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neering the crystallization of the feedstock filaments. In this context, a
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performance, especially in strain values. This conclusion suggests the innova-
tive possibility of improving the quality of manufactured parts by tailoring the
microstructure of the feedstock material used in the FFF process.
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Introduction

Amongst additive manufacturing (AM) techniques,
fused filament fabrication (FFF) is a simple, economic
and popular process, usually chosen for several
applications thanks to its hardware versatility, low
cost, low material waste and the capacity of pro-
cessing a reasonable range of thermoplastic materials
[1-4]. Usually, the equipment is easy to maintain,
uses stable feedstocks, and extensive options of open-
source software and hardware are available [5, 6].

In FFF, the printing material goes through a
dynamic thermal cycle, reaching the melting state
inside the extruder nozzle (also known as liquefier),
followed by a layered deposition process [7-9].
Usually, the extruder is mounted on an XY movable
support and produces a filament in a pre-determined
path on top of a build plate following a raster pattern
and giving shape to successive layers [2, 10-12]. The
molten filament experiences a quick solidifying pro-
cess when in contact with the build plate or previous
layers, and once the layer is complete, the build plate
is lowered in the z-direction to produce a new layer,
this process is repeated until the object is finally built
[11-13].

Several processing parameters are adjustable,
including feeding rate, nozzle temperature, and
printing speed and, to obtain an optimal printing
quality, an adequate parameter selection is necessary
[1, 2, 13-18]. Performance levels also change accord-
ing to the chosen polymer, which may present
specific properties, such as different molecular
weights, crystallinity levels, shape of the raw mate-
rial, among others. These characteristics can affect
performance during the FFF process with some
studies showing such variations and their process
influence among the same polymer grade, while in
other cases, even the polymer colour may affect the
performance [7, 19].

Moreover, a relatively wide variety of polymer
types are available for FFF printers. Historically the
most popular ones are poly(lactic acid) (PLA) and
acrylonitrile butadiene styrene (ABS) [20-25]. More
recently other options such as polyethylene tereph-
thalate glycol (PETG), nylon, polycarbonate (PC),
thermoplastic polyurethane (TPU—flexible), high-
density polyethylene (HDPE), high-impact poly-
styrene (HIPS) were investigated [20, 22, 26-32].

To choose the right printing material, it is also
necessary to take into account the part application.
While simple prototype models can be easily printed
with popular polymers, such as PLA, more serious
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applications may require higher-performance poly-
mers [26]. Poly (aryl ether ketones) (PAEKs) form a
well-known polymer family based on high mechan-
ical and chemical resistance, with wide use in harsh
and demanding applications. PAEKs can also be
found in filament form, and their application on FFF
has already been investigated by some researchers
[17, 18, 33-37].

PEEK 450G is part of the PAEK family and is
resistant to hydrolysis, presenting low flammability,
smoke, and toxicity levels at temperatures up to
240 °C, being one of the few polymers considered for
metal replacement in some specific high-temperature
applications [36]. PEEK can be used as a feedstock for
FFF and depending on the production process, can
present extensive variations in the microstructure
morphology, which may influence its mechanical
properties [38]. However, the majority of the avail-
able work concentrates on what happens during
printing or at the end of the process, focused on
parts/property performance, with less concern about
the importance of feedstock filament quality and how
it can influence the process.

One of the main reasons for the initial polymer
microstructure to have a significant influence on the
process is the melt-memory, a phenomenon that can
affect the recrystallization of a polymer depending on
the nature of its molten state [39]. For relatively low
melting temperatures or short melting times, any
remaining crystalline domains within a melted
structure can act as self-nucleating agents of the new
crystalline structure, and therefore affect the resulting
semicrystalline microstructure [40—42]. Since the
melting time is relatively fast in the FFF process, with
temperatures that can vary according to the equip-
ment characteristics and processing parameters used,
a close evaluation of the melting mechanism is
important to better understand the resulting
microstructure.

Moreover, significant modelling has been done on
the temperature profile during the layer-to-layer
deposition, usually assuming that the polymer has no
crystal history at the nozzle exit point [2, 43, 44].
However, this has not been confirmed in any study,
and since the filaments are exposed to a fast-heating
cycle, depending on the crystal structure and the
level of polymeric chains alignment, it is unclear
whether the crystal structure of the filament is fully
erased.
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In this context, the present work investigates the
efficiency of the FFF process on melting PEEK 450G
feedstocks with different crystallinity levels and
polymeric chain alignment. The properties of the
feedstock filaments and extruded filaments are com-
pared before and after processing, discussing whe-
ther the crystal structure and mechanical properties
of the feedstock filaments are fully lost throughout
the extrusion process and whether the properties of
the extruded filament could be influenced and con-
trolled not only by the process but also by the prop-
erties of feedstock filament.

Materials and methods
Raw materials

Victrex PEEK 450G was used for this study, and the
main characteristics of this material are presented in
Table 1.

Four different feedstock filaments produced with
PEEK 450G were selected:

(1) PEEK 450G 1.75-mm filament supplied by
Apium, referred to as F1;

(2) PEEK 450G 1.75-mm filament supplied by
Victrex referred to as F2;

(3) Drawn PEEK 450G 1-mm filament supplied by
Victrex referred to as F3;

(4) Amorphous PEEK 450G 1/1.75 mm filament
referred to as F4.

