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Kurzfassung

Der Einsatz von additiven Fertigungsverfahren fir die Entwicklung von
Polymerbauteilen nimmt taglich, insbesondere in Bereichen, in denen die
Individualisierbarkeit eine wichtige Rolle spielt, wie z. B. in der Medizin, zu. Vor
allem der 3D-Druck von Knochenersatzmaterialien wie Schadelimplantaten
wird derzeit intensiv erforscht. Unter den verschiedenen Verfahrensvarianten
ist die additive Fertigung auf Basis der Materialextrusion von Filamenten fir
Polymere besonders beliebt. Prozess bedingte Fehlstellen kdnnen sich jedoch
stark auf die Materialeigenschaften und damit auf die Belastbarkeit der

Bauteile auswirken.

Deshalb sollten die in kritischen Anwendungen eingesetzten Materialien und
ihr verarbeitungsabhangiges sowie anwendungsbezogenes Materialverhalten
vor dem Einsatz systematisch charakterisiert werden. Ziel dieser Arbeit ist es
daher, ausgewahlte medizinische Polymere skalenibergreifend unter
Anwendung einer mechanischen Prifpyramide, wie urspriinglich von der
NASA fir Composite Werkstoffe entwickelt, am Beispiel eines
Schadelimplantats fir den filamentbasierten 3D-Druck zu charakterisieren.
Die Pyramide wurde far den additiven Fertigungsprozess adaptiert und startet
mit der Materialauswahl/Filament-Ebene und geht Gber Prifkérper und
Subkomponenten bis hin zur kompletten Bauteilprifung. Parallel werden
Anderungen in der Morphologie und Mikrostruktur beriicksichtigt.

Im Zuge der ersten Ebene der Prufpyramide, wurden sowohl medizinische, als
auch  verarbeitungstechnische  Kriterien fur die  Materialauswabhl
herangezogen. Zudem wurde die generelle Temperaturabhangigkeit der
mechanischen Eigenschaften der ausgewahlten Polymere



(Polyetheretherketon, Polylactid, Polymethylmethacrylat, Glykol-modifiziertes
Polyethylenterephthalat, Polyvinylidenfluorid and Polypropylen) an Filamenten
analysiert. Es zeigte sich, dass sich die mechanischen Eigenschaften einiger
ausgewahlter Materialien bereits signifikant zwischen Normtemperatur (23 °C)
und Anwendungstemperatur (ca. 37 °C) verandern. Dies verdeutlicht die
Bedeutung von Kennwerten, die unter tatsachlichen Anwendungs-

bedingungen bestimmt wurden.

Auf Prifkdrperebene wurden dehnratenabhangige Zugversuche (zwischen
quasi-statisch  und Impact) durchgefihrt, um situationsabhangige
Materialdaten fur die simulationsunterstitze Auslegung von Bauteilen zu
generieren. Dadurch kdnnen nicht nur statische oder monotone Belastungen,
wie in der Literatur meist dargestellt, sondern auch schlagartige Belastungen
berlcksichtigt werden. Zusatzlich wurde der Einfluss von vorgeschalteten
Wasch- und Sterilisationsprozessen analysiert. Die Ergebnisse zeigten dabei,
dass nach korrekter Auswahl der Prozesse keine signifikanten Einflliisse auf
das gedruckte Bauteil zu erwarten sind.

Neben den oben erwdhnten medizinischen bzw. anwendungsrelevanten
Untersuchungen wurde auch die prozessabhangige Morphologie und deren
Einfluss auf thermische und mechanische Kennwerte untersucht. Dies ist vor
allem fUr teilkristalline Polymere von besonderer Bedeutung. Es zeigte sich,
dass in Abhangigkeit von Druckgeschwindigkeit, Dusentemperatur, aber auch
gewahltem Druckpfad einerseits nahezu homogene und andererseits stark
anisotrope  Strukturen, inklusive klar ausgepragter Scher-induzierter
Kristallisation und Shish-Kebab Strukturen, erzeugt werden kénnen. Dies
bestatigt, dass die von der Slicer-Software vorgeschlagene Druckreihenfolge
nicht willkirlich gewahlt werden sollte, sondern zur gezielten Adaption der

Morphologie verwendet werden kann.

Basierend auf diesen Erkenntnissen wurden Subkomponenten Tests
durchgefuhrt. Ziel war es die optimalen Fullstrukturen fir Schadelimplantate
unter StoBbelastung zu finden. Innere 3D-Wabenstrukturen mit 70% Fullung



und geradlinige Strukturen mit 100% Fillung ergaben dabei die beste
Kombination aus zulassiger maximaler Deformation, maximaler ertragbarer
Kraft und absorbierter Energie bis Bruch. Die Ergebnisse konnten auch nicht
durch Steifigkeits-basierende Topologie-Optimierung, oder den Einsatz einer
rissstoppenden Zwischenschicht Ubertroffen werden.

Als letzter Schritt der Prifpyramide wurden Tests an gedruckten
Schadelimplantaten als Bauteilversuch durchgefiihrt. Durch die Variation von
Druckparametern war es maoglich, ahnliche mechanische Eigenschaften bei
Schlagbelastung wie bei einem handelstblichen (gefrasten) Implantat,
allerdings mit Abstrichen bei der Oberflaichenqualitédt, zu erzielen.
Interessanterweise zeigte sich, dass das handelsubliche Implantat bei einem
Aufpralltest in mehrere Teile und Splitter zerbrach, wogegen bei gedruckten
Implantaten das Bruchverhalten durch den Druckpfad vorgegeben werden
kann. Dies wirde in der gegenstandlichen Anwendung massive Vorteile

hinsichtlich Verletzungsrisiko bedeuten.

Durch den gewahlten systematischen Ansatz der Testpyramide war es
moglich, die wichtigsten Verarbeitungsparameter und Umgebungseinfliisse
auf Implantatmaterialien zu identifizieren. Dadurch konnte ein weitreichender
Wissenszuwachs im Bereich Struktur-Prozess-Eigenschaftsbeziehungen von
mittels filamentbasierten 3D-Druck hergestellten Bauteilen in kritischen

Anwendungen erreicht werden.



Abstract

Additive manufacturing processes are becoming increasingly popular for the
development of components, especially in areas where customisability plays
an important role, such as medicine. In particular, 3D-printing of bone
replacement materials such as cranial implants is currently being intensively
researched. Among the different process variants, additive manufacturing
based on material extrusion is widespread for polymers. However, process-
induced defects can strongly affect the material properties and thus the load
capacity of printed components. This must be considered during designing,
especially for critical applications. Otherwise, a false sense of security could
be created. In the field of cranial implants, premature failure could even

endanger human lives.

Hence, the materials used in critical applications and their processing-
dependent as well as application-related material behaviour should be
systematically characterised before use. The aim of this work is therefore to
characterise selected medical polymers across scales using a mechanical
testing pyramid, as originally developed by NASA for composite materials,
based on the example of a cranial implant for material extrusion. The pyramid
was adapted for the additive manufacturing process and starts with the
material selection/filament level and goes through test specimens and
subcomponents to component testing. In parallel, changes in morphology and
microstructure are considered.

In the course of the first level of the test pyramid, both medical and processing
criteria were used for the material selection. In addition, the general



temperature dependence of the mechanical properties of the selected
polymers (polyetheretherketone, polylactide, poly(methyl methacrylate),
glycol-modified poly(ethylene terephthalate), poly(vinylidene fluoride) and
polypropylene) was analysed on filaments. It was found that the mechanical
properties of some selected materials already change significantly between
standard temperature (23 °C) and application temperature (approx. 37 °C).
This illustrates the importance of characteristic values determined under actual
application conditions.

At the specimen level, strain rate-dependent tensile tests (between quasi-static
and impact) were carried out to generate situation-dependent material data for
the simulation-aided design of components. This means that not only static or
monotonic loads, as usually presented in the literature, but also abrupt loads
can be taken into account. Furthermore, the influence of preceding cleaning
and sterilisation processes was analysed. The results showed that after correct
selection of the processes, no significant influences on the printed component

are to be expected.

In addition to the above-mentioned medical or application-relevant
investigations, the process-dependent morphology and its influence on
thermal and mechanical properties was also investigated. This is of particular
importance for semi-crystalline polymers. It was shown that, depending on the
printing speed, nozzle temperature, but also the selected printing path, on the
one hand almost homogeneous and on the other hand strongly anisotropic
structures, including clearly pronounced shear-induced crystallisation and
shish-kebab structures, can be produced. This confirms that the printing path
suggested by the slicer software should not be chosen arbitrarily, but can be
used for targeted adaptation of the morphology.

Based on these findings, subcomponent tests were conducted. The aim was
to find the optimal filling structures for cranial implants under impact loading.

Internal 3D-honeycomb structures with 70% infill and rectilinear structures with



100% infill yielded the best combination of permissible maximum deformation,
maximum tolerable force and absorbed energy until fracture. The results could
not be surpassed by stiffness-based topology optimisation or the use of a

crack-stopping interlayer.

As the final step in the test pyramid, component tests were carried out on
printed cranial implants. By varying processing parameters, it was possible to
achieve similar mechanical properties under impact loading as a commercial
(milled) implant, albeit with compromises in surface quality. Interestingly, it
turned out that the commercial implant broke into several pieces and splinters
during an impact test, whereas with printed implants the fracture behaviour can
be determined by the print path. In this application, this would mean massive
advantages with regard to the risk of injury.

Through the chosen systematic approach of the mechanical testing pyramid,
it was possible to identify the most important processing parameters and
environmental influences on implant materials. This enabled a far-reaching
increase in knowledge in the area of structure-process-property relationships
of components manufactured using material extrusion-based additive

manufacturing in critical applications.
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Outline and summary






1. Motivation and background

With the continuous improvement of health care, people's life expectancy has
increased rapidly. As a result, the number of medical interventions such as
prosthesis implantation is also increasing [1]. With regard to the cranium,
approx. 700,000 surgeries are carried out per annum, and in the severest of
cases, a part of the cranium has to be reconstructed and a cranial implant is
needed [2]. Therefore, finding suitable bone reconstruction materials and
improving their processability is of utmost importance. Metals, ceramics and
polymers can be used as bone reconstruction materials, whereby the latter
stand out due to their adequate heat insulation properties and versatile
processability [3].

Manufacturing cranial implants via additive manufacturing (AM) would be a
great alternative to traditional manufacturing processes (e.g. milling), but the
process has to be sufficiently researched before being used for such critical
applications. In 2021, the first cranial PEEK implant was directly additively
manufactured in the clinic and implanted in a patient at Skane University
Hospital in Sweden [4]. However, publishable research on the study has not

been made available.

Especially in the medical field, the requirements regarding geometric accuracy,
durability and safety are very high. Ensuring a safe component is crucial. Poor
processing quality can lead to crack- and fracture-prone components. In
connection with the targeted application of cranial implants, a human live may
be at risk. Therefore, precise understanding of both material and process are
vital, before the component can be used in this critical application.



With regards to polymers, material extrusion-based AM (ME-AM) would be a
highly interesting candidate. During this process a thermoplastic filament is
molten and deposited onto a build platform in a layerwise fashion [5]. Due to
the layer-by-layer deposition of the material, several weld lines and cavities
are inserted into the material between the individual strands. The amount and
geometry of these defects are strongly depending on the used printing
parameters. These print errors can subsequently have a strong influence on
the resulting properties of the produced component and, in the worst case,

endanger the mechanical integrity.

Particularly when dealing with polymers, challenges during printing often
depend on the molecular structure, especially for semi-crystalline polymers.
Differences in the cooling behaviour during manufacturing change the
crystallisation kinetics and thus the morphology, which in turn influences a
number of material properties. The crystallisation behaviour also affects

shrinkage and warpage and thus geometric accuracy [6].

Besides challenges with printing itself, polymers are also known to show time-
and temperature-dependent properties, which makes the characterisation of
the materials under application-oriented conditions a prerequisite [7]. For
implant materials, these conditions include elevated temperatures,
surrounding body fluids and tissue, as well as various loading scenarios.
Moreover, all medical devices are cleaned and sterilised prior to application,
again applying a combination of temperature, pressure and media on the

material, which could also alter the resulting properties.

Considering all aforementioned influences, a wholistic view, considering all
length scales from material to the final component is unavoidable. However,
systematic characterisations, spanning from the material selection and
analyses on filament level over specimens and sub-components to the “real”
component, cannot be found for material extrusion-based additive
manufacturing in literature yet. The aim of this work is therefore to conduct a
systematic investigation of medically approved materials at different length



scales to validate their applicability for cranial implants manufactured using
ME-AM.



2. Objectives and structure of the thesis

To overcome the aforementioned issues, a structured testing pyramid has to
be implemented. The individual steps and objects are defined as described
below, accompanied by analysis of the microstructure and morphology from
step 2 onwards:

1) Material selection and filament tests:

The number of implantable and printable materials is limited. With regard to
implantability, the material must fulfil several requirements, such as
biocompatibility, non-cytotoxicity, inertness, durability, sterilisability and
mechanical integrity. In terms of printability, the production of high-quality
filaments is required. This is the only way to subsequently produce
components with a high quality. A high filament quality usually indicates a
controlled production routine with little to no inclusions and low fluctuations in
the filament diameter and ovality. An irregular filament diameter or wet filament
will result in a loss of quality. During the material selection process, pre-
selected materials (e.g. based on the required mechanical properties) are
subjected to various additional tests (e.g. cytotoxicity) to limit their number.
Many of the analyses to be carried out can already be performed on the
filament itself, saving time to prepare test specimens. For example, filaments
can be used to check the general temperature or strain-rate dependent
material behaviour. However, it must always be considered that the properties
of the filament, i.e. material, only reveal the upper limit of the material in
question. The printed properties of the chosen materials still have to be
validated in detail later on, since they are usually (significantly) lower.



2) Analyses at specimen level:

Classically, analyses on test specimens are carried out to measure how much
the processing has changed the properties compared to the values determined
on the filaments. Especially with AM, the mechanical properties are often
significantly lower compared to the bulk properties. This is particularly
significant perpendicular to the direction of strand deposition. However, the
explanation for this decrease is often either completely missing or only parily
investigated. Analyses of the induced microstructure and morphology often
allow conclusions to be drawn about the detailed influence of the processing.

By applying morphological characterisation methods to ME-AM materials, a
correlation between process parameters, morphological characteristics and
resulting properties can be established. In particular for semi-crystalline
polymers, this level of testing is of utmost importance, since the crystallisation
behaviour and thus the morphology can strongly be influenced by processing
parameters such as the nozzle temperature or printing speed. These
morphological changes may further significantly alter several material
properties.

Furthermore, analysing the materials at application-oriented conditions is
essential for determining proper input parameters for the simulation-based
design of the component. For implants, this includes elevated temperature,
surrounding body fluids and various possible loading scenarios. Since the
material properties of most polymers are significantly dependent on
temperature and time during processing, as well as the application, the
evaluation of temperature- and time-dependent material properties is required
in order to provide reliable data sets. This is also the reason why the influence
of cleaning and sterilisation processes needs to be investigated prior to
application.

All this has already been sufficiently investigated for polymers produced via
conventional methods, such as injection-moulded parts, but there are still gaps
in the area of ME-AM.



3) Characterisation of mechanical properties at sub-component level:

Compared to tests on specimen level, sub-component tests are meant to be
closer to reality using a simplified geometry of the real component instead of
standardised test specimens. Due to the high design freedom of AM, a specific
internal architecture can be introduced into the cranial implant, saving material
and printing time while improving osseointegration. Osseointegration
describes, on the one hand, the absence of a fibrous layer around the implant
with an active reaction in the sense of integration into the host bone and, on
the other hand, a chemical or physico-chemical connection between implant
and bone [8,9]. Curved cranial implants could thus be approximated in the first
step by plate-shaped sandwich structures. The internal structure, infill density
and topology can be modified to enhance the mechanical properties of cranial
implants. Additionally, a multi-material approach can be applied in order to
combine the advantages of compliant and stiff materials. Since impact loads
are likely to occur in the real application, this level was used to analyse the
influence of different internal architectures on the impact behaviour.

4) Final component tests

Finally, tests should be carried out with real components. In the case of this
thesis cranial implants were chosen. The knowledge gained through the tests
at the other levels of the mechanical testing pyramid should help to find the
optimal processing conditions for manufacturing patient-specific cranial
implants by means of ME-AM. For the component tests, the real shape of a
cranial bone is utilised and application-oriented tests are performed. Since the
operating loads of cranial implants tend to be low, application-oriented tests
include impact tests to consider scenarios such as falling out of bed. These
tests can provide important information about the fracture behaviour of the

implants.

By following the pyramid for mechanical testing, these new scientific results
should be achieved: Firstly, a better understanding of the relationships

between variations in key processing parameters (such as nozzle temperature



and printing speed) and the resulting mechanical properties of polymers
produced by ME-AM should be gained. Secondly, new insights into process-
induced morphological changes of selected polymers should be given, which
is especially important for semi-crystalline polymers. Additionally, the
importance of analysing the effects of internal architecture, strain-rate,
temperature, cleaning and sterilisation on the mechanical integrity of cranial
implants should be addressed and discussed. All the newly gained knowledge
should help to narrow down the most important influencing parameters for

additive manufacturing by material extrusion.

The aforementioned objectives were examined in the course of this doctoral
thesis, with regard to the mechanical integrity of cranial implants produced via
material extrusion-based additive manufacturing. The results were published
in international peer-reviewed journals. Subsequently, this cumulative thesis
consists of a collection of the following publications, which can be found in the

annex:

Publication 1: Mechanical properties of polymeric implant materials
produced by extrusion-based additive manufacturing

Publication 2: The effects of washing and formaldehyde sterilization
on the mechanical performance of poly(methyl methacrylate)
(PMMA) parts produced by material extrusion-based additive
manufacturing or material jetting

Publication 3: Process-induced morphological features in material
extrusion-based additive manufacturing of polypropylene

Publication 4: Impact Optimization of 3D-Printed Poly(methyl
methacrylate) for Cranial Implants

Publication 5: Material extrusion-based additive manufacturing of
polyetheretherketone cranial implants: Mechanical performance and
print quality

In order to summarise the results of all publications, they are presented in
reference to the international state of the art in the following chapter.



3. Comparison to the state of the art

3.1. Cranial implants

The ageing world population and the increasing number of traumas are the
main reasons for the need to develop suitable cranial implants. However, the
selection of materials and processes for the production of adequate cranial
bone replacements has posed major challenges for researchers worldwide
[3,10]. Synthetic bone substitutes should have a similar structure and similar
properties to the adjacent healthy bone. Requirements include
biocompatibility, inertness, non-cytotoxicity, sterilisability, long-term
stability/durability and mechanical integrity. Biocompatibility refers to the ability
of a material to react appropriately when it comes into contact with body tissue
or fluids [11]; inertness describes that the material does not interact with the
surrounding substances, which is almost impossible in the complex biological
system of the human body [12]; cytotoxicity is an in vitro test evaluating
whether the medical device causes cell death by diffusing toxic substances or
by direct contact [13]; sterilisability means the ability to eliminate any living
organisms such as bacteria or viruses via sterilisation before use, otherwise
they can become lethal to the host system [14]; durability defines the ability of
the material to remain operational during its service life [15]. In terms of
mechanical integrity, it is important that the mechanical behaviour of the
implant matches the behaviour of the living bone as closely as possible.
However, this proves to be difficult as there is hardly any data available in the
literature on the mechanical properties of living bone and the properties of
dead, dry bone may differ greatly from reality [16,17]. In addition to the

10



requirements  already listed, availability, processability, flexible
individualisation and intraoperative workability are to be aimed for [15,18,19].

The reconstruction materials used so far range from human and non-human
bones to metals, ceramics and polymers. Among these, polymers stand out in
particular due to their preferable heat-insulation properties, their relatively easy
processability and thus variety of different processing techniques, as well as
their price [3,15]. Polyetheretherketone (PEEK) or poly(methyl methacrylate)
(PMMA) are state of the art materials for the reconstruction of cranial defects
due to their biocompatibility, rigidity and toughness [20]. Since 1940, PMMA
has already been used in cranioplasty, starting with the intraoperative
construction of PMMA implants by hand [3,21]. Later, this technique has been
replaced by computer-aided prefabrication methods. Implants fabrication was
then aided by computed tomography (CT) scans of the bone to be replaced or
the resulting hollow space [22]. Afterwards the collected digital imaging and
communications in medicine (DICOM) data sets are segmented and re-
constructed in order to either generate a computer aided design (CAD) of a
mould for casting the implant or the implant itself [23]. With the first variant, the
dimensions for the fabrication of moulds via wax elimination techniques [24],
additive manufacturing methods [22,25-28], milling [29], or thermoforming [30]
for casting PMMA implants were obtained. With the second variant, a model
of the implant is created, which can be used to directly manufacture the implant
either by subtractive (e.g. milling) or additive manufacturing (AM) techniques.
Therefore, the CAD object is converted into a standard triangle language (STL)
file and broken down into several layers with assigned process parameters (G-
code) [5]. This process chain is schematically shown in Figure 1.

