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paper screw extrusion-based process was developed for additive manufacturing of
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Aliphatic polyketone done. It was shown that the extruder-base process can produce stable additive-
Extrusion-based additive manufactured parts depending on printing speed (process parameters). The interpass
manufacturing temperature has a significant influence on printing properties and it depends on printing
3D printing speed (travel speed of building platform and extruder rotational speed). With the increase

in the printing speed, the interpass temperature increases as well. If it is low causes
insufficient heat for diffusion to occur causing delamination and if it is too high causes
geometrical deviation of workpieces which leads to defects causing a reduction in inter-
road strength. The tensile strength of specimens with raster angle 0° was 62.7 + 1.4 MPa,
which is slightly higher than the tensile strength of base material guaranteed by the
supplier (60 MPa) while the elongation up to the first crack was 32.8 + 4.6%. linter-road
strength in specimens with a raster angle of 90° was 37.2 + 0.8 MPa which is 62% of the
base material while interpass temperature was 189 + 3.3 °C.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

than 99% of plastic comes from fossil fuel feedstocks, which
makes them the fastest-growing form of oil consumption
globally. To avoid overshooting the 1.5-degree warming target,
total emissions must stay below the remaining 420 to 570
billion tonnes of carbon dioxide. Current projections state that
the production of plastic alone could generate 53.5 billion

: ) tonnes of carbon dioxide emissions by 2050, which is between
dominates the global chemical market [1]. However, the pro- 9 and 13% of the total earth's carbon budget [2]. Therefore,
duction of plastic is one of the fast-growing and most signif-

icant contributors to global greenhouse-gas emissions. More

1. Introduction

The petrochemical industry is one of the world's most rapidly
growing petroleum industries. In modern society, the demand
for petrochemical products such as plastic, pharmaceuticals,
fertilisers, and textile products has grown rapidly and now

there is a rising demand for eco-friendly polymers to reduce
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their carbon footprint and help the global energy sector reach
net zero CO, emissions by 2050 [3].

Aliphatic polyketone (PK) is an eco-friendly, high-perfor-
mance engineering thermoplastic. It was first developed far
back in the 1940s. However, it could not be melt-processed
due to poor thermal stability. The first commercial PK was
introduced by Shell in 1996. Still, even then, PK had problems
with process stability. The presence of a number of carbonyl
groups within the PK chain raised the possibility of cross-
linking. This chemical reactivity could be triggered by a
wide variety of constituents, including sizing agents on glass
fibers, ingredients in colourants, or interaction with other
polymers. Even adding the PK materials into a machine that
was not adequately purged could very fast result in cross-
linking. This caused limited commercial use of PK. Never-
theless, in 2003 Korean company Hyosung bought all Schell
patents and started research independently. The first com-
mercial line of new-age stable aliphatic polyketone for
extrusion and injection moulding was introduced in 2015 [4].
This means that new-age aliphatic polyketone is a new gen-
eration of PK which started to be commercially processed less
than ten years ago.

Compared to other aliphatic polymers such as poly-
ethylene with a melting point around 140 °C [5], polyketone
copolymers have significantly higher melting point (between
220 and 255 °C) [6]. This increase of the melting point is a result
of strong interactions between the highly polar carbonyl
groups of adjacent polymer chains [7]. In contrast to aromatic
polyketone, it is made from cheap monomers (copolymer of
ethylene and CO or terpolymer of ethylene, propylene, and
CO). The carbon monoxide monomer can be converted from
CO,, an industrial byproduct. This way, polyketone could
contribute to reducing CO, emissions and thus their raw
material recycling. Furthermore, the sustainability of PK ma-
terial benefits from the product lifecycle through the carbon
footprint reduction compared to other polymer materials. E.g.
PK base resin production emits up to 61% less CO, than nylon
and polyoxymethylene (POM) [8].

PK combines good chemical and hydrolysis resistance
necessary to meet the challenges of severe applications in
chemical, fuel contact or high-moisture environments.
Moreover, PKs have an excellent balance of engineering
properties such as excellent wear and friction properties,
tensile and impact properties and super-low permeability (e.g.
PK can achieve more than 230% higher impact strength
compared to nylon) [9,10]. In addition, a unique feature of
injection moulded polyketone is the highest elongation (more
than 30%) regardless of humidity compared to any other semi-
crystalline polymer. Furthermore, the yield strain is above
20%, which is high compared to polylactide acid (PLA) and
acrylonitrile butadiene styrene (ABS), common filaments that
have yield strain in the range of 3—4% [11]. As a result, com-
ponents made of polyketone can be manufactured in the
design phase with a high degree of certainty and without
undesirable effects. That makes polyketone suitable for use in
additive manufacturing. However, in the Scopus database,
there is no reported research on the additive manufacturing of
aliphatic polyketone. The only two works in this area is from
Garcia-Leiner et al. [12] and Tseng et al. [13]. However, they
studied extrusion-based additive manufacturing of two types

of aromatic polyketone from the polyaryletherketone (PAEK)
family, namely polyetheretherketone (PEEK) and poly-
etherketoneketone (PEKK).