The amorphous feedstock filament was fabricated
using a Delta extruder (model CTE-D16L640) to
process Victrex PEEK 450G pellets. The PEEK pellets
were first dried (5h @ 120 °C). Right after the
extrusion, the resulting filament was quenched in
cold water to obtain amorphous PEEK filaments to be
used as feedstock in the FFF process. The quenching
process was aided by a custom-made pulley with the
desired filament profile. The pulley helped to main-
tain the filament shape and also kept the filament in
contact with a cold water flow; however, the resulting
1.75-mm amorphous filaments presented internal
microbubbles from the quenching process, a problem
that was solved by increasing the pulling rate within
the extrusion process, which decreased the filament
diameter to 1 mm. To avoid the presence of moisture
or any effect of water uptake in the resulting fila-
ments, a drying process similar to the one previously
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Table 1 PEEK 450G main

properties [45] Property Typical value
Tensile strength (MPa) 98
Tensile elongation (%) 45
Tensile modulus (GPa) 4
Melting point (°C) 343
Glass transition temperature Tg (°C) 143
Density (g cm ™) 1.3

Drying temperature/time

150 °C/3 h or 120 °C/5 h
(Residual moisture < 0.02%)

applied to the pellets was used. The average density
for the filaments was around 1.3 g cm ™, with the
only exception being the amorphous filament (F4),
which presented a density of 1.02 g cm . All used
feedstocks are shown in Fig. 1.

Fabrication of the extruded filament using
the FFF process

It is well established that the printing process influ-
ences the performance of the parts [1, 3, 15, 28, 46, 471.
However, most of the research studies evaluate the
performance at the final stage of the process by
assessing the mechanical performance of the final
component. At this stage, it is normally very difficult
to ascertain the interactions between various process
parameters and to understand how the printed
material is influenced by the intrinsic properties of

WL ITTIT

Figure 1 PEEK 450G feedstock filaments: F1—PEEK 450G;
F2—PEEK 450G; F3—drawn PEEK 450G; F4—amorphous
PEEK 450G filament.

the feedstock material. For this reason, a
microstructural analysis of the feedstock material and
extruded filaments obtained under different condi-
tions was carried out using tensile test, transmission
electron microscopy (TEM), X-ray diffraction (XRD),
differential and fast scanning calorimetry (DSC/
FDSO).

The feedstock filaments were extruded using a
MendelMax 2 printer. The printer had an E3D style
extruder and hot end, based on a single heating zone
to melt the polymer. In the case of the 1 mm drawn
and amorphous feedstock filaments, parts were
machined to allow compatibility of the extruder with
the filament’s smaller diameter.

Extruded filaments were produced from feedstocks
F1 and F3 only, since F2 proved to be statistically
similar to F1 and the 1-mm amorphous filament (F4)
was too soft, bending in the extruder mechanism and
causing clogging problems.

The temperature and extrusion rate were varied
during the experiment to verify the impact of these
parameters on the produced filaments following a
systematic approach based on a Design of Experi-
ments (DoE). A factorial multilevel experiment
allowed the investigation of the effect of each factor
(nozzle temperature and extrusion rate) on the
response variables (crystallinity and mechanical
data).

Following this methodology, the combination of
three different levels of temperature and extrusion
rates resulted in nine different extrusion configura-
tions (referred to as E1 to E9). The parameters used
are summarized in Table 2.

Temperatures higher than 400 °C were used to
guarantee a smooth extrusion process. The filaments
were produced by free extrusion of the feedstock
filaments into the air, in an environment with a
temperature maintained at 20 °C. All specimens were
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Table 2 Feedstock extrusion

factorial experiment Configuration

2 3 4 5 6 7 8 9

configuration

Extrusion rate (mm® s™') 0.4
Nozzle T (°C) 410

1.2 2 0.4 1.2 2 0.4 1.2 2
410 410 430 430 430 450 450 450

produced with a nozzle output diameter of 0.6 and
400 mm of length.

These parameters were chosen because they are
available in all types of FFF processes and are easy to
vary. It is important to mention that parameters such
as nozzle diameter or build room temperature also
have an important influence; however, not all FFF
equipment have a build room with temperature
control. In addition, the 0.6 mm nozzle diameter was
chosen as it presents a good ratio between produc-
tivity and finish quality in FFF processes. Other
parameters that are also important, such as bed
temperature, were not considered as the experiment
was focused on analysing the filaments in a free
extrusion approach, without interaction with
substrates.

Although it can be argued that the extruded fila-
ment is not representative of the real process as it is
extruded in air, extruding directly on the bed or on
top of an additional layer was not a viable option as
quality of the filament would be compromised due to
the process of detaching of the individual extruded
filaments from the bed or adjacent layer. Further-
more, as the interest was to accurately compare dif-
ferent feedstocks and check if the variation of FFF
process parameters could influence the results, the
free extrusion provided the solution with the least
disturbance of the produced filaments.

Characterization techniques
Tensile test

Feedstocks were submitted to tensile test to under-
stand the influence of crystallinity level and polymer
chain alignment on mechanical properties.

