C”, “M” and “S” since the nozzle spends
a considerable amount of layer printing time in the small
inner region of the specimens. For “M” samples, this issue
becomes critical due to overlapping extrusion in the recti-
linear to concentric deposition interface. Considering this,
only increases in ZHT seem to improve stiffness as seen for
samples 02 M which displayed a slightly higher modulus of
3.33 GPa while the baseline temperatures used in sample
01 M resulted in the lowest estimated void volume and high-
est yield strength of 93.0 MPa.

Lastly, the “S” deposition results shown in Fig. 11 indi-
cate that interlayer line offset not only reduces the void
volume but can also increase deposition stability for higher
printing temperatures. In these samples, the highest com-
pressive modulus of 3.58 GPa is shared by 03S, 04S and
06S which correspond to the temperature settings with the
highest heat input. Conversely, the highest void volume and
lowest modulus of 3.3 GPa were obtained with 05S samples
suggesting that NT can have significant effects on extrusion
quality for this deposition. Furthermore, the highest yield
strengths correspond to either the baseline temperature val-
ues with 100.3 MPa for samples 01S or to increased ZHT
with 97.3 MPa for 02S. According to these results, slight
increases in either ZHT or NT produced the samples with
the lowest void volumes and increased stiffness. In this depo-
sition, the increased temperatures can reduce viscosity and
increase material spreading upon deposition as described in
previous works [25, 47] which has the ability to improve the
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interline gap filling effect of the line offset and thus results in
lowest void volume samples with just 0.72% of void volume
estimated for samples 02S.

Considering all this, the experimental results presented
in this section show that the NT and ZHT can have different
effects on print quality depending on the deposition strat-
egy used for PEEK 3D printing. These effects seem to vary
depending on the temperature profiles created in the deposi-
tion zone by nozzle path. Overall, deposition stability seems
to decrease with variations to baseline NT while increases
in ZHT with configuration “02” resulted in the samples with
the lowest estimated void volume for all patterns with the
exception of “M” which was obtained with 01M.

Concerning the compressive properties of the samples,
the compressive modulus of the rectilinear samples appears
to increase at the expense of yield strength where higher
stiffness often resulted in samples with lower offset yield
strength. As for the concentric-based patterns, excessive heat
input seems to create temperature build-ups in the centre of
the deposition region. With this, solidification is delayed
which worsens deposition quality and increases void con-
tents on the prints thus resulting in lower compressive yield
strength and modulus. However, this is not the case for the
interlayer line offset pattern “S” where increases in printing
temperatures can lead to better gap fill and higher modulus.

Of all the tested configurations, “S” deposition presents
the best results with the lowest estimated void volume of
0.72% for 02S, highest yield strength of 100.3 MPa for
01S and the highest modulus of 3.58 GPa shared between
03S, 04S and 06S. These values for compressive modulus
are comparable to the modulus of 3.51 GPa presented in
previous works for 3D printed 5% carbon fibre reinforced
PEEK (CFR-PEEK) [48] that supported the use of these 3D
printed PEEK for high-performance implant applications
with mechanical property requirements (Fig. 11).

3.3 Deposition sequence

The different effects of printing temperatures in the tested
deposition patterns outlined in the previous section show
that heat input from the nozzle or from the zone heater plays
an important role in the 3D printing deposition of PEEK.
This heat input depends not only on the printing tempera-
tures but also on nozzle path. Since the nozzle is the main
source of heat in FFF, different nozzle paths correspond to
different temperature profiles and different cooling rates.
This can be especially important in PEEK 3D printing
since cooldown rates have significant effects in PEEK’s
crystalline contents [49] which, in turn, are related to 3D
printed PEEK’s mechanical behaviour [33, 34]. On top of
this, the experimental results of this work also show that
this heat input can be related to deposition stability and
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consequently to the presence and volume of void defects in
printed samples.

Considering this relation, the deposition sequence in a
printed layer dictates how the temperature from the nozzle
and the deposited material is distributed to the deposition
zone. This effect was observed in the previous section for the
inner laps of the concentric pattern samples where the nozzle
spent more time in a relatively small area of the layer result-
ing in higher temperature deposition zones that hindered
deposition stability. According to this, these patterns could
benefit from different deposition sequences for the concen-
tric laps where heat from the nozzle could be more evenly
distributed throughout the layer. To test this, G-code files of
the concentric samples 01C and 01S were edited to print the
concentric laps in two different sequences, one alternating
between inner and outer laps (“A”) and one where the layers
are built alternating between inside-out and outside-in (“I”).

With these samples, the conditions created by the extru-
sion calibration described in the beginning of this work
can change completely. Furthermore, the retraction setting
in the modified printing files was kept for the outermost
lap of the samples which might be the incorrect approach
given the modified deposition sequence. Perhaps for these
reasons, the modified printing files for samples 01S-A and
01S-I resulted in unstable deposition (Fig. 12a and b) and
could not be tested without changing print conditions sig-
nificantly. Despite this, good quality deposition was obtained
with 01C-A and 01C-I samples (Fig. 12c and d) which were
submitted to density measurements and compression testing.
The results for these tests are provided in Table 4.