11



milling or
3D-printing of
cranial implant

DICOM
segmentation
and STL
generation

creation
of G-code

Figure 1: Schematic representation of the process workflow to obtain the 3D

model of a cranial implant.

The fabrication of implants by milling is state of the art, but AM has been
intensively researched for several years now, as AM offers a higher degree of
design freedom and allows the material-saving creation of complex,
customised structures. Personalisation plays a major role, especially in the
medical field, because no two bodies are alike. In addition, the high degree of
design freedom can be used to create internal structures in the implant to tailor
the mechanical performance. As cranial bone is a combination of spongy
cancellous and compact cortical bone, cranial implants may also have an
internal architecture as long as the general requirements are met. With the
help of CAD modelling and AM, it is now possible to design and manufacture
nature-inspired, biomimetic structures [31]. Cell adhesion, migration, nutrient
supply, and biological fixation can be enhanced by using porous structures that
increase surface area and thus improve intra- and interconnectivity [32,33].
Highly porous implants with incorporated bioactive substances ensuring the
ingrowth of bone can further improve osseointegration [34].

Another advantage of AM methods are their short process times associated
with a reduced number of process steps. If the implants are manufactured
directly in the clinic, the lead times of the implants will be drastically reduced,
which could make interoperative manufacturing possible. Moreover, AM offers
the possibility to produce multi-material and multi-colour parts in different sizes
[35]. All these benefits of AM are the reasons for the boom in the production

and development of 3D-printers and new 3D-printing technologies, especially

12



since the expiration of the fused deposition modelling patent by Stratasys Inc.
in 2009. The result has been falling prices for 3D-printers and greater
accessibility for the masses, and thus of course increasing demand in the
medical sector.

3.2 Material extrusion-based additive manufacturing

In the last years, the production of prostheses by material extrusion-based
additive manufacturing (ME-AM) methods has been given a lot of attention.
This AM method is further known as fused filament fabrication or fused
deposition modelling. In this process, a thermoplastic filament is transported
by two counter-rotating driving wheels to a heating block, where it is melted
(Figure 2). In a next step, it is selectively applied to a build platform or previous
layer through a moving nozzle, which follows a predefined CAD design. In this
way, the desired object is built layer-by-layer [5,35-37]. Once a layer is
completed, either the nozzle changes its z-position or the build platform is
lowered and printing of the next layer begins.

Depending on the printing parameters used, cavities or weld lines are created
by the layerwise deposition of the material. In Table 7, some important process
parameters of the ME-AM process are defined according to Ref. [38] for future

reference.

Furthermore, the printing parameters of the first layers can be altered
individually (e.g. die temperature, build platform temperature, printing speed,
layer height). This plays an important role in order to improve the adhesion to
the build platform. Adhesives can also be applied to the build platform to further
enhance adhesion. Adhesion can also be altered by changing to another build
platform material or printing on a raft.
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Figure 2: Schematic representation of process workflow for the 3D model of a

cranial implant [39].

Table 1: Definition of important process parameters in material extrusion-

based additive manufacturing.

Parameter

Definition

Nozzle/die temperature

Temperature of extrusion nozzle

Build platform temperature

Temperature of build platform

Build chamber temperature

Temperature of chamber isolating the printer

and providing a controlled environment

Perimeter

Extrusion path that runs around the perimeter

of the object; contour lines

Printing speed

Speed of the filament deposition/extruder

head along xy-plane

Extrusion multiplier

Determines the amount of material the printer

extrudes

Layer height/thickness

Height of a single layer; vertical resolution of z-

axis

Line/extrusion/raster width

Width of the extruded strand influenced by
gravitation and the contact pressure of the die
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3D-printed parts are generally filled with less
material (infill) and wrapped with shells;
depending on the position of the shell it is
Infill/shells referred to as top layers, bottom layers, walls
or infill; infill pattern (rectilinear, gyroid,
honeycomb, etc.), infill/raster angle (0-90°)
and infill density (0-100%) can be varied

The way in which the part is in contact with the

Build orientation
build plate; rotational part orientation
Material which is used to support the structure
Support in the regions of overhangs/bridges and is
removed afterwards from the part
Auxiliary construction in which the actual
Raft workpiece is lifted off the print bed; thin layer
of filament printed as a "base"
Auxiliary construction similar to raft but printed
Brim around the workpiece and not extending
underneath it
Skirt Test print close to borders of part, which often

helps to identify problems before printing

3.3. Mechanical testing pyramid

The mechanical testing pyramid is a bottom-up tool to systematically analyse
the applicability of a material for a certain application. It is also known as the
building block approach and was originally developed by NASA for their
advanced composite technology and high-speed research program [40]. In
aerospace, safety is critical and risk is reduced by testing a new laminate
design over a variety of length scales prior to application. Thereby, the number
of test specimens is decreasing with increasing number of test level. The
conventional building block approach generally consists of four levels:
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e Level 1: coupon/specimen
o Level 2: element/first geometrical details
e Level 3: sub-component

o Level 4: component/full-structure/system

Safety also plays a major role in the medical field. Here as well, the use of
systematic testing paths is recommended. Therefore, the mechanical testing
pyramid was adapted for cranial implants produced via ME-AM in this work
(Figure 3). The individual levels are described in the following chapters,
whereby levels 2-4 are accompanied by the examination of the introduced

morphology and microstructure.

Figure 3: Mechanical testing pyramid adapted for cranial implants produced

via material extrusion-based additive manufacturing.

3.3.1. Material selection and filament level

For the fabrication of cranial implants via ME-AM, the material of choice has to
be printable as well as implantable. To be printable, the processability of
filaments in sufficient quality is a prerequisite. The filament must have a certain
stiffness, strength and flexibility so that it can be spooled/unwound and
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subsequently pushed into the heating block and out through the nozzle.
Additionally, reproducibility is needed with low variations in the filament
diameter and ovality. A high filament quality is the key to produce high quality
prints. The list of thermoplastic materials that can be processed using ME-AM
grows almost daily. However, in terms of food and drug administration (FDA)
approval or even certification for implantation, this number is severely limited.
For implantation, the material has to meet a large number of demands. First of
all, the material must be non-carcinogenic, biocompatible (appropriate
response of material when in contact with body tissue or fluids [11]), durable
(material remains undamaged/usable during its service life; depends on
temperature, media and pH resistance as well as mechanical or electrical
stresses [15]) and sterilisable (elimination of all living organisms such as
bacteria or viruses without loss in mechanical properties [14]). Another
requirement for implant materials is mechanical integrity. The stiffness,
strength and flexibility of the material must be suitable for the body part to be
replaced [15]. The surface properties of an implant also play an important role.
Surface roughness, tension and energy of the implant influence the adsorption
of proteins, the wettability by wetting liquids (e.g. blood) and the interaction
with cells and tissue [41].

Polymers are often used as implant materials because they have
advantageous heat-insulating properties, are easy to process and, unlike
metals, do not generate microwaves or electrolytic current, which is
advantageous with regard to X-ray scanning [3,41]. Polymer materials that
have already been used for implants include PEEK, polylactide (PLA), PMMA,
glycol-modified poly(ethylene terephthalate) (PETG), poly(vinylidene fluoride)
(PVDF) and polypropylene (PP). On the basis of the available medical
approval of these materials, they were examined in more detail in
Publication 1 of this thesis [39]. Among the listed polymers, the use of PEEK
is most widespread. Several bones of the human body (e.g. spinal, maxillo-
facial and cranial implants) are replaced by PEEK implants after an accident
or disease [42]. PEEK shows high biocompatibility [43] and durability [44].
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However, for the processing of PEEK special printers are needed in order to
reach adequate nozzle (~430 °C) and chamber (~160 °C) temperatures [45].
PLA, on the other hand, is biodegradable and is therefore used for short-term
applications, such as barrier membranes, drug delivery systems, bone
scaffolds, stents, sutures and screws [11,46]. The degradation products of PLA
are also non-toxic. It is a biopolymer that can be derived from renewable
resources such as carbon dioxide, wheat, corn and rice, making it affordable
and available. The mechanical properties of PLA are versatile, depending on
the molecular weight, degree of crystallinity and stereochemical configuration
of the PLA backbone [47]. PMMA, on the one hand, is used as intraocular
lenses and hard contact lenses due to its excellent light transmission and as
bone cement for anchoring hip prostheses, dental applications, orthopaedic
and cranial implants due to its sufficient mechanical properties [11,19,48].
PMMA is biocompatible, inert, readily available and affordable and has been
used in cranioplasty since 1940 [21]. PETG has moderate mechanical
properties, making it suitable for parts that do not require high load capacity or
elasticity, such as bite guards [39]. Additionally, PETG shows a high
biocompatibility. PLA, PMMA and PETG are all easily processible via ME-AM,
either because the material crystallises slowly, which is hindered by the high
process-related cooling rate (PLA), or because of the amorphous nature of the
polymer (PMMA and PETG). However, PLA, PMMA and PETG are all polar
materials and their properties could be moisture dependent, which has to be
investigated in detail for each type of material prior to application. PVDF or PP
have mainly been used as suture materials or as surgical meshes [11,49]. The
main reason for that lies in the high flexibility of those materials. The high
ductility of the materials could also be beneficial for bone reconstruction (e.g.
cranial implant [50]) in order to prevent splintering if a fracture should occur.
The prerequisite for this is a small size of the bone to be replaced, since the
materials show too low strength and stiffness values to replace larger parts
[39]. Additionally, the deformability of the materials in large implants, e.g. in

the skull area, could be too high and in the event of an accident the implant
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would be pressed into surrounding sensitive areas, which could have serious
consequences. Moreover, PVDF has a high biocompatibility [51], whereas the
biocompatibility of PP is controversially discussed in literature [52,53]. In terms
of processability, PP and PVDF are more difficult to print due to the
crystallisation that occurs during the printing process.

Implant materials have to withstand a large number of different load cases.
Firstly, the materials are subjected to temperature and media at all times.
Secondly, operating loads as well as incalculable loads (e.g. when you bump
into something) should be considered during the design process. As polymers
are known to show a temperature and time-dependent material behaviour it is
clear that the exact temperature- and time-dependent material properties have
to be known as a prerequisite for a meaningful simulation-based design.
Therefore, the temperature and strain-rate dependent material properties were
evaluated for the aforementioned materials in Publication 1 of this thesis [39].
It was found that PVDF and PP in particular have strongly temperature-
dependent properties in the targeted application area (body temperature range
of 37 to 41 °C; Figure 4). For both materials the application temperature is
above the glass transition temperature (Tg; PVDF: - 33 °C; PP: 9 °C) which
leads to highly increased chain mobility with rising temperatures. Due to the
enhanced mobility of the chains the storage modulus is significantly reduced
between 37 and 41 °C (6.5% for PVDF and 10.4% for PP) [39]. The increase
in the storage modulus of PLA in the vicinity of 100 °C can be attributed to cold
crystallisation (crystallisation during heating), which occurs due to too short a
time for complete crystallisation during cooling [54].

Strain-rate dependent tests, discussed in Publication 1 of this thesis, showed
that at lower test speeds there is a tendency towards higher non-linear curve
behaviour associated with lower stresses and higher elongations at break for
all tested materials (Figure 5). For PMMA, the decrease in strength between

crosshead speeds of 10% and 10 mm-s™ was the highest with approx. 58%.
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A change in the type of fracture from brittle to pronounced yielding was
evaluated for PLA and PETG.
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Figure 4: Temperature dependency of several thermoplastic implant materials
observed in Publication 1 of this thesis [39].
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Figure 5: Strain-rate dependency of several thermoplastic implant materials
analysed in Publication 1 of this thesis [39].
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3.3.2. Specimen level

The layer-by-layer application of material in additive manufacturing introduces
a specific orientation into the component. Depending on the process
parameters, heterogeneities such as cavities or entire welding lines are
created between the individual strands. Subsequently, it is clear that the
material properties are influenced by the processing conditions and the bulk
material properties, given in the technical data sheets, are not achievable most
of the times. In addition, the resulting microstructure often leads to
anisotropic material properties. In the direction of the strands near-bulk
properties can be achieved, while significantly reduced values can be seen
perpendicular to the strands. Furthermore, the layered material deposition
results in a waved surface with a topography that is strongly influenced by the
chosen process parameters, which affects the interaction with surrounding
substances in the case of implants. Depending on the geometry and degree of
expression, the waved surface can act similar to notches and weaken the
mechanical performance. Hence, tests at specimen level should help to

estimate the “real” properties.

Especially for implants, the identification of printing induced defects is of
particular importance. Several methods are available to determine the local
porosity within a material, such as optical microscopy and scanning electron
microscopy (SEM). Both procedures are destructive methods in which the part
to be tested is damaged beforehand. When it comes to the global porosity of
parts, X-ray micro-computed tomography (u-CT) is a widely used non-
destructive tool to characterise the size, shape and distribution of defects [55].
u-CT could therefore also be used for quality control prior to implantation;
although the relationship between part size, resolution and scan time should
be kept in mind. In Publication 1 of this thesis [39], the local (Figure 6) and
global (Figure 7) porosity of tensile test specimens produced via ME-AM using
different implant materials were analysed and correlated with the mechanical

properties, since printing defects can initiate delaminations and fractures.

21



Cross-sectional images of a PEEK sample showed a high number of defects
in the form of weld lines (Figure 6 a and b). The unsatisfactory printing quality
was verified by p-CT scans of the whole samples, showing a high number of
defects (Figure 7 a). High nozzle and chamber temperatures are required for
adequate processing of PEEK, which makes printing PEEK challenging. Even
if the print quality can still be improved, PEEK has been shown to have a low
overall porosity of 1.18%. A small number of defects (Figure 6 ¢ and e) with
non-negligible pore sizes (Figure 6 d and f) were found in PLA and PMMA.
However, a global observation of the specimens (Figure 7 b and c) revealed
satisfying printing qualities with porosity levels between 0.07 and 0.09%. The
PETG samples showed more distinct weld lines with increased distance to the
build platform (Figure 6 g) and relative small pores (Figure 6 h). For PVDF and
PP, small pores (Figure 6 i and k) were observed in small numbers (Figure 6 |
and I). All three materials obtained porosity values between 0.11 and 0.20%.
In summary, despite large local defects in the parts, the global porosity was
low (<2%).
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Figure 6: Local representation of defects (optical microscopy and scanning
electron microscopy (SEM) images) in tensile bars of PEEK (a and b), PLA (c
and d), PMMA (e and f), PETG (g and h), PVDF (i and j) and PP (k and I)
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produced via material extrusion-based additive manufacturing, which were
evaluated in Publication 1 of this thesis [39].

20 mm

Figure 7: Global representation (2D images of pu-CT measurements) of
defects in tensile bars of PEEK (a), PLA (b}, PMMA (c), PETG (d), PVDF (e)
and PP (f) produced via material extrusion-based additive manufacturing,
which were evaluated in Publication 1 of this thesis [39].

The influence of porosity in ME-AM on the resulting mechanical properties has
been studied in numerous research papers. In general, it has been found that
as porosity decreases, the mechanical properties of the part produced via ME-
AM increase [56-59]. However, as shown in Publication 2 of this thesis, it was
found that if the porosity values of all analysed samples is below 1% (globally
—whole sample and locally — predefined local region of highest stresses during
testing), no significant influence of differential porosity levels on mechanical
properties is observable (Figure 8) [60].
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Figure 8: Effect of global and local porosity on mechanical properties of
PMMA bars produced via material extrusion-based additive manufacturing
according to Publication 2 of this thesis [60].

Reproducibility and repeatability are important issues when it comes to
additive manufacturing. The reliability of the manufacturing process depends
on the operator, but also on the printer itself. As mentioned earlier, print quality
is largely dependent on the filament quality and the used processing
parameters. A slightly different nozzle temperature can change the diffusion
between adjacent strands and alter the print quality within the same or a
different batch. In the case of AM batch means all samples manufactured
during a single print. Within a batch, variations in print quality are most likely
due to the uneven temperature distribution on the build platform [61], or uneven
levelling of the bed. In addition, the build platform at the bottom is usually set
at a specific elevated temperature, resulting in a decrease of temperature in
the z-direction. This often leads to larger pore sizes and less diffusion between
layers the further the layer is away from the build platform [62]. This has also
been shown in Publication 2 of this thesis, where PMMA was found to show

varying porosity within and between different batches (Figure 9) [60].
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Figure 9: Porosity differences within and between different print batches
evaluated for PMMA bars produced via material extrusion-based additive

manufacturing in Publication 2 of this thesis [60].

Varying process conditions do not only alter the introduced microstructure but
the
temperatures result in a lower viscosity of the applied melt, which on the one

also resulting material properties. Exemplarily, higher nozzle
hand leads to fewer gaps between adjacent strands due to higher liquidity and
thus to a larger area of welding and on the other hand to higher diffusion in the
contact area between strands due to higher chain mobility. Moreover,
increased temperatures (build platform, build chamber and nozzle
temperature) generally extend the diffusion time, the weld strength and
therefore the mechanical properties. Spoerk et al. [63], for example,
investigated that the tensile strength increased from approx. 2 to 54 MPa as
the nozzle temperature rose from 190 to 250 °C for 90° oriented PLA samples.
Similar results were observed by Refs. [64—66] and explained trough the
reduced viscosity of the melt at higher temperatures, which increased the
interdiffusion depth between adjacent strands. Apart from the influences on
the resulting material properties, it should be considered that the actual

temperature of the deposited strand usually deviates from the specified
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temperature and that the filament cools during extrusion at a rate of about
100 K/s [31].

An opposite relationship is shown by the printing speed. A higher speed
shortens the diffusion time for adjacent strands as the hot die resides over one
spot for a shorter time, and hence, the mechanics of the resulting part are
lowered. Furthermore, the print speed has to be correlated with flow rate. As
the printing speed increases, the amount of deposited material also increases.
This subsequently changes the slippage behaviour in the filament feed system
and nozzle head, which alters the material flow. At higher printing speeds, the
material flow becomes unstable, which further affects the dimensions of the
extruded filament and leads to additional voids [67]. Moreover, a higher
printing speed leads to a higher filament feed rate, resulting in a larger
diameter of the extruded filament [68,69]. The larger diameter might be
associated to die swelling, where the diameter of the extruded polymer
increases when exiting the die, which can cause a reduction of voids and thus
higher mechanical properties. Additionally, the printing speed has a great
influence on the printing time and thus on the lead time of the implant.

Several printing parameters are linked with each other, as is the extrusion
multiplier with the flow rate, which in turn affects the line width [70]. In terms
of the extrusion multiplier or line width, Butt et al. [71] found that increasing
values of both parameters lead to a greater thickness of the part. The results
also show that a better surface quality can be achieved with lower values for
the extrusion multiplier. On the contrary, higher multipliers and widths reduced
the resulting strain values. Ferretti et al. [72] investigated that the line width
plays a key role regarding the printing quality of the final part as it is directly
connected to the number and final volume of defects and therefore to the

mechanical characteristics of the printed part.

The influence of the layer height is controversially discussed in the literature,
as different mechanisms overlap here again. Refs. [64,66] stated that a small

layer thickness results in low tensile strength since more weld lines also mean
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a higher number of printing errors. Refs. [73—76] showed increased tensile
strength with decreased layer thickness, explained by an improved cross-flow
of the deposited filaments that are more compressed, due to the reduced layer
thickness. The improved cross-flow further enhanced the print quality.
Therefore, it can be said that it is an interplay between improved cross-flow
and a higher number of weld lines. In addition, depending on the geometry of
the part to be printed, the passing hot nozzle affects more underlying strands
at lower layer heights. That way elevated temperatures are maintained for a
longer period of time and thus achieving an annealing effect. However, a lower
layer thickness also results in a significantly increased printing time and

therefore lead time of an implant [77].

Parts produced via ME-AM mostly display anisotropic tensile behaviour, which
is significantly influenced by the orientation of the single strands. Testing in the
direction of the strands usually achieves the highest mechanical properties,
whereas testing perpendicular to the strands generally tests the welds and
therefore shows the lowest performance. Depending on the print quality, the
mechanical properties can deteriorate considerably. Zhao et al. [76] showed
that the tensile strength and Young's modulus decreased with increasing infill
angle between 0 to 90° (0° - strands parallel to load direction, 90° - strands
perpendicular to load direction). For PLA printed with a layer thickness of
0.3 mm, differences of 26.93 MPa in tensile strength and 0.86 GP in Young's
modulus were found. Zimian et al. [78] printed acrylonitrile-butadiene-styrene
copolymer (ABS) with different raster orientations. The values for ultimate and
yield strength were highest for the 0° (25.15 and 24.18 MPa), followed by +45
(16.90 and 15.34 MPa) and 90° (9.16 and 8.55 MPa). Considering the tension
fatigue life, ABS specimens printed with a raster orientation of +45 showed the

highest value followed by 0°, 45° and 90° rasters.