The tensile test was initially performed on the
feedstock materials, followed by the test on the free
extruded filaments. The EZ20 Lloyds equipped with
a 50-N load cell was used combined with Bollard
style grips (Fig. 2), hence preventing the sliding of
the specimens during the tensile test. All tests were
repeated at least 5 times.

@ Springer
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Figure 2 Tensile testing set up including the Bollard style grips
and specimen fitting. The blue line defines the filament path within
the rig with the red line highlighting the gauge length.

Due to the difference in samples diameters, before
(1.75 mm) and after extrusion (0.6 mm), two test
speeds were used: 50 mm min~" for feedstock fila-
ments and 300 mm min~' for extruded filaments.
This kept the test time to specimen fracture around
1 min for all specimens, following the time recom-
mendations proposed by the ASTM D638 and ASTM
D 3379. Since the comparison was made amongst the
four feedstocks or amongst the extruded filaments,
the different rates are not an issue. In order to
determine the significance when comparing the
mechanical results, a multiple comparison procedure
was applied using Microsoft Excel.
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DSC and Flash DSC

Feedstocks and extruded filaments were also sub-
mitted to DSC and Flash DSC experiments to deter-
mine the crystallinity and changes in crystal structure
based on the filament residence time in the nozzle at
various extrusion rates and temperatures.

For the thermal evaluation of the samples, a DSC 3
and a FDSC 2 + (Mettler Toledo, UK) were used. For
the DSC, a standard heating and cooling cycle was
applied across all feedstock filaments, at a heating
and cooling rate of 10 °C min~"' from 30 to 400 °C,
under a constant nitrogen flow of 60 ml min~". All
samples presented mass between 7 and 8 mg, and the
melting enthalpy was measured using the reference
heat of fusion of 130 ] g*1 [48].

The majority of studies and models assume that the
feedstock gets fully melted when passing through the
nozzle [1, 7, 15, 49]. However, to date, there are no
data confirming that this assumption applies to any
crystal structure, or whether a drawn crystalline
structure is likely to retain some of the original crystal
history.

To better understand this phenomenon, a set of
DSC and FDSC experiments were designed. Due to
the fast-heating rate, the FDSC test is able to prevent
the polymer reorganization that would take place in a
standard DSC, and therefore replicate similar cooling
and heating rates experienced by the material in the
FFF process. An UFS1 type sensor with 16 thermo-
couples was used, and the sensor is able to achieve
heating rates from 0.1 to 50,000 °C s™' and cooling
rates from 0.1 to 4000 °C s~ '. Feedstock filament F1
(sample size of 260 ng) and F3 (sample size of 340 ng)
were analysed, and the resulting data in combination
with the mechanical results of the extruded filaments
provided an insight into polymer behaviour at the
exit point from the nozzle.

The first thermal cycle applied was a fast-heating
cycle (@1000 °C s (Fig. 3) to evaluate the F3 feed-
stock as received. The second experiment was
focused on the standard feedstock F1, and the goal
was to find a critical temperature and time that could
melt the crystalline phase completely. In this case, the
sample was fixed to the chip sensor using a slow
heating cycle and a standard reference microstruc-
ture with crystallinity levels similar to the original
feedstock (approximately 30%) was created using an
isothermal crystallization process (300 s at 290 °C)
(Fig. 4a). The temperature and time were defined

based on the PEEK 450G time-temperature-trans-
formation chart [50]. This combination of time and
temperature has been chosen for allowing a level of
crystallinity similar to that originally found in feed-
stock 1.

Once the sample was attached to the sensor, the
experiment proceeded with fast heating cycles to
different target temperatures (300-335 °C) and times
(01s; 5s; 10s) (Fig. 4b), always using as starting
point the reference microstructure with 30% crys-
tallinity. The last step was the evaluation of the
remaining crystalline phase using a fast-heating cycle
at 1000 °C s~ (see Fig. 4b).

The combination of temperature and time found
capable of reducing the initial crystallinity by 50%
was used in a third experiment for the feedstock F3,
aiming to evaluate whether the drawn feedstock
would maintain higher crystallinity levels when
exposed to the same parameters. This thermal cycle
was applied to the sample without it being previ-
ously fixed on the chip (which is done through a slow
heating cycle), in order to avoid destroying the
original aligned structure of the polymeric chains,
characteristic of this feedstock. The same procedure
was repeated for F1 to compare with the results
previously obtained from the standard reference
microstructure.

X-Ray diffraction (XRD)

The X-ray diffraction (XRD) analysis was carried out
using a Bruker D8 advance diffractometer equipped
with a copper anode at 40 mA and 30 kV. The mea-
surements were taken with an angular range of
20 = 5-40° with a step of 20 = 0.02°. The samples
were prepared using small pieces of filaments to form
a relatively flat surface, allowing the correct deflec-
tion of the X-rays. The resulting spectrum is formed
from the constructive or destructive interferences
stimulated by the interaction of the X-ray with the
sample surface. For PEEK, typical peaks appear at
angles 20 = 18.7°; 20.6° 22.8°; and 28.8°, which cor-
respond to the (110), (111), (200) and (211) planes,
respectively [33, 51, 52]. The crystalline phase amount
is calculated from the area of the sharp peaks A. and
the area of amorphous phase A,, which is represented
by the area of the curve bounded by the base of these
peaks. The resulting crystallinity is given by Eq. (1):
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Ac

- 1
Ac + Aa (1)

Xc

The typical spectrum obtained for PEEK, with four
crystalline peaks and a broad amorphous one, is
shown in Fig. 5.

