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Resumen

La policetona alifatica (PK) es una clase relativamente nueva de polimero semicristalino,
conocida por sus propiedades quimicas, térmicas y mecanicas mejoradas, asi como por su
respeto al medio ambiente. Estos atributos lo convierten en un candidato prometedor para
reemplazar varios otros polimeros. Sin embargo, la produccién de este polimero plantea un

desafio debido a su limitada estabilidad térmica.

Esta tesis se centra en evaluar la viabilidad de producir piezas estables mediante fabricacion
aditiva basada en extrusion de tornillo para dos tipos de polecetonas alifaticas. Las
policetonas utilizadas en este estudio son PK6246 (policetona base) y PK8655 (policetona
reforzada con fibra de vidrio). Se emple6 una metodologia experimental y una
caracterizacion detallada. Inicialmente, se realizaron pruebas preliminares para determinar
y limitar parametros como el rango de velocidad de la mesa, las dimensiones de la pieza de
trabajo y las temperaturas de extrusion. Las dimensiones de la pieza de trabajo se definieron
en funcion de las limitaciones de la mesa de impresion, mientras que el rango de velocidad
de la mesay las temperaturas de extrusion se determinaron segun las recomendaciones del

proveedor. Posteriormente se imprimieron 30 piezas de cada tipo de policetona.

Los resultados revelaron que se pueden producir piezas estables de PK6246 mediante
fabricacion aditiva basada en extrusora, cuando se eligen los parametros de impresion
correctos. Por el contrario, las piezas fabricadas con PK8655 mostraron un rendimiento
deficiente. Las muestras PK6246 demostraron que las resistencias a la traccion entre capas
(dngulo de impresion de 90°) pueden alcanzar valores de hasta 42 MPa, un valor
razonablemente confiable considerando un angulo de impresion de 90° y cercano a los 60
MPa especificados por el proveedor. Sin embargo, las muestras de PK8655 apenas
excedieron los 30 MPa, significativamente mas bajo que el valor especificado por el
proveedor de 130 MPa. Ademas, la microestructura de las muestras de PK8655 mostrd una
porosidad significativamente mayor en comparacion con cualquier muestra de PK6246.
Ademas, la temperatura entre capas jugé un papel crucial en la determinacion de los
parametros de impresion optimos. Esto afecta la resistencia a la traccion y esta influenciado
por la velocidad de enfriamiento entre las capas, que a su vez depende de la velocidad de
la mesa y la geometria de la capa. Una temperatura entre capas alta puede hacer que la
pieza se hunda debido a la acumulacion de calor, mientras que una temperatura entre capas

baja puede provocar deformaciones, especialmente en las capas iniciales de la impresion.



Abstract

Aliphatic polyketone (PK) is a relatively new class of semicrystalline polymer, known for its
enhanced chemical, thermal, and mechanical properties, as well as its environmental
friendliness. These attributes make it a promising candidate to replace several other
polymers. However, the production of this polymer is challenging by its limited thermal

stability.

This thesis focuses on assessing the feasibility of producing stable parts through screw
extrusion-based additive manufacturing for two types of aliphatic polyketones. The
polyketones used in this study are PK6246 (base polyketone) and PK8655 (glass fiber-
reinforced polyketone). An experimental methodology and detailed characterization were
employed. Initially, preliminary tests were conducted to determine and constrain parameters
such as table speed range, workpiece dimensions, and extrusion temperatures. The
workpiece dimensions were defined based on printing table limitations, while the table speed
range and extrusion temperatures were determined according to supplier recommendations.

Subsequently, 30 pieces of each type of polyketone were printed.

The results revealed that stable parts of PK6246 can be produced through extruder-based
additive manufacturing, when the correct printing parameters are chosen. In contrast, parts
made from PK8655 exhibited poor performance. PK6246 samples demonstrated inter-road
tensile strengths (raster angle 90°) can reach values up to 42 MPa, a reasonably reliable
value considering a raster angle of 90° and close to the 60 MPa specified by the supplier.
However, PK8655 samples barely exceeded 30 MPa, significantly lower than the supplier-
specified value of 130 MPa. Additionally, the microstructure of the PK8655 samples showed
significantly higher porosity compared to any PK6246 sample. Furthermore, the interpass
temperature played a crucial role in determining the optimal printing parameters. This affects
tensile strength and is influenced by the cooling rate between strands, which in turn depends
on the table speed and strand geometry. A high interpass temperature can cause the piece
to sink due to heat accumulation, while a low interpass temperature can lead to warping,

especially on the initial strands of printing.



Zusammenfassung

Aliphatische Polyketone (PK) ist eine relativ neue Klasse teilkristalliner Polymere, die flr ihre
verbesserten chemischen, thermischen und mechanischen Eigenschaften sowie ihre
Umweltfreundlichkeit bekannt sind. Diese Eigenschaften machen sie zu einem
vielversprechenden Kandidaten fiir den Ersatz mehrerer anderer Polymere. Die Herstellung
dieses Polymers ist jedoch aufgrund seiner begrenzten thermischen Stabilitdt eine

Herausforderung.

Der Schwerpunkt dieser Arbeit liegt auf der Bewertung der Machbarkeit der Herstellung
stabiler Teile durch additive Fertigung auf Basis der Schneckenextrusion flr zwei Arten
aliphatischer Polyketone. Die in dieser Studie verwendeten Polyketone sind PK6246
(Basispolyketon) und PK8655 (glasfaserverstarktes Polyketon). Es wurden eine
experimentelle Methodik und eine detaillierte Charakterisierung verwendet. Zunachst
wurden Vorversuche durchgeflhrt, um Parameter wie Plattformgeschwindigkeitsbereich,
Werkstlickabmessungen und Extrusionstemperaturen zu bestimmen und einzuschranken.
Die Abmessungen der Werkstiicke wurden auf der Grundlage der Einschrankungen der
Druckplattform definiert, wahrend der Geschwindigkeitsbereich der Plattform und die
Extrusionstemperaturen auf der Grundlage der Empfehlungen des Lieferanten bestimmt

wurden. AnschlieBend wurden 30 Stilick jedes Polyketontyps gedruckt.

Die Ergebnisse zeigten, dass sich durch Extruder basierte additive Fertigung stabile Teile
aus PK6246 herstellen lassen, wenn die richtigen Druckparameter gewahlt werden. Im
Gegensatz dazu zeigten Teile aus PK8655 eine schlechte Leistung. PK6246-Proben wiesen
eine Zugfestigkeit zwischen den Schichten (Rasterwinkel 90°) auf, die Werte von bis zu 42
MPa erreichen kann, ein einigermalien zuverlassiger Wert in Anbetracht eines Rasterwinkels
von 90° und nahe an den vom Lieferanten angegebenen 60 MPa. PK8655-Proben
Uberstiegen jedoch kaum 30 MPa und lag damit deutlich unter dem vom Lieferanten
angegebenen Wert von 130 MPa. Darlber hinaus zeigte die Mikrostruktur der PK8655-
Proben eine deutlich hdhere Porositat als jede PK6246-Probe. Dartber hinaus spielte die
Zwischenlagentemperatur eine entscheidende Rolle bei der Bestimmung der optimalen
Druckparameter. Diese wirkt sich auf die Zugfestigkeit aus und wird von der Abkuhlrate
zwischen den Strangen beeinflusst, die wiederum von der Plattformgeschwindigkeit und der
Stranggeometrie abhangt. Eine hohe Zwischenlagentemperatur kann dazu flihren, dass das
Teil aufgrund von Hitzestau absinkt, wahrend eine niedrige Zwischenlagentemperatur

insbesondere bei den ersten Druckschichten zu Verformungen fiihren kann.
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Chapter I: Introduction

1.1 Motivation of Work

The petrochemical industry is a key global sector, producing a wide range of
petrochemical products such as plastics, pharmaceuticals, fertilizers and different textile
items. (Alsabri et al., 2021). This industry has experienced sustained growth over the
past 20 years. Figure 1.1 illustrates the increase in production capacity and the number
of polymer products in the Middle East from 2005 to 2016 (Gulf Petrochemicals
&Chemicals Association, 2016). However, the rise in plastic production is a major factor
contributing to greenhouse gas emissions. This is because over 99% of plastics are
derived from fossil fuel feedstocks, making plastic production one of the fastest-growing

forms of petroleum consumption globally (Feit S, 2019).

Figure 1.1. Polymers production capacity and number of products in the middle east
from 2005 to 2016 (Gulf Petrochemicals &Chemicals Association, 2016).

In the 2015 Paris Climate Agreement, nations committed to keeping global warming
significantly below 2 degrees Celsius and striving to limit temperature rise to less than
1.5 °C. In 2018, the Intergovernmental Panel on Climate Change concluded that to keep
warming below the 1.5 °C threshold, global greenhouse gas emissions must be reduced
by 45% by 2030, with the goal of reaching emissions net zero by 2050 at the latest.
Figure 1.2 shows a projection of CO emissions for the year 2050 (Feit S, 2019).



Figure 1.2. Projected CO2 emissions from global plastic production

by 2050 (Feit S, 2019).
At every stage of the plastic life cycle, from the extraction and refining of fossil fuels to
the production, disposal and incineration of plastic resins, carbon dioxide, methane and
other greenhouse gases are released. This greatly affects efforts to achieve global
climate goals. To avoid exceeding the 1.5 °C temperature rise limit, total emissions must
remain within the shrinking budget of 420-570 billion tons of carbon dioxide (Feit S,
2019).

For this reason, there is an increasing demand for environmentally friendly polymers to
help mitigate environmental pollution (Labus Zlatanovic et al., 2023). Aliphatic
Polyketone (PK) is a new environmentally friendly polymer made from carbon monoxide
(CO), with applications in various areas including packaging, fibers, and technical
products. Thanks to its excellent combination of mechanical properties and high
chemical resistance, PK shows significant promise as a high-performance and versatile
polymeric material. However, challenges arise in its production attributable to its limited
thermal stability (Labus Zlatanovic et al., 2023).



1.2 General objective

The main objective is to assess the feasibility of producing stable parts from two different
types of aliphatic polyketones utilizing screw extrusion-based additive manufacturing.
Additionally, this study aims to identify the optimal operating parameters for the additive
production of aliphatic polyketones and to compare the results obtained for each type of

material.

