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Abstract

A strategy that is gaining momentum in several industrial sectors is metal replacement, which aims to find suitable alterna-
tives for replacing metal components with lighter ones. One possible solution is represented by high-performance polymers
(HPP), which are a family of materials with improved thermo-mechanical and functional properties, compared to commodity
plastics. Additive manufacturing (AM) is revolutionizing the industrial world due to its high design freedom, dimensional
accuracy, and shortened total production time. Thus, combining the use of HPP with AM technologies could lead to inno-
vative results, which could offer new metal replacement solutions through redesign and new material properties. However,
HPPs have some manufacturing limitations, for example, they require high processing temperatures, and some of them
are subject to significant warping and deformation phenomena. This aspect is particularly significant for semi-crystalline
polymers, as in the case of poly(ether-ether-ketone) (PEEK), which is affected by thermal gradients during 3D printing. In
this research, an investigation was carried out on the Fused Filament Fabrication (FFF) of different 3D printed PEEK sam-
ples, evaluating the effect on final properties not only of various infill percentages (30%, 50%, 70%, and 100%) but also of
two different heating treatments. In this regard, a traditional annealing in oven, post 3D printing, was compared to a direct
annealing approach, performed during FFF. The mechanical performance of the samples was characterized through tensile
and compression tests along with the thermal properties and the thermal stability. In addition, for all different cases, energy
consumption was measured, to provide an indication of the sustainability of the presented approaches. The findings suggest
that the direct annealing solution holds promise and merits further investigation to bridge knowledge gaps in this domain.
This research contributed to advance the understanding of PEEK 3D printing by FFF and played a vital role in the practical
implementation of metal replacement as a sustainable strategy across various industrial applications.

Keywords High-performance polymers - Poly(ether-ether-ketone) - Additive manufacturing - Fused filament fabrication -
Heat treatment - Direct annealing

1 Introduction

Metal replacement is an approach that deals with finding
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of metals, like stainless steel or aluminum alloys, in more
demanding application fields, such as sport racing [3], and
oil or electrical industries [4, 5]. HPP are thermoplastic
polymers with high mechanical performance, thermal
stability, and chemical resistance [6]. HPP include both
amorphous polymers, such as polyethylenimine (PEI) [7],
and semi-crystalline ones, like poly(aryl-ether-ketone)
(PAEK) family [8].

Among PAEK polymers, poly(ether-ether-ketone)
(PEEK) is probably the most famous and widely used. Due
to its unique chemical structure, composed of aromatic rings
bonded by ketone and ether groups, it denotes extraordinary
thermo-mechanical properties and excellent radiation resist-
ance [9]. For this reason, PEEK may be an ideal material
for metal replacement of structural components for aero-
space [10], automotive [11], or nuclear power plants [12].
In addition, PEEK is cytocompatible and radio-transparent
and can be repeatedly sterilized, so it can be used for vari-
ous biomedical applications, such as surgical implants and
instruments, or dental devices [13, 14].

Various manufacturing techniques are currently employed
in the industrial processing of PEEK-based products, includ-
ing injection molding, extrusion, compression molding, and
machining [15-18]. Recently, Additive manufacturing (AM)
has also garnered increasing interest in the processing of
HPP [19, 20]. In fact, the global market of high-performance
polymers for AM was forecast to grow by 24% between
2023 and 2028, with an estimated market of $ 362 million
in 5 years [21]. Previous studies demonstrated the possi-
bility of using AM to produce PEEK components without
geometry limitations and with relatively low costs [22, 23].
Considering the melt processability of PEEK, both Selec-
tive Laser Sintering (SLS) [24] and Fused Filament Fabrica-
tion (FFF) [25] were experimented for the realization of 3D
printed parts. Although SLS was the first AM technique used
for the fabrication of PEEK components, its limited usage
compared to FFF is attributed to higher costs and constraints
associated with the powder handling.

Fused Filament Fabrication is the most common AM
technique to design, develop, and realize thermoplastic
polymer parts. In this process, a polymer filament is con-
tinuously melted and extruded through a nozzle onto a
heated platform to create, layer-by-layer, the final structure
[26]. This 3D printing technique offers low manufactur-
ing costs, high flexibility in structural design, prototyping,
supervision-free operation, and wide range of available
materials [27, 28]. However, the manufacturability of
PEEK via FFF meets significant challenges, mostly due
to its high melting temperature and its semi-crystalline
nature. This last aspect makes PEEK highly subjected to
shrinkages during the processing, leading to the forma-
tion of defects, geometrical variations or even job failures
[29]. Residual stresses can be accumulated during the FFF
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process, leading to warping and interlayer delamination
[30, 31]. All these drawbacks limited the choice of FFF
for PEEK in all the applications where quality assurance
and reproducibility play a crucial role.