Transmission Electron Microscopy

Ultra-thin sections (around 70 nm) of the PEEK
feedstocks F3 and F4 were prepared and placed on
top of 100 mesh copper grids. A transmission electron
microscope model JEOL JEM 1400 operated at 120 kV
was used to obtain the images that were collected
through a digital camera (ES 100 W CCD, Gatan,
UK.

The evaluation of morphological aspects was
accomplished through a qualitative visual analysis.

Results and discussion
Feedstock evaluation

The four feedstock filaments (F1-F4) were examined
for their structural and mechanical properties. The
experiments explored the feedstock behaviour based
on three, very different crystallinities. F1 and F2
represent standard FFF feedstock filaments as pro-
vided by the majority of suppliers, F3 represents a
highly aligned crystalline filament, and F4 is a fully
amorphous filament. The amorphous feedstock fila-
ment (F4) was added to help understand the way the

Figure 6 Typical stress x
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overall microstructure influences the mechanical
behaviour.

Mechanical properties of feedstock filaments

A typical stress—strain curve of each type of filament
is shown in Fig. 6, and the summary for the feedstock
mechanical test is presented in Table 3.

To determine which values were significantly dif-
ferent from each other, a multiple comparison pro-
cedure was applied using Microsoft Excel to obtain
the P-value. The statistical analysis revealed that
apart from F1 and F2, all other feedstocks presented
significant differences for mean values. The strain
values of F2 and F4 showed no significant difference,
as shown in Table 4.

A box and whisker plot built with all measured
stress and strain values also helps to evaluate the
difference in performance for UTS and strain for all
feedstocks, including mean and average values as
well as standard deviation, as shown in Fig. 7.

The F3 drawn feedstock filament presented an
incredible 369 MPa average stress with a Young's
modulus of 1.9 GPa, while the amorphous filament
F4 reached stress values in the similar region as F1
and F2 filaments, approximately 100 MPa, with a
Young’s modulus around 900 MPa.

It is possible to notice that the alignment of the
polymer chains on the F3 filament eliminated the
large strain range observed for the other tested
feedstocks (Fig. 6), resulting in an uninterrupted
increase in the stress values with the increase in the
strain.

. 350
strain curves for feedstocks:
F1—PEEK 450G; F2—PEEK 300 ——
450G; F3—drawn PEEK
450G; F4—amorphous PEEK 250 —F2
450G filament. L —F3
= 200 —F4
a
£ 150
n
100
50
0
0 40 80 120 160 200 240 280 320 360 400

Strain (%)
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Table 3 Summary of feedstock mechanical test results: ultimate tensile strength (UTS) and strain

Feedstock ~ Number of repeat measurements ~ UTS (MPa)  SD Strain (%)  SD Young’s Modulus (MPa)  SD

F1 5 96.25 730  217.69 30.79 960.4 11.0
F2 5 102.15 9.37 284385 150.82 962.3 14.7
F3 10 369.60 7.97 91.22 5.51 1906.3 205.7
F4 5 115.05 5.67 364.95 20.63 998.1 141.6

Table 4 Multiple comparison procedure between means

UTS Strain

Group P-value Conclusion  Group P-value Conclusion

1.2 0.301 Not different 1.2 0.381 Not different
1.3 0.000 Different 1.3 0.001 Different
1.4 0.002 Different 1.4 0.000 Different
2.3 0.000 Different 2.3 0.045 Different
2.4 0.036 Different 2.4 0.302 Not different
3.4 0.000 Different 34 0.000 Different

When P-value<0.05, the difference between the groups is
significant (0>95%)

400
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100 | ==SE== —
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Tensile strength (MPa)

F1 F2 F3 F4
Feedstock

400

350 ]

300

250
200

150
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F1 F2 F3 F4
Feedstock

Figure 7 Box and whisker plot for feedstock filaments: stress and

strain values.

Compensating for the changes in stress values, the
strain of the drawn filament (F3) failed at approxi-
mately 91% as expected from a higher crystalline

@ Springer

structure where the amorphous F4 reached the
highest strain value of approximately 400% with the
F1 and F2 filaments varying significantly in values
around 200 and 360%.

Such behaviour observed for the drawn filament is
possibly related to the drastically reduced crystallo-
graphic slip or unfolding and stretching processes of
the amorphous phase (Fig. 8) on the anisotropic
highly aligned F3 feedstock [53]. Since most of the
polymeric chains are strongly aligned in the axial
direction of the filament, there is little deformation
resulting in a more rigid filament, which presents
greater mechanical resistance.

The stress—strain curve of the drawn filament F3
was very different in comparison with the other fil-
aments. As the chains were already aligned along the
filament axis during the drawing process, there was
probably no considerably additional chain unfolding
taking place during the test and the stress values
increased constantly, without any additional necking.
The yield point is not as evident, but it is possible to
notice a variation on stress rate around 10% strain.