1.3 Specific objectives

To achieve this general objective, the following specific objectives are proposed:

o Realize a comprehensive literature review including the extrusion-based additive
manufacturing process, polyketone characteristics, and their behavior during
processing.

o Optimize operating parameters for a screw extrusion-based additive
manufacturing process for 2 types of aliphatic polyketone on a newly developed
extruder.

e Perform thermal, microstructural, and mechanical characterization of the
obtained samples.

o Establish correlations between parameters, materials, process temperatures,

and properties through rigorous analysis of the results.



Chapter ll: Literature review

2.1 Polyketone (PK)

Polyketones are a class of high-performance polymers characterized by alternating
carbonyl and hydrocarbon groups (Melton et al., n.d.). They are subdivided into aliphatic
and aromatic polyketones according to the nature of the hydrocarbon groups in their
main structure. Both types have garnered significant interest due to their distinct
properties and potential uses across various industries. (Al-Muaikel, 2011; Marklund et
al., n.d.; Matsumoto et al., 2020).

2.1.1 Aromatic Polyketone

Aromatic polyketones are a class of aromatic polymers characterized by ketonic carbonyl
groups as the primary linkage within the main aromatic polymer chain. While numerous
examples of aromatic poly (ether ketones) have been documented, nearly all belong to

the "aromatic poly (ether ketones)" category (Yonezawa & Okamoto, 2009).

PEEK, a poly (ether ether ketone), is a prominent example of aromatic polymers in this
category, known as a super engineering plastic because of its outstanding thermal
stability, mechanical strength, and chemical resistance. (Yonezawa & Okamoto, 2009).
Figure 2.1 illustrates the structure of PEEK, indicating that its properties may be more

closely associated with the aromatic ether component rather than the aromatic ketone.

Figure 2.1. Structure of PEEK (Yonezawa & Okamoto, 2009).

Furthermore, aromatic polymers that consist solely of aromatic rings and ketonic
carbonyl groups as the predominant linkages in the main chain are classified as wholly
aromatic polyketones. (Gu et al., 2021). Figure 2.2 illustrates the structure of wholly

aromatic polyketone. In wholly aromatic polyketones, the absence of ether bonds in the

4



main chain leads to a more rigid structure and enhanced thermal stability. (Gu et al.,
2021).

Figure 2.2. Structure of wholly aromatic polyketone (Yonezawa &
Okamoto, 2009)

2.1.2 Aliphatic Polyketone

Aliphatic polyketone (PK) is a relatively new type of semicrystalline polymer known for
their enhanced chemical, thermal, and mechanical properties (Lin et al., 2020). This
semicrystalline polymer belongs to the group of high-performance thermoplastic
polymers and are obtained through the polymerization of a-olefins and carbon monoxide
(CO) to create a copolymer of ethylene-CO (ECO) or terpolymerization of ethylene-
propylene-CO (EPCO) as shown in figure 2.3 (Bae et al., 2014). Due to the use of carbon
monoxide (CO) as a raw material, this polymer can be considered environmentally
friendly. This is because carbon monoxide (CO) waste is used, which is actually a toxic

gas and air pollutant (Jung et al., 2018).

O O
I ; I
-{- CH, -CH, —C HCH -CH, -C +
|
CH,

Figure 2.3. Structure of ethylene-propylene-CO aliphatic polyketone (Wang
et al., 2016).

In addition, the inclusion of polar carbonyl groups within the main chain promotes
important intra- and intermolecular interactions, thus improving the physical and

chemical properties of the polymer. These intermolecular polar forces contribute to a



semicrystalline polymer characterized by a glass transition temperature of 15°C.
(Zuiderduin et al., 2005). Therefore, these polymers typically exhibit excellent chemical
and thermal resistance, along with strong mechanical properties and effective gas barrier
properties (Wang et al., 2016). According to Zuiderduin et al. (2003), PK demonstrates
impact resistance and chemical resistance that are 2.3 and 2.5 times superior to nylon,
a common engineering plastic. These exceptional properties position PK with substantial
commercial promise across various applications such as engineering, barrier packaging,

fibers, and blends (Lagaron et al., n.d.).

Despite these amazing physical properties and environmental friendliness, aliphatic
polyketone presents some challenges such as low elastic modulus and thermal instability
at elevated temperatures (> 220°C) (Cho et al., 2019). This is due to the polymer's
relatively high melting temperature (~260°C), which is approximately 125°C higher than
the melting temperature of polyethylene (Zuiderduin et al., 2003). The high crystallinity
of polyketones makes them difficult to process without degradation. At higher
temperatures, such as during melt processing, polyketones can undergo aldol
condensation reactions both between molecules and within the same molecule.
Interactions between molecules can cause degradation (cross-linking), causing an
increase in melt viscosity that restricts the processing range of these polymers. These
reactions are usually catalyzed by impurities such as salts (ions) and residual catalysts.
(Zuiderduin et al., 2003).

For this reason, several efforts were made to overcome these problems by
manufacturing PK-based composites (Stadlbauer et al., n.d.). Adding other substances
such as polymers, reinforcing fibers or micro- and/or nanofillers to the PK matrix is an
effective strategy to develop new PK-derived materials, aimed at achieving specific

characteristics and substantial improvements in properties (Yang et al., 2018).

2.1.3 PK-based composites

PK-based composites refer to the use of filler materials to improve the mechanical,
thermal and electrical properties of polyketone. Zuiderduin et al. (2006) reported the
impact of precipitated calcium carbonate (CaCO3) particles on the toughness
characteristics of aliphatic polyketones. It was found that while the thermal properties of

the matrix remained constant, the addition of CaCO3 resulted in an increase in modulus



and a decrease in yield strength. This decrease in the yield strength can be attributed to
the separation of the particles from the matrix. The figure 2.4 illustrates the toughening
mechanism with rigid particles, in which the CaCO3 content has been compounded and

injection molded.

Figure 2.4. Toughening mechanism with rigid particles
(Zuiderduin et al., 2006).

On the other hand, Lim et al. (2015) reported the creation of composites based on PK
using a polymer powder coating method, incorporating carbon nanomaterials like carbon
nanotubes (CNTs), graphene oxide (GO), and antioxidant-modified GOs as fillers. PK
composites incorporating carbon nanomaterials exhibited significantly improved thermal
stability and mechanical properties compared to pure PK. Specifically, antioxidant-
modified graphene oxide (GO) was shown to be more effective in improving the thermal
properties of PK than carbon nanotubes (CNTs) and unmodified GO. The superior
thermal stability and mechanical properties of antioxidant-modified GO can be attributed
to the synergistic effects of antioxidant functional groups and rigid conjugated carbon
structures present in GO, which possesses an ultrathin sheet morphology. (Lim et al.,
2015). The figure 2.5 provides a schematic representation of the antioxidant mechanism

in PK composites incorporating antioxidant-modified graphene oxides (GOs).



Figure 2.5. Schematic diagram of the antioxidant mechanism of AO-GOs:
(a) creation of inactive polymer chains by radical scavenging of GO and the
antioxidant and (b) barrier effect of AO-GOs within PK matrix (Lim et al., 2015).

Finally, Cho et al. (2019) investigated the impact of carbon fiber (CF) content on the
mechanical properties of PK-based composites. It was found that integrating carbon
fibers into PK enhances the thermal stability, electrical conductivity, and mechanical
characteristics of the composites. Figure 2.6 illustrates the production process of carbon

fiber (CF)-reinforced polyketone (PK) composites.



Figure 2.6. Manufacturing process of carbon fiber (CF) - reinforced polyketone
(PK) composites (Cho et al., 2019).

In recent years, fiber-reinforced polymer composites (FRPC) have gained much attention
due to their simple manufacturing process and excellent properties (Tang & Jeong,
2023). Currently, more studies are being carried out focused on improving the properties
of aliphatic polyketones, since it is a material with a great economic and environmental

potential.

2.1.4 Applications of PK-based materials

As discussed in the previous section, PK-based materials have several advantageous
characteristics such as good mechanical and chemical properties, low permeability and
environmentally friendly behavior. The advent of new technologies is expected to lead to
growth in the market for PK materials, including PK-based composites, in different
sectors such as packaging, fibers, automotive, electronics, biomedical, etc. (Mi HL,
2016).

These materials have favorable mechanical properties along with lightweight
characteristics, making them well suited for a wide variety of structural applications in
the construction sector. These applications include industrial fuel systems, filters, pipes
and pipe fittings to pumps, chemical transfer liners and containment systems (Gergen
WP and Machado JM., 1990; Gergen WP, 1991).

Besides, its robust toughness and strength are used in internal and external automotive
components, such as sucker rods, mirror frames and valve cover, as well as in
mechanical molds (George ER, 1989, 1992).
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Additionally, their exceptional wear resistance expands their suitability for transmission

applications and automotive components, such as fluid handling systems, gears,

bearings, hoses, and washers (Mi HL, 2016).

Finally, its flame-retardant properties allow for its potential use in electrical connectors,

enclosures, and related applications. With demonstrated biological safety, including the

absence of cytotoxicity, genotoxicity, allergenicity, irritation, and systemic toxicity, these

materials show promise as replacements for non-degradable polymeric biomaterials.

Also, they can serve as coatings for wires and cables, whether on glass or metal

substrates (Mi HL, 2016). In summary, the main applications of PK are listed in table 2.1.

Table 2.1. Main applications of PK-based materials (Yang et al., 2018).

Sectors

Applications

Packaging

Fibers

Industrial

Automotive

Electrics and Electronics

Biomaterials

Coating

Storage containers for liquid hydrocarbons.
Packaging designed for hot filling or sterilization in food or
medical fields.

Fibrous materials utilized for creating ropes, fishing lines,
and brushes.

Strengthening mechanical rubber goods such as tire cords
through reinforcement.

Porous membranes employed as supportive structures in the
production of forward osmosis membranes.

Components for industrial fuel systems, encompassing
filters, pipes, pipe fittings, pumps, and related equipment.
Industrial uses including handcart wheel structures, brakes,
gears, washers, bearings, and more.

Automotive applications in both interior and exterior
components like sucker rods and mirror frames.

Housing for connectors and switches.

Medical applications in ophthalmology, dentistry, bone
repair, and drug delivery systems.