In recent years, several researchers examined the effect
of process printing parameters on the final performance
of 3D printed PEEK, in terms of print orientation, nozzle
temperature, speed, chamber, and platform temperatures
[32, 33]. In addition, other authors focused their research
on investigating crystallization behavior [34]. The degree
of crystallinity and crystal orientation are important
parameters to investigate the microstructure and play an
important role in the mechanical properties of PEEK com-
ponent [35, 36]. Notably, for semi-crystalline polymers
like PEEK, the degree of crystallinity and crystal orienta-
tion can be controlled by heat treatments. Therefore, it was
essential for PEEK to investigate the possibility of increas-
ing the crystallinity of 3D printed parts through post-print-
ing heat treatment. In this scenario, annealing represents a
valid post-printing heat treatment to enhance the physical
and mechanical properties, improve the dimensional sta-
bility, and remove any residual stress [37, 38]. However,
the published research on the effects of annealing for 3D
printing PEEK remains limited. Moreover, the previous
works have predominantly focused on conventional heat
treatments, involving extended hours in an oven. Yet, a
noticeable gap persists in comprehensive investigations
into alternative scenarios, offering the potential for shorter
and environmentally sustainable manufacturing processes.

Therefore, in this study, a novel approach precisely
aimed at exploring these uncharted possibilities was pro-
posed. The primary objective was to evaluate the effect
of different annealing processes on the final mechanical
properties of PEEK samples obtained by FFF, while also
evaluating the crystallization behavior and its influence on
the thermal properties. A direct annealing (DA) process,
performed simultaneously with the 3D printing, was per-
formed and compared with a traditional post-printing oven
annealing (PA). In addition, to assess the overall sustaina-
bility of the two different approaches, the energy consump-
tion of the two annealing processes was also evaluated to
determine the different cost-effectiveness of the annealing
treatments employed.

To the best of the authors’ knowledge, studies aimed
at improving the crystallization of PEEK components
during the FFF process remain extremely limited. This
work reports a novel annealing methodology that has the
potential to enhance the effectiveness of metal replace-
ment. It is reasonable to think that the innovativeness of
this proposed approach could yield positive and substantial
impacts across diverse industrial sectors, leading to time
and energy savings. Thereby, the sustainability of the HPP
manufacturing process via AM can be increased.
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2 Materials and methods
2.1 Materials

The poly(ether-ether-ketone) (PEEK) filament was sup-
plied by 3DXTech (3DXTech, Michigan, USA), with com-
mercial name of ThermaX™ and a constant diameter of
1.75 +0.05 mm. Before 3D printing, the PEEK spool was
oven dried at 120 °C for 4 h to remove any residual moisture.

2.2 3D printing process

A CreatBot PEEK-300 3D printer (CreatBot, Zheng-
zhou, China) was used in this study to fabricate all kinds
of specimens. According to the manufacturer’s data-
sheet, the 3D printer has a maximum building volume of
300 x 300 X 400 mm?, it is equipped with a dual extruder,
which can reach 500 °C, and a nozzle with 0.4 mm diam-
eter was installed. This 3D printer is suitable for process-
ing HPP because it has control over the maximum platform
temperature up to 200 °C and over the building chamber
up to 140 °C. In addition, the peculiarity that characterizes
the machine is the direct annealing (DA) system, which is
a patented technology of CreatBot. A heat collector forces

Table 1 Process parameters used for the 3D printing of all PEEK
specimens

Parameter Value
Nozzle temperature (°C) 420

Bed temperature (°C) 140
Chamber temperature (°C) 140
Printing speed (mm/s) 25

Layer height (mm) 0.2

Infill pattern Rectilinear
Infill angle (°) +45

Fig. 1 Direct annealing system (a)

patented by Creatbot and
reproduced from [39] (a). Photo
of the printing head with two
fans, resistive heating elements
for the DA system and extruders
(b). The bottom surface of the
right DAS block is highlighted
in red and the right nozzle in
green

a hot air flow on the 3D printed component to perform an
annealing treatment simultaneously with the printing poly-
mer deposition.

Two kinds of samples were 3D printed for tensile and
compression testing, respectively. The first specimens were
realized according to ISO 527 standard, with the shape of
type 1BA. The second specimens, according to ISO 604
standard, were realized as cylinders with a diameter of
10 mm, built on the platform plate (XY), and a height of
10 mm (Z-axis). All PEEK samples were designed on Solid-
Works CAD software (Dassault Systemes, Vélizy-Villacou-
blay, France). Then, the Simplify3D software (Simplify3D,
Ohio, USA) was chosen to perform the slicing of all STL
(Solid To Layer) models and create the G-code printing
files. For all printing jobs, the chosen parameters are listed
in Table 1, and the Nano Polymer Adhesive glue (Vision
Miner, Oregon, USA) was used on the platform to improve
the adherence of the initial printing layers. For both tensile
and compressive characterization, four infill percentages
were evaluated, namely, 30%, 50%, 70%, and 100%.