Similar to the raster orientation, the build orientation strongly influences the
resulting mechanical properties. Depending on the build orientation, the

influence of the heated print bed on the resulting temperature profile and the
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deposition of the individual layers on top of each other are differently. Hence,
the welding between the adjacent strands is affected. PLA printed with 30%
infill obtains the highest tensile strength when printed flat — XY (55.49 MPa)
followed by printed on edge — XZ (48.18 MPa) and is weakest when printed
upright — Z (35.52 MPa) [79]. Additionally, the Z printed specimens have the
longest build time (231 min) compared to XY (29 min) and XZ (59 min) printed
samples. For ABS, XZ printed specimens performed best in terms of tensile
modulus and strength [80]. Upright printed specimens showed significantly
lower ultimate tensile strength and elongation at break. XZ-orientation further
resulted in the highest flexural modulus and elongation at break in bending.
For torsion, similar moduli and strength values were obtained independently of
the build orientation.

As already stated, in additive manufacturing by material-extrusion there is a
huge number of influencing factors on the part quality and therefore resulting
properties. For this reason, amorphous (e.g. PMMA) or slowly crystallising
semi-crystalline polymers (e.g. PLA) are often used, as the number of
influencing factors increases further with other semi-crystalline polymers (e.g.
PP). Process-induced morphology and crystallography are very complex and
print errors such as shrinkage and warpage are often the result. To gain further
knowledge about the effects of process-induced morphology in semi-
crystalline polymers, PP was printed with different parameter sets and thermal,
mechanical and morphological characteristics were examined in
Publication 3 of this thesis [81]. A variation of the printing speed and/or the
nozzle temperature affected the size of the spherulites formed and the creation
of the oriented crystalline structures (shish-kebab) at the strand boundaries,
which spread towards the core of the strand (Figure 10). At a printing speed of
22.5 mm-s™ and a low nozzle temperature of 200 °C shish-kebab structures
were also found within the strands, as a consequence of increased shear in

combination with thermal conditions.

28



22.5 mm/s

_2.25 mm/s

Figure 10: Effect of nozzle temperature and printing speed on the morphology
of PP produced by material extrusion-based additive manufacturing, as
described in Publication 3 of this thesis [81].

Moreover, the effect of the printing sequence for two rectangular PP
specimens unidirectionally (x-axis) printed at a printing speed of 22.5 mm-s
and a nozzle temperature of 250 °C is demonstrated in Publication 3 of this
thesis (Figure 11) [81]. First, the first layer of part 1 is printed than the first layer
of part 2 is printed. Afterwards, the second layer of part 2 is printed on a layer
which still shows elevated temperatures, whereas the second layer of part 1 is
printed on a layer which already had enough time to cool down. This sequence
is continued until the parts are finished. Due to this printing sequence, an
alternating morphological structure is introduced to the material (layer with big
spherulites vs. layer with small spherulites). On the other hand, if the printer
would always start with depositing the layer of part 1, and then moving to
part 2, a more homogenous structure would be created. This should illustrate

how strongly the component properties depend on the print path when using

29



semi-crystalline polymers. Therefore, tool path generation is a non-neglectable
step in AM and can be used to search for paths with a nearly homogenous
temperature distributions to provide more homogenous parts and reduce
shrinkage and warpage, continuous paths to allow for printing of continuous
fibre reinforced thermoplastics, paths to reduce the printing time or save
material, to improve precision and surface quality, or to enhance certain

mechanical properties such as strength [82—84].

l. Long air contact —» strand cools down quickly
—small spherulites

11. Short air contact—» strand maintains warm for
along time —» large spherulites

Figure 11: Influence of print path on morphology of PP produced via material
extrusion-based additive manufacturing, as shown in Publication 3 of this
thesis [81].

As previously mentioned, higher temperatures enhance the interdiffusion
between adjacent strands. In Publication 3 of this thesis it was verified that
this led to less pronounced weld lines and furthermore higher forces were
needed to tear the sample apart (Figure 12) [81]. On the other hand, the
printing speed does not seem to have a significant influence on the tearing
forces for PP produced via ME-AM at very high nozzle temperatures, as the
high temperatures led to less pronounced weld lines due to longer weld times.
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Figure 12: Effect of printing speed and nozzle temperature on weld strength
of PP produced by material extrusion using additive manufacturing, as found
in Publication 3 of this thesis [81].

Furthermore, higher oriented structures with oriented crystalline structures in
the direction of the strands led to increased thermal conductivity along the
strands (axial) but lower values perpendicular to the strands (radial) for
unidirectionally printed PP samples analysed in Publication 3 of this thesis
(Figure 13: Impact of printing speed and nozzle temperature on thermal
conductivity of PP produced by material extrusion using additive
manufacturing, as observed in Publication 3 of this thesis [81].Figure 13) [81].
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conductivity of PP produced by material extrusion using additive
manufacturing, as observed in Publication 3 of this thesis [81].

The process parameters can therefore be used to control the morphology and

thus the thermal properties, such as the thermal conductivity, of a component.

Similar to different processing conditions, posttreatment steps can also
influence the mechanical properties, morphology and microstructure. One step
which all medical devices have to undergo before application is sterilisation.
Sterilisability is a prerequisite for implant materials, as they must be free of
pathogens and contaminants before use [85]. In addition, the sterilisation
process must not significantly alter the dimensions or mechanical integrity of
the part. The most common sterilisation method is autoclaving, which uses
high-pressure steam. This process takes place at temperatures above 120 °C
for a prolonged period of time and is therefore only suitable for metals,
ceramics and high-performance thermoplastics (e.g. PEEK). However,
thermolabile polymers with low melting temperatures (e.g. PLA, PMMA, PETG,
PP, PVDF) are deformed at these temperatures, so that other sterilisation
processes are required. Chemical sterilisation (ethylene oxide or
formaldehyde), radiation sterilisation (gamma, electron or X-rays), plasma
sterilisation or microwave sterilisation are possible methods [86,87]. Kumar et
al. [88] analysed the repeatability of sterilisation of a PEEK surgical clip in order
to investigate its reusability. Therefore, they sterilised the component up to 100
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times at 121 °C for 30 min each. After 30 cycles, the compressive force was
reduced by ~20%, after 50 cycles lateral dimension decreased by ~6%. The
degree of crystallinity and the melting behaviour of PEEK was not significantly
affected, whereby the hardness increased by ~49% after 20 cycles. For
thermolabile polymers such as PLA, PETG, PVDF and PP, conventional
sterilisation methods (heat, gamma irradiation and ethylene oxide) can lead to
the release of toxic products, damage the product or change the
properties/dimensions due to the thermal and/or hydrolytic sensitivity of these
materials. According to Ref. [89], there is no optimal standard sterilisation
technique for PLA and the parameters for the chosen sterilisation technique
must be evaluated individually for each application. Oth et al. [90] suggested
sterilisation with hydrogen peroxide for PLA and PETG surgical genioplasty
guides produced by means of ME-AM, as the dimensional deformations are in
the submillimetre range and compatible with surgical use. Mlnker et al. [91]
examined the influence of ethylene oxide, hydrogen peroxide gas plasma,
autoclaving and y-irradiation on materials based on PMMA and found that all
methods except for autoclave sterilisation seem to be suitable. Chu [92] stated
that for PP sterilisation via ethylene oxide gas is suitable, while PVDF can be
sterilised using the conventional y-irradiation method due to the absence of an
a-alkyl group. Gahleitner et al. [93] investigated the effects of steam and y-
irradiation on different PP grades and found that the changes in the material
are mainly related to degradation (irradiation) and post-crystallisation (steam).
The embrittlement of most standard grades can be overcome by using

copolymeric systems or special stabilisers.

Another important step for medical devices to consider, especially with
polymers, is cleaning. This step is performed prior to sterilisation using
temperature, pressure and an agueous cleaning solution [94]. Since polymers
are known to have temperature, pressure and moisture dependent properties,
the cleaning step could significantly affect the properties of the resulting part.
There are several studies in literature on the effects of different sterilisation

processes on the material behaviour of different thermoplastic polymers
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produced by ME-AM, but not yet in combination with the preceding cleaning
process.

Due to the porous structure of additively manufactured samples, they could be
more affected by these processes than solid, non-porous, moulded samples,
as their absorption-desorption behaviour is expected to be different. For this
reason, and because the combination of cleaning and sterilisation has hardly
been addressed in literature so far, the combined effect was analysed for a
widely used thermolabile implant material, PMMA, in Publication 2 of this
thesis [60]. It was found that the combination of formaldehyde sterilisation and
prior cleaning did not significantly affect the flexural properties of two different
PMMA materials. One PMMA grade was found to have a significantly lower
Charpy impact strength after washing. This change did not correlate with
porosity, so it can be attributed to the cleaning process. The effect could not
be explained by changes in the chemical structure, the presence of residual
media or the analysis of the fracture surfaces. However, the effect was
neutralised after sterilisation and no reason was found not to apply this
cleaning/sterilisation routine for the PMMA-based materials investigated.

To improve the mechanical properties and surface finish of printed parts,
several different post-processes can be applied, such as grinding, polishing,
vapor smoothing or annealing. Conventional grinding and polishing
techniques are mainly suitable for simple parts with straight edges. Since 3D-
printing is usually used to produce more complex parts, other processes are
favoured here. For parts that are not too complex, the vibratory grinding
process can be applied. In this process, the workpieces to be processed are
placed in a container together with abrasives and usually an additive in an
aqueous solution. An oscillating or rotating movement of the container creates
a relative movement between the workpiece and the abrasive, which causes
material removal on the workpiece, especially on the edges. Vibratory surface
finishing has been successfully performed on 3D-printed Ti-6Al-4V parts,

resulting in values for roughness and wettability applicable for medical devices
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[95]. In the case of polymers, care should be taken to select an aqueous
solution that does not interact physically or chemically with the material.
Vapour smoothing, on the other hand, is a finishing option that exposes
printed parts to an evaporated solvent. Steam smoothing of 3D-printed parts
replaces the wavy surfaces caused by the process with smooth, glossy
surfaces. Kuo and Mao [96] applied acetone vapours on ME-AM parts,
resulting in enhanced surface finish, minimal dimensional changes and
increased strength. Garg et al. [97] obtained similar results for other
geometries with variable printing orientation. However, the open porosity of
ME-AM leads to the penetration of disinfectant solutions, which poses safety

problems in the field of medical implants [98].

Among the before listed post-processing techniques, annealing is of particular
interest when it comes to enhancing mechanical strength [99]. In the ME-AM
process, each layer is printed by extruding lines of thermoplastic polymer onto
a partially cooled, previously deposited layer (Figure 11). When the next line
of polymer is applied to the previous layer, the material interface rises above
the material's T, for some time (depending on the part geometry and
processing parameters) allowing some degree of molecular reptation at the
interface. In combination with the applied compaction pressures at this
interface a more or less firm connection is formed. Generally, the times for
sufficient diffusion and re-entanglement are not achieved, resulting in poor
interfacial strength, so that the parts cannot be used in many technical
applications. By annealing the part at temperatures above the Ty of the
material, the time for diffusion can be prolonged, enhancing the mechanical
properties. Pazhamannil et al. [100] reached an increase in ultimate tensile
strength of ~25% and in compressive strength by ~22% for PLA produced via
ME-AM after annealing. Improved physical and mechanical properties were
also achieved for ABS manufactured by ME-AM by Singh et al. [101]. However,
annealing can also release residual stresses, which can further result in
dimensional changes. Therefore, Dunn et al. [102] tried to overcome this by

including ABS, a polymer with a low Ty, in a shell of polycarbonate with a high
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T4. After annealing at a temperature between these two Ty values, a structure
with high interlaminar strength was obtained while maintaining the geometric
dimensions. Single edge notched bending tests showed 1800% higher fracture
toughness for annealed samples compared to untreated samples, with the
annealed samples fracturing ductile and the untreated specimens showing a
brittle fracture behaviour.

3.3.3. Sub-component level

Additive manufacturing offers a high degree of freedom in the design of an
object. Nevertheless, not everything is possible. With AM via material
extrusion, it must be considered that the printing of an object has to start at the
building platform. Due to gravity, not all printing angles or bridges are possible.
Therefore, some designs need sacrificial structures, called supports, to
connect the object to the build platform. It is important to consider how the
supports can be removed later without damaging the printed part. Therefore,
designers need to create high-quality digital models of the final product and
keeping the printability in mind ("Design for Additive Manufacturing”) [103].

Altering the geometry and part size (AM is scalable) changes the thermal
history within the part [104], which further effects the bonding between
neighbouring layers and thus the material properties. An optimised print profile
evaluated for a specific geometry and size may no longer be the best option
when details in the design or the size of the object are changed. This is
particularly important in the field of medical implants, as each printing profile
for a specific implant has to be certified [105-107]. Therefore, two different
printing profiles will probably have to be certified for printing large and small
implants with the same material (e.g. one profile for implants below a certain

size and one for implants above the threshold).

With AM, nearly all unnecessary materials can be omitted as long as in the
resolution of the printer. Not only can solid objects be produced, but also a
wide variety of different internal structures. As already described in chapter
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3.1, internal structures such as porosity can be used to adjust cell adhesion,
migration, nutrient supply, and biological fixation [29,30]. In addition to the
medical properties, the mechanics also play an important role. Concerning
cranial implants, the proper internal structure in terms of mechanical properties
— which should absorb a huge amount of energy before failure, should not
deform too much and should not splinter when fracturing — was evaluated by
printing sandwich-structures with different core patterns. Therefore, in
Publication 4 of this thesis PMMA sandwich structures produced via ME-AM
with three different infill patterns (rectilinear, gyroid and 3D-honeycomb) and
four different infill densities (30, 50, 70 and 100%) were analysed in terms of
their impact properties [48]. The highest impact properties were obtained with
3D-honeycombs compared to rectilinear and gyroid structures with the same
infill density (Figure 14). The stresses were distributed radially from the point
of impact, but due to the stress concentration at the bottom of the plate
(Figure 15), the final failure occurred quite early, resulting in a relatively low
total absorbed energy.
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Figure 14: PMMA sandwich structures produced by material extrusion using
additive manufacturing with different internal architectures (infill pattern and
density) tested in Publication 4 of this thesis [48].
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Figure 15: Fracture pattern of PMMA sandwiches produced by material
extrusion using additive manufacturing with different internal architectures
(infill pattern and density) shown in Publication 4 of this thesis [48].

At a certain infill density (70% for 3D-honeycombs and 100% for rectilinear
structures), there was a transition in transparency and also in the fracture type,
from a normal puncture to a more shard-like failure. The individual strands of
the structure were no longer separated from each other and rather the material

and not the structure was tested.

One method to find the optimal material distribution or load path in a predefined
design space for a given load and boundary condition is topology
optimisation [108]. In Publication 4 of this thesis a topology optimised PMMA
sandwich structure with minimised compliance and a mass-fraction of <50%
(Figure 16 a) resulted in high values for the force at first damage and the

corresponding absorbed energy when impact tested [48].
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Figure 16: Topology (a) and material optimisation (b) of PMMA sandwich
structure investigated in Publication 4 of this thesis [48].

The mechanical properties and fracture behaviour could also be enhanced by
material optimisation. By combining a compliant and a stiff material, energy
absorption can be improved, if the elastic material acts as a crack stopper
[109]. Hence, in Publication 4 of this thesis, PMMA was tested with a
thermoplastic copolyester elastomer interlayer (Figure 16 b). All impact
energies were improved due to the ductility of the interlayer, but with a
deterioration of stiffness and maximum achieved forces [48]. This means that
a lot of work has to be done still in order to achieve optimal mechanical integrity
of cranial implants produced by ME-AM.

3.3.4. Component level

Finally, cranial implants were manufactured using the knowledge gained from
testing at the other levels of the mechanical testing pyramid to find the optimal
processing conditions and application-oriented tests were performed in
Publication 5 of this study [110]. Based on the results of levels 1+2 of the
mechanical testing pyramid, PEEK was chosen as the material of choice for
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the final component tests due to its adequate mechanical properties with low
temperature dependency in the application temperature range. Since PEEK is
also a semi-crystalline polymer, the process-structure-property relationships
are very complex, but the resulting properties can also be strongly controlled
by process changes. Literature research and previous studies have shown that
the strand orientation with regard to the load direction and the temperature
profile significantly influence the result. For this reason, the last study focused
on the influence of the build orientation and the air flow temperature, which
indicates the temperature of the air stream flowing upwards through holes in
the print bed and is a specific feature of the printer used, as very high ambient
temperatures are required to print PEEK, on the mechanical integrity of cranial
implants produced via ME-AM. As described in level 3 of the testing pyramid,
impact loads are the most critical load case for cranial implants and were
therefore applied to the printed components. Additionally, the implants were
manufactured with an infill density of 100% and a rectilinear infill pattern, as
this turned out to be one of the most promising variants during sub-component
testing. The results were compared to a commercial milled PEEK implant.

It was found that, independently of the build orientation all PEEK cranial
implants manufactured by ME-AM broke into 2 to 4 pieces when impacted,
which is a huge advantage over the commercial milled implant that broke into
a larger number of pieces (Figure 17). These pieces could injure the
surrounding tissue if an accident occurs in the real application. Although the
printing process introduces welds that weaken the mechanical behaviour
perpendicular to the strands, the direction of crack propagation can be defined
by the strand arrangement, preventing splinters when fracturing. Upright
printed samples resulted in the lowest mechanical properties, due to the low
weld strength in z-direction of the prints. When the samples were tilted by 45°,
they still broke between the strands in the z-direction, but the effective cross-
section between the layers was increased by the tilting. This led to an
improvement in mechanical properties compared to upright printed samples.

The mechanical integrity can further be improved by using a horizontal build
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orientation, where the loading direction is perpendicular to the strands and the

fracture propagates in the direction of the imperfections in the part (e.g. voids).

__impact
« testing

PEEK cranial implants

Figure 17: Impact of build orientation on impact behaviour of PEEK cranial
implants produced by material extrusion using additive manufacturing, as
presented in Publication 5 of this thesis [110].

As mentioned in chapter 3.3.2, the mechanical properties of parts generated
via ME-AM are generally increased by annealing. A similar principle to
annealing underlies the application of an increased build chamber or air flow
temperature, which both increase the surrounding temperature. This results
in a reduced cooling speed and prolongs the time for crystallisation. The
increased ambient temperature causes an annealing effect during the printing
process. In Publication 5 of this thesis, it was found that with PEEK,
insufficient time for crystallisation led to colour inhomogeneity due to remaining
amorphous brownish areas [110]. Additionally, low air flow temperatures
resulted in lower degrees of crystallinity and bigger amorphous areas
(Figure 18). Due to the short crystallisation time and the associated low degree
of crystallinity of the parts printed without air flow temperature, crystallisation
was observed during the first heat cycle of differential scanning calorimetry

analyses, the so-called cold-crystallisation.
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Figure 18: Impact of air flow temperature (AF) on appearance and degree of
crystallinity (top) and differential scanning calorimetry curves (bottom) of
upright printed PEEK cranial implants analysed in Publication 5 of this thesis
[110].

As the appearance of the implants is crucial for the surgeons, a uniform colour
is necessary as they are in charge in the end. Uniformly coloured implants give
them a “good feeling” and trust in the implant. Therefore, amorphous areas
should be avoided, even though they may show better mechanical behaviour.
The amorphous areas are associated with lower degrees of crystallinity and
result in moderate maximum impact forces, high deformations up to maximum
force - even to final failure - and thus high energy absorption values up to
maximum force as well as high values of total absorbed energy. In addition,
the amorphous parts have a positive influence on the fracture pattern, as the
individual fragments were still partially connected after the impact. The reason
for this is plastic deformations of the amorphous areas, which prevent
splintering in the event of an accident.
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As described in chapter 3.3.2, not only the internal microstructure is influenced
by the process, but also the surface quality. For implant materials, surface
quality plays a crucial role in the interaction between the implant and the
surrounding soft tissue or bone. For milled implants, the surface quality can be
analysed by its roughness, whereas for components produced via ME-AM, the
waviness or rather topology is more important due to the layered structure
introduced by the manufacturing process. In Publication 5 of this thesis, a
study investigating the effects of various process parameters on the
mechanical performance and implant quality of PEEK cranial implants
manufactured by ME-AM, horizontally printed implants were found to have
higher waviness compared to 45° tilted and upright printed implants [110]. This
was attributed to a greater offset between each printed layer, which is much
more pronounced compared to vertical implants where the weld between
adjacent layers is tighter as a result of direct pressure through the print nozzle.
In addition, the positioning and volume of the support structures contributes to
the increased waviness of horizontally printed implants, as residual material is
being produced during their removal forming an irregular topology. Therefore,
efforts are still being made to optimise the support structures and their removal.
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4.