Coatings for wires and cables used with glass and metal.
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2.2 Additive Manufacturing (AM)

Additive manufacturing (AM) is defined according to the International Standards
Organization/American Society for Materials Testing and Standards (ISO/ASTM
52900:2015) as a process of joining materials to achieve 3D parts with desired
geometries, usually strand by strand (ASTM. ISO/ASTM 52900:2015, 2015).

In addition, ISO/ASTM 52900:2015 identifies all additive manufacturing processes into
seven main categories (Daminabo et al., 2020). These main categories are the following
(Ligon et al., 2017):

e Material extrusion (ME): This AM technique heats material and precisely deposits
it through a nozzle to create layers for a 3D component.

o Material jetting (MJ): This AM technique involves depositing droplets of build
material, such as photopolymers or thermoplastics, to construct thin layers of a
3D object.

e Binder jetting (BJ): This AM technique uses a liquid bonding agent to fuse powder
materials together.

o Sheet lamination (SL): This AM technique bonds together sheets or foils of
material to form a solid object.

e Vat Photopolymerization (VP): This AM technique cures liquid photopolymer
resin in a vat using light to trigger polymerization.

e Powder bed fusion (PBF): This AM technique selectively fuses specific areas of
a powder bed using thermal energy, typically from a laser or electron beam.

e Directed energy deposition (DED): This AM technique employs concentrated
thermal energy, such as from a laser or plasma arc, to melt materials as they are

deposited. Currently, this process is primarily used for metals.

In summary, all additive manufacturing processes can be classified into three main
groups: solid, liquid and powder, depending on the physical form of the raw materials
used (C.K. Chua, 2014). Figure 2.7 presents the classification and different types of
additive manufacturing processes, along with a comparison focusing on build volume,

material options, and respective advantages and limitations.(Altiparmak & Xiao, 2021).
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Figure 2.7. Classification and comparison of AM processes (Altiparmak & Xiao, 2021).

2.2.1 Advantages and limitations of AM processes

Additive Manufacturing (AM) has gained value in market growth in recent decades due
to a wide range of potential advantages over conventional manufacturing processes.
Additive manufacturing processes make it easier to manufacture complex designs such
as deep channels, complex shapes, components with improved strength-to-weight
ratios, blind holes, and parts that would otherwise require multiple assembly or joining
steps (Joshi & Sheikh, 2015).

One of the potential benefits is that additive manufacturing processes can reduce raw
material waste by almost 40% compared to conventional manufacturing methods, with
95% to 98% of the waste material being recyclable (Petrovic et al., 2011). This is largely
because the additive manufacturing method is an automated and simplified system that
just requires CAD software to produce physical objects, contrasting to the extensive labor
required for conventional manufacturing (Berman et al., 2012). Thanks to these
capabilities, additive manufacturing can be seen as a tool that improves design flexibility,
allowing manufacturers to create integrated parts in innovative ways, even at low

volumes and at reduced cost (Bikas et al., 2016).
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Another benefit of this technology is its environmental friendliness, as additive
manufacturing can produce lightweight components with strong structural integrity,
contributing to green practices (Li et al., 2019). This technology integrates easily with
both traditional subtractive manufacturing and other additive manufacturing processes,
enabling the development of hybrid additive manufacturing solutions that improve the
properties of final products produced solely through conventional subtractive

manufacturing or additive manufacturing processes (Altiparmak et al., 2021).

Nevertheless, Additive Manufacturing (AM) has some limitations such as lack of globally
accepted certification and standardization, elevated material cost, limited component
size, and relatively slow production speed (Ford & Despeisse, 2016; Uriondo et al.,

2015). The main advantages and limitations of AM processes are shown in Table 2.2.

Table 2.2. Advantages and limitations of AM processes (Altiparmak & Xiao, 2021).

Advantages Limitations

«  Minimization of production costs ¢ High initial investment costs for AM

equipment, materials, and software.

e Creation of unique and complex e Limited reliability in terms of mass
shapes (design flexibility). production.

¢ Reduction in the need for part o Absence of widespread certifications and
assembly. standardization.

o i e Constraints on component size and build
¢ Minimization of material waste.

volume.
e Capability for environmentally o Lower production speed compared to
friendly manufacturing. subtractive manufacturing.

e Possibility of producing lightweight . )
e Expensive for large-scale production.

components.
e Elimination of tooling and fixturing e Metallurgical imperfections like porosity or
requirements. hot cracking.

In the following section, material extrusion (ME) will be analyzed in detail.
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2.3 Extrusion-based additive manufacturing

In contrast to liquid- and powder-based additive manufacturing processes, extrusion-
based additive manufacturing is simple to set up, making it feasible in-home
environments with minimal equipment and energy costs. Consequently, this technology
has been adopted by a wide range of users, from hobbyists to large-scale manufacturers

in various industrial sectors (Mohd Pu’ad et al., 2019).

In extrusion-based additive manufacturing processes, unlike liquid- and powder-based
methods, a feed material is heated to form a viscoelastic melt (Joseph Rey et al., 2021).
This molten material flows with a high viscosity as it's pushed through the extruder's
nozzle (Gibson et al., 2021). Typically, the material being extruded is considered a
Newtonian fluid, meaning that its viscosity remains constant regardless of the shear
strain rate, and there is a linear correlation between shear rate and stress (Herderick et
al., 2016). Currently, most extrusion-based additive manufacturing processes use a
single print head. However, there is a growing prevalence of machines equipped with
multiple print heads, which facilitate the manufacturing of multi-material components
(Sames et al., 2016).

Besides, extrusion-based additive manufacturing processes employ two main methods
to facilitate the adhesion of successive printed strands. The predominant approach
involves controlling the temperature of the extruded material: it is liquefied and extruded
in a softened or molten state so that it flows through the nozzle and deposits on the build
table or pre-printed strand before solidifying. (Altiparmak et al., 2022). The second
approach uses chemical alterations to aid in the solidification and subsequent joining of
sequentially deposited strands. For example, in processes such as direct ink writing
(DIW), extruded additive manufacturing material (typically ink or paste) is deposited on
previously placed strands, initiating chemical bonding and cross-linking between strands

immediately. (Baiano, 2022; Gonzalez-Gutierrez et al., 2018).

On the other hand, all extrusion-based additive manufacturing processes include
features that differentiate them from liquid- and powder-based methods, as follows:
(Altiparmak et al., 2022):

e Material loading: A continuous feed (such as filament, wire, or paste) maintains

a constant inlet pressure at the nozzle, allowing molten material to be extruded
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and deposited onto previously printed strands on a build table. This contrasts with
liquid- and powder-based processes, where parts are typically built within a resin
tank or powder bed that is gradually lowered to allow the addition of new material
on top of the previously deposited strand.

o Material liquefaction: The molten material is held within the print head, where it is
continuously heated by a heat source, usually heating coils surrounding the
reservoir.

o Extrusion of the liquefied material: Nozzle size has a notable impact on the quality
of printed parts. A larger nozzle increases the rate at which material is deposited
and reduces the time required for manufacturing, but it also decreases the
dimensional accuracy of the printed product.

e Solidification and bonding of the strands to form a solid dense structure: Ideally,
the shape and dimensions of the printed part should closely match those of its
CAD model. However, during cooling and drying, surface tension and gravity may
slightly alter the dimensions of extruded materials. Depending on the coefficient
of thermal expansion, the material may shrink and develop porosity as it solidifies.
To mitigate this, the cooling rate can be slowed down or the temperature

difference between the print head and the freshly printed strands can be reduced.

2.3.1 Classification of extrusion-based AM processes

Extrusion-based additive manufacturing processes are categorized based on the
mechanism used for extrusion, which may involve filament, plunger or syringe, or screw.

(Nurhudan et al., 2021). These types of mechanisms are detailed below.
2.3.1.1 Filament-based extrusion

Stratasys, Ltd. was the first to patent extrusion technology with filament-based materials.
Fused Filament Fabrication (FFF) is another type of Fused Deposition Modeling (FDM),
whose material type is filament. FDM was the pioneering extrusion-based additive
manufacturing process and remains the most widely used, followed by FFF. (Altiparmak
et al., 2022). The main distinction between FDM and FFF occurs in the operating
environment. FDM operates within a closed, thermally insulated chamber that maintains
a constant temperature. This configuration improves the mechanical properties of printed

materials and improves inter-strand adhesion but imposes limitations on the maximum
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dimensions of printable parts. In contrast, FFF technology operates in an open
environment where materials are exposed to fluctuating temperatures, which can lead to
residual stresses and weaker strand adhesion (Gonzalez-Gutierrez et al., 2018). To
mitigate this, the build table is heated before printing begins to minimize the temperature
difference between it and the initial molten strand. This preheating ensures better
adhesion between the first printed strand and the table, which is essential to maintain
structural integrity and dimensional accuracy. As a result, FFF has become the most
adopted single-material extrusion process, attractive to both hobbyists and industries
due to the variety of flament materials available, the cost-effectiveness of the process,

and the lack of size restrictions of construction (Spoerk et al., 2018).

In this filament-based process, the material is driven through a roller extruder mechanism
to guide the filament towards the nozzle (Agarwala et al., 1996). The main components

of extrusion using filament-based methods are illustrated in Figure 2.8.

Figure 2.8. Filament-based extrusion mechanism (Nurhudan et al., 2021).

The feed roller pushes the material into the heater, which melts the material and directs
it to the nozzle. The nozzle then discharges the material strand-by-strand onto the table.
The flow printing process starts with the feed roller pushing the filament into the heating
chamber. The temperature must exceed the material's melting point to ensure it flows
into the nozzle. As this occurs, the material follows a predefined path to create the object
(Nurhudan et al., 2021). These requirements are primarily met by a limited range of

materials, predominantly thermoplastics (Gonzalez-Gutierrez et al., 2018). PLA and ABS
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are the most used filament materials in FFF, although other commercially available
thermoplastics can also be used with this technology (Gao et al., 2015; Kamaal et al.,
2021; Mousapour et al., 2021).

2.3.1.2 Syringe or Plunger-based extrusion

In this form of extrusion-based additive manufacturing, rather than using feed rollers as
in filament-based processes, an actuator-driven plunger or syringe is used to control the
flow of material (Nurhudan et al., 2021). The main components of extrusion using syringe

or plunger-based methods are illustrated in Figure 2.9.

Figure 2.9. Syringe or plunger-based extrusion mechanism (Nurhudan et al., 2021).