2.3 Annealing treatment

Two different kinds of heating treatments were performed
on the tensile specimens with a 30% infill to compare the
mechanical and thermal properties of the 3D printed sam-
ples. This specific infill percentage was selected as it rep-
resents the worst-case condition for evaluating mechanical
properties. In the first case, a hot airflow at 320 °C was
directed onto the 3D printed sample simultaneously with
the FFF process. Although this heating treatment does not
strictly adhere to the conventional definition of anneal-
ing process, this was the term employed, aligning with
the nomenclature established by the machine producer.
Therefore, these samples were coded as “DA,” standing for
direct annealing. Figure 1 illustrates the Creatbot’s patented
direct annealing system (DAS), consisting of two fans and
two C-shaped additional heaters (Fig. 1a), strategically

(b)

Heaters Hcatcr
for for
annealing nunle 2

nozzle 1
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positioned between the extruders to surround the two noz-
zles. The DAS heating brass blocks are shown in the photo
of Fig. 1b, wherein the right block is highlighted in red and
the right nozzle in green. For the DA process, the tempera-
ture of each heater can be set separately, and the fan pro-
motes hot airflow in the direction of the build plate. The inte-
grated thermocouple control system enables the activation
of the DA system with precise temperature adjustment up to
400 °C. Therefore, when the DAS block is active, additional
heat is transferred by irradiation and convection to the area
of deposited material that is covered by the motion along the
printing path of the specific nozzle. Thus, direct annealing is
a local thermal treatment that highly depends on the printing
path and geometry of the part because of the fixed relative
position between the C-shaped blocks and the nozzles.

The second type of heat treatment involved traditional
annealing in the oven, after the 3D printing. Specifically, the
samples were brought from room temperature to 200 °C and
left at this temperature for 2 h. Then, the temperature was
lowered to 140 °C at a 10 °C/hour rate, and finally the oven
was turned off to go back to room temperature. These sam-
ples were coded as “PA” for post annealing. To better inves-
tigate the effect of the annealing processes, the final proper-
ties were also compared with unannealed samples, referred
to as “NA” for not annealed, and with the as-received PEEK
filament, referred to as “AR.”

2.4 Characterization techniques
2.4.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were
carried out using a DSC 214 Polyma Equipment (Netzsch
Group, Selb, Germany). Two heating and cooling scans were
performed under a nitrogen atmosphere (40 mL/min) from
20 to 400 °C with a heating/cooling rate of 10 °C/min. DSC
analysis was performed to determine the glass transition
temperature (7), the melting temperature (7,,,), the crystalli-
zation temperature (7,), the cold crystallization temperature
(T..), their associated enthalpies of fusion (AH,,), crystal-
lization (AH,), and cold crystallization (AH ). The degree
of crystallization (X,) for all PEEK samples was estimated
using the following equation:
AH, — AH,,

where AH,, is the experimental enthalpy of melting, calcu-
lated by the integration of the melting endothermic peak,
AH ., is the enthalpy of cold crystallization, and AHSl is the
theoretical melting enthalpy of a purely crystalline PEEK,
which was assumed to be equal to 130 J/g [40].

@ Springer

2.4.2 Thermogravimetric analysis (TGA)

Thermogravimetric (TG) analysis was carried out to inves-
tigate the thermal stability of the 3D printed PEEK sam-
ples using a Mettler-Toledo TGA 851e instrument (Mettler
Toledo, Columbus, Ohio, USA). The samples were heated
from 25 to 1000 °C at a heating rate of 10 °C/min under an
airflow of 50 mL/min. All the TG curves were normalized
to the unit weight of the PEEK samples, and the derivative
thermogravimetric (DTG) curves were calculated on their
relative thermograms.

2.4.3 Tensile tests

The uniaxial tensile tests were performed, according to ISO
527 standard, on all 3D printed PEEK specimens. The Aura
5 T machine (Easydur, Arcisate, Italy), equipped with a 50
kN load cell, was used with a crosshead speed of I mm/min
and a pre-load of 150 N. Five specimens were tested for
each condition.

2.4.4 Compression tests

The uniaxial compression tests were performed, according
to ISO 604 standard, on 3D printed PEEK specimens, which
were subjected to PA treatment. The Aura 5 T machine
(Easydur, Arcisate, Italy), equipped with a 50 kN load cell,
was used with a crosshead speed of 5 mm/min. Five speci-
mens were tested for each infill percentage.