The first aliphatic polyketone suitable for additive
manufacturing was developed by company Jabil Inc. (PK5000)
in 2022 so the area from additive manufacturing of aliphatic
polyketone is completely unexplored [14]. To avoid additional
costs and time consumption for developing and producing
polyketone filaments, a new concept initially developed for
processing granulated materials can be used [15]. Bellini et al.
[16] developed a new single-screw system for screw extrusion-
based additive manufacturing of granulate-based ceramic to
obtain additive manufactured parts. The novel concept was
initially called mini extruder deposition (MED). They tested
the influence of the granule size, temperature at the entrance
and exit, room temperature, size and the design of the nozzle
and deposition speed. It was pioneer research in the field of
screw extrusion-based additive manufacturing. The concept
of screw extrusion-based additive manufacturing of granulate
was further used for processing thermoplastic polymers [17].
According to the drawbacks reported by Bellini et al. [16], a
new, improved single-screw was developed by Reddy et al.
[18]. They adapted the process and called it the extruder
deposition process (EDP) for processing acrylonitrile buta-
diene styrene (ABS). The influence of nozzle temperature,
chamber temperature and road gap on bond strength and
surface finish was analysed. Results were compared with the
commercial fused deposition modelling (FDM) process. They
show that the developed EDP eliminates most of the draw-
backs of the systems developed by Bellini et al. [16] and pro-
duces components with a higher strength than that achieved
in commercial fused deposition modelling (FDM) systems.
Zhou et al. [19] developed a screw extrusion-based system for
additive manufacturing of a mixture of different materials
(heat-sensitive polyvinyl alcohol (PVOH) and its additives).
Parts were successfully printed with geometry closely
matching those of the design specification. Furthermore,
Schmidt et al. [20] developed a granulate-based direct extru-
sion system for processing ABS and PLA. Produced parts
reached tensile strength up to 80% from parts obtained with
injection moulding for ABS and up to 99% for PLA.

A similar system was also used for the additive
manufacturing of composites. Li et al. [21] processed polymer
magnet composite pellets consisting of 65 vol% isotropic
NdFeB powder and 35 vol% polyamide (Nylon-12). This
method significantly simplified the production of near-net-
shape bonded magnets and enabled efficient use of rare
earth elements, thus enriching the supply of critical materials.

This paper represents the first detailed study of the addi-
tive manufacturing of aliphatic poyketone known to the au-
thors. Considering that the EDP process produces parts with
good mechanical properties, without developing expensive
moulds and without previous filament production, this
research aims to modify the EDP process for additive
manufacturing of aliphatic polyketone. However, due to the
unstable structure of the polyketone at elevated tempera-
tures, the process faces many challenges. Therefore, a cus-
tomised extruder for processing polyketone was developed
and a detailed characterisation with light microscopy, scan-
ning electron microscopy (SEM), mechanical testing,
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Fig. 1 — Schematic of extruder deposition system (EDS).

differential scanning calorimetry (DSC) analysis and X-ray
inspection was carried out. The presented paper highlighted
all the challenges during the screw extrusion-based additive
manufacturing of aliphatic polyketone and ways to overcome
them. The study reveals that polyketone parts can be manu-
factured successfully with EDP. Therefore, this study repre-
sents introductory research in this field and points out the
future direction of research.

2. Materials and methods
2.1. Material

The granulat used during EDP was made from aliphatic poly-
ketone PK-HM 4773 by supplier AKRO-PLASTIC GmbH [22].
The average granule size is 4.69 + 0.11 mm. Yield stress, ac-
cording to the supplier, is 60 MPa. A differential scanning
calorimetry instrument (DSC 204 F1 Phoenix) was used to
determine the melting point of polyketone (T, = 227 °C) and
the glass transition temperature (Ty = 80.5 °C). To determine
the moisture and melt volume flow rate of polyketone, the
INSTRON CEAST MF 20 instrument was used. The measure-
ment was done according to DIN ISO 1133 at temperature
240 °C and at load 2,16 kg. The melt volume flow rate ac-
cording to supplier was 5.9 x 10 mm?/10 min.The moisture of

polyketone was measured at 105 °C for 20 min. Raw poly-
ketone has 0.2% moisture and after drying for 3 h at 75 °C the
moisture was reduced to 0.03%, which is acceptable according
to a material supplier.