It was observed that F1 and F2 filaments started
with an elastic deformation, reached the yield point,
followed by a constant stress plastic deformation. In
this region, a necking effect took place. Once the
necking stretched across the entire gauge length, an
increase in the stress was observed until the filament
collapsed after reaching the highest stress. It is
interesting to notice that the necking occurs in non-
drawn crystalline filaments and in amorphous fila-
ments as well, suggesting, in this case, a reorganiza-
tion of the polymeric chains in the direction of
traction instead of a crystalline structure unfolding
[54, 55].

DSC & FDSC evaluation of feedstock filaments

To assess the thermal behaviour of the different
feedstock filaments, each of them was subjected to a
standard DSC analysis using the same basic thermal



J Mater Sci (2022) 57:766-788 775

Figure 8 Typical stress/strain
polymer behaviour and
polymer chain stretching
mechanism.
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cycle, as described in Sect. 2.3.2. The DSC thermo-
grams for all feedstocks are shown in Figs. 9, 10, and
11.

Filaments F1 and F2 show standard profiles of
semi-crystalline polymers melting and crystalizing.
F4 shows the presence of a cold crystallization peak, a
phenomenon normally observed in less crystallized
polymers which reorganize themselves when passing
the glass transition temperature [56, 57].

Feedstock F3 was expected to have a different
thermal behaviour than F1 and F2. However, the
resulting similarity of the thermograms and crys-
tallinity values obtained from feedstocks F1, F2 and
F3 during a standard DSC test was related to the
reorganization of the polymer chains during the rel-
atively slow heating promoted by the DSC during the
melting cycle (Fig. 10a). This problem was addressed
by using the FDSC with a heating rate of 1000 °C 5"
(Fig. 10b), hence avoiding the reorganization of the
polymer during the melting cycle due to the fast-
heating rate.

The summary of all DSC results obtained from all
feedstocks is shown in Table 5.

Strain (g)

The highly aligned feedstock filament F3 reaches a
crystallinity value of 40% in comparison with the
standard F1 and F2 crystallinity values of approxi-
mately 30%; the glass transition interval also
increased for the drawn filament samples.

Crystallinity evaluation of feedstocks using XRD analysis

The crystallinity values were also evaluated using
XRD. For each feedstock, the main Bragg reflections
of the orthorhombic unit cell of PEEK were detected
at the angles 20 of 18.82°, 20.80°, 22.78° and 28.82°,
similar to previously reported in the literature
[58, 59]. These peaks are associated with the diffrac-
tion planes (110), (111), (200) and (211), as shown in
Fig. 12.

It can be noticed that the planes (110) and (111) of
F3, drawn feedstock filament, presented considerably
higher intensity when compared with peaks obtained
for the standard filaments; as a consequence, the peak
associated with the plane (111) was not clearly visible
[60].
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Figure 9 DSC curves for F1 @ 4 Feedstock 1
(a) and F2 (b). 16| | Endothermic
v
1.2
‘:g’ 0.8
=
8 o4
2 -
§ P
£ 00
-0.4{ Heating - T "*—vww‘ r -
038 |
80 120 160 200 240 280 320 360
Temperature (°C)
(b) Feedstock 2
16{ i Endothermic
v
1.2
D o8 :
= Cooling
t_% 0.4
o -
e ;
£ oo
-0.4| Heating I o T —Wyﬂ —
-0.8 ’;’
80 120 160 200 240 280 320 360
Temperature (°C)

The curves were used for the degree of crystallinity
calculations, and the resulting values are shown in
Table 6.

The crystallinity values obtained from the XRD and
the DSC are in agreement and follow similar trend,
with the F3 filament having the highest percentage of
crystallinity. The differences in crystallinity between
the two methods are the result of the differences in
the two techniques (surface over bulk measurement
and thermal in comparison with optical method).

TEM analysis of feedstocks
The influence on the microstructure on the feedstock

is examined in F3 and F4, as they represent the
extremes of the crystallinity values according to the

@ Springer

previous XRD analysis from Sect. 3.1.3. TEM images
of the F3 and F4 filaments are shown in Fig. 13.

The image analysis showed two distinct structures
of PEEK 450G (highlighted by the white circles); on
crystalline PEEK samples, it is possible to identify
crystallites of different sizes in a complex structure,
and the polymer in the amorphous state presents
smaller 2D crystal embryos from which possibly 3D
crystals would normally develop. In this case, the
crystallization has been suppressed through the
quenching process.

Extruded filaments evaluation

The extruded filaments were subjected to mechanical
testing. The average tensile strength and relative
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strain results of each extrusion configuration (for
feedstocks F1 and F3) are presented in Table 7 along
with the tensile modulus. The tensile curves for some
representative samples are shown in Figs. 14 and 15.
The mechanical results are also plotted in Figs. 16 and
17, and the multiple comparison analysis results are
presented in Table 8. As explained in item 2.2, F4 was
excluded from this experiment because it was not
possible to extrude it, since it was too soft, flexing in
the extruder mechanism and causing clogging.

The processing parameters did not significantly
affect the mechanical properties of the extruded fila-
ments, which presented similar results when com-
paring different extrusion temperatures and
extrusion rates for the same feedstock. PEEK 450G is

Temperature (°C)

a fast-crystallizing grade, as shown by crystallization
kinetics of other studies [50]; therefore, any
microstructure effects induced by the process
parameters may be lost in a mechanical test under
these conditions (free cooling in air) due to the fast-
crystallizing nature of the polymer.