2.4.5 Energy consumption

All PEEK samples were weighed with a Gibertini balance
(Gibertini, Novate Milanese, Italy), and the effective dimen-
sions were measured with a micrometer. In addition, the
power consumption for 3D printing PEEK samples was
measured with a Meterk M34EU power meter plug.

3 Results and discussion

3.1 Effect of annealing and heated chamber
on sample appearance

A preliminary visual analysis of the samples was carried
out to qualitatively appreciate the effect of the different
thermal treatments performed on the 3D printed PEEK
samples, i.e., no annealing (NA), direct annealing (DA),
and post annealing (PA). As a representative example of
all the manufactured samples, Fig. 2 illustrates the appear-
ance of three tensile specimens, each corresponding to a
different thermal approach. The NA tensile sample, high-
lighted in red, exhibited initial layers of a darker color
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Fig.2 Macroscopic effect of
different annealing treatments
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compared to the final ones. In contrast, the DA specimen
displayed a more uniformly colored surface, except for
certain details highlighted in the green magnified area.
However, it is evident that the PA sample possesses the
most consistently uniform coloration along the entire build
direction.

As already suggested in the previous literature, this diver-
sity of colors can be attributed to a different degree of crys-
tallinity. In particular, a darker coloration can be indicative
of an amorphous zone, while the beige zone is typical of
areas with a higher degree of crystallinity [33]. The dif-
ference in appearance, and thus the degree of crystallinity,
can be attributed to the different cooling rates, which was
sufficiently controlled in both annealing cases to achieve
higher polymer crystallinity, compared to the NA condition.
However, there are limited brownish regions in the DA sam-
ples suggesting that the annealing did not occur uniformly
everywhere, and hence a slightly lower degree of crystallin-
ity can be expected for these samples, compared to the PA
condition. Overall, it can be assumed that both annealing
processes positively affected the uniformity of coloration

Fig. 3 Photograph of the
detachment from the platform
of the tensile specimens 3D
printed without a heated cham-
ber (a). Bottom layer of a tensile
specimen 3D printed with raft
(b) and without raft (c). All
dimensions in mm
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and thermal properties of the samples, thus suggesting to be
an important step in PEEK 3D printing.

Another aspect that was initially examined was the impor-
tance of the heated chamber for 3D printing of PEEK by
FFF. In fact, in our previous study, it was found that the
compression properties of small PEEK cylinders were not
significantly affected by the chamber temperature [41]. How-
ever, here, the critical role of the heated chamber in avoiding
warpage, geometric distortion, and detachment of the speci-
mens from the platform, which could lead to printing abor-
tion, was immediately appreciated. As a matter of fact, 3D
printing of larger geometries, such as that of tensile samples
compared to compression cylinders, increases the deposition
time between successive layers [42]. This is the reason why
the first printing trial conducted without a heated chamber
caused the samples to warp and detach from the platform, as
shown in Fig. 3a. Secondly, it was recognized the significant
effect of the raft, which could prevent the deformation of
the first layer, as visible in Fig. 3b, ¢, where sample pictures
were taken from the bottom layer, showing a widening of the
first layer compared to the nominal 5-mm width. Therefore,

@ Springer
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all experimental samples, whose results will be presented
from here on, were 3D printed in a hot chamber (140 °C)
with 4 layers of raft.

3.2 Thermal characterization

In order to gain a more thorough understanding of the impact
of various annealing processes on the crystallization behav-
ior and thermal properties of 3D printed PEEK samples,
we conducted DSC and TGA analyses. DSC analysis was
performed to determine the thermal transitions: the glass
transition temperature (Tg), the melting temperature (7,,),
the crystallization temperature (7,), the cold crystallization
temperature (7,.), and their relative enthalpies. All the data
obtained by DSC are summarized in Table 2.

Figure 4 shows the DSC curves of the PEEK samples
as received (AR), 3D printed by FFF with annealing (PA
and DA), and without annealing (NA), relative to the first
and second heating/cooling cycle, as reported in Fig. 4a, b,
respectively.