2.2.  System specifications

The customised set-up was assembled to adjust the EDP for
the processing of polyketone (Fig. 1). The extruder ExOn10
from Herz GmbH, Germany, with printed Fanuc Robot LR Mate
200iB with 6 axes was used. The maximal rotational speed of

Mass flow me (g/min)

0 20 40 60 80 100 120
Extruder rotational speed ne (RPM)

Fig. 2 — Extruder output characteristic for polyketone.
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the extruder and motor were 175 RPM and 3500 RPM, respec-
tively. The maximal temperature which can be set is 350 °C
with accuracy of +£2 °C. The extruder and the building platform
are regulated separately. The building platform
(240 x 330 mm) is assembled with a robotic arm and has an
embedded heating system with a maximal temperature of
200 °C. During experimental tests, the temperature of the
building platform was set to 190 °C. To increase the adhesion
between the workpiece and the building platform, the build-
ing platform top side was covered with a single-layered pol-
yimide tape.

The main elements of the plasticising unit are a granulated
hopper with a feed system, screw and nozzle. Hopper and feed
systems are designed to provide a constant feeding velocity.
The plasticising unit is exposed to three different temperature
zone. In the first zone where the granulate enters the unit, the
unit was constantly cooled. In the second zone, the plasticis-
ing unitis heated at 220 °C according to the recommendations
of the polyketone supplier for injection moulding [22]. In the
third zone, the recommendation from the supplier was 250 °C.
However, during the preliminary test, it was found that at
250 °C, polyketone does not melt sufficiently. Far better results
were achieved at 260 °C. In the area between the third zone
and the nozzle exit, the polyketone solidified due to a quick
cooling of polyketone in contact with the cold nozzle. There-
fore, an additional heating element was placed at the nozzle
to provide an unhindered flow of molten material. The tem-
perature was set at 200 °C. All temperatures were set constant
during the experimental tests. The nozzle diameter was
4 mm. It was chosen based on preliminary research, which
showed that with the presented set-up without additional
cooling, a diameter of 4 mm is the largest diameter that can
ensure the production of parts with a stable geometry. The
system was programmed to create a cylindrical workpiece
with a diameter of 120 mm and high of 72 mm. During the
process, the temperature was monitored with an infrared
camera Optris PI450. Emissivity was set to 0.9. The camera has
a temperature range between —20 and 900 °C and an accuracy
of +2 °C. The thermal emissivity was calibrated with ther-
moelements. The interpass temperatures and line tempera-
tures over the printed workpiece were extracted from
thermograms. They have been measured in three different
spots and distance of 5 mm between every two strand (for
interpass temperatures) and in middle of every strand (for line
temperature).

2.3. Sample characterisation

After processing the workpieces, a detailed characterisation
was done. The materialography was performed with an opti-
cal microscope, scanning electron microscope and X-ray in-
spection. All test samples were finely ground with abrasive
paper (grit 360 to 2500) and polished with diamond suspension
(6 pm). Colloidal silica of 0.05 pm was used as a final polishing
step. The cross-sectional examination was done with a light
microscope Zeiss AxioScope.Al. The fracture mode of the
samples was examined with a scanning electron microscope
(Hitachi S-4800) operating at 15 kV. To detect defects X-ray
inspection system Nanomex 180 from company GE Sensing
(USA) was used. A maximum acceleration voltage is 180 kV,

and a maximum X-ray power is 20 W with a digital detector
and sensor GE DXR250RT.

A differential scanning calorimetry instrument Netzsch
DSC 204 F1 Phoenix with aluminum sample pans under ni-
trogen purge (250 ml/min) was used to study the influence of
the holding time of polyketone at high temperatures. The
sample mass was 1.8 mg nominal, and a new sample was
prepared for each run. The samples were heated from 25 to
300° with heating speed 5 K/min.

To analyse the mechanical properties of the additive
manufactured workpieces, microhardness and tensile tests
were performed. Microhardness tests were done by using the
standard Vickers microhardness test with Struers DuraScan
70mashine with 0.1 kg loading. The tests were repeated three
times and the standard deviation was calculated. A Hegewald
& Peschke Inspect Retrofit universal testing machine with a
maximum load of 20 kN was used to test tensile properties.
The specimens had prismatic shapes with dimensions
(height x width x length) 3 x 20 x 72 mm?. They were tested in
two printing directions with raster angles 0° and 90°. . The
tests were repeated three times and results are presented with
standard deviation.

3. Parameter optimisation

The process parameters were determined by using the model of
the strand deposition proposed by Schmidt et al. [20]. The model
is based on the assumption of equal mass and volume flow
rates inside and outside the extruder considering the same
density of polyketone in a solid and molten state. According to
the model, the equation for the determination of extruder
rotational speed is given in (1):

L, (1)

mat

Ne = Astrand "V

where Ay ang 1S the cross-sectional area of the strand, V, — the
travel speed of the building platform, p — polyketone density
and kmqt is a constant that was determined experimentally.
For that purpose, the mass output after 120 s as a function of
extruder rotational speed was measured. All measurements
were repeated three times and results obtained from the test
are presented in (Fig. 2).