This mechanism is used with print-compatible raw materials, such as inherently fluid-like
materials (e.g., pastes) and additive manufacturing materials with low melting points. A
plunger or syringe is used to push the feed material into the heating chamber of the print
head, where it is subsequently extruded through the nozzle for deposit onto the build
table or previously printed strands (Gonzalez-Gutierrez et al., 2018). The printing
process starts immediately after the material passes through the guide bushing
(Nurhudan et al., 2021). Furthermore, it is not necessary for the material to melt
completely, since high pressures facilitate extrusion at temperatures below its melting

point. This mechanism allows the deposition of additive manufacturing materials at lower
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process temperatures, particularly when the raw material, such as PLA, has a relatively

low melting point (Altiparmak et al., 2022).
2.3.1.3 Screw-based extrusion

Strict filament material requirements have led manufacturers to adopt an alternative
mechanism known as screw-based extrusion additive manufacturing. This approach
allows the use of granules, typically spherical in shape, instead of filaments (Gonzalez-
Gutierrez et al.,, 2018). The main components of extrusion using screw-based

mechanism are illustrated in Figure 2.10.

Figure 2.10. Screw-based extrusion mechanism (Nurhudan et al., 2021).

The granular feedstock enters the extruder system through the hopper (Nurhudan et al.,
2021). Inside the extruder barrel, the granules are transported to a melting zone where
they soften but do not completely melt, as a result of friction and applied heat. As the
material progresses along the barrel, it undergoes increasing pressure and temperature.
The rotating screw within the barrel serves to advance the material while simultaneously

compressing it against the barrel walls (He et al., 2021; Tseng et al., 2018). The molten
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material passes through a nozzle at the end of the barrel. Once the material exits the

nozzle, it is extruded as a continuous stream of molten material.

This process is regarded as the most stable due to its consistently secure operation.
Additionally, the temperature must exceed the material's melting point to ensure its flow
through the nozzle. Once this occurs, the material follows a predetermined path to create

the object as planned (Nurhudan et al., 2021).

2.3.2 Key process parameters for screw-based extrusion

2.3.2.1 Printing temperature

Temperature settings have an important effect in the screw-based extrusion process in
additive manufacturing. The precise control of temperature across different zones of the
extruder affects the quality, consistency, and mechanical characteristics of the final
printed product (Ambade et al., 2023). One of the most important aspects to consider is
thermal degradation, that is, the properties of the material deteriorate due to the effect of

high temperatures. Different materials have specific thermal degradation points.

In addition, the extrusion temperature plays a critical role in strand adhesion, which
directly impacts the structural integrity and mechanical properties of the part. The thermal
energy of the material being extruded promotes bonding between the strands. When the
temperature exceeds the glass transition temperature of the material, the adhesive bond
between the strands improves. Maintaining a high extrusion temperature (while ensuring
it does not exceed the material degradation temperature) promotes strong bonds. The
strength of these joints directly correlates with the mechanical durability of the part
(Yadav et al., 2022).

2.3.2.2 Printing speed

Screw and table speeds are 2 important parameters connected with printing speed in
additive manufacturing. These parameters directly affect the reliability of the printed parts
(Ambade et al., 2023). There are some investigations regarding the influence of printing
speed in additive manufacturing. For instance, Yao et al. (2020), found that in FDM

printing of PLA components, higher printing speeds generally lead to lower tensile and
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compressive strengths. The study highlighted that the highest tensile and compressive
strengths were observed in samples with a strand height of 0.15 mm, an infill density of
100% and a printing speed of 30 mm/s. Furthermore, the research indicated that the
impact of strand height and filler density on tensile and compressive strength is

significantly greater than that of printing speed.

Although lower printing speeds usually have a better effect on the quality of the printed
parts, these speeds should not be too low as they generate other problems during
printing such as warping specially in the first strands due to the rapid cooling of the part.
Warping in additive manufacturing refers to the unwanted bending or distortion of a
printed part, particularly in the base strands, which can cause the part to lift off the table

or develop a curved, uneven surface (Brion et al., 2022).

2.3.2.3 Nozzle diameter

Nozzle diameter is also an important parameter in 3D printing. The nozzle diameter
determines the volume of material that can be extruded. A larger nozzle diameter allows
for a higher flow rate, increasing the production speed (Czyzewski et al., 2022). Besides,
smaller nozzle diameters require higher extrusion pressures to maintain the same flow
rate, which can affect the performance and wear of the extruder (Xu et al., 2022).
However, larger nozzle diameter also increases the amount of molten material and
therefore the temperature between strands, which could generate geometric deviation

problems such as the sinking of the piece due to excess heat.

In recent years, extensive research has focused on enhancing the performance of the
extrusion nozzle. For instance, Jeon et al. (2020) investigated how nozzle temperature
affects the emission rate of materials. It was found that at an operating temperature of
185 °C, the emission rate ranged from 107 to 109 particles/min, while at 290 °C, the
emission rate increased to 1011 particles/min. On the other hand, S. Ding et al. (2019)
examined how nozzle temperature influences the mechanical properties of 3D printed
parts. The flexural strength of polyetherimide (PEI) printed parts was found to increase
with higher nozzle temperatures, between 360 and 420 °C.
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2.3.3 Swell effect

The swell effect, also known as die swell or extrudate swell, is a phenomenon in
extrusion-based additive manufacturing (AM) where the extruded material expands upon
exiting the nozzle. This expansion occurs due to the relaxation of internal stresses

accumulated in the material as it is forced through the nozzle (Colon et al., 2023).

Inside the extruder, the material is heated and pressurized. As it is pushed through the
nozzle, the material flows and undergoes deformation due to shear forces. Upon exiting
the nozzle, the material experiences a sudden release of pressure. This causes the
internal stresses to relax, leading to an expansion of the material. Besides, the degree
of expansion depends on the characteristics of the material and the parameters used in
the extrusion process. The material's elasticity causes it to swell, increasing its diameter
(Smith et al., 2024).

Other rheological phenomena observed in material extrusion, which can interact with die
swelling and affect part quality, include material compressibility and contact pressures.
For example, die swelling affects the alignment of short fibers, resulting in increased
anisotropy in the mechanical properties of extruded parts filled with short fibers.
Additionally, die swelling can cause deviations in the dimensions of the extruded roads

from their intended specifications (Colon et al., 2023).

2.3.4 Wear of the nozzle

A common problem in manufacturing processes is tool wear, which can lead to poor
surface finish and decreased mechanical properties of the workpiece. This problem also
affects additive manufacturing methods such as material extrusion. In this process, the
extrusion nozzle can suffer significant wear, especially when printing with highly abrasive

materials, such as carbon fiber reinforced polymers (Bianchi et al., 2024).

Nozzle wear during the 3D printing process, caused by material flow during extrusion,
can create significant challenges. These challenges include increased workpiece surface
roughness, decreased nozzle precision during filament deposition, decreased tool life,
and incorrect filament diameter during printing (Bianchi et al., 2024). Olsson et al. (2017)

observed problems with nozzle wear when using highly abrasive materials in the FFF
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process. However, the study did not analyze in depth the wear of the nozzles and its

relationship with the mechanical properties of the printed parts.

On the other hand, Bianchi et al. (2024) investigated how nozzle wear affects the
mechanical properties of 3D printed carbon fiber reinforced polymer parts. It was found
that the mechanical properties of printed parts are significantly influenced by printing
time, which correlates with the degree of nozzle wear. The study highlighted that the
external surfaces of the nozzle experience increased wear due to contact abrasion
between the tool and the deposited extruded material, while the internal wear of the
nozzle was minimal. Furthermore, the investigation confirmed that nozzle wear causes
a deterioration in the quality of the surface finish of printed parts and the appearance of

gaps and macro defects within the components.
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Chapter lll: Experimental method

3.1 Materials

This section details 2 types of aliphatic polyketones used in the form of granules by the
supplier AKRO-PLASTIC GmbH. These were PK-HM 8 black (6246) and PK-VM GF 30
black (8655).

3.1.1 PK-HM 8 black (6246)

PK-HM 8 black (6246) is an unreinforced, high viscosity polyketone. The average granule

size was 3.6 £ 0.39 mm as shown in Figure 3.1.

Figure 3.1. Granular material PK6246.

The main properties and recommendations given by the supplier of PK6246 are shown
below (AKROTEK PK-HM 8 Black (6246)., n.d.):

v' Tensile strength: 60 MPa

v Impact resistance: 180 kd/m?

v Density (23 °C): 1.24 g/cm?®

v Melting temperature: 220 °C

v Processing moisture: 0.02 — 0.1 %

v Melt flow index (MFI): 6 cm?3/10 min
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To determine the moisture of PK6246, SARTORIUS MA 100K instrument was used as
showed in Figure 3.2. The moisture content of the PK6246 material was assessed at
105 °C for 20 minutes. The initial polyketone had a moisture level of 0.19%, and after
being dried for 4 hours at 80 °C, the moisture decreased to 0.12%, which was

considered acceptable by the material supplier.

Figure 3.2. SARTORIUS MA 100K instrument.

3.1.2 PK-VM GF 30 black (8655)

PK-VM GF 30 black (8655) is a 30% glass fiber reinforced polyketone with average
stiffness and strength. The average granule size was 3.19 £ 0.27 mm as shown in Figure
3.3.

Figure 3.3. Granular material PK8655.
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The main properties and recommendations given by the supplier of PK6246 are shown
below (AKROTEK PK-VM GF 30 Black (8655)., n.d.):

v' Tensile strength: 130 MPa

v' Impact resistance: 70 kd/m?

v" Density (23 °C): 1,48 g/cm?

v Melting temperature: 220 °C

v Processing moisture: 0.02 - 0.1 %

v Melt flow index (MFI): 4 cm?3/10 min
To determine the moisture of PK8655, SARTORIUS MA 100K instrument was used as
well. The moisture content of the PK8655 material was assessed at 105 °C for 20
minutes. The initial polyketone had a moisture level of 0.27%, and after being dried for 4

hours at 80 °C, the moisture decreased to 0.07%, which was considered acceptable by

the material supplier.
3.2 DSC and TGA analysis of PK base material

A differential scanning calorimetry instrument Netzsch DSC 204 F1 Phoenix was used
to study the heat capacity and thermal transitions as shown in Figure 3.4. On the other
hand, a thermogravimetric analysis instrument Netzsch TG 209 F1 Iris was used to
measure the mass of the sample over time as the temperature changes as shown in
Figure 3.5.