Summary and conclusions

Safety plays a key role in the medical field. The use of systematic testing paths,

similar to the mechanical testing pyramid developed by NASA for their

advanced composite technology and high-speed research program, is

recommended during the design process of cranial implants. Therefore, the

conventional mechanical testing pyramid was adapted for cranial implant

materials produced by material extrusion-based additive manufacturing (ME-

AM) in this work, whereby the introduced morphology and microstructure

play a relevant role once the material has been processed (levels 2-4):
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Level 1 — material selection/filament: For each application, the material
to be selected has to fulfil a high number of specifications. During material
selection, the material in its filaments form can be used to carry out tests
without having to produce test specimens beforehand. This benefit was
applied in Publication 1 of this thesis, which analysed the temperature
dependent mechanical behaviour of several medical polymers, namely
polyetheretherketone  (PEEK), polylactide  (PLA),  poly(methyl
methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate)
(PETG), poly(vinylidene fluoride) (PVDF) and polypropylene (PP). It was
found that for PEEK, PLA, PETG and PMMA the temperature dependence
within the application range (37 to 41 °C) is rather small, as the glass
transition temperatures (7,) of these materials are far above the applied
temperatures. In contrast, for PVDF and PP, the application temperature
range is above the T4 of the two materials, with the storage modulus
decreasing by 6.5 and 10.4% between 37 and 41 °C, respectively. It is



therefore crucial to include temperature dependent properties in any design
process to obtain correct results for finite element analysis.

Level 2 — specimen: As time and temperature fluctuations may have a
considerable influence on the behaviour of polymers, application-related
tests should be carried out to gather meaningful input data for simulation-
aided design. Therefore, the tensile tests were conducted on PEEK, PLA,
PMMA, PETG, PVDF and PP tensile bars manufactured via ME-AM at
different crosshead speeds in Publication 1 of this thesis to determine the
strain-rate dependent stiffness, strength and elongation at break of the
individual materials. The highest stiffness and strength were evaluated for
PEEK and PMMA, which accounts for their use in load-bearing applications
such as cranial implants. With decreasing testing speed, higher non-linear
curve behaviour was recognised. In the case of PLA and PETG, the overall
behaviour changed from a predominantly brittle towards pronounced
yielding.

Moreover, medical devices have to undergo a cleaning and sterilisation
step prior to application, with either certain temperatures, pressures or
various media acting on the material. Hence, the effects of these processes
on the resulting properties must be investigated individually for each
material-process combination, since several polymers are thermolabile or
influenced by media and the manufacturing process introduces a certain
structure to the material that could affect the absorption behaviour of the
resulting part. For this reason, the influence of a combination of sterilisation
(with formaldehyde) and the preceding cleaning process was analysed for
PMMA manufactured via ME-AM in Publication 2 of this thesis. No reason
was found not to apply the sterilisation routine used for the PMMA studied.
Moreover, it was shown that the porosity of all tested samples was less
than 1% and no correlation with mechanical performance was found.

Even if the material is suitable for the application in principle, the
mechanical integrity can be lost due to process-related influences.

Especially for semi-crystalline polymers the complex relationships between
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the processing parameters during material extrusion and the crystallisation
behaviour of semi-crystalline polymers are not yet fully understood.
Therefore, the influence of process-related orientations on the morphology,
and further on the material properties, was analysed for PP in
Publication 3 of this thesis. It was shown that nozzle temperature and
printing speed change the thermal profile during printing and therefore the
morphology and degree of orientation. Both almost homogeneous
structures and strongly anisotropic structures with pronounced weld lines
were found. Depending on the combination of temperature and speed,
more or less oriented crystalline structures — shish-kebab structures — were
formed. One parameter set led to layers with varying spherulite sizes,
which could be correlated with the standard printing sequence of the slicer
software, where the sample had alternating areas of high heat retention
(large spherulites) and areas that cooled quickly (small spherulites). When
larger components are printed or many parts are processed at the same
time, more pronounced alternating structures could be generated. This
confirms that the printing sequence suggested by the slicer software should
not be chosen arbitrarily, but can be used to control the morphology. The
process-induced morphology further resulted in altered material properties.
A more homogenous morphology led to higher weld strength between
adjacent strands and nearly isotropic thermal conductivity. In the case of
an inhomogenous morphology, strong thermal anisotropy was obtained. In
summary, it was found that small changes in the printing parameters
impacted the resulting material properties at different length scales.

Level 3 — sub-component: With 3D-printing, the degree of freedom in
designing an object is almost limitless. Hence, internal structures can be
used to improve cell adhesion, migration, nutrient supply and biological
fixation on the one hand and to optimise mechanical performance on the
other. For this reason, PMMA sandwich-structures produced via ME-AM
including different internal core-architectures and infill densities were

analysed in sub-component tests in Publication 4 of this thesis to evaluate



the structure with the highest mechanical performance on impact. Classical
3D-honeybomb structures outperformed rectilinear and gyroid internal
structures at the same infill density in terms of the resulting impact
properties. 3D-honeycomb internal structures with 70% infill and rectilinear
structures with 100% infill gave the best combination of allowable force
level and absorbed energy. A stiffness-based topology optimised structure
resulted in high values for the force at first damage and the corresponding
absorbed energy, whereas a structure with an incorporated thermoplastic
copolyester elastomer interlayer, which should act as a crack stopper,
significantly increased impact energies due to the ductility of the compliant
interlayer, but at the expense of maximum force and dynamic stiffness. The
ductility of the interlayer is associated with a high degree of deformation,
which, when used in a cranial implant, could injure the surrounding tissue
in the event of an accident. In summary, it was found that the energy to first
damage in combination with the deformation to this point and the dynamic
stiffness are critical parameters for the design process of cranial implants.
Level 4 — component: At the highest level of the mechanical testing
pyramid, tests were carried out on real components - cranial implants. The
previous levels of the testing pyramid helped to find the most promising
bone reconstruction material, the most influential processing parameters,
the optimal infill strategy and the key mechanical properties to be looked at
for cranial implants. As a conclusion, the effects of build orientation and air
flow temperature on the mechanical performance and implant quality
(colour uniformity, surface topography and degree of crystallinity) of PEEK
cranial implants produced via ME-AM were investigated in Publication 5
of this thesis and compared to a commercially available milled PEEK
implant. The most similar mechanical properties to the commercial implant
were evaluated for horizontally printed implants, where the load is applied
perpendicular to the strands, followed by 45° inclined and upright printed
parts. In contrast, the surface quality was best for upright printed implants

and worst for horizontally printed ones, mainly due to residual support
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structures remaining on the surface. In addition, a high air flow temperature
was found to improve the crystallisation process by prolonging the time for
crystallisation, resulting in a more uniform colour distribution, which is
preferred by surgeons. Without air flow temperature, extensive brown
amorphous regions formed, resulting in increased ductility, and thus,
absorbed energy to fracture due to very high deformation levels. Such high
deformations can injure the surrounding soft tissue in the case of an
accident. Additionally, the implant must not splinter when fracturing.
However, it was observed that the commercially available implant broke
into several pieces in an impact test, which could be another advantage of

ME-AM, where the fracture path can be predetermined by the printing path.



5. Outlook

Based on the findings so far, several research fields should be addressed in
the future. Firstly, in Publication 1 and Publication 5 of this thesis, it was
shown that the morphology and the resulting material properties of semi-
crystalline polymers can significantly be altered by changing the ME-AM
process conditions. This can be used to tailor the resulting properties.
Furthermore, the introduction of multiple welds into the material due to layer-
by-layer deposition weakens the strength of the material, especially
perpendicular to strands. However, this could be used to influence the fracture
behaviour and set a desired fracture path, which may be advantageous to
define the fracture pattern of cranial implants as shown in Publication 5.
Moreover, the generation of a predefined tool path is a highly underestimated
tool to further enhance additive manufacturing processes and needs to be
analysed more in future. It could be used to generate a nearly homogenous
temperature distribution within parts in order to minimise residual stresses, and
thus, warpage and shrinkage. Additionally, the path could be optimised in

terms of printing time or material usage, saving energy and costs.

Since thermoplastics among other materials mostly show strain-rate and
temperature dependent material properties, the performance of application-
oriented tests to evaluate proper material input parameters for finite element
analyses is vital (as shown in Publication 2 of this thesis) and has to be
considered for all implant materials in the future. Not only strain-rate and
temperature alter the behaviour of most polymers, but also environmental
media does. Therefore, a media cell has been developed in order to
characterise the properties of implant materials in application-oriented media
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in the future to further characterise the medical materials and enhance data
sets. The effect of different media and temperature on the behaviour of
polymers is also the reason why a proper sterilisation routine for each material-
process combination has to be found in a preliminary study, similar to the
characterisations performed on PMMA in Publication 3 of this thesis.
However, after cleaning and sterilisation not only the influence on the
mechanics and chemical structure should be determined, but also cytotoxicity
and biocompatibility should be tested to ensure that no entrapped substances

migrate.

To further investigate the applicability of cranial implants produced by material
extrusion, tests with loading conditions even closer to the real application
compared to the performed component tests are suggested. Sub-component
testing on plate-shaped sandwich structures (Publication 4) was therefore in
a first step advanced by using cranial bone-shaped, curved test specimens for
component testing (Publication 5). However, in the real application x-y-
deformations are restricted by tissue and the scalp, which changes the
constraint of the implant significantly. Future tests should therefore include full-
structure tests on cranial implants attached to skulls filled with a brain-like
substance. This should provide information on whether the implant itself fails
when unexpected loads act on the skull, or rather the attachments needed to

fix the implant to the bone.

Overall, with additive manufacturing even more than with most other
manufacturing processes, it is important to document all changes in
processing parameters and environmental conditions to improve repeatability
and reproducibility. In order to achieve reliable cranial implants via material
extrusion, optimised process parameters have to be found considering
changes in microstructure and morphology, load and media dependencies
have to be checked before application and robust process chains have to be
developed. Thereby, the generation of a predefined tool path and the use of

post-processing to further enhance additive manufacturing processes should
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not be underestimated and need to be analysed more in future. The biggest
challenge, however, will be to connect materials science with the needs of
surgeons, making direct collaboration with them indispensable.
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The application of material extrusion-based additive manufacturing methods has recently become increasingly
popular in the medical sector. Thereby, thermoplastic materials are likely to be used. However, thermoplastics
are highly dependent on the temperature and loading rate in comparison to other material classes. Therefore, it is
crucial to characterise these influences on the mechanical properties. On this account, dynamic mechanical
analyses to investigate the application temperature range, and tensile tests at different crosshead speeds 103,
10%, 10! and 10°mms™) were performed on various 3D-printable polymers, namely polyetheretherketone
(PEEK), polylactide (PLA), poly(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate)
(PETG), poly(vinylidene fluoride) (PVDF) and polypropylene (PP). It was found that the mechanical properties of
PEEK, PLA, PMMA and PETG hardly depend on temperature changes inside the human body. PVDF and PP show
a significant decrease in stiffness with increasing body temperatures. Additionally, the dependency of the stiff-
ness on the strain-rate is increasing between PLA, PP, PEEK, PETG, PMMA and PVDF. Besides the mechanical
integrity of these materials (strength, stiffness and its strain-rate and temperature dependency inside the body),
the materials were further ranked considering their filling density as a measure of their processability. Hence,
useful information for the selection of possible medical applications for each material and the design process of
3D-printed implants are provided.

mechanical or electrical stresses (Wintermantel and Ha, 2009).
Furthermore, implants have to be sterile, which means all living or-

1. Introduction

With the continuously improving health care system, life expectancy
of humans has increased rapidly. This leads to an enhancement of the
quantity of medical intervention such as the implantation of prostheses.
Therefore, finding adequate reconstruction materials and improving
their processability are of paramount importance (Soumya and Rajarshi,
2012). Implant materials have to meet a large number of demands such
as biocompatibility, durability, sterilisability and processability.
Biocompatibility can be defined as the ability of a material to respond
appropriately when exposed to body tissue or fluids (Ratner, 2015).
Durability means that materials remain undamaged or rather opera-
tional during their service life. The durability of polymers is dependent
on their resistance against temperature, media, pH-variations and

* Corresponding author.
E-mail address: florian.arbeiter@unileoben.ac.at (F. Arbeiter).
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ganisms such as bacteria or viruses have to be eliminated, otherwise
they can become lethal to the host system (Perez et al., 2012). Addi-
tionally, the mechanical properties should be adequate for the specific
application (Wintermantel and Ha, 2009). Several metals, ceramics and
polymers fulfil these requirements (Abdulai et al., 2006). Among them,
especially polymeric materials have been gaining popularity due to their
preferable heat-insulation properties and huge variety of different pro-
cessing techniques (Kriegel, 2006).

Strong emphasis has recently been laid on the manufacturing of
prostheses by material extrusion-based additive manufacturing (AM)
methods, also known as fused filament fabrication (FFF), fused deposi-
tion modelling (FDM™) or simply 3D-printing. Thereby, a thermoplastic
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filament is selectively deposited through a moving nozzle onto a build
platform. The nozzle moves according to a computer modelled (CAD)
and sliced (STL) design, building the desired object layer-by-layer
(Diegel, 2014; Gebhardt et al., 2016; Gibson et al., 2010; Gurr and
Miilhaupt, 2012).

AM methods reveal short process times due to reduced numbers of
process steps and offer the option of manufacturing parts in multiple
materials, colours and scales. In addition, a considerable amount of
material is saved in contrast to subtractive manufacturing processes
such as CNC milling (Gibson et al., 2010). Furthermore, AM processes
are relatively simple and allow the design of complex structures such as
personalised implants. A common method to acquire the necessary di-
mensions of customised medical implants is the use of computed to-
mography (CT) scans (Fiaschi et al., 2016; Kim et al, 2012;
Morales-Gomez et al., 2018; Rotaru et al., 2006). Therefore, the accu-
racy of printed parts depends strongly on the resolution and overall
quality of the CT scans. Additionally, the processing parameters (the
temperature of the die and the build platform, the printing speed, the
layer thickness, the build chamber temperature, the build platform
material, etc.), as well as the viscoelastic and thermal behaviour of the
material itself (Spoerk et al., 2017a-c; Spoerk et al., 2018a-c) further
influence the implant quality. Moreover, the manufacturing process
induces heterogeneities such as air gaps, which have a significant in-
fluence on the mechanical properties of the printed parts (Spoerk et al.,
2017a). Therefore, identifying printing induced defects in 3D-printed
implants is vital for the subsequent discussion of the obtained proper-
ties. X-ray micro-computed tomography (p-CT) has been widely
accepted as a non-destructive method for the evolution of sizes, distri-
butions and individual shapes of defects (Wang, X. et al., 2019). This
method can be used as a standard quality control process of implants.
However, with increasing part size, the distance between the measured
object and the X-ray source needs to be increased, which has a signifi-
cant impact on the obtained resolution. Hence, pores can be missed
affecting mechanical properties of the materials (Toth et al., 2015).

Regarding materials used for FFF, only a limited number of FFF-
printable materials, for which the base polymers are approved by the
Food and Drug Administration (FDA), exist. Examples are poly-
etheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate)
(PMMA), glycol-modified poly(ethylene terephthalate) (PETG), poly
(vinylidene fluoride) (PVDF) and polypropylene (PP). PEEK has already
been used for load-bearing medical applications such as orthopaedic,
spinal, maxillo-facial and cranial implants, fixation plates and screws,
dental prosthesis, or intracardiac pumps and heart valves (Panayotov
et al., 2016). PLA is degradable and has been applied for barrier mem-
branes, drug delivery systems, bone scaffolds, stents, tissue regeneration
and engineering as well as absorbable staples, sutures and screws
(Hamad et al., 2015; Ratner et al., 2004). The application fields of
PMMA include intraocular and hard contact lenses due to the excellent
light transmittance of the material. Additionally, it has been applied as
bone cement for orthopaedic and cranial implants, anchoring of hip
prostheses, dental applications, vertebroplasties and kyphoplasties
(Navarro et al., 2008; Petersmann et al., 2019; Ratner et al., 2004).
PETG has been used for orthodontic devices and occlusal splints also
known as bite guards (Marcauteanu et al., 2014). On the other hand,
PVDF or PP have mainly been used as suture materials or as surgical
meshes. PP also serves as hernia, ligament or tendon repair material
(Maitz, 2015; Ratner et al., 2004). Moreover, it has recently been sug-
gested as a suitable material for cranial implants (Katschnig et al., 2017)
or as an ankle foot orthosis (Banga et al., 2018).

Besides the biocompatibility, the mechanical integrity of medical
materials is essential. Tensile, compressive, flexural, buckling, torsional
and shear loads are acting inside the human body. For instance, muscle
forces result in tension, the body weight in compression and wear occurs
in natural knee joints (Van den Bogert, 1994). Moreover, the resulting
strains in the associated ligaments change depending on the position of
the bone (Crowninshield and Brand, 1981). In general, it can be
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distinguished between repetitive or acute, and external or internal loads
(Van den Bogert, 1994). Regarding the human thorax, breathing leads to
repetitive loads and coughing to acute ones. Both loads are internal
loads. On the other hand, accidently hitting ones head on a wooden
beam results in an acute, external load. Here, the impact speed and
therefore the emerging stress value are particularly high. To accurately
account for all these cases during the design process of implants is not a
simple task.

Therefore, finite element analyses (FEA) are commonly conducted in
the cycle of component development. By means of FEA, the functional
efficiency of different materials and geometries is tested (Hopmann and
Klein, 2015). In comparison to practical trial-and-error techniques, FEA
save time, material and money (Ridwan-Pramana et al., 2017). How-
ever, precise and correct material data are vital for simulating the
component behaviour properly in order to accurately design medical
3D-printed parts and avoid failures during their life cycle.

The characterisation of polymers in dependence of the loading type
and speed is particularly important as polymers respond to mechanical
loads in a nonlinear and time dependent, so called “viscous”, manner.
Therefore, their material properties are highly dependent on the loading
rate (e.g. (Richeton et al., 2006)). While processing influences have
already  been thoroughly investigated for 3D-printed
acrylonitrile-butadiene-styrene copolymer (ABS) or PLA samples at
lower strain rates (Letcher and Waytashek, 2014; Rodriguez et al., 2001;
Verius et al., 2011) and mostly at standardised conditions, high-speed
tensile test data are still missing in literature. Therefore, at present it
is not possible to use correct data for designing components produced by
FFF that account for impact loads. Additionally, contrary to other
replacement material groups such as metals or ceramics, the properties
of polymeric materials might change noticeably in dependence of tem-
perature variations that occur within the target application, ergo the
human body. Changes of mechanical properties due to variations of
temperature can be especially drastic if a transition temperature such as
the glass transition (Ty) is close to the application temperature. Unfor-
tunately, these two rather crucial points, strain-rate and temperature
dependency, have not been adequately covered in literature so far
although they are imperative for correct component design.

To close this critical gap and offer the possibility to use accurate data
in product design, the present work provides tensile test data measured
at four different testing speeds in the wide range of 10 to 10 mms™! for
six different 3D-printable polymers (PEEK, PLA, PMMA, PETG, PVDF
and PP), which could be used for medical applications. Furthermore, the
fracture behaviour is analysed after testing to enable a better insight into
the materials. To cover the temperature dependent nature, dynamic-
mechanical analysis of all tested materials is conducted. This can give
insight into the useable temperature range of each polymer. In this way,
we offer material data useful for designers and give an understanding
into the potential scope of application for each material.

2. Experimental
2.1. Material

The following commercially available filaments (diameter of
1.75 mm) were used in the present study: KetaSpire® PEEK (Solvay S.A.,
Belgium), black PLA (Prirevo e.U., Austria), clear PMMA (Herz Austria
GmbH, Austria), HDglass™ clear PETG (Formfutura BV, The
Netherlands) and Fluorinar-C'™Kynar® PVDF (Nile Polymers, Inc.,
USA). As this work serves as a pre-study in order to compare the me-
chanical properties of the different materials, types of each material,
which are not certified as long-term implant materials, were used.
Nonetheless, either a detailed analysis of certified types, or a certifica-
tion of the used materials are required before application.

As most commercially available PP filaments hardly reveal any
propylene segments, and therefore their intended molecular structure
can strongly be doubted (Spoerk et al., 2019), no commercially available
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PP was analysed. Instead, PP heterophasic copolymer pellets (Borealis
AG, Austria) were processed to filaments in the single screw extruder
FT-E20T-MP-IS (Dr. Collin GmbH, Germany) with a subsequent water
bath, haul-off unit and diameter measurement device (Sikora Laser,
2010T and Ecocontrol 600 processor, Sikora AG, Germany). Thereby,
the parameters were set as follows: extruder barrel tempera-
tures =180°C, 185°C, and 190 °C; screw speed =70 rpm, die diam-
eter = 1.9 mm, die length =25.05 mm, and die temperature =200 °C.
Prior to any 3D-printing step, all materials were stored under stand-
ardised conditions (23 °C air temperature, 50% relative humidity) for at
least 72h. PEEK was additionally pre-dried for at least 6hat 150 °C
before each print.