Expected strand width and height were added in equation
(1) to determine the process parameters. According to pre-
liminary experiments, the strand height was set to be in the
range of 1.6—4.0 mm (1.6, 2.4, 3.2 and 4 mm). Below 1.6 mm,
the cooling rate of the material was too high, which caused the
first layer to bend, causing a collision between the nozzle and
the first layer during the second layer deposition. A nozzle
diameter of 4 mm limits the strand height because a nozzle
can extrude a strand with a maximum height of 4 mm. The
strand width was set to be 4, 5 and 6 mm. The minimal value
of strand width (4 mm) was restricted by nozzle diameter and
strand widths above 6 mm caused high geometry deviations.
For higher width, a nozzle with a larger diameter should be
used.

The travel speed of the building platform was also varied
from 10 to 20 mm/s (10, 15 and 20 mm/s). Below the 10 mm/s
value, the relative speed between the extruder and the
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Fig. 3 — Process parameters for: (a) strand width 4 mm,; (b)
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strand width 6 mm and (c) printing time. (MRS — Motor
rotational speed, ERS — Extruder rotational speed).

building platform was too low, which caused the lower layer
to cool down before the second layer was deposited. That
resulted in no bonding between the layers. On the other hand,
due to too high relative speed, the workpiece sinks because of
the high-temperature accumulation as the layers overlap too
quickly. Fig. 3a and b shows the calculated motor and extruder
rotational speed according to (1) for two series with different
strand widths. In each series, the strand height and speed of
the building platform were varied.

Printing time depends on process parameters and pro-
grammed workpiece height. The programmed workpiece

height was set to be constant for all specimens (72 mm). Fig. 3
cshows that printing time significantly drops with an increase
in relative speed, namely, the travel speed of the building
platform and extruder rotational speed which increases with
the increase of strand height (Fig. 3a and b).

4, Results and discussions
4.1. Geometrical deviation

During the extruder deposition process of polyketone, a sta-
bile geometry can be achieved depending on the process
conditions. Fig. 4a shows specimens produced with different
process parameters. Specimens produced with a strand width
of 4 mm provide a more stable geometry than those with a
strand width of 6 mm. However, they lose geometrical sta-
bility with an increase in the relative speed between the
extruder and building platform as well as with the increase of
strand volume. That causes the workpiece to sink (sample
with strand height 4.0 mm) due to a low-temperature gradient
caused by high-temperature accumulation in the high-
volume strand. Therefore, lower layers stay softened for a
longer time and due to the higher weight of the upper layers,
the workpiece begins to sink (loose workpiece height and wall
thickness become uneven). The samples with strand height
4.0 mm have also problems with instability because 4.0 mm is
also diameter of the nozzle. Therefore, according to the
theoretical model two strands should be connected only at
one point. Hovewer, in reality the height is decreased because
the soft strand is deformed due to gravity and the minimal
contact surface between the two strands. In this case, due to
unstable contact, we also have an deviation of the strands and
there is no proper strand arangment.That can be observed in
Fig. 4b, where workpiece height depends on the strand height
and travel speed of the building platform. In specimens ob-
tained with a strand height of 4.0 mm and a travel speed of
20 mm/s, the workpiece height dropped by ~20-25%
compared to the programmed height in both cases (strand
width 4 and 6 mm). Schmidt et al. [20] found that as the strand
height increases, the corresponding mass application in-
creases as well. This causes increasing heat storage capacity
and consequently slows cooling and hardening, causing
dimensional instability.

In some cases, there were slight increases in the height of
printed workpieces compared to the programmed height.
That is expected during 3D printing with a nozzle due to the
Barus effect [23]. The effect occurs because the molecules
extend when the melt passes through the nozzle. The highest
extension occurs nearby to the wall. After being released from
the nozzle, molecules tend to coil up, contract in the flow di-
rection and expand in a direction transverse to the flow.
Therefore, extrudate swells because the extruded material
expands via elastic recovery at the exit of the nozzle [24].

The second type of geometrical deviation can be observed
in samples obtained with a strand width of 6 mm and strand
height of 1.6 mm for all three travel speeds of the building
platform. This effect occurs due to a too-large contact area
between the nozzle and strand. Furthermore, the higher
pressure of the nozzle is applied on the strand, which causes
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stronger adhesive forces between them. In combination with
the low temperature of the substrate layer, as a result of the
low relative speed between the extruder and building plat-
form and the faster cooling of the strand, the strand attaches
to the nozzle rather than to the substrate layer. As a result, it
causes defects, which repeat themselves in the next layers in
the form of a wave. Bellini et al. [16], during the deposition of a
single-road wall box with mini extruder deposition of ce-
ramics, observed that below minimal temperature, the deliv-
ered material does not adhere to the subtract but remains
attached to the external surface of the nozzle. Due to the
nozzle temperature, this material melts and stitches onto
previously deposited roads, damaging the already-built layers.
4.2.  Thermography
Thermograms of the workpieces were recorded with a ther-
mal camera to understand the influence of the process pa-
rameters on temperature distribution during the process and
neck growth between the strands Fig. 5. In extrusion-based
additive manufacturing processes, inter-road bonding is
driven by the thermal energy of the semy molten material.
Inter-road coalescence takes place in three stages: (i) surface
contacting, (ii) neck growth and (iii) diffusion and random-
isation [25].