(2)

I iyilgrw Qi
" -/ ""","f"‘n'.;

Fig. 12 Layer deposition for samples 01C-A (a), 01C-I (b), 01S-A (¢)
and 01S-I (d) with modified deposition sequence
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Fig. 13 Schematic illustration
of nozzle heat distribution for
deposition sequences of samples (a)
01C (a), 01C-A (b) and 01C-I
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Table 4 Density and compression test results for different deposition patterns

Density (g/cm’) Porosity (%)

Modulus, E (GPa)

Yield strength, Modulus, E;,;, (GPa) Yield strength,

0029, (MPa) 60 29%bux (MPa)
01C 1.255+0.010 2.68+0.22 3.12+0.06 944 +1.7 3.20+0.06 96.6+1.7
01C-A 1.280+0.002 1.53+0.14 3.4+0.04 952+1.2 3.45+0.04 97.0+1.2
01C-I 1.203+0.024 7.47+0.30 2.78 £0.05 75.0+£2.4 3.00+£0.05 81.0+2.4

The expected nozzle heat distribution created by the dif-
ferent deposition sequences can be described through the
radial nozzle path as schematically represented in Fig. 13.
In samples 01C, since the build sequence remains inside-out,
the smaller length inner laps accumulate heat from the noz-
zle that can be dissipated while the longer outer layers are
being printed. In this configuration, since lines are deposited
sequentially next to each other, cooldown rates are mostly
dictated by line length and layer size and geometry. Con-
versely, for samples 01C-I where the sequence is alternated
between layers, the heat input from the nozzle is accentuated
in the region where the current layer ends and the next layer
begins resulting in higher temperature regions that alternate
between the outer and inner regions of the specimen. Lastly,
with samples 01C-A the alternating the lap sequence inside
the layer allows both inner and outer regions to cooldown
while the next lap is printing. This distributes the heat from
the nozzle more evenly through the layer while maintaining
a relatively high temperature on the deposition region.

The results from the density measurements and compres-
sion tests presented in Table 4 show that deposition sequence
can have a significant impact in the overall quality of PEEK
3D printed samples. Samples 01C-I display a much higher

estimated void volume when compared to 01C thus result-
ing in significantly lower values for both compressive yield
strength and modulus. In this configuration, the temperature
build-ups described in the previous section are accentuated
and inner region of the print remains in the molten state
before the next layer begins inside-out. This causes the noz-
zle to stir the material from the deposition region in the melt
state thus creating large-scale void defects that could be the
reason for the higher estimated void volume observed with
these samples. Considering that this deposition sequence
increases heat input in both the inner and outer regions of
concentric deposition, it might be more adequate for prints
with larger layers where sufficient cooldown is allowed.
Contrarily, the deposition sequence used in samples
01C-A yielded positive results. The estimated void volume
was reduced to 1.53% while both yield strength and modu-
lus were increased to 95.2 MPa and 3.4 GPa respectively,
in relation to samples 01C. These results are comparable
to those obtained with the interlayer offset deposition “S”.
These improvements can be attributed to the cooling of
the inner laps while the outer lap is being printed which
seems to improve deposition quality and reduce the pres-
ence of void defects in the samples. Interestingly, alternating
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deposition between inner and outer concentric laps has the
potential to adjust the heat input from the nozzle to line
length. Using this strategy, the longer outside laps allow the
core of the print to cooldown while the smaller inner laps
prevent excessive cooling of the outer laps before its adja-
cent line is deposited. This is well suited to smaller concen-
tric layers where the inner laps tend to build up temperature
from the nozzle.

Although the relation between printing temperatures and
the interfacial bonding and crystallinity of printed PEEK
has been previously studied [33, 34], the idea that deposition
sequence can produce similar effects has yet to be addressed.
The deposition sequence’s influence in the distribution of
heat from the nozzle has a direct effect on the cooldown
rates of the deposited material. Slower cooldown rates are
related to higher crystallinity PEEK [49] which displays
higher strength and fracture toughness [50]. Also, the tem-
perature of the deposition zone is related to the molecular
bonding of the deposited material [30] meaning that deposi-
tion sequence can have an effect on the interfacial bonding
strength of 3D printed PEEK.

To address these effects, the results from the compression
tests were used to estimate the properties of equivalent bulk
printed samples where the cross-section area is calculated
based on porosity estimates. The estimated yield strength
(60.29bui ) and modulus (E,,;) are shown in Table 4 which,
together with crystallinity measurements from DSC tests
(Table 5), can provide some additional insights to the effects
of deposition sequence on both crystallinity and interfacial
bonding.