2.2. Processing

The different materials were processed on different FFF printers due
to limitations of each machine. For PLA, PMMA, PETG and PVDF a Hage
3DpA2 (Hage3D, Austria) was used. For PEEK, the prints were produced
on the SpiderBot 4.0 HT (Qualup, France). For PP, the printing trials
were performed on a Duplicator i3 v2 (Wanhao, China). All printers
were equipped with a steel nozzle 0.5 mm in diameter. All tensile test
specimens were sliced in the software Slic3r Prusa Edition and oriented
in a way that the flat surface of the tensile specimens were parallel to the
build platform. All specimens were produced in a +45° rectilinear strand
orientation. The dimensions of the specimens were according to DIN EN
ISO 527-1A apart from the area of parallel length, which was shortened
to 10 mm. This is necessary in order to obtain convenient results in high-
speed tensile measurements. As no overhangs occurred, support struc-
tures were not necessary. All specimens exhibited one outer perimeter
and were sliced with a layer thickness of 0.25 mm. The printing tem-
perature and filament flow factor were set for each material individually
in a way that each cross section revealed a minimal amount of air gaps,
aiming at a real infill of 100%. This was tested as described in section
2.3. The parameters for each material are summarised in Table 1. The
PEEK specimens were printed on a build platform at 160 °C in a build
chamber heated to 90 °C. In addition, IR-radiants, set at a temperature of
380 °C, were utilised. That way, a part temperature of approx. 200 °C
was achieved. Elevated part temperatures during printing were shown to
result in a superior inter-layer adhesion (Costa et al., 2017) and reduced
warpage effects (Spoerk et al., 2018a) of a complete printed part.
Without IR-radiants, the build chamber temperature would have to be at
least 60 °C higher to successfully print parts, which is a technical chal-
lenge for most 3D-printers currently on the market. The rather high die

Table 1
Levels of the printing parameters of all printed specimens in this work.
Printing PEEK PLA PMMA PETG PVDF PP
parameters
Die temperature 427 250 250 230 250 230
(in °C)
Build platform PEI Glass Glass Glass Glass PP-
material sheet mirror mirror + mirror + mirror + plate
+ Dimafix Dimafix Dimafix
PEEK
raft
Build platform 160 70 115 100 110 100
temperature
(in °C)
Infrared heater 380 - - - - -
temperature
(in °C)
Printing speed of 30 30 20 20 8 10
the first layer
(in mms-1)
Printing speed of 20 60 20 20 20 20

the remaining
layers (in

mms-1)
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temperatures, e.g. for PLA 250 °C, were chosen in order to guarantee
best possible inter- and intra-layer cohesion, as has been reported by
Refs. (Arbeiter et al., 2018; Spoerk et al., 2017a). For PMMA, PETG and
PVDF, the adhering spray Dimafix® (DIMA 3D, Spain) was applied to
the glass mirror in order to decrease the risk of warpage and delami-
nation from the build platform. For the same reason, the first layer of PP
was deposited onto a plate of a similar, but not identical base polymer
(PP random copolymer), as recommended by Refs. (Spoerk et al., 2018a
and b). A decent first layer adhesion of PEEK was only achievable by
implementing a PEEK raft printed with a speed of 30 mms™ onto a 1 mm
thick polyetherimide (PEI) platform. Within one print, five test speci-
mens were produced. After the completion of one print, the build plat-
form was cooled down to room temperature by natural convection and
directly afterwards the parts were removed from the bed with a spatula.
The parts were then stored under standardised conditions until subse-
quent characterisation techniques were conducted.

2.3. Analysis of the print quality

As mentioned before, the printing profile was optimised in terms of
minimal amounts of air gaps, resulting in high strength values. In a first
step, this was tested by means of cutting out and sanding cross sections
of untested tensile test specimens and analysing them by means of op-
tical microscopy (SZH, Olympus Optical Co., Japan). Subsequently,
scanning electron microscopy (SEM) was performed on representative
untested tensile test specimens using a Tescan Vega II (Tescan Brno, s.r.
0., Czech Republic) at 5 kV with secondary electrons. Therefore, parts of
the sample’s midsection were cut out and the first layers of the cross
sections were removed with a microtome, in order to avoid smearing of
the pores, especially for “soft” materials such as PP. These prepared
parts were fixed on SEM sample holders and were gold-sputtered with
the Cressington 108auto Sputter Coater (Cressington Scientific In-
struments UK, England) for 160 s at 20 mA.

As the print quality varies throughout the sample, analyses that
inspect the whole specimen were applied subsequently. Therefore, the
printed samples were scanned by means of the Inveon microCT scanner
(Inveon p-PET/SPECT/CT, Siemens, Germany) using the following scan
parameters: 80 kV potential, 500 pA current, 750 ms exposure time and
an effective pixel size of 35.19 um. After reconstruction of the raw data
using the manufacturer’s software (Inveon CT Recon Software v2.04,
Siemens AG, Germany), the data was exported and saved in DICOM
(Digital Imaging and Communications in Medicine) format. Each spec-
imen was imaged in 2270 sectional images with sagittal and/or hori-
zontal alignment. Segmentation, three-dimensional modelling and
volumetric analyses of the printed specimen and the internal pores were
done using the open source software 3D Slicer v4.10.2 (Fedorov et al.,
2012). A pore in an image slice was defined as an island with a signal
intensity below the threshold value without connection to the outer
surface through neighbouring image sections. The analyses were con-
ducted with 1135 slices by inclusion of every second DICOM file in order
to reduce the required computational power and memory usage to make
the analysis compatible with the available resources (1.7 GHz, 32 GB),
whilst maintaining a data portion that is fairly representative of the
original image data.

2.4. Dynamic mechanical analysis

Dynamic mechanical analyses (DMA) of each filament material were
performed with the dynamic mechanical analyser DMA/SDTA861°
(Mettler-Toledo GmbH, Austria). Thereby, a tension load was applied
with a frequency of 1 Hz and a dynamic amplitude of 2.5 pm. The most
interesting temperature range for the target application would be
around 20 to 40 °C. However, properties were measured in the tem-
perature range from —75/-50 °C to 120/175 °C, depending on the region
of the glass transition and melting temperature of the tested thermo-
plastics, in order to give a more wholesome overview of the temperature
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dependent material behaviour. For PEEK, an upper temperature limit of
325°C was used. The heating rate for all tests was 2 Kmin™.

During the DMA of thermoplastics, mainly four different tempera-
ture regions are passed: the energy-elastic, the glass-transition, the
entropy-elastic and the melt and/or fluid region (Fig. 1), depending on
the type of thermoplastic (semi-crystalline or amorphous) (Grellmann
and Altstadt, 2011). For each material, the storage modulus at 23°C
(E’23°¢), at 37°C (E’37-c) and at 41 °C (E’41¢¢), as well as the glass
transition temperature (Ty) were evaluated and compared. The tem-
peratures of 37 and 41 °C represent the average body temperature and a
raised body temperature occurring during a fever (Del Bene, 1990). The
temperature of 23°C is the testing temperature in most standards.
Therefore, it is used to enable comparability to literature data.

2.5. Tensile tests at different crosshead speeds

As mentioned previously, tensile tests were performed at four
different crosshead speeds, namely 10°, 10%, 10! and 10 mms™. The
measurements were obtained on two different testing machines,
depending on the material and the loading rate. All tests at high testing
speeds (10° and 10! mms™) and tests at low testing speeds (10! and 10"
3 mms!) with materials showing relatively low strain at break values
(PEEK, PLA, PMMA) were measured by means of the servo-hydraulic
testing machine MTS 831.50 (MTS Systems GmbH, Germany). The
tensile tests at low speeds with materials showing relatively high strain
at break values (PETG, PVDF and PP) were performed on the universal
testing machine Zwick Z250 (Zwick Roell, Germany) equipped with a
10 kN load cell and mechanical clamps. The clamping length was set to
42 mm for all tests.

For high testing speeds, the deformations were measured optically
with the high-speed camera Photron FASTCAM SA1 (Photron Europe
Limited, Germany). Therefore, a white primer and a graphite sparkle
pattern were applied on the front surface of the specimens in order to
make deformations trackable. The deformations for tests performed on
the MTS 831.50 at low testing rates were recorded by means of a clip-on
extensometer. The deformations for measurements performed on the
Zwick Z250 were measured with the makroXtens extensometer until
yield and afterwards by the crosshead travel.

All stresses and strains are engineering values considering the initial
cross section of the sample. For each material, the Young’s modulus, the
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Fig. 1. Main temperature regions passed during dynamic mechanical analyses
(DMA) of thermoplastics along with the values that are discussed in the present
work, exemplarily shown for polyetheretherketone (PEEK).
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strain at break, the tensile strength and the yield strength (if available)
are evaluated and compared. According to DIN EN ISO 527-1, the
Young’s modulus is calculated as the slope of the stress-strain curve in
the strain interval between 0.05 and 0.25%, the tensile strength as the
global stress maximum and the yield strength as the stress at the yield
point. The yield point is characterised by a global stress maximum fol-
lowed by a stress reduction due to a narrowing of the cross section
(Grellmann and Altstadt, 2011).

2.6. Fracture analysis

After tensile testing, photographs of representative tensile test
specimens per material and testing speed were taken for comparison.

In order to analyse the occurring fracture mechanisms in detail, SEM
was performed for each material after testing at 10% and 10> mms™!
using a Tescan Vega II (Tescan Brno, s.r.o., Czech Republic) at 5kV with
secondary electrons. Therefore, the specimens were cut to a measurable
size, fixed on SEM sample holders and gold-sputtered with the Cres-
sington 108auto Sputter Coater (Cressington Scientific Instruments UK,
England) for 160 s at 20 mA.

3. Results

In this chapter the dynamic mechanical, tensile and fracture prop-
erties of the six different materials, namely PEEK, PLA, PMMA, PETG,
PVDF and PP, are shown. A closer comparison of these results and their
meaning towards the use as implant materials will follow in section 4.

3.1. Dynamic mechanical analysis

The storage modulus-temperature-curves (representing the stiffness
of the material as a function of temperature) obtained from the DMA
measurements are compared in Fig. 2. The respective results of the
predefined parameters are summarised in Table 2. All results are in good
agreement with data from literature (Amash and Zugenmaier, 2000;
Slapnik et al., 2016; Elshereksi et al., 2014; Paszkiewicz et al., 2017; Zhu
et al., 2017) and give a rough overview of the application temperature
range for each material.

In the most interesting temperature range from 37 to 41 °C, the
variations in the storage modulus of PEEK, PLA and PETG are negligible,
since the materials are still well below their Ty (compare with Table 2).
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Fig. 2. The storage modulus as a function of the sample temperature for six
different polymer filaments. Vertical chain dotted lines are illustrated at room
temperature (23 °C, RT), at the average body temperature (37°C) and an
increased body temperature reached during a fever (41 °C).
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Table 2

Averaged measurement values for the storage modulus at 23 °C (E’»3¢), at 37 °C
(E’37-¢) and at 41 °C (E’4; -¢), as well as the glass transition temperature (Tg)
obtained from dynamic mechanical analysis (DMA) of six different polymer
filaments.

Material E’p3-c -[MPa] E’37:¢c [MPa] E’41-c [MPa] Tg [°C]
PEEK 2413 2375 2367 167
PLA 2365 2296 2276 68
PMMA 2741 2476 2401 118
PETG 1540 1513 1505 86
PVDF 883 712 666 -33
PP 944 713 639 9

For PMMA, small changes are detected (approx. 3%). This high
temperature-independency in the application temperature range is
beneficial as it facilitates the designing of implants. In the case of the
PLA filaments, the increasing storage modulus in the vicinity of 100 °C
can be attributed to cold crystallisation, which is typical for PLA (Gon-
zalez-Garzon et al., 2018; Mofokeng et al., 2012). For PETG, a second
relaxation process is investigated at —54 °C. According to Refs. (Pasz-
kiewicz et al., 2017; Scheirs and Long, 2004), this second relaxation
process is known as p-relaxation, which is related to motions of hydroxyl
and carboxyl groups, and ranges from —80 to —30 °C. However, since
these are well outside of application temperatures, they will not be
further discussed within this work.

In contrast to aforementioned materials, PVDF and PP are both above
Tg and their storage modulus decreases nearly continuously until the
onset of the melting region at approx. 175 °C. In the temperature range
of 37 to 41°C, the storage modulus decreases by 6.5% and 10.4%,
respectively. This indicates a necessity to include temperature depen-
dent properties in any design process to ensure proper results obtained
via FEA.

3.2. Analysis of the print quality

The cross-sectional analysis of the 3D-printed samples is important
for describing the subsequent tensile test results. Air gaps and other
processing induced defects are known to have a significant influence on
the mechanical properties of the printed parts (Spoerk et al., 2017a). Air
gaps can act as defects and initiations for delamination (Spoerk et al.,
2017c) and fractures (Webbe Kerekes et al., 2019). The importance of
avoiding air gaps is shown, e.g. in Ref. (Spoerk et al., 2018c). Occurring
number and sizes of defects in the cross sections of one representative

I500 um

100 pm
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3D-printed dumbbell specimen per material are compared in Fig. 3.

For the 3D-printed PEEK sample, defects in the form of weld lines
between the single filaments are detected (Fig. 3a and b). The unsatis-
factory printing quality is reasonable due to the relatively challenging
printing process in the case of PEEK (Wu et al., 2015). However, this also
indicates that the results could still be improved by an optimisation of
the printing profile, process parameters or printing strategy. The cross
sections of the PLA and PMMA samples reveal a few air gaps (Fig. 3c and
e) with pore sizes, which may not be negligible (Fig. 3d and f). For PETG,
the visibility of the layer contours increases, and therefore the printing
quality decreases, from the build platform to the top (Fig. 3g). However,
the higher magnification image indicates very small pore sizes (Fig. 3h).
PVDF and PP specimens are nearly homogenously filled, indicating a
good printing quality (Fig. 3i and k). Only small amounts of air gaps with
small pore sizes are visible (Fig. 3j and 1), which should not have a
drastic influence on the mechanical behaviour (Spoerk et al., 2017a).
Nonetheless, it should be mentioned that the cross-sectional images
show the size and shape of pores only very locally. Thus, meaningful
statements regarding the corresponding porosity of the whole sample
cannot be made.

Therefore, the printing quality is further analysed by means of the
overall porosity resulting from p-CT measurements of representative 3D-
printed tensile test specimens (Table 3 and Fig. 4). The highest porosity
is evaluated for PEEK with 1.18%, which is in accordance with the re-
sults of the cross-sectional analysis (Fig. 3a and b) and the frontal and
side view of the p-CT models (Fig. 4a). The porosity of all other tested
materials is in the range of 0.07 to 0.20%. These values are satisfactory if
comparing to data found in literature (Wang, X. et al., 2019; Liao, Y.
et al., 2019). The p-CT images of PLA (Fig. 4b), PMMA (Fig. 4c) and PP

Table 3

Porosity values of polyetheretherketone (PEEK), polylactide (PLA), poly(methyl
methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) (PETG),
poly(vinylidene fluoride) (PVDF) and polypropylene (PP) resulting from p-CT
measurements of 3D-printed specimens.

Material Total volume [mm?] Volume of voids [mm®] Porosity [%]
PEEK 3193.70 37.68 1.18
PLA 3441.95 2.45 0.07
PMMA 3343.06 2.99 0.09
PETG 3801.84 7.58 0.20
PVDF 2961.51 3.41 0.12
PP 3243.34 3.61 0.11

500 um
(1)
' 500 100 ym 500 um

Fig. 3. Optical microscopy (overview) and scanning electron microscopy (SEM) (higher magnification) images of occurring defects in the cross sections of repre-
sentative 3D-printed tensile test specimens made of PEEK (a and b), PLA (c and d), PMMA (e and f), PETG (g and h), PVDF (i and j) and PP (k and 1). The build

platform is located on the bottom of each image.
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Fig. 4. Two dimensional images (top:
frontal view; bottom: side view) of the
3D models of PEEK (a), PLA (b), PMMA
(c), PETG (d), PVDF (e) and PP (f) after
differential segmentation in micro-CT
image data. Green shows the material
and red shows the voids inside the

printed specimen. The opacity of the
material model colour was reduced to
35% so that the voids are visible in the
super-positioned 3D models. In the
frontal view, the side of the specimen,
which was in contact with the build
platform, is presented. In the side view,
the build platform is located at the
bottom.

(Fig. 4f) show similar and relatively low amounts of air gaps, resulting in
similar porosity values (Table 3). However, the rather large pore sizes
evaluated for PLA (Fig. 3d) and PMMA (Fig. 3f) do not correlate with the
low porosity values evaluated for both materials. This indicates a low
number of pores with rather big sizes. The p-CT images of PETG (Fig. 4d)
show higher amounts of pores than for PVDF (Fig. 4e), but similar pore
sizes (Fig. 3h and j) accounting for its higher porosity value of 0.20%
compared to the 0.12% measured for PVDF.

3.3. Tensile tests at different crosshead speeds
While this chapter mainly focuses on the mechanical properties
themselves, a more detailed discussion of their impact regarding appli-

cation will be given in chapter 4. The tensile test results of all materials

Table 4

as a function of the crosshead speed are summarised in Table 4. For all
curves showing a yield point, the yield stress was found to be equal to
the tensile strength, since no material showed excessive strain hardening
after yielding. The measured tensile properties are compared to tensile
properties received from technical data sheets of each material
(Ref. 1-5). If data was missing in the data sheets, the results were
checked against values obtained for the same material type (Ref. a-c). All
reference values were measured according to DIN EN ISO 527 with a
testing speed of 1.67-102mms™! (1 mmmin™!) for the evaluation of the
Young’s modulus and 8.3-10" mms™? (50 mmmin’l) afterwards. It was
found that the measured values for the strain at break are generally
lower compared to the reference values, but the values for the Young’s
modulus and strength are in a similar range, except for PEEK. Here, the
reference value for the strength is significantly higher. This can be

Material properties of polyetheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) (PETG),
poly(vinylidene fluoride) (PVDF) and polypropylene (PP) obtained from tensile tests performed at four different crosshead speeds, namely 103, 101, 10! and 10 mms
1

Material Crosshead speed [mms™] Young’s modulus [GPa] Strain at break [%] Stress at break [MPa] Tensile strength [MPa] Ref.
Measured Ref. Measured Ref. Measured
PEEK 10% 48+1.3 3.1 (1) 1.9+0.2 26 (1) 66 + 4 85/48 (1)
10! 3.6+0.6 2.2+0.4 66 +11
10! 3.5+0.2 2.3+0.3 60+6
10 3.2+0.2 2.7+0.3 66 +3
PLA 10° 4.6 £0.5 3.1 (2) 2.3+0.2 2.3 (a) 64+3 -/65 (a)
10! 3.1+0.1 2.3+0.2 55+2
10! 3.4+0.3 4.0+1.0 50+2 53+1
10 3.3+0.2 3.6+0.5 43+2 46 +2
PMMA 108 5.2+0.5 3.1% (b) 1.9+0.2 15 (3) 77 £13 65 at Yield (3)
10 3.6+0.1 1.7+0.1 50+2
10 3.0£0.3 1.8+0.2 44+ 4
103 3.3+0.2 1.5+0.1 32+3
PETG 10° 2.9+0.8 1.9 (4) 6.3+3.3 120 (4) 64+2 50/- (4)
10! 2.0+0.3 15.7 +£12.2 32+18 52+4
101 1.8+0.0 85.7 +23.7 17+0 48+0
103 1.9+0.1 39.4+7.5 23+2 42+1
PVDF 10° 21+0.3 1.5-2.2 (5) 33.3+3.3 30-200 (5) 39+2 48 +2 45-60/ 40-70 (5)
10! 1.0+0.1 59.5+11.4 28+1 38+0
107! 0.9+0.0 141.4+27.0 26+1 300
10° 0.8+0.1 153.0+61.8 24+2 26+0
PP 10° 1.4+0.4 0.9% (¢) 14.4+5.8 6.4 (c) 28+1 28+0 18.6" at Yield (c)
10 1.0+0.3 20.7 +£5.0 21+0 23+0
10! 1.0+0.1 22.8+4.6 16+0 20+0
10° 1.0+0.0 151.4 +34.9 12+1 16 +0

(a) Reference value from Spoerk et al. (2017a)..
(b) Reference value from Gonzalez-Garzon et al. (2018)..
(c) Reference value from Spoerk et al. (2018a)..

@ Reference value not available online for the used material; Ref. from same material type.



S. Petersmann et al.

explained by the relative high porosity measured for the 3D-printed
PEEK samples (Fig. 4a). As processing induced defects have a signifi-
cant influence on the strain at break, the lower values for the 3D-printed
samples in contrast to the reference values, which are generally
measured for injection-moulded samples with a more homogenous
material distribution, are reasonable. Additionally, the Young’s modulus
found for 3D-printed PP is below the measured values since the refer-
ence samples were printed in a 90° strand orientation, which generally
results in lower tensile properties. In the following sections, the stress-
strain curves are analysed individually for each material and
compared with pictures of the fractured samples as well as SEM images
of the fracture surfaces for the highest and lowest testing speed.