Following the first heating scan in Fig. 4a, a glass tran-
sition is evident between 140 and 160 °C, followed by a
marked cold crystallization exothermic peak approximately
at 176 °C, only for the NA sample. This can be explained
considering that the cooling rate of the unannealed 3D
printed sample can reach tens of degrees per minute dur-
ing FFF, and therefore, the polymer does not have suffi-
cient time to properly crystallize [43]. This explanation was

confirmed by the absence of cold crystallization peaks for
the annealed samples, where the heat treatments allowed the
polymer chains to reorganize and form a semi-crystalline
structure, which did not lead to further crystallization dur-
ing the first heating. In addition, by determining the experi-
mental enthalpy of fusion (AH,,) and cold crystallization
(AH,,), it was possible to calculate the degree of crystal-
linity (X,) of the PEEK samples and then evaluate the real
effect of the annealing on the polymer crystallinity. The X,
of PEEK samples was calculated both on the first and the
second heating cycles, following Eq. 1. Considering the
first heating cycle, the crystallinity percentage was 28.5%
for both AR and DA samples. Thus, the DA printing pro-
cess did not thermally alter the crystallinity of the material.
On the other hand, an X, value of 16.6% was obtained for
the NA sample, due to the cold crystallization phenomenon
occurring during the first heating. This result implies that
the state of lower crystallinity must necessarily be reached
during 3D printing without annealing, and it confirmed what
was previously found from the visual analysis of the printed
specimens. Considering the second heating scan, where the
thermal history of the samples was erased by the first heating
and cooling cycles, the X, values obtained were 24.7% and
25.9% for the unannealed samples, and 32.1% and 34.9% for
the PA and DA ones, respectively. The higher value of the
degree of crystallinity after annealing can be due to greater
molecular mobility occurring during the heating treatments,
which enabled the polymer chains to reorient and form a

Table 2 Thermal properties Sample 1*' heating Cooling 2" heating
of 3D printed PEEK samples,
evaluated by DSC analysis in T, AH,, T, AH, X, T. AH, T, T, AH, X,
nitrogen . . . . .
O dg O dg @® O dg (O O dJdg @&
PEEK AR/ / 340 37.1 285 296 474 140 340 473 247
PEEKNA 176 17.9 340 394 16.6 294 50.8 145 339 412 259
PEEKPA  / / 338 380 292 295 53.6 154 340 417 321
PEEKDA / / 338 37.1 285 295 485 153 340 453 349
Fig.4 DSC curves of PEEK ExoT L5 5 oC Ech 15
samples related to the cool- PEEK AR =——
ing cycle plus the first (a) and 1.0
second (b) heating cycle ) =
g 05 3 }
S . g b
S 176 °C (iwg 2 Cooling
== 0.0 - = 0.0 .
- 1% Heating - 2" Heating
g — s S —
. §$ é_os? %Q
) Cold ' Te
crystallization
1.0 1.0 340 °C

I I
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=}

I
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more ordered crystalline structure [44]. In fact, PEEK as a
semi-crystalline polymer when exposed to high tempera-
tures can show changes in phase composition and thus in
the molecular mobility of the different crystalline domains.

Analyzing the cooling scans, all PEEK samples exhib-
ited a single crystallization peak at approximately 295 °C.
Besides, as shown in Fig. 4, similar melting state transitions
were observed for all samples, which had a single broad
endothermic peak at about 340 °C, independently from sam-
ple type and heating cycle.

Moreover, the second heating scans clearly revealed the
Tg values, located at 140 °C for the PEEK AR, and 145 °C
for the NA samples. The values of the glass transition tem-
perature shifted towards higher temperatures, approximately
at 154 °C for both DA and PA samples, as shown in the
curves of Fig. 4b. It is noteworthy that the 7, values of the
annealed PEEK samples are significantly higher than those
of the as-received or not annealed samples. This trend was
already observed in the previous literature [45]. The increase
of the glass transition temperature can be explained consid-
ering that the annealing of semi-crystalline polymers, like
PEEK, not only changes the crystalline structure and the
degree of crystallinity but also affects the amorphous phase
mobility. Annealing treatment reduces the chain mobility
of the rigid fraction of the amorphous phase, leading to an
increase of the Tg values [44].

The thermal stability of the PEEK samples was evaluated
through TG analysis in air. The thermogravimetric curves
and their relative first derivatives for PEEK samples are
shown in Fig. 5a, b, respectively.

From these curves, it can be clearly observed that the
thermal degradation of PEEK in air involves two main steps.
The first begins approximately at 585 °C, evaluated as a rela-
tive maximum of the DTG curves, and corresponds to the
chain scission of the ether and ketone bonds [46], whereas,
for temperatures higher than 660 °C, the second decom-
position step occurs, due to the cracking of the aromatic
crosslinked residue produced during the first stage of degra-
dation [46]. These findings are consistent with the previous

literature and suggest that a thermodynamically stable char
structure is formed during the first step of PEEK degrada-
tion, which is then decomposed in a second step at high
temperatures (Fig. 5b) [47]. Consequently, when the mate-
rial is subjected to high temperatures, the PEEK 3D printed
samples form a char that can act as a thermal and physical
barrier, limiting heat conduction to the bulk of the polymer
material and retarding decomposition. Similar trends have
already been found in previous studies, including other poly-
mer matrices [48].