However, when comparing the performance
obtained with the different types of filaments, it is
possible to observe significant differences (Table 8),
with the performance obtained for the filaments
produced with F1 showing slightly smaller tensile
strength than the filaments produced with F3—
drawn filament (Fig. 16) for three process configura-
tions. The significant differences between the groups
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Figure 11 DSC curves for F4. A Feedstock 4
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Table 5 DSC and FDSC
results of feedstock filaments Feedstock Fl F2 F3 F4
F1, F2, F3 and F4 .
(F1, F2, F3 and F4) Properties Standard 1 Standard 2 Drawn Amorphous
1.75 mm 1.75 mm 1.00 mm 1.75 mm
Tm (°C) 339.84 339.78 341.52 339.85
Tg (°C) 145 147 160 142
Degree of crystallinity (%) 32.07 31.64 40.26 10.82
Tc (°C) 294.65 296.13 296.99 294.45
Tce (°C) (cold crystallization) - - - 170.65
Figure 12 XRD curves for all 35000
feedstocks.
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25000
20000
>
<
15000
10000
5000
0
15 20 25 30
2 Theta
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could be linked with the presence of different crys-
talline structures.

The strain results also presented an interesting
behaviour when comparing the F1 and F3 filaments,
the drawn feedstock presented higher values when
compared with the filaments from F1 (Fig. 17). Also,
a different behaviour can be observed in the tensile
test curves (Figs. 14 and 15) with the samples pro-
duced from F3 showing a larger plastic deformation
region before presenting an increase in tension
resulting in the sample breaking.

Table 6 Feedstock

crystallinity levels Sample Crystallinity
N % SD
F1 33.10 0.61
F2 34.53 0.32
F3 44.57 0.55
F4 9.67 0.15

Drawn feedstock

This may be an indication that the extruded fila-
ments were affected by the initial microstructure
features and that the original crystal structure was
probably not entirely erased, with some memory
effects [39, 41] playing an influence in the extruded
filament, resulting in increased maximum strain.

Interestingly, the modulus seems to be influenced
by the process, and the F1 extruded filament showed
a slightly increase in modulus possibly due to some
alignment effect induced by the change in diameter
from 1.75 to 0.6 mm. The extruded filament F3, on the
other hand, presented lower values and then its
feedstock equivalent, possibly due to a smaller dif-
ference between the initial and final diameter from
1.0 to 0.6 mm. Also, a drawn filament is under ten-
sion during its fabrication which is not the case in the
FFF extrusion process; therefore, a relaxation of the
aligned polymeric chains is possible.

Figure 13 Microstructure of drawn crystalline feedstock (F3) and amorphous (F4).
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Table 7 Average tensile

UTS (MPa)
Mean (SD)
(10 repeats/set)

Strain (%)
Mean (SD)
(10 repeats/set)

Young’s Modulus (MPa)

Mean (SD)
(10 repeats/set)

130.75 (7.06)
133.03 (8.26)
130.70 (8.58)
125.90 (9.08)
122.24 (8.33)
120.16 (5.97)
128.30 (10.08)
126.96 (12.21)
124.60 (7.49)
126.57 (6.85)
125.52 (4.8)
129.87 (4.03)
123.19 (7.51)
132.81 (6.23)
130.00 (5.27)
120.62 (6.74)
129.45 (13.35)
120.17 (10.61)

453.93 (43.67)
445.99 (37.61)
449.63 (36.97)
417.20 (49.3)
406.75 (46.11)
419.11 (37.43)
454.07 (70.48)
428.88 (79.69)
428.79 (52.64)
348.41 (234.89)
505.39 (33.26)
496.71 (31.43)
513.18 (33.59)
533.07 (23.30)
519.12 (32.57)
514.12 (35.18)
502.12 (30.09)
479.69 (39.77)

1509.1 (293.4)
1426.2 (264.8)
1438.6 (212.6)
1432.1 (215.2)
1526.5 (261.3)
1449.9 (218.6)
1361.0 (287.6)
1389.5 (202.5)
1320.1 (186.0)
1176.0 (49.4)
1197.8 (87.6)
1230.7 (59.3)
1137.8 (50.8)
1183.5 (47.5)
1221.6 (93.3)
1139.3 (27.6)
1195.3 (117.4)
1211.7 (73.2)

strength and relative strain for Feedstock  Ext. rate Temp
extruded filaments (mm*s™")  (°C)
F1 0.4 410
1.2 410
2.0 410
F1 0.4 430
1.2 430
2.0 430
Fl 0.4 450
12 450
2.0 450
F3 0.4 410
12 410
2.0 410
F3 0.4 430
12 430
2.0 430
F3 0.4 450
12 450
2.0 450
Figure 14 Stress x strain 160
chart for extruded filaments
F1. 140
120
L 100
=
Z 80 |
g /
& 60 |
a0 |
|
20 |
o |
0 100

—04mm’s" @410°C

XRD analysis of extruded filaments (F1 and F3)

The XRD crystallinity values for each tested extrusion
configuration are shown in Tables 9 and 10.