Presented thermograms (Fig. 5.) were captured during the
deposition of the last layer right before the end of the process.
Thermograms show strong dependence between temperature

distribution and relative speed between the extruder and the
building platform. With the increase in the relative speed
(travel speed of the building platform and extruder rotational
speed), more temperature is accumulated in the workpiece
because the bottom layers do not have enough time to cool
down before the upper layer is deposited. That causes the heat
storage capacity of the workpiece to increase and therefore
cooling rate to decrease [20]. Fig. 6a and b shows the example
of temperature distribution in specimens with a strand width
of 4 mm measured vertically in line at the end of the process
for different travel speeds (Fig. 6a) and strand heights (Fig. 6b).
It can be observed that in both cases at the beginning and the
end of the process, temperature are close. At the beginning of
the process, heating of the building platform has a high in-
fluence on the first few strands, which is why in all cases
temperature decreases after the approximately third strand
and afterwards increases again. At the end of the process, the
last measurement was done in the top strand directly behind
the nozzle where the temperatures are similar. However, a
high difference can be observed between those two values. It
can be seen that workpieces printed with lower travel speeds
and lower strand heights (lower relative speeds) have reduced
temperatures. In the workpiece printed with a travel speed of
10 mm/s temperature varies from ~90 to ~205 °C while in the
workpiece welded with a travel speed of 20 mm/s from ~125 to
~215 °C. Slightly higher influence has strand height where in a
workpiece printed with a strand height of 1.6 mm, tempera-
tures vary from ~96 °C to ~210 °C while in a workpiece printed
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with 4 mm strand height temperatures vary from ~135 °C to
~205 °C. This effect causes workpieces printed with high
relative speeds to have a stronger adhesion but also after
some point they lose their geometry.

Furthermore, the printing time of the workpiece is shorter
with an increase in relative speed. That confirms the
assumption that the bottom layers remain softened before the
upper layers are deposited, causing the sinking of the
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geometry under pressure. It is additionally pronounced in
workpieces with the maximum strand cross-section
(4.0 x 4.0 mm) due to the increased weight of the strand.
The lowest temperatures are captured in specimens with a
strand height of 1.6 mm and strand width of 4 mm where
delamination can occur due to low temperature. The highest
temperatures can be found in specimens with the highest
travel speed of the building platform and highest strand
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Fig. 6 — Results of temperature measurements: (a) interpass temperature for different travel speeds; (b) interpass
temperature for different strand heights (c) temperatures measured in strands over the workpiece height for different travel
speeds; (d) temperatures measured in strands over the workpiece hight for different strand heights.


https://doi.org/10.1016/j.jmrt.2023.06.223
https://doi.org/10.1016/j.jmrt.2023.06.223

4132

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:4125—-4138

heights where the sinking of the workpiece is evident. To
obtain samples with good mechanical properties and stable
geometry, a compromise has to be found. This will be dis-
cussed in chapter 3.4, together with inter-road bond strength.

The relative speed of the printing process also influences
interpass temperature Fig. 6¢c and d. With the increase in the
travel speed of the building platform, the interpass tempera-
ture increases as well. The average interpass temperature in a
workpiece printed with a travel speed of 10 mm/s is
166 + 1.8 °C while in a workpiece printed with 20 mm/s is
192 + 2.7 °C. Increasing the strand height and thus the rota-
tional speed of the extruder has a similar effect. The work-
piece printed with a strand height of 1.6 mm has an average
interpass temperature of 178 + 2.2 °C while the workpiece
printed with a strand height of 4 mm has 193 + 6 °C. The
higher deviation is a consequence of geometry deviation
which has caused uneven interpass temperature.