For all samples, thermal stability was assessed by deter-
mining the initial degradation, evaluated as the temperature
corresponding to 5% weight loss (T’s), and the degradation
temperature at which 50% weight loss is achieved (T), as
reported in Table 3.

All Ty values are quite similar, regardless of whether the
samples were PEEK NA (567 °C), PEEK PA (570 °C), or
PEEK DA (572 °C). The same behavior was observed for
the T’5, values, which were approximately 645 °C for all sam-
ples. However, the annealing process positively affected the
maximum degradation temperatures of the 3D printed com-
ponent. In fact, the second DTG degradation peak (Tyeg pearo)
for PEEK DA was 29 °C higher than that of PEEK NA
(Fig. 5b). It is also noteworthy that there is a significant
influence of thermal stability even among 3D printed PEEK
samples considering the two different annealing treatments.
In fact, if the post annealing leads to a very poor increase
in thermal stability, i.e., from 665 to 667 °C, the direct

Table 3 Thermal properties of 3D printed PEEK samples evaluated
by TG analysis performed in air

Fig.5 Thermogravimetric
curves of PEEK samples (a) and
their DTG curves (b)

Weight (%)

Samp]e TS TS() Tdcg peak1 Tdcg peak2
°O) ) §®) )

PEEK AR 567 645 585 665
PEEK NA 566 645 585 654
PEEK PA 570 645 585 667
PEEK DA 572 645 585 683

PEEK AR =— 5851°C

PEEK NA =———

PEEK PA =

PEEK DA e

Derivative Weight (%/min)

0 T T T T T
0 200 400

(@)

T
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Temperature (°C)

T T T
1000 0 400 600

Temperature (°C)
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annealing process seems to promote a significant increase
in degradation temperature, with a T, pear at 683 °C.

3.3 Mechanical characterization

Tensile and compression tests were performed to evaluate
the influence of the two annealing treatments on the mechan-
ical properties of 3D printed PEEK samples. Specifically,
the tensile and compression measurements were performed
on specimens with 30% infill that underwent both PA and
DA treatments. This investigation aimed to examine the vari-
ations in the mechanical behavior of PEEK specimens, par-
ticularly under the worst-case infill conditions. Additionally,
this approach was designed to minimize the use of PEEK,
given its high material cost, demonstrating a strategic bal-
ance between thorough analysis and resource efficiency. In
addition, NA tensile samples were tested for comparison,
and the results in terms of Young’s modulus (£) and ultimate
tensile strength (UTS) are illustrated in Fig. 6. It is evident
that both annealing treatments enhanced the tensile proper-
ties and uniformity of the printed parts, thereby improving
reproducibility and leading to a lower standard deviation.
The superior mechanical performance of PA samples is
consistent with the previous literature, confirming that an
annealing process can significantly improve stiffness. These
results are also in line with the calculated degree of crys-
tallinity [49, 50]. Considering the DA samples, it can be
assumed that in addition to the heated platform and building
chamber, a local heat flow could help improving the entan-
glement between polymer chains, resulting in stronger adhe-
sion and superior mechanical properties [51, 52]. Therefore,
the improvement in the mechanical performance of the DA
samples might be due to the heat collector on the nozzle
head, which provided uniform temperature around the noz-
zle and slowed the cooling rate of the extruded polymer dur-
ing printing. Moreover, the heat collector might soften the
previous layer, also improving the interlayer adhesion. In
fact, the adhesion process between two successive layers
could be schematized in two steps, the first one is the ini-
tial contact and neck growth between them; the second one

is molecular diffusion and randomization at the interface.
This last step depends on the entanglement process between
the polymer chains of the two consecutive layers. This pro-
cess is known to be enhanced by reducing the temperature
gradient between the extruded filament and the preceding
one [51-53]. However, the local heat flow supplied during
printing proves inadequate for relieving all internal defects
and residual stress, potentially resulting in lower mechanical
performance of PEEK parts [54]. Notably, Young’s modulus
of the DA samples is inferior compared to that of PA sample,
indicating lower stiffness. Therefore, to evaluate the effect of
the infill percentage on mechanical properties, all specimens
underwent PA treatments.