As noticed throughout the mechanical results, the
changes in extrusion conditions do not significantly
affect the strength and strain of the filaments, based
on the procedure used here for manufacture of the
filament (extruded and cooled in air). Similarly, the
crystallization is not affected by the changes in
extrusion conditions. However, the overall XRD

@ Springer

200 300 400 500 600
Strain (%)

—04mm’s’ @450°C —2.0mm’s’ @410°C  —2.0mm’s’ @450°C
crystallinity values for the extruded filament high-
light some interesting features when comparing both
filaments, with filaments produced with F3 showing
higher crystallinity values when compared to fila-
ments produced with F1, which could indicate an
influence of the previous microstructure on increas-
ing the resulting crystallinity.

As pointed out in earlier literature, sharper
diffraction peaks can be correlated with greater
crystallinity, which can be seen in Fig. 18 in which
the drawn extruded filament (F3) maintains the
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Figure 15 Stress x strain 160
chart for extruded filaments

F3.
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Figure 16 Average tensile
strength for extruded filaments
(F3—410 showed significantly
larger scatter in the data).
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highest crystallinity and shows sharper peaks [61].
This could be the result of changes in crystal mor-
phology and crystal retention when being extruded.

Crystal remelt and crystal retention
as a function of nozzle residence time
and temperature

In order to determine the critical process tempera-
tures and the residence times able to fully melt the
crystal structure of the feedstock filament and whe-
ther there is any residual crystallinity left within the
extruded filament, additional experiments were
employed using the Flash DSC as explained in
Sect. 2.3.2. The Flash DSC allowed to evaluate the

F3-410

F1-430 F3-430 F1-450 F3-450

Nozzle T(°C)

temperature and residence time influence using times
ranging from 0.1 s to 5 s and 10 s and temperatures
from 310 to 330 °C.

These times were chosen to provide longer and
shorter residence times when compared with a
standard FFF process. The temperatures were chosen
in order to gradually approach the typical melting
temperature of PEEK 450G (340 °C). After each
isothermal cycle, the polymer was quickly cooled to
30 °C to generate a reference structure with 30%
crystallinity (as explained in the experimental sec-
tion) that would allow to compare the effect of each
heating cycle subsequently tested.

After each cycle, residual crystallinity was mea-
sured based on the enthalpy of melting detected

@ Springer
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Figure 17 Average strain for
extruded filaments (F3—410
showed significantly larger
scatter in the data).

Table 8 Multiple comparison
analysis results for tensile
strength and strain between F1
and F3 (when P-value < 0.05,
the difference between the
groups is significant

(alpha > 95%))

Table 9 Crystallinity level for
F1 extruded filaments
determined through XRD
measurements

Table 10 Crystallinity level
for extruded F3 filaments
determined through XRD
measurements
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600.00 °
500.00 %
__ 400.00
®
£
5 300.00 WO mmss
'% H 1.2 mm3/s
€ 200.00 [ 2.0 mm3/s
100.00
0.00 i
F1-410 F3-410 F1-430 F3-430 F1-450 F3-450
Nozzle T(°C)
Group Ext. rate Nozzle T UTS Strain
(mm?® s7h) (°C) P-value Conclusion P-value Conclusion
F1-F3 0.4 410 0.852 Not different 0.124 Not different
F1-F3 1.2 410 0.033 Different 0.002 Different
F1-F3 2.0 410 0.278 Not different 0.002 Different
F1-F3 0.4 430 0.486 Not different 0.000 Different
F1-F3 1.2 430 0.001 Different 0.000 Different
F1-F3 2.0 430 0.000 Different 0.000 Different
F1-F3 0.4 450 0.316 Not different 0.033 Different
F1-F3 1.2 450 0.889 Not different 0.012 Different
F1-F3 2.0 450 0.297 Not different 0.026 Different
Extrusion rate Nozzle T (°C)
(mm?® s7") 410 430 450
Crystallinity % SD Crystallinity % SD Crystallinity % SD
0.4 12.3 1.3 12.2 0.4 11.8 0.3
1.2 24.2 1.0 234 2.0 22.6 0.7
2.0 19.2 0.6 18.7 2.3 16.2 1.3
Extrusion rate Nozzle T (°C)
(mm® s 410 430 450
Crystallinity % SD Crystallinity % SD Crystallinity % SD
0.4 29.3 0.5 31.8 0.1 31.0 0.6
1.2 30.6 0.9 29.0 0.6 29.6 1.7
2.0 30.0 1.6 30.1 0.1 29.6 1.2
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Figure 18 XRD curves for F1
and F3 after extrusion
(@430 °C—4.5 mm> s7").

A.U.

10 12.5 15

Table 11 Residual crystallinity of feedstock filament F1. Filament
followed a mix of temperatures (310-330 °C) and times (0.1-10 s)

Time (s) > Crystallinity (%)

Temperature (°C) 0.1s S5s 10s
330.0 0.14 0.08 0.14
327.5 1.07 0.85 1.06
325.0 5.63 5.07 5.73
3225 8.92 9.34 10.76
320.0 12.47 13.68 14.89
317.5 15.13 15.94 17.24
315.0 17.00 18.41 19.65
312.5 18.82 20.08 21.12
310.0 20.50 21.75 23.19
Reference 30.17%

during subsequent heating. Table 11 shows the
residual crystallinity at the range of isothermal tem-
peratures and times tested.