4.3.  Materialography

Fig. 7 shows cross-section macrographs of the workpiece wall
obtained with a travel speed of building platform of 15 mm/s
and strand width of 4 mm. The macrographs were taken in the
middle of the specimen at a length of 16 mm. Macrographs
show that specimens have no visible defects, (except pores in
specimens obtained with a strand height 4 mm pointed with a
black arrow) and there are no visible bonding lines. It can be
assumed that fusion between the strands occurred. However,
a notable difference in the shape of the strand is to be seen.
With the increase of the strand height, the waviness of the
specimen surface (red arrow) increases and the inter-road
bond line (blue arrow) decreases up to 50%. This can
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Fig. 7 — Macrographs of the specimens obtained with a
travel speed of the building platform 15 mm/s, strand
width 4 mm, and different heights. Figures are taken in the
middle of the specimen with a 16 mm length.

significantly decrease the loadability of the component and
increase the need for postprocessing. Reddy et al. [18] proved
that there is a direct correlation between road gap and inter-
road bond strength. They contributed to the decrease in the
contact area between the roads as the road gap increased.
Moreover, if the specimen needs to be post-machined, this
reduces the effective wall thickness. Therefore to obtain bet-
ter mechanical properties and effective wall thickness it is
necessary to set lower strand heights. However, that increases
the processing time and directly affects productivity.

After a detailed analysis of all specimens in some of them,
defects such as pore at the bonding interface (P), delamination
(D) and deformed strands (DS) were observed (Fig. 8.). Table 1
shows the influence of the process parameters such as travel
speed of the building platform and strand widths and heights
on defect occurrence. It can be seen that the most appearing
defects are pores and deformed strands. Most affected are
specimens obtained with strand width x height 6.0 x 1.6 mm.
Considering that pores at the bonding interface are mostly in
combination with deformed strands, it can be assumed that
due to irregular deposition of the strands, the air stays
entrapped between layers causing pores to occur. Visible
traces of delamination were found in samples printed with a
travel speed of 10 mm/s, strand width of 4.0 mm and heights
of 1.6 and 4.0 mm. In the specimen obtained with a 1.6 mm
strand height, the delamination occurred due to the low
interpass temperature, which confirms the assumption from
chapter 3.2. Bellini et al. [16] also found that there is a tem-
perature limit value below which the strength of the interface
between two adjacent roads is not sufficient to ensure satis-
factory bonding conditions. In the case of the specimen with a
strand height of 4 mm, deviation from geometry occurred due
to a combination of the high accumulated temperature in the
workpiece (Fig. 6) combined with a high volume of strands.

An X-ray inspection was done to ensure that the specimen
without defect did not have defects in another region than
those tested in cross-section on macro images. Fig. 9 shows X
ray images from two specimens without defects. In both fig-
ures, the upper part of the workpiece from the top side can be
seen. No visible defects can be found. Brighter areas represent
the bonding line where the cross-section of the wall is thinner
compared to the rest of the part. However, no visible pores or
delamination can be seen.

4.4. Mechanical properties

To understand the influence of process parameters on the
quality of the printed workpieces mechanical properties were
tested. According to hardness tests, no difference was found
in the specimens obtained with different parameters. Like-
wise, hardness was the same for printed samples and gran-
ulate and it was 10.2 + 0.13 HV. Similar results were obtained
with the tensile strength of all specimens when the tests were
done in the direction of printing with a raster angle
0° (62.7 + 1.4 MPa). This value is slightly above the value given
by the material supplier for granulate (60 MPa). The elongation
up to the first crack was 32.8 + 4.6% which was significantly
lower compared to those of granulate (>300%). This can be
attributed to the change in crystallinity after remelting, which
will be explained in chapter 3.6. However, the inter-road bond
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Fig. 8 — Possible defects found in the cross-section of the specimen wall (P-Pores, D-delamination and DS-deformed

strands).

strength of specimens obtained in a direction normal to the
printing direction depends significantly on process parame-
ters and interpass temperature (Fig. 10). Considering the travel
speed of the building platform, the trend is the same in all
specimens. All specimens with the same strand height show
increase in strength with an increase in travel speed. This can
be attributed to the fact that with an increase in the relative
speed between the extruder and the building platform the
higher interpass temperature is obtained and therefore a
better remelting of the layers between occurs. Reddy et al. [18]
have found during direct extrusion of ABS that, inter-road
strength increases by 9.5% with the increase of nozzle tem-
perature by 13%. They claim that bond strength increases with
the increase of the temperature due to better adhesion be-
tween the roads up to some point. However, if the tempera-
ture is too high, the degradation of the polymer occurs and
bond strength starts to decrease.

The highest bond strength 37.2 + 0.8 MPa was obtained in
the specimen printed with strand width x height 6.0 x 2.4 mm
and Vr = 20 mm/s followed by a sample with strand
width x height 6.0 x 3.2 mm with the same travel speed of
building platform. That is 60—62% strength of the base mate-
rial and 57—-59% of the strength obtained in specimens tested
in the printing direction, similar to results obtained by Tseng
et al. [13]. During line printing of Polyether ether ketone (PEEK)
with screw-extrusion-based additive manufacturing ~64% of

bulk material strength was achieved, which is slightly higher
compared to PK specimens.