Figure 7 illustrates the influence of infill percentage over
E and UTS, as well as over their specific values. The spe-
cific Young’s modulus (E*) and the specific ultimate tensile
strength (UTS*) were calculated by dividing E and UTS,
respectively, by the mass density of each specimen. Young’s
modulus and UTS exhibited an average increase of about
26% and 39%, respectively, as the infill percentage raises
from 30 to 100%. It is clear that the infill percentage directly
affected the mechanical properties of 3D printed samples
due to the amount of deposited material and the variation in
sample cross-section [55]. In Fig. 7, the orange trend lines
illustrate the values of the specific tensile properties for both
E* and UTS*. As the infill percentage increases, there is
a linear improvement in these properties up to 70% infill.
Above this percentage, both E* and UTS* decrease, sug-
gesting that 70% infill could be an interesting value in terms
of material optimization for tensile load applications. These
findings are consistent with previous studies. For example,
Rinaldi et al. observed that the material deposited is poor
below 50% infill, so the outer perimeter mainly bears the
tensile load [56].

The compressive behavior of 3D printed samples was
characterized by compression tests, and the key results are
shown in Fig. 8 for the lowest and highest infill percentages.
In addition, Fig. 9 summarizes the compressive strengths and
modulus, as well as their specific values, for all infill per-
centages. In Fig. 8, all compressive stress and strain curves
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Fig. 8 Stress—strain curves for compression testing with four different
infill percentages: 30%, 50%, 70%, and 100%. Three stages: (I) linear
elasticity, (II) plateau, and (III) densification

revealed three distinct regions: a zone of linear elasticity
(D), a plateau (II), and a densification region (III), in line
with typical compressive curves [57]. After the first elastic
deformation (I) and during the second stage (II), the sam-
ple’s internal structure deformed with almost no increase

modulus, varying from 741.4 +12.8 MPa for 30% infill to
2122.0+161.4 MPa for 100% infill.

However, comparing the infill percentages in terms of
specific compressive properties, the highest value for the
specific compressive modulus was again identified in the
70% infill density samples, as shown by the orange lines in
Fig. 9a. Therefore, choosing a 70% infill could be advanta-
geous for applications necessitating mass optimization to
achieve a lightweight design. Conversely, when assessing
the specific compressive strength, evaluated at strain of
20%, it is notable that the samples with 100% infill demon-
strated superior properties compared to all other samples.
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3.4 Energy consumption

For a preliminary assessment of the sustainability of the
different processes examined, the production time and the
energy consumption were measured and expressed as a func-
tion of the heat treatment and infill percentage of the various
samples. It was then noteworthy to relate these results to the
previously presented mechanical properties.

Table 4 presents the effect of the different annealing
treatments on production time and energy consumption. It
is evident that with the DA approach, a great amount of
time can be saved in comparison to the PA treatment, which
involves keeping the samples in the oven for more than 8 h.
In addition, the findings indicated that the PA treatment is
the process with the greatest impact on the overall energy
consumption. However, it is very important to point out
that, in the data shown in Table 4, all the energy (2.7 kWh)
required for annealing in the oven was attributed to a single
specimen. Certainly, this value can be drastically reduced by
saturation of the oven volume. However, the most interesting
consideration that can be drawn from these results is that the
energy consumption increment due to the DA treatment is
almost negligible. Therefore, it can be concluded that DA
treatment, for a slight decrease in the mechanical perfor-
mance if compared with the PA treatment, can considerably
reduce the production cycle time and energy requirement.

Furthermore, Table 5 and 6 show the effect of the dif-
ferent infill percentages on printing time and energy con-
sumption to produce tensile and compression specimens,
respectively. For both kinds of samples, the same trend was
observed.

In fact, as the infill percentage increases, there is a slight
increase in printing time due to the higher amount of depos-
ited material, which was also evidenced by the rise in sample
weight. In addition, the increased printing time resulted in a
marginally higher energy absorption.

However, it is very interesting to note a decreasing
trend in energy consumption when normalized to the
mass of the samples. In fact, the specific energy consump-
tion, defined as the ratio of energy consumption to pro-
duce a sample to its mass, drops as the infill percentage

Table 4 Effect of different annealing processes on production time
and energy consumption for 3D printing of PEEK samples

Parameter NA PA DA
Production time (min) 22 502 22
Energy consumption (kWh) 0.49 3.18% 0.52

*All the energy required for annealing in oven was attributed to a sin-
gle specimen

@ Springer

Table 5 Effect of infill percentage on printing time and energy con-
sumption for the 3D printing of PEEK tensile samples

Parameter Infill percentage

30% 50% 70% 100%
Printing time (min) 22 23 24 25
Energy consumption (kWh) 0.50 0.51 053 0.55
Sample mass (g) 389 399 425 453

Specific energy consumption (kWh/g) 0.129 0.127 0.125 0.121

increases. This observation is particularly significant
given the mechanical test results, which demonstrated
optimal performance at higher infill percentages, approxi-
mately 70% for both tensile and compression tests. There
is little previous research focusing on energy consump-
tion in 3D printing of HPP using FFF. Besides, in the
few existing studies, it is often challenging to align the
material [62] or influencing parameters considered [63,
64] with those presented here. However, the results of
this research are consistent with those reported by Hassan
et al., who investigated the effect of infill percentages and
patterns on the energy consumption of FFF for carbon-
fiber-reinforced PEEK [65].