3.3.1. Polyetheretherketone (PEEK)

The stress-strain curves measured for 3D-printed PEEK are charac-
teristic for a brittle material behaviour (Fig. 5a) (Grellmann and
Altstadt, 2011). The tensile strength is equal to the stress at break and
appears to be independent of the testing speed. A trend towards
decreased stress levels at lower testing speeds is recognised. The strain at
break increases slightly with decreasing testing speed. In contrast to
injection-moulded samples, no yield point is identified, even at very low
testing speeds (Vaezi and Yang, 2015). Consequently, the evaluated
strength values are lower than literature values. This can be explained
by the unsatisfactory printing quality of the PEEK specimens as was
shown in Figs. 3a and 4a. The occurrence of a brittle fracture mechanism
is confirmed by the picture of the fractured samples (Fig. 5b) and the
SEM fracture surfaces (Fig. 5c—f), which show no large-scale plastic
deformation before failure. Weld lines, already shown in Fig. 3a, are
detected, especially in Fig. 5c.

3.3.2. Polylactide (PLA)

The stress-strain curves for 3D-printed PLA are similar for all four
testing speeds up to strain values of approx. 1% (Fig. 6a). At higher
levels of strain, an increased tensile strength with increasing testing
speed is detected. At 10" and 10 mms™, the material shows a pro-
nounced yielding before failure. This results in higher values for the
strain at break. Even though the overall behaviour changes, the picture
of the fractured samples (Fig. 6b) as well as the SEM images (Fig. 6¢—f)
do not show significant differences in the fracture behaviour between
the investigated testing speeds. Both SEM fracture surfaces indicate a
predominantly brittle failure. There are no weld lines and air gaps
visible, indicating an excellent inter- and intra-layer bonding (Arbeiter
et al., 2018; Spoerk et al., 2017a). This also explains the high repeat-
ability of the measurement results for each loading condition.
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3.3.3. Poly(methyl methacrylate) (PMMA)

The stress-strain curves evaluated for 3D-printed PMMA specimens
show a strain-rate dependent material behaviour, with a pronounced
increase in stiffness and stress level at higher loading rates (Fig. 7a). The
shape of all curves indicates a brittle fracture behaviour. Plastic de-
formations are neither identifiable on a big-scale (Fig. 7b), nor on a
small-scale (Fig. 7c-f). SEM fracture surfaces show some air gaps, which
account for deviations in the stress-strain curves. The wavy shape of the
curves at high strain rates (Fig. 7a) can primarily be attributed to testing
related influences, which often occur during impact testing of stiff and
brittle materials (Cherif et al., 2010; Hopmann et al., 2017).

3.3.4. Glycol-modified poly(ethylene terephthalate) (PETG)

While the 3D-printed PETG samples appear rather brittle at the
highest testing speed, they show pronounced yielding and high strains at
break at lower testing speeds (Fig. 8a). At low strains, the curves are
similar for all testing speeds. At higher strains, corresponding stresses
decrease with decreasing crosshead speed, resulting in lower tensile
strength values. Overall properties scale, with testing speed, with the
exception of the strain at break for the lowest testing speed. This may be
explained by printing induced defects, which can lead to significant
scatter, especially for strain at break values. Differences in the fracture
behaviour are visible in the picture of the fractured samples (Fig. 8b).
SEM fracture surfaces strengthen the assumption about the material
behaviour stated above. For the highest testing speed, the fracture sur-
face is smooth and brittle (Fig. 8c—d), while it shows clear indications of
plastic deformation before fracture for lower testing speeds (Fig. 8e—f).
Regarding the printing quality, it can be stated that weld lines near the
top of the sample and some signs of voids are recognisable (Fig. 8c).

3.3.5. Poly(vinylidene fluoride) (PVDF)

The stress-strain curves measured for 3D-printed PVDF specimens
are similar at low strain values. For increasing levels of strain, the curves
show pronounced differences (Fig. 9a). Strength and strain at break
values significantly scale with the testing speed. Contrary to all mate-
rials above, PVDF shows a clear yield point at all testing speeds, indi-
cating a more ductile behaviour. Especially at the two lower testing
speeds, high strain at break values are reached. The increased defor-
mation values and the necking of the specimens with decreasing testing
speed can be identified in the picture of the fractured samples as well
(Fig. 9b). The occurrence of a ductile fracture behaviour at high and low
testing speeds is confirmed by the SEM fracture surfaces (Fig. 9c-f). Due
to the high plastic deformations on the fracture surfaces, an identifica-
tion of weld lines, air gaps or voids is not possible.

==10°mms”'——10"mms"' —=—10" mms'—=<10°mms”

Fig. 5. Stress-strain curves obtained from tensile tests performed on 3D-printed polyetheretherketone (PEEK) specimens at four different crosshead speeds (a),
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b)

decreases from left to right: 10%, 10!, 10! and 10° mms™.
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Fig. 6. Stress-strain curves obtained from tensile tests performed on 3D-printed polylactide (PLA) specimens at four different crosshead speeds (a), fractured samples
after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b) decreases from left
to right: 10%,10%, 10" and 10" mms™.
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Fig. 7. Stress-strain curves obtained from tensile tests performed on 3D-printed poly(methyl methacrylate) (PMMA) specimens at four different crosshead speeds (a),
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b)

decreases from left to right: 103, 10!, 10! and 10 mms™.
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Fig. 8. Stress-strain curves obtained from tensile tests performed on 3D-printed glycol-modified poly(ethylene terephthalate) (PETG) specimens at four different
crosshead speeds (a), fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f).
The test speed in (b) decreases from left to right: 103, 10!, 10! and 10° mms™.
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Fig. 9. Stress-strain curves obtained from tensile tests performed on 3D-printed poly(vinylidene fluoride) (PVDF) specimens at four different crosshead speeds (a),
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b)
decreases from left to right: 10, 10!, 10" and 10 mms™.

3.3.6. Polypropylene (PP)

The trend of the stress-strain curves obtained for 3D-printed PP
samples is similar to that of the PVDF specimens, but at nearly half the
stress level (Fig. 10a). High levels of strain are reached for all testing —o0— PEEK
speeds and necking accompanied with a significant change in cross ©
section is detected (Fig. 10b and e). The SEM images reveal a predom- % —o—PLA
inantly ductile fracture surface at testing speeds below 10°mms c —— PMMA
(Fig. 10e-f). At the highest testing speed,.the fracture surfac.e changes to é —>—PETG
a somewhat more brittle appearance (Fig. 10c—-d). Weld lines are rec- o
ognisable, especially in Fig. 10c. n —v— PVDF

——PP

4. Comparison and discussion

This chapter is used to ease the comparison of the materials and 0 1 2 3 4 5
presented data of this work. While the interpretation of the cross sec- Strain in %
tions and the DMA results is rather straightforward, it is more chal-
lenging to compare the stress-strain curves for several materials and Fig. 11. Comparison of representative stress-strain curves measured for poly-

etheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate)
(PMMA), glycol-modified poly(ethylene terephthalate) (PETG), poly(vinylidene
fluoride) (PVDF) and polypropylene (PP) dumbbell specimens. The curves were
obtained from tensile tests performed at crosshead speeds of 10° (solid lines)
and 10 mms™ (dotted lines).

testing speeds. Therefore, representative stress-strain curves for each
material at the highest and the lowest crosshead speed are shown in
Fig. 11. A small strain range is chosen as deformations acting on implant
materials are considered relatively small at operating conditions. For
individual results of materials and strain rates, the reader is referred to
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Fig. 10. Stress-strain curves obtained from tensile tests performed on 3D-printed polypropylene (PP) specimens at four different crosshead speeds (a), fractured
samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in the picture of
the fractured samples decreases from left to right: 10, 10', 10! and 10 mms™.
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Table 4.

At the highest testing speed of 10°mms™?, PEEK, PLA and PMMA
show a characteristic brittle fracture behaviour with high tensile
strengths and low strains at break. Moreover, PMMA shows the highest
tensile strength, followed by PEEK and PLA. Nevertheless, the strain at
break values and moduli are almost identical for these three materials.
The fracture behaviour of PETG at such high testing speeds is predom-
inantly brittle, with minor signs of ductility. Due to the higher non-linear
behaviour of PETG compared to PEEK or PMMA, the material reaches
higher levels of strain at similar levels of stress. Nonetheless, the Young’s
modulus (evaluated from 0.05 to 0.25%) of PETG is only slightly smaller
and the tensile strength values are comparable. On the other hand, PVDF
and PP react in a highly non-linear fashion even at the highest investi-
gated testing speed. In comparison to the first group, the stiffness and
strength of these two materials are significantly lower and the strain at
break values are several times higher. Additionally, the tensile strength
and the strain at break measured for PVDF specimens are twice as high
as the values evaluated for PP specimens.

At the lowest testing speed of 10> mms™, the strength of all materials
is significantly lower except for PEEK. For PMMA, this decrease is the
most pronounced followed by PVDF. As expected, a trend towards
higher non-linear curve behaviour, accompanied with lower levels of
stress and higher levels of strain at break can be recognised. In the case
of PLA and PETG, the overall behaviour and fracture patterns change
towards pronounced yielding and indications of plastic deformations on
the fracture surface before final failure. This information should be kept
in mind, when selecting a material for component design.

To sum up, all tested materials are compared in terms of properties,
which could be highly important for implant design (Fig. 12). This graph
is intended as an aid for material selection based on few but crucial
properties for polymeric materials, which could be used for 3D-printed
implants. As mentioned before, the most interesting strain range for
implant materials at standard operating conditions is expected to be
relatively small. Therefore, the dependency of the stress-strain behav-
iour on the strain-rate is ranked in a very small strain range using the
Young’s modulus (E) measured at a very high (10° mms‘l) and low (10
 mms™!) testing speed. At such low strains, the mechanical properties of
PLA and PP are nearly strain-rate independent and the dependency is
increasing from PEEK, PETG, PMMA to PVDF. Regarding unexpected
loads occurring during accidents, the stiffness and strength of the
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Fig. 12. Comparison of polyetheretherketone (PEEK), polylactide (PLA), poly
(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate)
(PETG), poly(vinylidene fluoride) (PVDF) and polypropylene (PP) in terms of
their strength, stiffness, filling density, strain-rate dependent stiffness (Young’s
modulus measured at 10° mms™? in relation to 10°mms™) and temperature
dependent storage modulus (in the application temperature range of 37 to
41 °C). All parameters are represented increasing from inside out (higher values
are preferable).
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materials (Table 4) are most important. Here, the averaged mean values
for all testing speeds are used for the comparison. Material properties,
which show only little dependency on temperature in the application
range of 37 to 41 °C are beneficial. This parameter is defined as the
temperature dependent storage modulus (E’) and is ranked by means of
the DMA results (Fig. 2, Table 2). Next to the mechanical integrity of the
materials, the filling density of the printed specimens, which is a mea-
sure for the processability, is compared. The filling density is evaluated
with: filling density [%] =100 - porosity [%]. Additionally, the
biocompatibility and durability of each material are discussed since
these are highly important parameters regarding implant materials.
However, both parameters were not included into Fig. 12 as no quan-
titative values are available.

PEEK obtains excellent mechanical properties with low temperature
dependence as well as high biocompatibility (Kurtz and Devine, 2007)
and durability (Ferguson et al., 2006). However, the dependency of the
stiffness on the strain-rate is not negligible. Besides that, the processing
of PEEK is very difficult resulting in a low filling density. Special printers
for the required processing temperatures of approx. 425 °C are needed.
PLA and PMMA show satisfying levels of strength and stiffness with
satisfactory temperature dependency. Additionally, both materials are
easily processible. High filling densities were achieved. For PLA, the
stiffness is less dependent on the strain-rate than in the case of PMMA. As
PLA is biodegradable (Hamad et al., 2015), its durability can be seen as
very low. In general, PLA shows high biocompatibility, but it has been
reported that PLA can be changed chemically or through drug incor-
poration, which may result in inflammatory reactions (Ramot et al.,
2016). PMMA suffers from its reputation of being inflammatory (Nav-
arro et al., 2008). Additionally, radiation-induced degradation has been
investigated (Thominette and Verdu, 1996). However, it has a reason-
able resistance to chemicals, except for chlorinated and aromatic hy-
drocarbons, esters, or ketones (Ali et al., 2015). PETG shows moderate
strength, stiffness and strain-rate dependence. The storage modulus is
hardly depending on temperature variations inside the human body. The
processing of PETG is relatively easy and high filling densities can be
obtained. PETG is biocompatible (Sastri, 2010), but it should be
mentioned that the mechanical properties of polar materials such as PLA
(Cuiffo et al., 2017), PMMA (N’Diaye et al., 2012) and PETG (Ryokawa
et al., 2006) could be affected by moisture. Therefore, especially the
water absorption of those materials is a topic of interest and has to be
investigated in detail. The stiffness and strength measured for PVDF and
PP are low compared to the other materials, whereby PVDF performs
better than PP. However, the strain-rate dependency of the stiffness is
significantly higher for PP than for PVDF. Nonetheless, both materials
reveal a high temperature dependency for the storage modulus. The
mechanical properties are graded as low, since this work focuses mostly
on materials for structurally loaded components rather than applications
within the body, where a high degree of flexibility is needed (e.g. meshes
(Maitz, 2015; Ratner et al., 2004)). Furthermore, high filling densities
were obtained with both materials. PVDF has proven to show excellent
biocompatibility (Laroche et al., 1995a). The biocompatibility of PP has
been discussed controversially in literature (Kelly et al., 2017; Lerouge
and Simmons, 2012). Supplementary, PVDF outperforms PP in terms of
the durability. Exemplarily, the tensile strength was measured with
92.5% for PVDF and 53.4% for PP after 7 years under hydrolytic con-
ditions (Laroche et al., 1995b) leading to a better long-term stability in
the case of PVDF. This has also been shown by Schumpelick and Nyhus
as they compared PVDF to PET or PP (Schumpelick and Nyhus, 2004). In
addition, it has been found that PP may undergo degradation while in
vivo, especially due to oxidation (Costello et al., 2007).

5. Conclusion
The dynamic mechanical and tensile properties evaluated for the 3D-

printing materials PEEK, PLA, PMMA, PETG, PVDF and PP provide
useful information regarding the range of possible medical applications
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for those materials. Due to significant deviations in the material prop-
erties evaluated for all materials, the performance of strain-rate
dependent tests is vital in the course of the implant designing process.
Depending on the level of stiffness, strength and strain at break, the
materials are suitable for different types of medical applications.
Regarding medical implants, the high stiffness and strength values
evaluated for PEEK and PMMA account for their suitability for load-
bearing parts such as cranial implants (Navarro et al., 2008; Peters-
mann et al., 2019; Panayotov et al., 2016). Despite the significantly
lower price for PMMA compared to PEEK, PEEK is more likely to be used
as an implant material. One reason for this represents the more pro-
nounced temperature and loading rate dependency of the mechanical
properties in the case of PMMA. One downside of PEEK and PMMA
might be their rather brittle nature of fracture. The occurrence of a
plastic region before failure might be preferable for implant applications
in order to prevent a sudden, brittle failure. Due to its mechanical
properties, PLA is also suitable for load-bearing applications such as
short-term screws, but due to its degradability, it is likely used as suture
material (Hamad et al., 2015).

On the other hand, the high flexibility of PP and PVDF accounts for
their application as suture material or mesh (Maitz, 2015; Ratner et al.,
2004). However, their applicability as cranial bone reconstruction ma-
terial cannot be ruled out (Katschnig et al., 2017), especially for smaller
defects where high stiffness is not as crucial. Moreover, the high ductility
of PP or PVDF prevents a brittle implant failure into several pieces in the
case of an accident. PETG seems to be a satisfying compromise between
these two described materials groups. The evaluated material properties
account for its applicability for parts, which do not require a high load
capacity or elasticity such as bite guards (Marcauteanu et al., 2014).

In conclusion, this paper gives an overview of temperature and
loading-rate dependent material properties of thermoplastic 3D-print-
able implant materials. For polymers, the characterisation of these de-
pendencies is particularly important. The results should serve as
guidelines for designers of medical devices or for medical professionals
in order to get an impression of the material behaviour of different 3D-
printing polymers. However, it has to be kept in mind that the properties
of a component are not only depending on the material itself. The me-
chanical behaviour of components is further influenced by geometrical
and processing parameters.
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The Effects of Washing and Formaldehyde Sterilization on
the Mechanical Performance of Poly(methyl Methacrylate)
(PMMA) Parts Produced by Material Extrusion-Based
Additive Manufacturing or Material Jetting

Sandra Petersmann, Lukas Hentschel, Joamin Gonzalez-Gutierrez, Martin Todtling,

Ute Schiifer, Florian Arbeiter, and Muammer Ugal*

Nowadays, personalized medical implants are frequently produced through
additive manufacturing. As all medical devices have to undergo specific washing
and sterilization before application, the effects of a predefined cleaning routine
that is available to the clinical institutes, washing with chemical agent and
formaldehyde fumigation, on the mechanical behavior of printed parts are
examined. Mechanical properties of parts manufactured by fused filament fab-
rication (FFF) and ARBURG plastic freeforming (APF) using two poly(methyl
methacrylate) (PMMA)-based materials, 3Diakon and CYROLITE MD H12,
respectively, are analyzed using flexural and impact tests. An influence of cleaning
treatments on the mechanical properties of APF samples is not detected. FFF
samples, however, show lower impact strength after washing, but not after
sterilization. The fracture surfaces, porosity values, or chemical structure assessed
by Fourier-transform infrared (FTIR) spectroscopy could not explain this decrease.
Influence of the cleaning treatments on the material itself is assessed using thin
compression-molded specimens. The influence on the stress—strain curves is
negligible, apart from a slight but significant reduction in the yield stress. FTIR
spectroscopy and scanning electron microscopy analyses of the fracture surfaces
do not show detectable differences among differentially treated samples.

1. Introduction

Additive manufacturing (AM) is of particu-
lar interest in the production of medical
implants as it allows faster design and
manufacturing of personalized prostheses.
For polymers, especially the material extru-
sion based, AM technology known as fused
filament fabrication (FFF) has already been
well established.' Nonetheless, all AM
methods are continuously improving
and new technologies are developed. The
ARBURG plastic freeforming (APF)
process is a relatively new AM method,
where granules, instead of filaments,
are molten and deposited as droplets.
Therefore, a plasticization unit similar to that
of an injection-molding machine provides the
molten material and pressure for the
deposition process. After plasticization, the
polymeric material enters the discharge unit,
consisting of a nozzle and a piezoelectric
valve, which opens the nozzle up to 200 times
per second.””! As the nozzle opens and closes
at such high frequencies, the extruded melt

forms droplets in the freeforming method instead of the continuous
string obtained in the FFF process. Hence, it is classified as a
material jetting technology according to ISO/ASTM 52 900.
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Several materials are suitable for processing with both
manufacturing methods. Among these, poly(methyl methacrylate)
(PMMA) stands out with its promising properties. It has already
been used for many years for various medical applications such
as optical lenses, bone cement for orthopedic and cranial implants,
or prostheses in dentistry.**! Therefore, it offers a good starting
point for further investigations regarding the use of AM and the
impact of nonthermal sterilization methods on its biocompatibility
and biomechanical properties.

To enable the implantation of prosthetic devices produced by
FFF and APF in humans, the material and manufacturing pro-
cesses have to comply with the clinical safety measures. In addi-
tion to durability and biocompatibility, implant materials have to
be sterilizable. The medical products must be free of any patho-
gens and contaminants, while reliably maintaining their
mechanical properties and dimensional accuracy.” Although
autoclaving is a suitable sterilization method for implants made
of metals, ceramics, and high-performance thermoplastics, poly-
mers with low melting temperatures (e.g., PMMA) are deformed
at the high temperatures of the autoclaving process. Sterilization
methods that could be utilized for specimens manufactured
from polymers with low melting temperatures include chemical
sterilization (ethylene oxide or formaldehyde), radiation steriliza-
tion (gamma, electron beam, or X-ray), plasma sterilization, and
microwave sterilization.”® In this work, sterilization by formal-
dehyde fumigation was studied, as it is a sterilization procedure
commonly available in most clinical institutes.

Several studies analyzing the effects of different sterilization
methods on the resulting properties of PMMA have already been
conducted.®* However, medical devices usually undergo a
cleaning step preceding sterilization,!" which could influence
the material, as this process usually involves temperature, pres-
sure, and an aqueous solution of washing agent.'®! It is known
that polymers in general, and thus also PMMA, exhibit
temperature-*”)  pressure*® and moisture-dependent!!**"!
properties. Avila et al.,”!! for instance, showed that heat treat-
ment of 3D-printed PMMA at 97 °C for 60 min led to an increase
in strength of about 20 MPa. Given their porous structure,
additive-manufactured specimens could be influenced by these
procedures to an extent larger than the molded specimens, as
their absorption—desorption behavior might differ from the solid,
nonporous, molded specimen with a rather smooth surface.