At 330 °C and above, there is no residual crys-
tallinity left in the polymer, independent of the
polymer residence time. As the temperature decrea-
ses, the level of residual crystallinity increases to
approximately 5% at 325 °C. At temperatures below
325 °C, the residence time appears to increase slightly
the crystallinity; hence at 310 °C, 0.1 s residence time
retains 20% crystallinity which increases to 23% for
10 s residence time. The increase in residual

17.5 20 22.5 25 27.5 30 325 35
20 (degrees)

—F1 —F3

crystallinity with an increase in residence time could
be the result of polymer chains reorganization.

In comparison with the standard feedstock fila-
ment, which was repeatedly cycled, the drawn
extruded filament could not be exposed to the same
set of experiments as it would require a fresh FDSC
microchip for each temperature and time. For this
reason, the combination of 317.5°C at 0.1 s was
chosen as the temperature and time to be used with
the FDSC to check crystallinity without recrystal-
lization. This set of temperature and time maintains
15% residual crystallinity for the F1 feedstock fila-
ment. Figure 19 shows the residual crystallinity for
extruded F1 compared with the drawn extruded fil-
ament, F3.

Some conclusions can be achieved by comparing
both residual crystallinities (10% for F1 and 14% for
F3) presented in Fig. 19 with the 15% residual crys-
tallinity shown in Table 11, all carried out at 0.1 s
residence time and 317.5°C. First, the results
revealed a slightly higher crystallinity in drawn fila-
ment when compared with the standard, which may
be related to crystal retention during the process
[include references]. Second, the relatively lower
value of 10% obtained from the direct measurement
of the feedstock F1 (as received) is probably related to
a different thermal history not precisely replicated by
the isothermal crystallization cycle used as reference.

It is also important to mention that the normal
FDSC procedure requires a preparation of the sample

@ Springer
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Crystallinity 14.06 %

Crystallinity 10.93 %
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Figure 19 FDSC residual crystallinity for F1 (standard) and F3 (drawn) filament.

on the microchip, using a preheating stage which
allows sample to stick to the measuring surface. The
lack of sample contact with the microchip can lead to
less accurate results and movement of the sample. In
this case, the pre-heating of the sample was not
possible, as the step would destroy the thermal
information required to understand the crystal his-
tory of the extruded filaments.

Both DSC traces revealed presence of a double
melting peak, which was originally not detected in
the feedstock materials using standard DSC (see
Figs. 9, 10, 11). The presence of the double melting
peak has been argued in the literature. Some authors
relate the presence of the double melting peak with
double lamellar populations, suggesting the presence
of two types of crystals [62, 63], while others also
relate the behaviour of the double melting peak with
reorganizations of the crystalline structure during the
heating of the polymer [50, 61, 64, 65]. According to
this approach, the lamellae with a lower melting

@ Springer

point would form last and would be concentrated in
the peripheral regions of the crystallites, presenting a
reorganization and shifting towards the higher melt-
ing peak, especially when using lower heating rates in
a DSC analysis. However, by using the high heating
rate provided by the FDSC, the double melting peak
could be detected as shown in Fig. 19, with the lower
temperature melting peak presenting a smaller
amplitude when compared to the higher temperature
peak. In addition, it is also possible to observe a
sharper peak for F3, with a slightly lower melting
temperature, similar to the feedstock response, sug-
gesting again some crystalline memory retention.

Conclusions

According to the experimental results, crystallinity
levels and polymer structure are affected by the
production process of filament shaped polymers. The
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drawn PEEK feedstock filament (F3) presented con-
siderable differences in mechanical properties and
XRD results, showing a spectra pattern with consid-
erable increase in intensity of the peaks representing
the (110) and (200) planes, not observed in the (111)
plane, which was mostly hidden.

Since drawn PEEK feedstock was able to provide a
higher strength performance (almost 4X higher than
traditional feedstocks) as pointed by tensile tests,
further tests were conducted to understand if these
properties could be transferred to FFF extruded
PEEK filaments.

The tensile test showed that the molecular orien-
tation in the drawn filament influenced the crys-
tallinity and mechanical properties of the extruded
PEEK filaments. Drawn extruded PEEK filament (F3)
presented considerable higher strength and strain
values when compared to standard extruded fila-
ment (F1). The filaments produced with the drawn
feedstock F3, maintained a slightly superior strain
performance after extrusion suggesting that the input
material affects the results, even after a full melting of
the material, as shown by the FDSC results. This
result could be related to melt-memory effects that
could influence the crystallization of the polymer
from the melt [39].

A similar conclusion was obtained from the XRD
results on the extruded filaments, with the filaments
extruded from the drawn feedstock showing more
defined and sharp peaks, associated with greater
crystallinity, which was also supported by the FDSC
results, with drawn PEEK showing higher values of
remaining crystallinity.

By extruding the filament in air, the experi-
ments helped to isolate the extrusion effects
before and after the process without the influence
of mechanical interaction with the previous layers
or substrate temperature helping to understand
the dynamics of crystallization under these
conditions.

Such conclusions suggest that it is possible to
influence the properties of the extruded filaments
depending on the specific properties of the feedstock,
which could lead, for example, to improvements in
the properties of the parts produced. Furthermore, it
is important to check the feedstock quality and
structure prior to printing if consistent parts are to be
achieved.
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