To briefly summarize the analyses conducted so far,
Fig. 10 illustrates the sequential steps undertaken in the
preceding sections, providing a visual representation of
the systematic approach adopted and presenting the cor-
responding results in each step. The preliminary results
of this study are promising and deserve further inves-
tigation to reach a more comprehensive understanding
of the heating treatment and its impact on 3D printed
samples. Conducting a thermofluidic dynamics analysis
of the heating system could provide insights into the con-
sistency of the annealing treatment. Moreover, a more
in-depth characterization of the effects of DA on thermo-
dynamo mechanical properties of the samples would be
valuable. This analysis could simulate more challenging
environments for the samples thus shedding light on their
possible application in fields such as chemical, aerospace,
or racing industries.

Table 6 Effect of infill percentage on printing time and energy con-
sumption for the 3D printing of PEEK compression samples

Parameter Infill percentage

30% 50% 70%  100%
Printing time (min) 7 8 9 10
Energy consumption (kWh) 0.19 020 021 023
Sample mass (g) 095 1.08 121 139
Specific energy consumption (kWh/g) 0.200 0.185 0.174 0.165
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Fig. 10 Scheme of the logical
workflow of research, high-
lighting the main analyses and
related results

Workflow

HP: DA is a new strategy
for improving cristallinity
in-line saving time and cost

Evaluation of the different
annealing effects (NA, DA, PA)
in the worst infill condition
(30%)

Evaluation of the different
infill density (30, 50, 70, 100%)
on the tensile and compression
properties

Evaluation of the different

annealing effects and infill

percentage on the printing
energy consumption

4 Conclusions

This research aimed to investigate the effect of two differ-
ent annealing approaches and the influence of the infill per-
centage on the thermal properties, mechanical performance,
and energy consumption required for 3D printing of PEEK
components using Fused Filament Fabrication. The research
outcomes suggest that both direct annealing (DA) and post
annealing (PA) positively influenced the thermal properties
of PEEK, leading to a higher degree of crystallinity and a
delayed onset temperature of degradation. The final compo-
nent treated with DA exhibited higher thermal stability, as
evidenced by a higher second degradation peak, in compari-
son to the PA sample.

The effect of the different annealing processes on tensile
properties was investigated and indicated that the highest
stiffness was achieved by PA. However, the DA specimens
also demonstrated an enhancement in Young’s modulus and
UTS compared with unannealed (NA) samples. In addition,
the influence of the infill percentage on mechanical proper-
ties showed a similar trend for both tensile and compressive
test results. While absolute properties increased with higher
infill percentages, the peak values in terms of specific prop-
erties were obtained at approximately 70% infill, resulting in
time and material savings compared to fully dense samples.

Relating the energy required to print the various sam-
ples with the final mechanical performance from compres-
sive and tensile tests provided valuable insights into the
eco-efficiency of FFF processing of PEEK. It could be
suggested that 3D printing a component with DA results

Analyses Results

* DA seemed not to alter the crystallinity
percentage

* Both DA and PA shifted the Tg to a higher
temperature
DA promoted a significant increase in the
degradation temperature

Mechanical

¢ Compared to NA, DA improved the mechanical
properties by reducing the temperature gradient

e The Young’s modulus of the DA samples was
smaller than that of the PA samples, indicating
lower stiffness

e PA was chosen as the heat treatment for the
specimens with different infills

Thermal

The infill percentage of 70% provided the
highest specific mechanical properties (both
tensile and compression)

Mechanical

e The specific energy consumption dropped as
the infill percentage increased

¢ The DA treatment considerably reduced the
production cycle time and energy requirement

Energetic

in substantial energy and time savings, making it advanta-
geous even if a modest oversizing may be required to com-
pensate for the lower mechanical properties of a PA part.

In conclusion, this research highlighted the advantages of
the DA approach, demonstrating significant improvements
in energy consumption, production time, and thermal stabil-
ity when compared to traditional PA method. However, it
is crucial to acknowledge that the mechanical performance
achieved through this approach was still lower compared to
that obtained through post annealing. To address this limi-
tation, further investigation into the DA process is worthy,
with a potential focus on optimization strategies, including
real-time control of heat flow. By adopting this strategy,
the full potential of the direct annealing approach could be
developed, also aligning the mechanical performance with
that provided by conventional heat treatment in oven. Nev-
ertheless, the findings of this study are promising and pave
the way for further research towards the processability of
high-performance polymers through AM, making metal
replacement more industrially accessible.
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