Figure 3.4. Differential Scanning Calorimetry instrument.
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Figure 3.5. Thermogravimetric analysis instrument.

In addition, Figures 3.6 and 3.7 show the results of differential scanning calorimetry and
thermogravimetric analysis of PK6246 granulates (base material), respectively. The
melting temperature (Tm) and degradation temperature (Tq) temperatures were 256.8 °C
and 340.6 °C, respectively. Likewise, other melting temperature peaks are observed due
to the presence of other polymers. According to the supplier (AKROTEK PK-HM 8 Black
(6246)., n.d.), these are Polyamide (PA) and Polyoxymethylene (POM) which were

possibly used to stabilize the material.

Figure 3.6. DSC thermogram of PK6246 granulates.
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Figure 3.7. TGA thermogram of PK6246 granulates.

Furthermore, Figures 3.8 and 3.9 show the results of differential scanning calorimetry
and thermogravimetric analysis of PK8655 granulates (base material), respectively. The
Tmand Tq were 229.2 °C and 328.6 °C, respectively. Likewise, other melting temperature
peaks are also observed due to the presence of other polymers. According to the supplier
(AKROTEK PK-VM GF 30 Black (8655)., n.d.), these are also Polyamide (PA) and

Polyoxymethylene (POM) which were possibly used to stabilize the material.

Figure 3.8. DSC thermogram of PK8655 granulates.
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Figure 3.9. TGA thermogram of PK8655 granulates.

3.3 Microstructural comparison of granules PK 6246/8655

Microscope Zeiss AxioScope.A1 instrument was used to analyze the microstructure of
both polyketone granules as well as for cross-section analysis after the printing. Figure
3.10 shows microscope Zeiss AxioScope.A1 used for this research.

Figure 3.10. Microscope Zeiss AxioScope.A1.
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Figure 3.11 and 3.12 show the granulate cross-section of unreinforced polyketone
(PK6246) and glass fiber reinforced polyketone (PK8655), respectively. Different
oriented glass fibers can be observed on the surface of reinforced polyketone granules.

This is presumably due to the arrangement or alignment of the glass fibers.

Figure 3.11. Granule microstructure of PK6246.

Figure 3.12. Granule microstructure of PK8655.

3.4 System specifications

3.4.1 Screw extruder

The customized single screw extruder KE-V 20-25-G from Ematik Gmbh, made in

Germany, was assembled for the processing of polyketone. The extruder and motor had
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maximum rotational speeds of 100 RPM and 3000 RPM, respectively. The temperature

could be set as high as 300 °C with a precision of +2 °C.

The primary components of the extruder include a hopper with a feed system, a screw,

and a nozzle, as illustrated in Figures 3.13 and 3.14. The hopper and feed system are
engineered to maintain a steady feeding rate. Before starting the extrusion process, the
plasticizing unit (polyketone) was heated for 4 hours at 80°C to reduce humidity
according to the recommendations of the supplier (AKROTEK PK-HM 8 Black (6246).,
n.d.; AKROTEK PK-VM GF 30 Black (8655)., n.d.). Then, the plasticizing unit was
exposed to five different temperature zones. According to the recommendations of the
supplier (AKROTEK PK-HM 8 Black (6246)., n.d.; AKROTEK PK-VM GF 30 Black
(8655)., n.d.), the plasticizing unit must be heated in a range of 220-250 °C in zone 1,
zone 2 and zone 3 as shown in Figure 3.13, while in zone 4 and zone 5 in a range of
230-250 °C as shown in Figure 3.14.

Figure 3.13. Main elements and heating zones of customized screw extruder.

However, during the preliminary tests, it was found that temperatures lower than 220°

were required in the first 2 zones of extrusion so that the polyketone in plasticizing unit
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does not degrade (this will be explained in more detail in the preliminary tests (Section
4)). While temperatures higher than 220°C were required in the zones 3 and 4 of
extruder to obtain a melting of the polyketone. Initially, there was no heating element in
zone 5, but it was observed that without heating of the nozzle on exits the polyketone
solidified due to the rapid cooling at the exit from the nozzle. As a result, an extra heating
element was installed in zone 5 near the nozzle to guarantee the uninterrupted flow of

the molten material.

Figure 3.14. Nozzle and heating zones of customized screw extruder.

All temperatures (according to preliminary tests explained in section 4) were kept
constant throughout the experimental trials. The nozzle had a diameter of 4 mm, chosen
based on prior research indicating that, with the current setup and no additional cooling,

this diameter was the largest capable of producing parts with consistent geometry.

3.4.2 Building table

Fanuc Robot LR Mate 200iB with 6 axes, assembled with a building table (240 x 330
mm), was used for the manufacturing of polyketone parts as shown in Figure 3.15. This
table incorporates an integrated heating system capable of reaching temperatures up to
200 °C. In experimental tests, the table temperature was adjusted to 200 °C to mitigate
the rapid cooling of molten polyketone when it comes into contact with the colder table
surface. Furthermore, a single strip of polyimide tape was placed on the upper surface

of the table to improve adhesion between the workpiece and the build table.

31



Figure 3.15. Robotic arm assembled with a building table.

The system was configured to manufacture a cylindrical workpiece measuring 140 mm
in diameter and 75 mm in height (these dimensions are justified in section 4). Figure 3.16

shows the 3D model that needs to be printed.

Figure 3.16. 3D model of cylindrical workpiece.

Furthermore, the formation of the polyketone pieces was handled by the robotic arm
controller as shown in Figure 3.17. In addition, temperature monitoring during the
process was carried out using an Optris P1450 model infrared camera, with an emissivity
set at 0.9. The camera operates within a temperature range of -20 to 900°C with an
accuracy of 2°C. Thermocouples were used to calibrate thermal emissivity.
Thermograms provided the interpass temperatures and line temperatures along the
printed part. Measurements were taken at three different locations with a 5 mm gap
between each pair of strands for interpass temperatures and at the midpoint of each

strand for line temperatures.
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Figure 3.17. Robotic arm controller.

3.5 Sample characterization

Following the processing of the workpieces, a thorough characterization was conducted.
First, a visual inspection of all printed polyketone parts was performed using a Nikon
D5600 DSLR camera. Materialography was then performed with a Zeiss Axio Zoom V16
optical microscope as shown in figure 3.18. To do this, all printed polyketone parts were

cut, mounted in Epoxi Resin and polished with abrasive paper (grit 360 to 4800).

Figure 3.18. Microscope Zeiss Axio Zoom V16.
Finally, microhardness and tensile tests were performed to analyze the mechanical

properties of polyketone manufactured workpieces. Microhardness testing was

conducted by using the standard Vickers microhardness method with Struers DuraScan
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70mashine as shown in figure 3.19. The tests were repeated five times for each sample

with the HV 0,1 method and the standard deviation was computed.

Figure 3.19. Microhardness machine Struers DuraScan 70mashine.
A Hegewald & Peschke Inspect Retrofit universal testing machine with a maximum load

of 20 kN and travel speed of 20 mm/min was used to evaluate tensile properties as

shown in figure 3.20.

Figure 3.20. Tensile testing machine Hegewald & Peschke Inspect Retrofit.
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The specimens had prismatic shapes with dimensions (height x width x length) 20 x 6 x

75 mm as shown in Figure 3.21.

Figure 3.21. Sketch of the samples for tensile testing.
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Chapter IV: Preliminary research

4.1 Determination of optimal process parameters

Due the system was programmed to create cylindrical workpieces, it was necessary to
determine and delimit certain manufacturing parameters. Some of these parameters

were previously defined, which are the following:
v/ Building table temperature: 200 °C
v" Workpiece height: 75 mm

As explained in the previous section, the temperature of the build table was set to 200°C
to reduce the rapid cooling of the molten polyketone in contact with the table which
causes high deformation of the first strand. Likewise, a height of 75 mm was defined for
the workpiece since it is a sufficient length to carry out all necessary sample

characterization.

However, it was necessary to determine the other process parameters through

preliminary tests. The parameters to find were the following:

v' Process temperatures: T1, Tz, T3, Ta, Ts
v" Workpiece diameter: D

v" Range of table speeds: v

4.1.1 Determination of optimal process temperatures

In line with the recommendations provided by the polyketone supplier (AKROTEK PK-
HM 8 Black (6246)., n.d.; AKROTEK PK-VM GF 30 Black (8655)., n.d.), temperatures
between zone 1 and 4 should be between the 220 - 250 °C while the temperature in
nozzle zone should be between 230 - 250 °C. These temperature recommendations are
for injection molding. Therefore, several samples of polyketone were manufactured by
varying the temperatures of the zones (zone 1 - zone 5) until the optimal process
temperatures were found, as shown in figure 4.1. It was found that in the first two extruder

zones the temperature should be less than 220°, because in these zones the material is
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only required to be plasticized, not melted. The material reaches these temperatures due
to the friction produced between the base material granules and the extruder screw,
which pushes the polyketone granules against the barrel wall. Besides, if the
temperatures are higher than 220°C it causes the polyketone to degrade as it leaves the
extruder. On the other hand, it was found that the temperature in the nozzle have to be
higher than 260°, because this improves the quality of the molten polyketone when it

leaves the extruder.

Figure 4.1. Determination of optimal process temperature.

For all these reasons, the optimal temperature parameters were set to be:

v’ T1:200°C
v’ T2: 200 °C
v T3:225°C
v’ T4 235°C

v’ Ts:265°C

4.1.2 Determination of the optimal part diameter

To print cylindrical parts, the optimal diameter must be determined considering the
dimensions of the robot table (240 x 330 mm). Therefore, workpieces were manufactured

in the range of 50 - 80 mm, with an interval of 10 mm as shown in figure 4.2. These parts
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were printed with a table speed of 10 mm/s and the optimal diameter found for printing
of cylindrical workpieces was 140 mm. On the one hand, it was observed that with
diameters less than 140 mm the workpieces were unstable due to geometric
deformations due to high heat accumulation. On the other hand, for diameters greater
than 140 mm, the printing height of the workpiece could not be reached due to the

dimensional restrictions of the robotic arm.

Figure 4.2. Determination of the optimal workpiece diameter.

4.1.3 Determination of optimal range of table speeds

Due to the wide number of possible table speeds, the speed must be limited before
starting the tests. Therefore, cylindrical parts were printed in a table speed range of 5 -
20 mm/s with an interval of 5 mm/s as shown in figure 4.3. These parts were printed with
a diameter of 140 mm.