Furthermore, the AM process introduces a certain level of poros-
ity, which could potentially influence the mechanical performance
depending on its extent. Hence, the porosity of FFF and APF sam-
ples was analyzed before testing and after the different treatment
steps, to rule out the effect of different porosity levels while ana-
lyzing the treatment influence on the mechanical performance.
This has been done by means of X-ray microcomputed tomography
(RCT), as it is well established as a nondestructive method to eval-
uate defect sizes, distributions, and individual shapes.””

Consequently, this study investigates the effects of washing and
formaldehyde sterilization on the porosity and mechanical proper-
ties of PMMA-based materials manufactured with FFF and APF.
Bending and impact tests showed that the washing and sterilization
procedures did not exert a significant change in mechanical perfor-
mance of the FFF- and APF-manufactured specimens. pCT analy-
ses ruled out any confounding influence of porosity on the results.
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2. Experimental Section

2.1. Materials

FFF-manufactured samples were produced using the commer-
cially available PMMA filament (diameter of 1.75mm)
3Diakon (Mitsubishi Chemical Advanced Materials Inc., USA),
due to its excellent impact performance, which is preferable
for several implant materials, such as cranial reconstruction
materials. APF-manufactured samples were produced using pel-
lets of CYROLITE MD H12 (kindly provided by Roehm GmbH,
Germany), an amorphous thermoplastic compound based on
PMMA (methyl methacrylate/styrene/ethyl acrylate terpolymer
with an added impact modifier!®®). CYROLITE MD H12 meets
the requirements of the USA Pharmacopeia Class VI and is ISO
10993-1 certified and approved by the USA Food and Drug
Administration (FDA) for clinical use.”**! Throughout the article,
3Diakon and CYROLITE MD H12, are referred to as PMMA-D
and PMMA-C, respectively.

2.2. Experimental Setup

Both PMMA types were divided into three different experimental
groups (n= 25 samples in each): untreated controls, washing,
and washing + sterilization. The “washing” specimens were
washed at 60 °C following a specific hygiene protocol. The “wash-
ing + sterilization” group was additionally sterilized with form-
aldehyde fumigation. The mechanical properties of each group
were assessed by three different testing methods: three-point
bending, Charpy impact test, and Charpy-notched impact test.
A flow diagram of the experimental setup is shown in Figure 1.

2.3. Processing

Test specimens were manufactured in the shape of a rectangular
prism in 80 mm x 4 mm x 10 mm dimensions with a single
contour line, a 100% infill, and a & 45° rectilinear infill strategy.
Five samples were fabricated per print batch via so-called sequen-
tial printing for FFF and in a layer-by-layer manner for APF
(Figure 2). A detailed summary of the used processing parame-
ters for both technologies is given in Table 1.

FFF samples were manufactured at MedMEX (HAGE3D
GmbH, Austria), which works with a dual direct extrusion head.
The slicing was done with the software Simplify3D v3.0
(Simplify3D, USA). The printing speed of the first layer was
decreased to 15 mm s ™" to get the best adhesion on the glass sur-
face. The samples were removed from the printer after bed tem-
perature cooled down to a temperature of 60-t0-80 °C and then
stored in vacuumed Allpax GOF 2030 bags (Allpax Products
LLC, USA) at ambient temperature.

In APF, an already proven material profile was used for
processing PMMA-C with the freeformer 200-3X (ARBURG
GmbH + Co KG, Germany).) The print job was prepared
in the ARBURG freeformer software v2.30 (ARBURG
GmbH + Co KG, Germany). Prior to manufacturing, the mate-
rial was dried at 70 °C for 5h in the integrated circulating air
dryer (Helios GmbH, Germany). After the drying procedure,
the hopper was kept at 50 °C with reduced moisture to keep

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. Flow diagram including specimen manufacturing via FFF or APF, treatments (washing and formaldehyde sterilization), performance of pCT,
and mechanical analysis (three-point bending, unnotched and notched Charpy impact tests).

Figure 2. Sample arrangement on the build platform for a) FFF and b) APF. Five samples were manufactured per print batch. Sample dimensions are

given in mm.

the material dry. The drop height was 0.22 mm with the set dis-
charge value of 67%, resulting in a layer height of 0.2 mm. The
droplet overlap was set to 25%.

Dimensions within the mechanical testing standards could be
obtained using APF, but not using FFF. Here, width values in the
range of 9.49-9.82 mm were obtained, which were below the tol-
erance of 10 + 0.2 mm.

2.4. Washing and Formaldehyde Sterilization

The sample washing and sterilization were performed at the
AEMP III (Processing Unit for Medical Devices) at the
University Hospital Graz in accordance with ONORM EN
ISO 25424. Washing was performed using a Miele
cleaning—disinfection device (Miele & Cie. KG, Germany) at

Adv. Eng. Mater. 2022, 2200225 2200225 (3 of 12)

60°C with a disinfectant program suitable for thermolabile
materials. Neodisher Septo DN  (Chemische Fabrik
Dr. Weigert GmbH & Co KG, Germany) was used as the washing
agent, which contained 10.5% (w/w) glutaraldehyde and showed
bactericidal, fungicidal, mycobactericidal, and viricidal activity.
Sterilization was performed with 2% formaldehyde using a
Webeco FA95 temperature steam sterilizer (Webeco NV,
Belgium). A summary of washing and sterilization procedures
is given in Table 2.

2.5. Analysis of Porosity

Samples were scanned in an Inveon pCT scanner (Inveon p-PET/
SPECT/CT, Siemens, Germany) with scanning parameters of
80 kV potential, 500 pA current, 750 ms exposure time, and an

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

Table 1. List of printing parameters for FFF and APF.

Processing parameter FFF APF
Nozzle diameter [mm] 0.4 0.2
Nozzle temperature [°C] 260 245
Printing speed for infill [mms™'] 50 60
Printing speed for contour 40 25
lines [mms™']

Build platform/Chamber 140 105

temperature [°C]

Build platform borosilicate poly(acrylonitrile- butadiene)/
material glass poly(amide) blend
Extrusion multiplier/Drop 1.00 1.29

aspect ratio [—]

Layer thickness [mm] 0.1 0.2

Table 2. Brief summary of steps during the washing and sterilization
process.

Washing protocol
(thermolabile, disinfection)

Sterilization protocol
(thermolabile, formaldehyde fumigation)

1. Washing (3 min, water) 1. Air out

2. Washing at 55°C
(3 min, water)

2. Conditioning at 60 °C with 17x alternating
pressure (200-220 mbar, 15s) and vacuum
(60-80 mbar, 15s)

3. Chemical treatment at
55°C (10 min)

3. Treatment 10 min at 60 °C (3x with
intermittent vacuum)

4. 2x washing (3 min, water) 4. Desorption phase at 60 °C with 30x
alternating pressure (210 mbar, 30's)

and vacuum (60-80 mbar, 15s)

5. 1x washing at 60 °C
(3 min, water)

6. Drying (15 min, 80°C)

5. Drying at 60 °C, 10 min, under
vacuum (65 mbar)
6. Wash phase at 50-60 °C with 5x
alternating pressure (740-750 mbar)
and vacuum (65-75 mbar)

7. Drying (15 min, 60 °C) 7. Air in

effective pixel size of 35.19 pm. The raw data was reconstructed
using the Inveon CT Recon Software v2.04 software (Siemens,
Germany). Image sections were exported from the reconstructed
scan data and saved as bitmap digital image files using Image].
Each specimen was imaged in 2699 sectional images with sagittal
and/or horizontal alignment. Segmentation, 3D modeling, and
volumetric analyses of the printed specimens and the internal
gaps/holes were done using an open-source software 3D
Slicer v4.10.2.%°! A gap/hole in an image slice was defined as
an island that had a signal intensity below the threshold value
without connection to the outer surface through neighboring
image sections. Porosity was calculated as the percentage of
gap volumes with respect to the specimen volume. Local porosity
at the midsection was calculated the same way using the image
slices that cover one-third of the whole specimen centered at the
midlength in the axial orientation.
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2.6. Mechanical Tests

2.6.1. Flexural Tests

The flexural tests were performed in three-point bending mode
on the universal testing machine Zwick Z10 (Zwick Roell,
Germany) equipped with a 10 kN load cell. The tests were carried
out according to EN ISO 178 at 23 °C and 50% r.h. The testing
speed was 2 mm min~'. The deformations were measured with
the makroXtens extensometer. The test ended, if no fracture
occurred, at a deflection of 10 mm. The support distance was
64mm. Supports and loading edges were 5mm in radius.
Prior to testing, the samples were stored at standardized climate
(23°C, 50% r.h.) for at least 48 h. The following flexural material
properties were evaluated according to EN ISO 178: the flexural
modulus (Ef), the maximum flexural stress (opv), the flexural
stress at break (og), and the flexural stress at the conventional
deflection (ogc), wherein the conventional deflection (sc) was
equal to 1.5 times the thickness (h) of the test specimen. Ef is
defined as the slope of the flexural stress—flexural strain curve
in the flexural strain interval between 0.05 and 0.25%. All
stresses and strains are engineering values, which take the initial
cross section of the specimen into account. Microscopic images
of the fracture surface of representative specimens were taken
under a light microscope (SZH, Olympus Optical Co., Japan).

2.6.2. Charpy Impact Tests

Instrumented Charpy impact tests were performed on the pen-
dulum impact tester HIT25/50P (Zwick Roell, Germany)
equipped with a 2] pendulum at 23 °C and 50% r.h. The tests
were carried out according to EN ISO 179-2 on unnotched
and notched specimens via edge-wise blows. The notch was
introduced in the geometry of shape A according to ISO
179-1, resulting in a characteristic V-shape with 2 mm depth
and 0.25 mm tip radius. The impact speed was 2.9 m s~ accord-
ing to the standard. Prior to testing, the samples were stored at
standardized climate (23 °C, 50% r.h.) for at least 48 h. The fol-
lowing parameters were evaluated according to standard (EN ISO
179-2): the Charpy unnotched (a.y) and notched (a.y) impact
strength. Microscopic images of the fracture surface of
representative specimens were taken under a light microscope
(SZH, Olympus Optical Co., Japan).

2.7. Analyzing the Influence of the Treatments on the PMMA
Material Used in FFF

2.7.1. Preparation of Compression-Molded (CM) Samples

PMMA-D in form of granules was molded at 240 °C and 6.5 bar
to 1mm-thick plates by means of a laboratory platen press
COLLIN P 300E+ (COLLIN Lab & Pilot Solutions GmbH,
Germany). Before compression molding (CM), the material
was dried at 80°C for 10 h. Subsequently, the CM plates were
used to manufacture tensile test specimens according to DIN
EN ISO 527-2 Type 1BA via computer numerical control machin-
ing (Deckel FP3, Friedrich Deckel AG, Germany). CM plates

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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were randomly assigned for differential cleaning treatment
(untreated, washing, washing+sterilization, n =5 per group).

2.7.2. Tensile Tests on CM Samples

The tensile tests were performed on a universal testing machine
Zwick Z10 (Zwick Roell, Germany) equipped with a 10 kN load
cell and mechanical clamps, in accordance with DIN EN ISO
527-1 with a testing speed of 1 mmmin~' for the evaluation
of the Young’s modulus (E) and 50 mm min * for the recording
of the remaining curve. The clamping length was set to 50 mm.
The deformations were measured with the makroXtens exten-
someter until yield and by the crosshead travel afterward. All
stresses and strains are engineering values, which consider
the initial cross section of the specimen. The Young’s modulus
and tensile strength (o) or yield stress (oy) are calculated and
compared. E is defined as the slope of the stress—strain curve
in the strain interval between 0.05 and 0.25% according to
DIN EN ISO 527-1. Furthermore, the tensile strength is the
global stress maximum and the yield stress gives the stress value
at the yield point, which is characterized by a global stress maxi-
mum followed by stress reduction due to narrowing of the cross
section.”l

2.7.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy by attenuated
total reflection was performed with a Bruker IFS 66vs™ '
FTIR spectrometer (Bruker Corporation, USA) in the range of
600-4000 cm . The penetration depth into the sample is up
to ~10 um, depending on the wavelength of light.*”! Spectra
were acquired and examined with 16 scans and 4 cm™" resolu-
tion after spectral correction with ambient atmosphere.
A spectrum of the washing agent was also recorded for
comparison. The spectra were examined for alterations in the
chemical structure or the presence of residual media after clean-
ing treatments.

2.7.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed for selected
unnotched Charpy samples using a TESCAN Vega II (TESCAN
Brno, s.r.o., Czech Republic) at 5 kV using secondary electrons.
The parts of the specimens to be analyzed were fixed on SEM
sample holders and were gold-sputtered with the SCD 005
Cool Sputter Coater (BAL-TEC AG, Liechtenstein) for 160 s at
20mA.

2.8. Statistical Analyses

Statistical analyses were conducted using SPSS (IBM Corp.
Released 2019. IBM SPSS Statistics for Windows, Version
26.0. Armonk, NY: IBM Corp). Normality of data distribution
was assessed with visual inspection of Q—Q plots and Shapiro-
Wilk test. Variance homogeneity was assessed with Levene’s test.
When the compared groups had normal distribution, statistical
significance of the observed differences was tested either with
one-way ANOVA followed by a Tukey’s honestly significant
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difference (HSD), or Welch’s variance-weighted ANOVA fol-
lowed by Games—Howell posthoc tests, depending on the vari-
ance homogeneity across the compared groups. When the
compared groups had non-normal distribution, Kruskal-Wallis
H test followed by a pairwise comparison with Bonferroni cor-
rection was used. Correlation of observed porosity to the flexural
stress at the conventional deflection (three-point bending test
group) or to the impact strength absorbed in breaking the speci-
men (Charpy tests) was assessed with Spearman’s rank correla-
tion coefficient.

A difference with a p-value <0.05 in any case was deemed sta-
tistically significant.

3. Results

No significant differences between the different types of treat-
ments were observed in the flexural stress—flexural strain curves
for both PMMA types as well as manufacturing methods
(Figure 3). Furthermore, FFF specimens neither showed a
maximum nor failure before the conventional deflection
sc (1.5h~ 6 mm, test ended at 10 mm) is reached (Figure 3a).
As the test is limited by sc, the flexural strength (opy) and the
flexural stress at break (os3) were not evaluated and only the flex-
ural modulus (Ef) and the flexural stress at s¢ (o¢c) were analyzed.
APF specimens fractured before reaching the deflection limit
(Figure 3b). Therefore, the maximum flexural stress (opy) and
the flexural stress at break (ogg), which were equal were evaluated
in addition to the flexural modulus (Ef). Specimens from all treat-
ment groups had comparable flexural moduli in the bending
tests with both FFF-printed PMMA-D samples (F(2)=0.127,
p=0.882) and APF-printed PMMA-C samples (F(2)=1.256,
p=0.320) (Figure 3c). Similarly, the flexural stress (at the con-
ventional deflection or at break) did not show statistically signifi-
cant differences among the treatment groups either in FFF
samples (F(2) = 1.393, p=0.286) (Figure 3d) or in APF samples
(Welch’s F(2, 6.020) = 1.208, p = 0.362) (Figure 3e). It is impor-
tant to note that the different flexural behavior was a result of the
intrinsic mechanical properties of the different types of PMMA.
PMMA-D is more compliant than PMMA-C, as suggested by the
manufacturer’s specifications.**?® Moreover, the fracture surfa-
ces of the APF samples showed a characteristic brittle fracture
and no significant differences between the different treatments
were visible (Figure 3f).

In the FFF-manufactured PMMA-D group, statistically signif-
icant differences were observed in Charpy impact strength
among differentially treated samples for both unnotched
(¢*(2) =11.180; p=0.004) and notched specimens
(F(2) =4.165; p=0.027) (Figure 4a). Pairwise comparisons
showed that the impact strength was significantly lower in
the washed group in comparison with the untreated controls
(p=0.003). Interestingly washed + sterilized specimens were
comparable to the controls (p=0.143). In the notched speci-
mens, however, the impact strength values of the washed sam-
ples were comparable to the controls (p=0.120), while
washed+-sterilized samples showed slightly but significantly
higher impact strength in comparison with the control group
(p=0.027).
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Figure 3. Flexural stress—flexural strain curves obtained for PMMA-D in a) FFF and PMMA-C in b) APF in their untreated state, after washing and after
washing + sterilization. c) Flexural moduli (E¢) in APF and FFF samples were shown in and were comparable among the treatment groups. Flexural stress
at the conventional deflection (oxc) in d) FFF samples and maximum flexural stress (oay) in €) APF samples were not influenced by cleaning treatments.
n=>5 samples per treatment in each material group. f) Microscopic images of the representative fracture surfaces for each group are displayed.

In the APF-manufactured PMMA-C group, an influence of
cleaning treatment on the impact strength was not observed
in the Charpy impact tests with unnotched specimens
(x*(2) = 1.257; p=0.533). Note that higher impact strength
values were observed in the washing + sterilization group with
notched specimens, but the differences were statistically not
significant (y%(2)=5.886; p = 0.053) (Figure 4b).

The fracture surfaces did not show any major differences
between the treatment groups for either type of material
(Figure 4c). All samples showed characteristic brittle fracture sur-
faces. In FFF samples, the layer next to the build platform was
wider and denser most properly due to the heated print bed. This
could also be attributable to the calibration of the nozzle distance
to the surface of the platform. Calibration done at ambient tem-
perature does not take the heat-induced expansion in the print
bed, which causes the first layer to be deposited by the nozzle
from a smaller distance resulting in a wider first layer.””) The
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individual layers, in addition, could easily be distinguished in
FFF, but not in APF samples.

The lower Charpy impact strength observed in unnotched,
FFF-printed PMMA-D samples after washing (Figure 4a) could
not be explained by a difference in the fracture surface assessed
with light microscopy (Figure 4c). Therefore, it was checked
whether the observed differences could be associated with vari-
abilities in the porosity level of the specimens. A Spearman’s
rank correlation coefficient test with all groups pooled (with or
without a cleaning treatment) revealed that neither flexural stress
at the conventional deflection nor Charpy impact strength
showed a statistically significant correlation to the global porosity
or to the local porosity levels at the midsection (Figure 5). A
significant correlation, moreover, was not observed when the
treatment groups were separately analyzed (data not shown).

Given that there was a skewed data distribution, the focus was
placed on comparison of the FFF-manufactured PMMA-D
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statistical significance of the differences was assessed using Kruskal-Wallis H test followed by a pairwise analysis with Bonferroni correction or using one-
way ANOVA followed by a Tukey’s HSD test for posthoc comparison. Circles show outliers. Stars show extreme outliers. *p < 0.05, **p <0.01. n =5 per
treatment in FFF unnotched, n =10 per treatment in all other comparisons.
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Figure 5. a) Definition of global and local porosity with an image of the 3D reconstructed model of a representative specimen. Porosity levels of PMMA-D
in FFF evaluated for the whole sample (global) or at the midsection of the part (local) in correlation with the results of the mechanical tests: b) the flexural
stress at the conventional deflection, o, c) the unnotched Charpy impact strength, a.y, and d) the notched Charpy impact strength a.y. The correlation
was assessed with Spearman’s rank correlation coefficient independently of the test group.

samples with the most divergent global and local (midsection)  differences between the two groups in global and local porosity
porosity levels (Figure 6a). While there were remarkable levels (p =0.016 and p = 0.056, respectively), the impact strength
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mechanical performance in notched Charpy impact test. Stars show extreme outliers. The statistical significance of the differences was assessed with

Mann-Whitney U Test. n=5 per group.

values evaluated by the Charpy impact test were quite compara-
ble (Figure 6b), suggesting that the observed porosity levels
did not have any detectable influence on the mechanical
performance.

Next, the porosity levels of the whole samples (global porosity)
of randomly selected samples with or without a cleaning
procedure were compared (Figure 7). The global porosity in
the FFF-printed PMMA-D samples was comparable in all three
groups (¢°(2) = 2.880; p = 0.237). In APF-printed samples, how-
ever, there was a statistically significant difference in the global
porosity levels (y*(2) = 8.060; p=0.018). Pairwise comparison
showed significantly different values between the washed and
washed + sterilized ~ samples (p=0.027).  Nevertheless,
these differences did not show a detectable effect on the mechan-
ical performance of the specimens (Figure 3 and 4b).