Specimens printed with a strand width of 4 mm lose their
strength with increased strand height. This can be attributed
to the fact that during the printing of specimens with lower
strand height a higher pressure on the strand was applied.
However, workpieces with strand width of 6 mm show an
irregular trend. It seems that defects have a high effect on
mechanical properties. Specimens built with a strand height
of 1.6 mm have the lowest strength. This can be attributed to
the fact that those specimens have low interpass tempera-
tures combined with pores at the bonding line and deformed
strands. In the literature on additive manufacturing, the effect
of printing layer thickness on mechanical properties is
controversial. Some researchers claim that the higher the
thickness, the better the mechanical properties are, and
others do the opposite [26,27]. This research shows that the
best results lie somewhere in between.

The diagram of tensile force vs position for specimens built
with a travel speed of 15 mm/s and strand width of 6 mm is
presented in Fig. 11. It can be seen that the specimen tested
with raster angle 0° has a different tensile elastic modulus
compared to specimens with raster angle 90°. Furthermore, a
high difference in elongation can be observed as well. This
implies that printed polyketone is a highly mechanical
anisotropic material which is commonly for 3D printed parts

Table 1 — Defects found in specimens with different process parameters

Travel speed of

Strand width

building platform (mm/s)

4 mm 6 mm
Strand height (mm) Strand height (mm)
1.6 24 3.2 4.0 1.6 24 3.2 4.0
10 D P; D P; DS
15 P P; DS P
20 P; DS P; DS P; DS DS P; DS
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Vr=15 mm/s
strand height x width

1.6 mm x 4.0 mm

4.0 mm x 4.0 mm

Fig. 9 — X-ray inspection results of workpieces obtained with strand width 4 mm and height 1.6 and 4.0 mm as shown in the

figure. Travel speed was 15 mm/s.

[27]. Contributing factors in mechanical anisotropy are air
gaps/voids, build orientation, layer delamination and raster
angle. Week interlayer bonding can also be the result of the
low molecular diffusion and low cross-linking between the
polymer layers during deposition. Furthermore, anisotropy is
mostly affected by the polymer molecules aligning them-
selves with the direction of printing after extrusion through
the nozzle. In specimens with a raster angle 0° the molecules
tend to align in direction of the stress axis, making it the
strongest direction. Likewise, weak interlayer bonding can
lead to layer delamination [28]. Anisotropy was found in most
additive manufactured parts obtained with different tech-
niques such as selective laser sintering (SLS) [29], fused
deposition modelling (FDM) [26] etc.

4.5. Fractured surface

Fig. 12 shows a fractured surface of two specimens printed
with a travel speed of 20 mm/s and strand width of 4.0 mm.
The fracture surface shows that the fracture was brittle
because the surface has a river pattern which is a typical
characteristic of brittle fracture [30]. The difference between

the two specimens is in the strand height (1.6 mm and
4.0 mm). In both cases, the strand width is 4.0 mm. At the
inter-road surface, pores can be observed, which can signifi-
cantly reduce inter-road bond strength [31]. Furthermore,
inter-road delamination with a combination of brittle failure
through the strand can be observed in both specimens. The
difference is that in the specimen with a strand height of
1.6 mm the brittle fracture through the strand prevails and in
the specimen with a strand height of 4.0 mm, delamination
prevails. This can also be correlated to inter-strand bond
strength. The specimen with a strand height of 1.6 mm has
higher strength (33.2 + 4.9 MPa) compared to the specimen
with a strand height of 4.0 mm (24.3 + 6.6 MPa). In the spec-
imen printed with 1.6 mm the delamination of layers in
strands rather than between strands can be observed, indi-
cating that the inter-strand bond was higher than the inter-
molecular bond in the strand.

4.6. DSC Analysis

Fig. 13 shows dynamic scanning calorimetry (DSC) thermo-
graphs of polyketone granulate (a) and two specimens in the
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middle, printed with the same travel speed of the building
platform (20 mm/s) but with different strand cross-sections (b)
1.6 x 4.0 mm and (c) 4.0 x 4.0 mm. Those two samples were
chosen because they have significantly different interpass
temperatures (178 + 2.2 °C and 193 + 6 °C respectively). The
degree of crystallinity (X.) for the PKs was calculated using the
equation X, = AH,/AHS, x 100%, with DSC data where AH,,
and AHY, refer to the heat fusions of the used sample and 100%
crystalline PK (227 J g-'), respectively [32]. Granulat was
exposed to only one thermal cycle during granulat production
while extruded parts underwent two thermal cycles during
granulat production and extrusion, which according to Holt
et al. [33] has a strong influence on material properties.
Results show a clear difference between granulate and
printed parts. Granulate has a higher melting temperature,
but lower heat of fusion and crystallinity compared to both
printed parts. The decrease in melting temperature from
226.5°C to 221.6 °C and 222.6 °C, respectively, is caused by the
second thermal cycles to which specimens were exposed
during extrusion. Holt et al. [33] have observed a decrease in
melting temperature with every melting—cooling cycle. They

Vr=20 mm/s
strand height x width

Inter-strand —”_
delamination rosiy

~ River patterns &
L) TR
St

1.2kV 8.2mm (M)

Rm=33.2+4.9 MPa

1.6 mm x 4.0 mm

found the same trend in all three different aliphatic poly-
ketones tested. The observed melting behaviour is likely due
to condensation reactions that arise in the melt-holding
range. These reactions cause cross-linking of the polymer
chains.