Figure 4.3. Determination of optimal range of table speeds.
It could be observed that at very low table speeds, such as 5 mm/s, the material began

to degrade. Therefore, it is not an appropriate speed for the manufacture of cylindrical
polyketone workpieces. On the other hand, at very high table speeds, such as 20 mm/s,
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the workpiece began to deform due to the excess accumulated heat. Therefore, it is not

an optimal speed for the manufacture of cylindrical polyketone workpieces either.

Finally, optimal results were obtained with table speeds of 10 and 15 mm/s. Therefore,

both speeds were used in the final experiments.

4.2 Mathematical model of strand deposition

A strand deposition model was proposed by Schmidt et al. (2019). This model describes
the geometry of the strand (height and width) as a function of the rotation speed of
extruder and the travel speed of robot arm. Figure 4.4 illustrates the strand geometry of

the cylindrical workpieces to be printed.

Figure 4.4. Representation of strand geometry of the cylindrical workpieces.

A strand deposition model was formulated under the assumption that the mass and
volumetric flow rates inside and outside the extruder are balanced, taking into account
the constant density of the polyketone in both the solid and molten states. According to

the principle of conservation of mass, it is defined:

m; = m, (1.1)
kmat = o (1.2)
Anl-
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m; = n;* Ky (1.3)

n;: Extruder speed
Konat: Material constant (slope of the curve)
m; : Mass flow inside the extruder

m, : Mass flow outside the extruder

Likewise, according to the principle of conservation of volume and considering a constant

density of the material, it is defined:

v, =V, (1.4)
m 14 m 15
= — = —

p : Density
Vl- : Volume flow inside the extruder

VO: Volume flow outside the extruder
Replacing equation 1.3 into 1.5, its obtained:

. 1
Vo=n; Kpgt* ; (1.6)

Furthermore, the volume flow inside and outside the extruder can be described as a

function of the geometry of strand (Figure 4.5) and the speed of the robotic arm.

Figure 4.5. Sketch of strand geometry.
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According to figure 4.5, the area of the strand is described as:
T .2
Astrana = 4 “h*+h-(b— h) (1.7)

Agtrana: Area of strand
h: Strand height
b: Strand width

Thus, the volume flow of the extruder is described as:

Vi = Vo = Astrana " Vr (1.8)
Replacing equation 1.7 into 1.8, its obtained:
. T
—(Z.p2 (b — .
V,,_(4 h?+h-(b—h))-v, (1.9)

v, Robot table speed

Finally, by equating equations 1.6 and 1.9, the rotational speed of the extruder and the

table speed of the robot were determined.

VZ) =N Kmat "= = (AStrand) " Uy (2.0)

1
p

e Determination of extruder rotational speed:

n=4-v,- -p [RPM] (2.1)
mat
e Determination of robot table speed:
1
Vg =5 My Knar P[] (2.2)
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4.3 Estimation of the material constant

Material constant (Kmat) is @ constant established through experimental determination.
For that purpose, 10 samples of each type of material were printed using an extruder
rotation speed from 10 to 100 rpm, increasing in an interval of 10 rpm. All samples were
measured after an interval of 60 s of printing and all measurements were repeated three
times for more accurate results. A digital precision balance Kern PLJ was used to weigh

each sample as shown in Figure 4.6.

Figure 4.6. Digital precision balance Kern PLJ.

The results obtained from both polyketone materials (PK6246 and PK8655) are shown
in Figure 4.7. Characteristic curves show a direct relationship between applied extruder
rotational speed and measured mass output, and the slope of each characteristic curve

represents the material constant.

Figure 4.7. Characteristic curves for estimation of material constant.
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4.4 Printing process window — Strand height and width

Material constant (Kmat) was added in equations 2.1 and 2.2 from section 4.2 to determine
the process parameters. For the correct choice of width (b) and height (h) of the strand,

the mass flow of each material was considered.

The strand height was set within the range of 1.5 to 3.5 mm (1.5, 2.0, 2.5, 3.0 and 3.5
mm). This occurs because when the strand height is less than 1.5 mm, the material cools
too quickly, causing the initial strand to bend. This bending results in a collision between
the nozzle and the first strand during the deposition of the second strand. Furthermore,
a 4 mm nozzle diameter restricts the maximum theoretical value of the strand height to
4 mm. Therefore, a maximum strand height value of 3.5 mm is chosen, since the

theoretical maximum value of 4mm is not achievable.

On the other hand, the strand width was configured to be 4.0, 5.0 and 6.0 mm. The
minimum strand width of 4 mm was limited by the nozzle diameter, while strand widths
exceeding 6 mm resulted in significant geometry deviations and a significant increase in
porosity of workpieces. To achieve larger strand widths, a nozzle with a bigger diameter

should be utilized.

Finally, the travel speed of the build table was configured to be 10 and 15 mm/s,
according to preliminary experiments in section 4.1.3. Thus, thirty workpieces of both

materials were printed following the parameters shown in table 4.1.

Table 4.1. Printing process window — Strand height and width.

Table Serie (width) 4 mm Serie (width) 5mm Serie (width) 6mm
(:f;e/:) Strand height (mm) Strand height (mm) Strand height (mm)
15|120(25|30(|(35|15|20|25|3.0|35|15| 20| 25| 3.0| 3.5
10
15

According to the model shown in section 4.2, the ratios between extruder rotational
speed, table speed and strand were calculated. Figures 4.8, 4.9 and 4.10 show the
relationships between extruder speed and strand height for strand widths of 4, 5 and 6

mm respectively.
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Extruder speed for strand width of 6 mm
38.00
35.00
32.00
29.00
26.00
23.00

o

20.00
17.00

Extruder speed (RPM)

14.00
11.00

Q

8.00
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Strand height (mm)
® PK6246 - table speed 10 mm/s @ PK8655 - table speed 10 mm/s

® PK6246 - table speed 15 mm/s @ PK8655 - table speed 15 mm/s

Figure 4.10. Extruder speeds for strand width of 6 mm.

From graphs 4.5, 4.6 and 4.7 shown, a direct relationship can be observed between the
rotational speed of the extruder and the height of the strand. In addition, higher extrusion
speeds were observed for the PK6246 material than for the PK8655 material at the same
printing conditions. Finally, the other printing parameters of the polyketones PK6246 and

PK8655 were determined and arranged in tables 4.2 and 4.3 respectively.
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Table 4.2. Printing parameters of PK6246 material.

Strand Strand Strand Table Extruder Motor
height width area speed speed speed Table [°C]
[mm] [mm] [mm?] [mm/s] [RPM] [RPM]

ID-
Number
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Table 4.3. Printing parameters of PK8655 material.

D- Strand Strand Strand Table Extruder Motor
Number height width area speed speed speed Table [°C]
[mm] [mm] [mm?] [mm/s] [RPM] [RPM]

R
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Chapter V: Results and discussions

5.1 Geometrical deviation

During the extrusion process, it was observed that the geometric stability depends on

the process parameters (Table 4.2 and Table 4.3) and the type of material.

Figures 5.1 and 5.2 show the workpieces from PK6246 and PK8655 produced according

to the established parameters (strand width, strand height and table speed).

Figure 5.1. Printed workpieces from PK6246.
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Figure 5.2. Printed workpieces from PK8655.

Firstly, the influence of the table speed had an effect related with the deformation of the
workpieces, due to the accumulation of heat in the strands. This heat accumulation
caused sinking, mainly in workpieces with strand heights of 3.0 and 3.5 mm, due to the
short cooling time from when a strand was deposited to the deposition of the next strand.
Second, the strand width also had an effect on the deformation of the workpieces, The
workpieces with a strand width of 4 mm generally had greater geometric stability than
the workpieces with a strand width of 6 mm. This was also due to the accumulation of
heat between strands, since increasing the width of the strands generates a greater
contact area between strands. Finally, the strand height had a particular influence on the

geometric stability of the workpiece as shown in Figures 5.3 and 5.4.
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Figure 5.3. Workpiece height of PK6246.
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Figure 5.4. Workpiece height of PK8655.

It could be observed that some printed workpieces had a slight increase in height
compared to the programmed height. On the one hand, this increase in height occurred
because the predefined height depends on the strand height, that is, for example, for a
strand height of 2.0 mm, it is not possible to reach the predefined 75 mm height, but

rather 76 mm (with 38 strands) will be reached. On the other hand, for example, for
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strand heights of 2.5 mm or 3.0 mm, which can both reach the height of 75 mm with 30
and 25 strands respectively, the increase in the final height of workpiece was due to the
die-swell effect. That phenomenon occurs when a viscoelastic material (such as a molten
polymer) leaves a nozzle and expands to a diameter larger than the nozzle itself. This
happens because the material, under pressure within the nozzle, stores elastic energy,
which is released as the material exits, causing it to swell (Colon et al., 2023). Factors
such as the material's viscoelastic properties, extrusion speed, and nozzle design can
influence the degree of swelling. The relevance of the viscoelastic properties of the
material was evident in the difference in extruded strand diameter between PK6246 and
PK8655. The extruded strand of PK6246 expanded more than that of PK8655.

Another type of geometric deviation was observed in the workpieces (mainly in PK6246)
with a strand width of 1.5 mm in which the height of the printed workpiece is slightly less
than the programmed height. This happened because the material cooled too quickly,
leading to bending of the initial printing strand. The phenomenon responsible for the
bending of the first printing strand in additive manufacturing is often referred to as
"warping" or "curling”. Warping in additive manufacturing refers to the unwanted bending
or distortion of a printed part, particularly in the base strands, which can cause the part
to lift off the building table or develop a curved, uneven surface (Brion et al., 2022). This
phenomenon is most common in thermoplastic materials and there are some factors for
this type of deformation. The temperature gradient is one of the main factors since the
temperature difference between the extruded material and the outside environment can
cause uneven cooling. Besides, during the cooling process, residual stresses can
develop within the printed strands due to uneven contraction. These stresses can cause
the part to deform and lift from the building table (Stavropoulos et al., 2019). Other
relevant factors are poor adhesion to the construction table and its respective

temperature.