Considering bulk PEEK prints, some significant dif-
ferences can still be seen in both yield strength and stift-
ness. Although samples 01C and 01C-A seem equivalent
in strength, the alternating deposition still results in higher
stiffness. The estimates obtained for bulk samples seem to
suggest that, apart from the effects on deposition stability
and consequent porosity, deposition sequence can influence
the stiffness of printed PEEK. This can be explained by the
crystallinity percentage obtained from DSC measurements
where the modified deposition sequences showed higher
crystalline contents than 01C samples. Both samples 01C-A
and 01C-I can have a higher heat input from the nozzle at
mid radius from where the DSC samples were taken which
can be the reason for these increases in crystallinity.

The results from these experiments suggest that deposi-
tion sequence also has significant effects on the density and

mechanical behaviour of 3D printed PEEK samples. This
has yet to be tested with the interlayer line offset deposition
“S” where the lower void volumes of the samples could be
reduced even further. Adjusting both deposition pattern and
sequence appears to be an effective approach to increase
the strength and modulus of PEEK prints. However, ade-
quate deposition also depends on sample size and geom-
etry meaning that adjustments to 3D printing parameters
for low porosity PEEK prints must consider all three fac-
tors addressed in this work, printing temperatures, deposi-
tion pattern and deposition sequence. Considering this, the
results from this work suggest that printing parametrization
for high-quality PEEK prints should consider the model’s
geometry to determine adequate deposition strategies and
corresponding printing temperatures which can then be
adjusted to obtain denser high-performance PEEK 3D prints
as illustrated in Fig. 14.

4 Conclusions

The effects of 3D printing temperatures, deposition pattern
and deposition sequence were studied through the density
and compressive behaviour of PEEK 3D printed samples.
Compression test specimens were printed with different
deposition patterns and were tested with different NT and
ZHT to investigate the effects of process heat input in the
deposition stability for different patterns. These effects were
observed in the experimental results where the void con-
tents were related to the samples’ compressive properties. In
addition, different deposition sequences were tested for the
concentric pattern to observe the relation between different
nozzle heat distributions and deposition quality.

The results from this work show that printing tempera-
tures and deposition strategies have significant effects in
PEEK prints. For the tested cylindrical specimens, the con-
centric pattern is more adequate since the estimated void
volume of 2.68% is about 45% lower than that obtained with
the rectilinear deposition. The estimated void volume of the
samples is reflected on its compressive properties where the
concentric-based deposition resulted in higher yield strength
and modulus than the rectilinear samples. Among the con-
centric patterns tested, the interlayer line offset deposition
presented the best results of all experiments with an esti-
mated void volume of 0.72%, yield strength of 100.3 GPa
and modulus of 3.58 GPa.

Table 5 DSC results for thermal

T.(C T_(°C o] T (°C AH,. X_ (%
properties and crystallinity (O (O AH, (.g7) he °C) he < (%)
Pefcelmage.(’f ;Oﬂée}flﬁg};f 01C 1481422 3454404  37.58+287  2968+0.1  46.14+0.79 289422

S t t t
Zamp es printed with dilieren 01C-A  1498+35 3432409  4295+1.66  297.0+03  48.62+0.89  33.0+13
epOSlthn sequence
01C-1 1479447 3446406 38714222 2966402 47314224  298+17
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Fig. 14 Schematic representa-
tion of the parameter adjustment
procedure for high-performance
PEEK 3D printing

3D Model

Concerning the different temperature settings, the results
showed that the effect of these temperatures on deposition
stability vary according to deposition pattern. Increases in
ZHT resulted in increases in stiffness but further increases
of process temperatures also resulted in higher void vol-
ume and lower compressive strength and stiffness for all
patterns. However, with the interlayer line offset deposition
“S”, increases in printing temperatures seem to improve its
gap filling effect which resulted in lower void volume and
higher compressive modulus. Similarly, deposition stability
was also improved by adopting the alternating deposition
sequence in sample 01C-A and resulted in a reduction of
about 42% in void volume compared to the deposition of
samples 01C.

Since 3D printed PEEK’s potential lies with high-per-
formance applications that have requirements for strength
and stiffness, understanding the relations between process
parameters and the mechanical behaviour of 3D printed
PEEK samples is an important step for its use in applications
like patient-specific load-bearing orthopaedic implants. This
work shows that both printing temperatures and deposition
strategy must be adjusted together according to the print’s
geometry to minimize the void contents of the prints and
consequently maximize the strength and stiffness of PEEK
3D printed components. Although additional experimental
work is required to study these effects, this work shows that
printing temperatures affect deposition stability and bond-
ing quality differently depending on the deposition pattern
which in turn is also related to the mechanical behaviour
of 3D printed PEEK. Considering this, future research is

Printing
eposition Pattern

=y

Mechanical Testing

o

Printing Temperatures
o
949

Deposition Sequence

=g

Porosity Analysis

o

/ Adjustments

required to address how the heat input created by both print-
ing temperatures and deposition strategy is related to deposi-
tion quality and to the presence of void defects in 3D printed
PEEK components.
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