However, the heat of fusion and crystallinity are higher in
printed samples 88.78 J/g and 39.11% for the specimen
(1.6 x 4.0 mm) and 91.94 J/g and 40.50% for the specimen
(4.0 x 4.0 mm) compared to granulate 75.22 J/g, and 33.14%,
which is opposite to result obtained in Ref. [33]. This can be
attributed to the fact that printed parts were cooled on air and
granulate in production was cooled in water, according to the
material supplier. Therefore cooling rates of granulate were
higher. So basically, with slow cooling, there is more time for
crystallisation. This can also be supported by the fact that
crystallinity is slightly higher (1.39%) in the sample with
higher interpass temperature (4.0 x 4.0 mm) compared to
(1.6 x 4.0 mm). Furthermore, the specimen (4.0 x 4.0 mm) has
a higher strand volume causing an increase in heat storage
capacity which leads to a decrease in cooling rate compared to
the specimen (1.6 x 4.0 mm). This is supported by research
from Hu et el. [34], who have investigated the influence of the
cooling rate of semi-crystalline polypropylene and found that
crystallinity decreases as the cooling rate increases. Even
though tensile strength is higher in specimens 1.6 x 4.0 mm
(332 + 49 MPa) than in specimens 4.0 x 4.0 mm
(24.6 + 6.6 MPa), this cannot be explained by crystallinity
because the higher influence on strength tested with raster
angle 90 °C have bonding line conditions (pores, adhesion,
etc.) However, considering tensile properties in specimens
tested with a raster angle 0 °C some correlation can be driven,
especially considering ductility.

According to Hocker et al. [35] crystallinity has a high in-
fluence on ductility. They have found that the ductility of
semi-crystalline polyamide decreases with an increase in
crystallinity. The same behaviour is found in printed speci-
mens where elongation decreased significantly compared to
the granulate. The elongation was 32.8 + 4.6% measured in
specimens with raster angle 0° which was significantly lower
compared to those of granulate (>300%). However, there is no
significant influence on tensile strength. The strength of
specimens tested with raster angle 0° was 62.7 + 1.4 MPa,

4.0 mm x 4.0 mm

' Inter-strand
delamination

X

1.00mm)|

Rm=24.3+6.6 MPa

Fig. 12 — Fracture surface of specimens printed with a travel speed of building platform of 20 mm/s, strand width of 4 mm

and strand height of 1.6 and 4.0 mm.
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section 1.6 x 4.0 mm and (c) strand cross-section

4.0 X 4.0 mm.

which is even slightly higher than the tensile strength of
granulate guaranteed by the supplier (60 MPa) [22].

5. Conclusions

This paper shows that screw extrusion-based additive
manufacturing of aliphatic polyketone can provide reliable
printed parts. Furthermore, it reveals new insights into the
complex 3D printing process of polyketone. The following
broad conclusions were summarised based on the results.

- To obtain printed parts with stable geometry and me-
chanical properties, a number of influencing parameters
have to be taken into account, such as strand cross-section,

the rotational speed of the extruder, the travel speed of the
building platform and nozzle diameter. Results show that
the relative speed of the extruder and building platform
has the most significant impact on temperature distribu-
tion in the workpiece and interpass temperature, there-
fore, on workpiece quality as well.

With the increase of the relative speed, the temperature

accumulation in the workpiece increases, which causes an

increase in bonding strength but, after some point, signif-
icantly affects workpiece geometry. Workpiece starts to
sink and layers are no longer stable on one another.

Therefore, the printed part is deformed with significantly

lower height than the programmed.

Even though the hardness and tensile strength of the

printed specimens with raster angle 0° were not affected by

the process, the ductility and inter-road bond strength in
specimens with raster angle 90° were affected significantly.

The highest inter-road bond strength (62% of granulate

strength) was found in the specimen printed with a travel

speed of the building platform of 20 mm/s, and a strand
cross-section of 2.4 x 6.0 mm where interpass temperature
was 189 + 3.3 °C. Interpass temperature had a significant
influence on inter-road strength. If it is low causes insuf-
ficient heat for diffusion to occur and if it is too high causes

geometrical deviation which leads to defects causing a

reduction in inter-road strength.

- A significant drop in ductility (~10 x ) in all specimens,
compared to the granulate, is due to a second thermal cycle
to which specimens were exposed during extrusion. Pro-
cess conditions also had an impact on crystallinity. With
higher relative speed, the crystallinity was increased as
well.
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