Furthermore, a dependence between the height of the piece and the height of the strand
could be observed, that is, an increase in deformation due to an increase in the height
of the strand. According to Schmidt et al. (2019), an increase in the height and width of
the strands generates an increase in the application of mass flow. This causes an
increase in heat accumulation and consequently high deviation and poor thermal
stability. Thus, a notable geometric deviation of 10-25 % was found in workpieces of

PK8655 with a strand height of 3.5 mm, while for PK6246 workpieces the geometric
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deviation was 5-20 %. This difference in geometric deviation between both materials
could be due to the thermal expansion coefficient, crystallinity and mechanical

properties.

Finally, although all workpieces printed with PK8655 have a rougher surface than
workpieces printed with PK6246, this is because PK8655 is a polyketone reinforced with
glass fibers. However, a very poor surface finish could be observed in the workpieces
(both materials) with strand height of 1.5 mm and strand width of 6 mm. This occurred
because thin strands of printing cause weaker adhesion between strands if the strands
are not bonded properly. This can cause delamination and rough surface textures.
Moreover, low strand height increases the backpressure in the extruder, which can affect

the precision and consistency of the material deposition (Golhin et al., 2023).
5.2 Thermographic analysis

Figures 5.5 and 5.6 illustrate the thermograms taken during the deposition of the final

strand just before completing the process.

Figure 5.5. Thermograms for all workpieces of PK6246.
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Figure 5.6. Thermograms for all workpieces of PK8655.

Thermograms indicate a clear correlation between temperature distribution, table speed,
and strand geometry. With the increase of all these variables, more heat is retained in
the workpieces because the lower strands did not have enough cooling time before the
next strands were deposited. This high heat accumulation caused some workpieces to
deform and sink. Besides, greater deformation could be observed in the PK8655
workpieces than the PK6246 workpieces, despite having less heat accumulation and
were manufactured with the same printing parameters. This was possibly due to the
different thermal expansion coefficients of both materials. Frieden Templeton et al.
(2024) found that controlling the cooling rate and using materials with lower thermal

expansion coefficients can significantly reduce shrinkage and warpage.

On the other hand, during the printing of the first strands, the heating of the table had a
great influence on reducing the rapid cooling of the strands in contact with the table. This
is mainly important for workpieces printed with a strand width of 4 mm to avoid warping.

Thesiya & Lepsik et al. (2023) concluded that warping and residual stresses in FDM parts
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are primarily due to thermal gradients during the cooling process. Thus, it's
recommended optimizing the cooling rate and modifying the build environment to reduce

thermal stresses.

Furthermore, strand height also had an influence on heat accumulation and workpiece
sinking. Figures 5.7 and 5.8 illustrate the interpass temperatures at the moment before
the next strand is deposited. For this, the series with a strand width of 5 mm was chosen
for both materials and the temperature was recorded in each strand. A clear relationship
was observed between the height of the strand and the interpass temperature, that is, a
greater height of the strand increases the interpass temperature. The maximum and
minimum interpass temperature of PK6246 was ~195°C and ~165 °C respectively, while
for PK8655 it was ~185 °C and ~150 °C. These maximum and minimum temperatures
were related to the deformation of the printed work pieces, since a greater accumulation
of heat generates greater sinking of the material due to the pressure of the piece's own
weight. Another important aspect that was observed was a lower interpass temperatures
during the printing of the first strands. Workpieces with a strand height of 1.5 mm were
the most sensitive to warping due to rapid cooling. This is related to the geometric

deviation due to warping of the workpieces seen in section 5.1.
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Figure 5.7. Interpass temperatures for different strand heights of PK6246.
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Figure 5.8. Interpass temperatures for different strand heights of PK8655.

Finally, the table speed during the printing process also affects interpass temperatures.
Figures 5.9 and 5.10 illustrate the interpass temperatures at the moment before the next
strand is deposited for table speeds of 10 mm/s and 15 mm/s. For this, the series with a
strand width of 4 mm was chosen for both materials and the temperature was recorded
in each strand. It could be observed that with the increase in the speed of table speed
(build table), interpass temperatures increase as well. The interpass temperature in a
PK6246 workpiece printed at a travel speed of 10 mm/s was approximately 185 °C,
whereas at 15 mm/s it was around 195 °C. Similarly, the interpass temperature in a
PK8655 workpiece printed at 10 mm/s was about 175 °C, compared to roughly 185 °C
at 15 mm/s. This slight difference between temperature ranges is presumably due the
thermal properties of the materials.
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Figure 5.9. Interpass temperatures for different table speeds of PK6246.
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5.3 Mechanical properties

To analyze how process parameters influence the quality of the printed parts, mechanical

properties such as hardness and tensile strength were assessed through testing.

5.3.1 Hardness test

Figure 5.11 shows the results of hardness tests results for both materials (PK6246 and
PK8655). The samples for these tests were obtained from workpieces with strand heights

of 1.5 and 3.5 mm. Likewise, the granules of the base material were also evaluated.

Hardness test

21.88+3.8

{

N
(%3]

20 16.22 +2.96
< 1 17.02 +0.82
. [
T
»n 15
@
_g 10.34+0.1 10.32+0.24 10.34+0.17
= 10
T

5

0

1.5 mm 3.5 mm Granulate

Strand height
B PK6246 m PK8655

Figure 5.11. Hardness test for PK6246 and PK8655.

The results obtained from the PK6246 material were similar with a value of ~10.34 + 0.17
HV. However, the results of the PK8655 material do not present the same similarity in
values. The PK8655 sample with a strand height of 1.5 mm presented a hardness of
21.88 £ 3.8 HV, while the other samples of PK8655 presented a hardness value of

~16.42 £ 2.3 HV. This could be due to the arrangement of the glass fibers in the PK8655
material.

On the other hand, all the PK8655 samples showed a higher Vickers hardness with
respect to the PK6246 samples. This is because the PK8655 material is a polyketone
reinforced with glass fibers. This difference in hardness can also be verified in the
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mechanical properties given by the supplier. George Wypych et al. (2016) concluded
that the addition of fillers (e.g., glass fibers) and plasticizers can significantly alter the
hardness of polymers. Fillers generally increase hardness, while plasticizers decrease it

by increasing flexibility.

5.3.2 Tensile test

Figures 5.12 illustrates the tensile test results (Inter-road bond strengths) for all printed
workpieces (PK6246 and PK8655). All tensile tests were carried out with a rater angle of
90° and each test was repeated 5 times to have more precise values. Inter-road bond
strength of samples obtained was highly influenced by the process parameters and

interpass temperature.

A considerable difference in inter-road bond strength could be noticed between the
PK6246 and PK8655 samples, despite the fact that they were manufactured under the
same printing parameters. This was mainly due to the properties of each type of material.
Chancon et al. claims that different polymers exhibit varying levels of inter-road bond
strength due to their inherent material properties. For instance, polymers with higher
viscosities or lower melt flow indices tend to form stronger inter-road bonds due to better

flow and wetting characteristics during the printing process (Chacén et al., 2017).

The highest inter-road bond strength for PK6246 was 42.4 + 5.2 MPa and it was obtained
in the sample printed with strand width x height of 5.0 x 2.0 mm and table speed of 10
mm/s. This value is ~ 70% of the tensile strength value provided by the supplier. On the
other hand, the highest inter-road bond strength for PK8655 was 30.8 + 3.1 MPa and it
was obtained in the sample printed with strand width x height of 5.0 x 3.0 mm and table
speed of 15 mm/s. This value is ~ 25% of the tensile strength value provided by the
supplier. Both maximum inter road bond strengths (PK6246 and PK8655) were obtained

with a strand width of 5 mm.

Besides, the speed of the table had an important influence on PK6246 samples, but it
varies according to the geometry of the strand. According to figures 5.12 a and b, that is,
for strand widths of 4 mm, it could be observed that an increase in the speed of the table
improves the inter-road bond strength while keeping other printing parameters constant.

However, for strand widths of 5 mm (Figure 5.12 a and b) and 6 mm (Figure 5.12 a and
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b) an opposite effect was found, that is, an increase in the speed of the table reduced
the inter-road bond strength of the samples. A similar behavior was found in the PK8655
samples, but here the speed of the table had only a positive influence (higher inter-road
bond strength) for strand widths of 4.0, 5.0 and 6.0 mm. These behaviors are due to two
problems that occur during printing. The first is due to very slow cooling and the
excessive accumulation of heat, which can cause deformation and sinking of the printed
workpiece. The second is due to very rapid cooling, which can cause a warping effect
mainly during the printing of the first strands. Thus, the printed workpieces were analyzed

with both speeds to find the optimal parameters.

Furthermore, strand heights had also influence in the inter-road bond strengths. The
highest strengths were normally found within the range of strand heights (1.5 mm to 3.5
mm). For instance, the highest inter-road bond strengths in Figure 5.13 (strand width of
4 mm and table speed of 15 mm/s) were 40.7 £ 4.6 MPa (for PK6246) and 20.3 + 2.5
MPa (for PK8655). However, there are some exceptions as shown in Figure 5.12 a, in
which the maximum inter-road bond strength was given with a strand height of 3.5 mm
for the PK8655 sample. As with determining the optimal table speed, the problems of
slow cooling (heat accumulation) and rapid cooling (warping effect) during printing must
be considered to determine the strand geometry that presents the greatest inter-road
bond strengths. Bellini et al. (2003) claims lower printing speeds and thinner strand
heights generally improve inter-road bond strength by allowing more time for polymer
diffusion and reducing void formation. However, very low speeds can lead to excessive
heating and material degradation. Thus, depending on the type of material, strand width,

and table speed, an optimal strand height can be determined for each situation.
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(a) (b)

(c) (d)

(e) ®)
m PK6246 PK8655

Figure 5.12. Inter-road bond strengths for: (a) strand width 4 mm and table
speed 10 mm/s; (b) strand width 4 mm and table speed 15 mm/s; (c) strand
width 5 mm and table speed 10 mm/s; (d) strand width 5 mm and table speed
15 mm/s; (e) strand width 6 mm and table speed 10 mm/s; (f) strand width 6

mm and table speed 15 mm/s.

Figures 5.13 shows the diagrams of tensile force vs position for all printed samples
(PK6246 and PK8655). A considerable difference in maximum tensile forces could be
observed between both types of materials, as was the case with the maximum inter-road

bond strengths. For the maximum inter-road bond strength of the PK6246 sample (42.4
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+ 5.2 MPa), the tensile force was ~4700 N. Likewise, for the maximum inter-road bond
strength of PK8655 sample (30.8 £ 3.1 MPa), the tensile force was ~2500 N.

Furthermore, a great difference in elongation could also be observed for the different
samples of both materials. This was possibly due to the anisotropic properties of the
printed workpieces. Insufficient adhesion between adjacent strands, resulting from
incomplete diffusion and neck growth, is a significant factor contributing to material
anisotropy, especially mechanical anisotropy (Aliheidari et al., 2018). Another factor
contributing to anisotropy is the presence of significant air voids that form between
adjacent cylindrical lines during the printing process (Ziemian et al., n.d.). According to
Zohdi & Yang et al. (2021), other factors to consider are the build orientation, the
thickness of the strand and the thermal conductivity of the material. Likewise, there are
some methods to reduce the anisotropy of printed materials such as adding fillers,

polymer and monomer alternation, and post-processing heat treatment.

Finally, a greater difference in elongation could be observed between the PK6246 and
PK8655 samples. This is due to the existence of glass fibers within the PK8655 samples.
Q. Ding et al. (2020) studied the impact of incorporating carbon fiber to mitigate
anisotropy in FDM printed components. Orienting the carbon fiber along the printing
direction increased the anisotropy of the material and improved directional properties,
particularly strength. While adjusting strand thickness and printing temperatures
effectively reduced anisotropy in parts printed sideways and crosswise, samples printed
in the longitudinal build orientation still showed significant differences compared to those

printed in other orientations.

61



(a) (b)

(c) (d)

(e) )

= Strand height 1.5 mm - PK6246 = Strand height 1.5 mm - PK8655
= Strand height 2.0 mm - PK6246 = Strand height 2.0 mm - PK8655

Strand height 2.5 mm - PK6246 Strand height 2.5 mm - PK8655

Strand height 3.0 mm - PK6246 Strand height 3.0 mm - PK8655

Strand height 3.5 mm - PK6246

Strand height 3.5 mm - PK8655

Figure 5.13. Tensile force vs position for: (a) strand width 4 mm and table
speed 10 mm/s; (b) strand width 4 mm and table speed 15 mm/s; (c) strand
width 5 mm and table speed 10 mm/s; (d) strand width 5 mm and table speed
15 mm/s; (e) strand width 6 mm and table speed 10 mm/s; (f) strand width 6

mm and table speed 15 mm/s.
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5.4 Materialography

Figures 5.24, 5.25, 5.26 and 5.27 show cross-section macrographs of the workpieces
(PK6246 and PK8655) with strand width of 5 mm and table speeds of 10 and 15 mm/s.
These series of parameters were chosen due they showed the highest inter-road bond
strengths. Besides, these macrographs were captured in the central section of the

samples, which measured approximately 30 mm in length.

It can be seen considerably greater number of pores in the PK8655 samples (Figures
5.26 and 5.27) than in the PK6246 samples (Figures 5.24 and 5.25). Several of these
pores were possible due to the presence of glass fibers. Likewise, this large number of
pores in the PK8655 samples is related to the low inter-road bond strengths found in
section 5.3. For instance, in Figure 5.12 c, the PK8655 sample printed with strand width
x height of 5.0 x 2.5 mm and table speed of 10 mm/s had an inter-road bond strength of
18.1 £ 1.7 MPa. Furthermore, some of the pores in the PK8655 samples were possibly
tunnels, which further impairs its mechanical properties. On the other hand, some pores
were also observed in the PK62646 samples (Figures 5.24 and 5.25). Likewise, it was
found that increasing the height of the strands reduces the number of pores. This is due
to the influence of cooling between the strands, that is, reducing the cooling speed

causes better adhesion between strands and therefore fewer pores.

Another important aspect that could be observed was the different shapes of the strands
according to the strand height (from 1.5 to 3.5). As the strand height increased, the
waviness of the sample surfaces increased and the inter-road bond lines decreased up
to ~40%. These variations in the shapes of the strands definitely affect their mechanical
properties (inter-road bond strengths). Although research directly linking waviness to
inter-road bond lines varies across studies, the collective findings emphasize the
importance of minimizing waviness to enhance bond line quality and overall mechanical
performance in additive manufacturing (Nguyen et al., 2024). Thus, to achieve improved
mechanical properties, it is essential to use lower strand heights, while ensuring they are

not so low that porosity increases.

Finally, some delaminations were observed in the samples (PK6246 and PK8655) with
very low strand heights (1.5 mm and 2.0 mm). This was due to rapid cooling (low
interpass temperature) and is related to the warping effect explained above. In the PK
6246 sample (Figure 5.24) obtained with strand width x height 5.0 x 1.5 mm and table
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speed of 10 mm/s, the delamination occurred as a result of the low interpass temperature
(=165 °C), which confirms the assumption from section 3.2. Most affected are the
samples obtained with strand width x height 5.0 x 1.5 mm for both materials. Adding
compatibilizers, coupling agents, or fillers such as carbon fibers can enhance interstrand
bonding. However, the dispersion and interaction of these additives must be carefully
managed. Shofner et al. (2003) found that carbon nanotubes improve mechanical
properties and reduce delamination but require precise dispersion techniques to avoid

agglomeration and ensure uniformity.

Figure 5.14. Macrographs of PK6246 samples obtained with strand width of 5 mm

and table speed of 10 mm/s speed.
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Figure 5.15. Macrographs of PK6246 samples obtained with strand width of 5

mm and table speed of 15 mm/s speed.

Figure 5.16. Macrographs of PK8655 samples obtained with strand width of 5 mm

and table speed of 10 mm/s speed.
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Figure 5.17. Macrographs of PK8655 samples obtained with strand width of 5 mm

and table speed of 15 mm/s speed.

5.5 TGA analysis

Figure 5.18 shows the results of TGA analysis for granulates and samples of PK6246
and PK8655 material. The samples with a strand width of 5.0 mm and table speed of 10
mm/s were chosen because they presented the highest inter-road bond strengths (see
Section 5.3). Most degradation temperatures were observed above 300 °C. However,
during the extrusion process of the workpieces, polyketone degraded below 300 °C. This
is because the degradation temperature is time-dependent; in other words, the material
can degrade at lower temperatures than the specified degradation temperature if it is
exposed for a longer duration. In addition, it was observed that the PK6246 material is
more stable than the PK8655 material in its granular form (base material) since it has a
higher degradation temperature, that is, a higher temperature is required for the material

to degrade.
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Figure 5.18. Results of TGA analysis for PK6246 and PK8655 materials.

On the other hand, a lower stability was observed in the printed samples of the PK6246
material, with the sample of strand width x height of 5.0 x 2.0 mm and table speed of
10 mm/s having the worst thermal stability with a degradation temperature of 271.2 °C.
Likewise, the sample with strand width x height of 5.0 x 3.0 mm and table speed of 10
mm/s presented the greatest thermal stability of the PK8655 material with a degradation

temperature of 340 °C.

In general, the PK8655 material presents a slightly more stable behavior than the
PK6246 material, possibly due to the presence of glass fibers in its composition. Liu et
al. (2021) studied the thermal behavior of glass/polyimide composites under different
driving conditions, including radiation. It was employed numerical simulations and
sequentially adopted multiscale unit cell models for polyimide (Pl), glass fibers and
composite materials. A finite element model was developed using triangular and
tetrahedral elements to create 2D and 3D meshes, respectively. The findings indicated
that the effective thermal conductivity of Pl decreases as porosity increases, reaching a
maximum reduction of 39.5%. Furthermore, the effective transverse thermal conductivity
of glass fiber increases with higher fiber volume fractions, showing a maximum increase
of 49.0%.
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Conclusions

This thesis work shows that stable workpieces made with PK6246 can be produced

through extruder-based additive manufacturing when the correct printing parameters are

chosen. In contrast, workpieces made with PK8655 showed unstable performance.

Furthermore, this work shows and compares new perspectives on the additive

manufacturing of parts manufactured from 2 types of polyketones. The following

conclusions were summarized based on the results:

Several critical parameters must be carefully controlled to achieve consistent
mechanical properties and stable printed parts. These include factors such as
strand geometry, table speed, rotational extruder speed, nozzle diameter,
workpiece diameter, building table temperature, and process temperatures. The
results show that the strand geometry and the relative speed between the
extruder and the table have the most important influence on the interpass
temperatures and therefore on the quality of the workpiece.

With the increase of the relative speed or the geometry of the strand, the
interpass temperatures also increase resulting in improved interstrand adhesion.
However, after a certain point it begins to deform (sinking) due to the high
accumulation of heat. Likewise, very low relative speed or strand geometry also
affects the workpiece geometry caused by warping due to rapid cooling.
Therefore, the optimal printing parameters are close to the center of the
established range. Although the optimal parameters for the PK6246 and PK8655
pieces are different, the best results were found in both cases for a strand width
of 5.0 mm.

With the increase of the strand height (range from 1.5 to 3.5 mm), the waviness
of the sample surfaces increase, delamination lines (at low interpass
temperatures) and porosity decrease, and the inter-road bond lines decrease up
to ~ 40%. These variations in the shapes of the strands affect their mechanical
properties (inter-road bond strengths). Thus, to obtain better mechanical
properties, it is necessary to set lower strand heights, ensuring that they are not
too low and that a low interpass temperature is not generated.

The highest inter road bond strength (42.4 + 5.2 MPa) for PK6246 was found in
the sample printed with strand width x height of 5.0 x 2.0 mm and table speed

of 10 mm/s, and presented an interpass temperature of ~ 185 °C. Likewise, the
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highest inter-road bond strength (30.8 + 3.1 MPa) for PK8655 was found in the
sample printed with strand width x height of 5.0 x 3.0 mm and table speed of 15
mm/s, and presented an interpass temperature of ~ 190 °C. Both samples
showed an optimal interpass temperature (neither too high nor too low) which
caused them to have the highest inter-road bond strength and therefore the best
mechanical properties.

e The low inter-road bond strengths found for the PK8655 samples are due mainly
to an abundant porosity found in its cross section. There are some possible
reasons such as the presence of glass fibers and delaminations caused by low

interpass temperatures.

This work has evaluated the feasibility and successfully characterized 2 different types
of polyketone. Despite the promising results, several avenues of future work can be
pursued to develop and better understand polyketones. As future work, researching and
improving the additive production capabilities with polyketone can continue since it is a

material with a great potential.
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