Next, focus was placed on the analyses of PMMA-D to investi-
gate the decreased impact strength observed in FFF-manufactured
PMMA-D specimens (Figure 4a), which was explained neither by a
difference in porosity nor by a difference in fracture surface. For
this purpose, tensile tests on thin compression-molded samples
were conducted to check whether the cleaning treatments differ-
entially influence the PMMA-D material itself. No differences in
the stress—strain curves among the samples from different treat-
ment groups were observed (Figure 8a). Moreover, the curves
show pronounced yielding where the forces decrease after reach-
ing a maximum while the deformation still increases which was
accompanied with stress whitening (CM specimens were transpar-
ent before testing and opaque along the parallel length afterward).
Stress whitening occurs as a color change at macroscale, which is
caused by the formation of microvoids between polymer chains
during deformation. Further increasing the deformation results
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Figure 7. The global porosity of PMMA-D samples in a) FFF and PMMA-C
samples in b) APF. The data is presented as the percentage of the internal
gap volume of the specimen volume. The statistical significance of the
differences was assessed using Kruskal-Wallis H test followed by a pair-
wise analysis with Bonferroni correction. n=25 per group. Stars show
extreme outliers.

in an opening of the voids and therefore microcracks and crazes,
causing a dispersion of visible light.*”! The alignment of the poly-
mer chains in the direction of the load leads to a strengthening of
the material and thus to a further increase in the force, which is
known as cold drawing (Figure 8a). Statistically significant
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Figure 9. FTIR spectra for PMMA-D manufactured by FFF and CM in its untreated state, after washing, and after washing + sterilization. n = 3 per group.
One representative curve for each group is shown. In a) the spectra are vertically shifted against each other to better identify the individual spectra. In

b) the spectra are shown as measured with the characteristic bands.

decreases in the yield stress (oy) were observed among different
groups (¢’(2) = 7.340; p=0.025) (Figure 8b). Pairwise compari-
sons revealed significantly lower yield stress in washed + steril-
ized samples (p=0.04) compared with the untreated controls.
The differences between the washed and untreated controls, how-
ever, were not significant (p = 0.085). The fracture surfaces after
tensile testing, on the other hand, were indifferent under a light
microscope (Figure 8c).

FTIR spectra for FFF as well as CM samples after the different
treatments are shown in Figure 9. No major change in the chem-
ical structure of the material or media uptake was observed, as
the bands seem to be unaffected. The evaluated spectra are in
accordance to literature showing all characteristic bands?*:
1) the a-methyl, ester-methyl, and methylene C-H stretching
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(3100-2800cm™") and bending (1500-1350cm™!) modes;
2) the C=0 stretching mode (1728 cm™'); 3) the ester group
stretching vibrations or coupled C-O and antisymmetric
C-C-O stretch as well as skeletal vibrations coupled to C-H
deformations in the range of 1350-1100 cm™'; 4) the methylene
rocking mode at 843 cm™'; and 5) the vibrations of the ester
group, possibly the C-O-C symmetric stretching mode at 827
and 809 cm ™.

Seeing that attenuated total reflection measurements only
characterize the first few micrometers of a material, and no
traces of any different media were found in the spectra, it appears
unlikely that the used agents penetrate the material at all.

In a final step, SEM images of representative fracture surfaces
of unnotched PMMA-D FFF Charpy samples were compared for

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 10. SEM images of PMMA-D in FFF in its a) untreated state, b) after washing, and c) after washing -+ sterilization. A predefined border region at

the side of the build platform was analyzed.

each treatment step (Figure 10). The images were taken at a pre-
defined border region of the sample, as mainly the outer regions
should be affected by the treatments. It is observed that the frac-
ture surfaces of the untreated and washed samples look alike
(Figure 10a,b), while the fracture surface appears smoother after
sterilization (Figure 10c). This finding does not match the
Charpy impact strength results in Figure 4a, where only washed
samples have significantly lower values compared with the other
treatment steps. Nevertheless, the slightly different fracture sur-
faces should not be overestimated, as during the SEM procedure
the sample is only recorded very locally. Similar brittle fracture
surfaces were found for FFF PMMA in previous works.3?
Moreover, it is not yet clear whether the differences found are
related to the treatment or the print quality. Therefore, the future
implementation of a study on the reproducibility of the printing
process is recommended.

4, Discussion

Although PMMA-based materials have long been used for medi-
cal products such as implants, it seems that no study has yet been
conducted analyzing the effects of a combination of washing and
formaldehyde sterilization on the mechanical properties.
Miinker et al.'® analyzed the effect of different sterilization
methods (ethylene oxide, hydrogen peroxide gas plasma treat-
ments, autoclave sterilization, and y-irradiation) on the mechan-
ical properties of PMMA-based materials. Whilst autoclave
sterilization is not a choice for thermolabile materials like
PMMA, the other three methods seem to be suitable candidates,
with y-irradiation resulting in increased flexural strength. Yavuz
et al.”) investigated the influence of sterilization via supercritical
carbon dioxide, ultraviolet, heat, ethylene oxide, and hydrogen
peroxide on the chemical structure and surface morphology of
PMMA microchips. The chemical techniques slightly affected
the surface roughness and channel profile. This effect was even
more dominant for ultraviolet sterilization. On the other hand,
opaque structures were observed after heat sterilization. Sharifi
et al.l"”l showed that electron beam sterilization of PMMA with
the right energy dose only slightly affects the chemical, mechan-
ical, and optical properties as well as biocompatibility. As stated
by McKeen,?*! the mechanical properties, such as elongation at
break and notched Izod impact, of CYROLITE compounds do no
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significantly decrease after gamma radiation at exposures of up
to 7.5 Mrad or electron beam exposures up to 7.5 kGy. Moreover,
by ethylene oxide sterilization, no significant change in key prop-
erties or yellowing takes place. Steam sterilization and dry heat
sterilization, on the other hand, are not recommended.

None of the previous studies included the preceding hygiene
process, which works with elevated temperatures, pressures, and
the addition of a washing agent. Given that PMMA has hygro-
scopic characteristics,*?% both treatment steps could influence
the material itself, but also the structure created by the AM pro-
cess. Therefore, this study deals with the characterization of the
effects of a predefined washing and sterilization routine on the
porosity and mechanical properties of additively manufactured
parts. Two different PMMA-based materials (PMMA-D:
3Diakon and PMMA-C: CYROLITE MD H12), each optimized
for a different AM method (FFF and APF), were analyzed.
Washing and formaldehyde sterilization did not influence the
flexural modulus at the bending tests in FFF- or APF-printed
specimens. In the Charpy impact tests with unnotched speci-
mens, however, remarkably lower impact strengths were
observed in the washed group, although the differences were sig-
nificant only in the FFF-printed PMMA-D samples. As a con-
founding influence of differential porosity levels was strictly
ruled out, the effect was attributable to the cleaning procedure.
Samples that were sterilized after washing, however, did not
show such a difference, suggesting that the sterilization
procedure neutralized the effect introduced by washing.
Although, material aging was shown to be induced by prolonged
(12-24 months) immersion in water, it may well be acceler-
ated by water exposure at higher temperatures (60 °C in washing
process) followed by water desorption at 80°C and 60°C.
However, whether this absorption/desorption stress is responsi-
ble for reduced impact strength in washed samples is question-
able on the grounds that such an effect was not observed when
the washing protocol was followed by a sterilization procedure.
One major difference between the washing and sterilization pro-
cedure is that drying phases after sterilization were conducted
under vacuum (alternating between 90 and 210 mbar compared
with ~1 bar after washing), which presumably results in a better
desorption, particularly considering the porous structure of the
printed samples. The fact that such an effect was not detected in
impact tests with notched samples indicated that the influence, if
any, should rather be effective at a limited depth. Nevertheless,

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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given that the impact tests were conducted after >48 h of storage
at standardized climate (23 °C, 50% r.h.), associating the reduc-
tion in impact strength to the residual moisture at the time of
testing would be highly unlikely. Comparability of flexural mod-
uli among the groups and identical peak profiles of FTIR spectra
further supported this presumption.

Regardless of the evaluation method (global or local), porosity
values of less than 1% were measured for all samples. These val-
ues are very low in terms of the FFF process, considering that
values of up to about 6% have been reported in the litera-
ture.”"** In general, the porosity of a printed part is strongly
influenced by the material used and the processing parameters,
such as the nozzle temperature, build platform temperature, and
printing speed.****! Varying printing qualities were observed in
our samples among different batches, but also within one batch.
The batch-wise difference could be the result of a minimal lower
nozzle temperature, which leads to worsened diffusion between
adjacent layers, larger voids, and therefore lower mechanical
properties.*” Differences within the batch are mostly attribut-
able to the uneven temperature distribution on the print
bed.?®) In addition, the interdiffusion depth decreases and thus
the pore size increases the further away the layer is from the print
bed.?* Several researchers analyzed the effect of different pore
sizes and porosity values on the mechanical properties of printed
parts. In general, they found increasing mechanical properties
with decreasing porosity values.*’*" However, the analyzed
porosity values in these studies deviated from each other by more
than 5%, whereas the porosity values of all samples in this study
are less than 1% (on average ~0.18% for PMMA-D in FFF and
0.07% for PMMA-C in APF). In a previous study, conducted with
another type of PMMA, a porosity value of 0.09% could be
obtained for FFF-printed samples.?? The porosity values from
this and the previous study are both very low and the results indi-
cated that the observed porosity levels were below the critical
point and did not influence the mechanical properties.

Tensile tests on thin compression-molded samples, where the
material is distributed more homogenously and the thickness of
the specimens allows for better identification of surface influen-
ces through the treatments, indicated that the influence of clean-
ing treatments on the obtained stress—strain curves was
negligible, apart from a slight but significant reduction in the
yield stress. FTIR spectroscopy ruled out any detectable change
in the chemical structure as well as presence of residual media in
both printed and compression-molded material after washing
and formaldehyde sterilization procedures. These results com-
plement previous studies, in which sterilization by ethylene
oxide, UV, heat, CO,, or hydrogen peroxide treatments also
did not result in any major change in the chemical structure.””)

Comparison of the fracture surfaces in predefined border
areas of the samples allows the detection of the presence of dif-
fused media, as media-induced changes in fracture behavior are
often accompanied by changes in the fracture surface.*"
However, scanning electron microscope analyses in our study
did not show detectable differences among differentially treated
samples, which can explain differences observed in mechanical
tests. Nonetheless, variances in interlayer strength or diffusion
depth, which can be caused by slight temperature fluctuations,*>!
cannot be evaluated with the applied methods. To maintain a
proper environmental temperature and thus maximize the
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temperature homogeneity in the printed parts, printers with
closed chambers are to be preferred. At this point, it remains
unclear whether the reason for changes in the Charpy impact
strength lies in the treatment step or varying printing quality.
Therefore, it is recommended to perform a reproducibility study
of the printing process in the future.

5. Conclusion

Each sterilization method has advantages and disadvantages. As
there is no method specified for a certain combination of
material and process, the influence of washing and sterilization
must be thoroughly analyzed for each new material-process
combination before use.

In this study, the influence of formaldehyde sterilization and
the preceding washing procedure did not show a significant
influence on the bending properties of two different PMMA-
based materials, each optimized for a different AM method
(FFF and APF). However, significantly lower Charpy impact
strengths were observed after washing in the FFF-printed sam-
ples. Any confounding influence of variabilities in specimen
porosity was excluded. Observed porosity levels (less than 1%)
were not found to have any correlation to the mechanical perfor-
mance. Therefore, the effect was attributable to the cleaning pro-
cedure, but was neutralized after sterilization.

No reason was found not to use the applied sterilization rou-
tine for the analyzed PMMA-based materials. However, further
tests should be conducted, such as the performance of cytotoxic-
ity tests and repeatability/reproducibility tests of the printing pro-
cess, before using this routine prior to real application.
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ARTICLE INFO ABSTRACT

Keywords: Fused filament fabrication is a material extrusion-based additive manufacturing technique that has been strongly
Polypropylene growing in popularity, for it is accessible, versatile, and affordable. The 3D-printing of semi-crystalline polymers
Fused filament fabrication still faces major challenges, though. Apart from common issues such as shrinkage and warpage phenomena, a
Morphology variety of process-related morphological and crystallographic changes can occur. Since these changes strongly
Crystallography

influence the resulting material properties, it is crucial to understand the complex relationships between the
material, its processing and final properties on a fundamental level. In this context, the present work examines
the impact of different nozzle temperatures and printing speeds on 3D-printed polypropylene (PP) samples. One
extreme parameter set (high nozzle temperature, low printing speed) reveals a homogeneous morphology, weak
flow-induced orientations, isotropic thermal conductivities and a strong inter-layer diffusion. In contrast, the
other extreme parameter set (low nozzle temperature, high printing speed) forms an inhomogeneous mor-
phology with a complex growth of shish-kebab structures, a pronounced weld line morphology and a highly
anisotropic behaviour. By in-depth analyses of four parameter sets, this paper offers novel insights into the
complex formation of crystalline structures in 3D-printed semi-crystalline polymers and suggests how to pur-
posefully design the property portfolio of these materials.

Mechanical property

materials have been commercialised for the use in FFF, and an even
larger number has been under investigation recently [6]. In particular,

1. Introduction

Semi-crystalline polymers are processed by numerous methods in-
cluding injection moulding, film blowing and, since recently, also ad-
ditive manufacturing (AM). Regarding these manufacturing methods,
the importance of AM techniques has been continuously increasing,
since they offer a variety of advantages, such as high freedom of design,
reduced numbers of process steps and simplified supply chains [1].
Especially material extrusion-based AM methods are gaining popularity
as a result of their relatively easy handling and affordability. Among
these methods, the filament-based process fused filament fabrication
(FFF) is widely spread. During the FFF process, a thermoplastic filament
is selectively transported through a heated nozzle onto a build platform.
Thereby, the nozzle follows a pre-defined computer-generated path,
and the object is fabricated in a layer-by-layer manner [1-5]. Manifold

* Corresponding author.
E-mail address: florian.arbeiter@unileoben.ac.at (F. Arbeiter).

amorphous thermoplastics or semi-crystalline materials that crystallise
slowly, e.g. poly(lactic acid) (PLA), have been used extensively to in-
vestigate material properties in connection with FFF [7-10]. However,
for 3D-printed semi-crystalline polymers, which reveal more complex
crystallisation kinetics, such as polypropylene (PP) or poly(oxymethy-
lene), many fundamental phenomena known from traditional manu-
facturing techniques (e.g. the formation of flow-induced oriented
spherulites [11-13], the nucleation and growth conditions for the me-
tastable B crystal modification [14] or the morphology of weld lines
[15,16]) have hardly been understood. As a result, such semi-crystalline
polymers still remain difficult to 3D-print [9].

Apart from shrinkage and warpage issues caused by the high degree
of crystallinity of the material [6], the morphology and crystallography
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of 3D-printed semi-crystalline polymers were shown to be highly
complex. In particular, X-ray scattering techniques used to monitor
crystallographic changes during processing [17], recently opened the
door to fundamentally understand these complex phenomena. For ex-
ample, it was shown that the degree of crystallinity can vary within a
single 3D-printed part: For print patterns with high heat retentions [18]
or at regions such as corners, where the printing speed is lower [19],
crystallisation can occur during elongated periods, resulting in an ele-
vated degree of crystallinity. In addition, the crystalline morphology of
3D-printed PP was found to vary greatly within a single deposited
strand. Two individual studies recently revealed that the bulk of the 3D-
printed PP strand shows a significantly higher degree of crystallinity
than the vicinity of the interfaces [19,20], which in turn can positively
affect the diffusion length of adjacent layers due to partial melting of
the strand interface.

Additionally, the morphology of additively manufactured semi-
crystalline polymers is critically influenced by even small changes in
process parameters [6], which can complicate the processability of
these promising materials. For example, the temperature of the 3D-
printed strands, which is strongly influenced by the complex tempera-
ture distribution within the 3D-printer, determines the nucleation and
growth of the spherulites, but also the type of crystal modification that
is formed [21]. PP specimens prepared with a nozzle temperature of
200 °C, for instance, showed a mixture of a (monoclinic [22]) and
(hexagonal [22]) crystals, whereas an increase of the nozzle tempera-
ture of 50 °C resulted in only the a modification [21,23]. This led to
significantly different mechanical properties due to the different
morphologies of the a and  modifications. Similar alterations in the
crystal modification as well as significant changes in the spherulite size
of 3D-printed PP were further observed for an increase in the chamber
temperature of only 30 °C [21].

Depending on the process settings, also the weld lines of additively
manufactured semi-crystalline polymers can vary greatly. For prints
undertaken at room temperature, both PLA and PP [19-21,24] exhibit a
variety of different degrees of crystallinity, spherulite sizes, orientations
and growth directions. These differences are a result of the large tem-
perature differences between the freshly deposited and the previously
deposited adjacent strand, and the fast cooling rates of freshly deposited
strands [15]. For such process settings, Cole et al. [25] found that the
chemical composition of the strand interface of printed acrylonitrile
butadiene styrene (ABS) can vary by up to 40 % compared to the bulk
strand material. As soon as the temperature differences are reduced,
e.g. by increasing the build platform temperature or the chamber
temperature, a rather homogeneous strand morphology with hardly
detectable weld lines can be formed [24].

For semi-crystalline polymers, the naturally occurring rapid move-
ments of the printer head and the desired fast printing speeds can ad-
ditionally result in complex elongation and/or shear flow fields acting
on the polymer melt already in the nozzle [27], which in turn in-
troduces different degrees of anisotropy and elongated crystals [12,26].
Such flow-induced orientations were observed in strands as shish-kebab
structures [20,21,28], that are composed of fibrillar crystalline struc-
tures (shish) with lamellae radially growing outwards (kebabs) [13]. By
using in-situ X-ray scattering on 3D-printed PP, these shish-kebab
structures were recently identified to nucleate at the surface of the
freshly deposited strand and propagate inward towards the core of the
strand [20]. In the case of unfilled 3D-printed PP such flow-induced
orientations augment the alignment of anisotropic PP spherulites,
leading to anisotropic thermal conductivities [23]. Such studies enable
a basic understanding of the formation of flow-induced oriented
spherulites during FFF. However, the consequences of changes in
standard printing parameters, such as the printing speed or the nozzle
temperature, on the degree of orientation of the spherulites in the
strand or in the strand interface and on the occurring crystal mod-
ifications have not been investigated yet.

The present manuscript aims at closing this gap by providing
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qualitative and quantitative information on the impact of different
technologically relevant process parameters on the crystallisation
morphology of 3D-printed PP. The drastic differences in the degree of
orientation, the prevalence of different crystal modifications, spherulite
sizes and strand interfaces found for minor changes in the printing
speed and the nozzle temperature, and their effect on macroscopic
properties of 3D-printed components, illustrate the significance of a
fundamental understanding of the material in correlation with the
complex process.

2. Material and methods
2.1. Materials

PP heterophasic copolymer pellets (Borealis AG, Austria) with a
melting temperature (Ty,) of 166 °C and a melt flow rate (230 °C/2.16
kg) of 5 g/10 min were used throughout the present manuscript. Basic
mechanical properties of this material include a flexural modulus of
950 MPa, a tensile strain at break of 700 %, a tensile strength of 50 MPa
and a tensile modulus of 590 MPa.

2.2. Processing of the 3D-printed specimens

The PP pellets were processed to filaments with a diameter of
1.75 + 0.05 mm (Sikora Laser 2010 T diameter measurement device,
Sikora AG, Germany) in the single screw extruder FT-E20T-MP-IS (Dr.
Collin GmbH, Germany) by employing the following settings: tem-
perature of the extruder barrels = 175 —185 °C, screw speed = 30 rpm,
die diameter = 1.9 mm. The extrudate was cooled by a water bath,
pulled/spooled by a self-developed winding unit and stored on a spool
under standardised conditions (23 °C air temperature, 50 % relative
humidity) for at least 72 h prior to the 3D-printing trials.

Two specimen geometries, namely bar-shaped specimens according
to the standard EN ISO 20753:2018—-11 Type B and square-shaped
samples with suitable dimensions for thermal conductivity measure-
ments according to the standard ISO 22007 —2 (Fig. 1), were sliced in
the software Simplify3D Version 3.0 (Simplify3D, USA) and processed
in a Duplicator i3 v2 (Wanhao, China) with the printing parameters
summarised in Table 1. As displayed in Fig. 1, the standard alternating
printing sequence of the slicer software was used. For the bar-shaped
geometry (Fig. 1a), two specimens were processed per printing cycle,
whereas for the thermal conductivity specimens (Fig. 1b) one specimen
was fabricated per print. In total, 10 specimens were fabricated per
specimen geometry. In order to obtain different degrees of orientation,
the most influential process parameters, namely printing speed and
nozzle temperature, were varied. Both test geometries were printed at
the two extreme nozzle temperatures of 200 °C and 250 °C, since
usually PP is reported to be 3D-printed around 230 °C [6]. As the melt
strength was significantly lower at 200 °C [29], the fast printing speed
(22.5 mm/s) was selected at this printing temperature as the highest
possible printing speed at which no melt fractures occurred in the
nozzle. The slow printing speed (2.25 mm/s) was set at a tenth of the
fast one to enable a study of distinct differences in the morphology and
the mechanical properties between differently printed specimens. The
four different print settings and their designations used throughout this
manuscript are summarised in Table 2.

To minimise warpage and maximise the first layer adhesion during
printing [6], a self-made PP build platform was employed and the
printing speed of the first layer was reduced by 50 %, whilst welding to
the PP-plate was avoided by keeping the first layer height to 0.1 mm
[30,31]. After finalising each print, the specimens were detached from
the build platform with a spatula and were stored under standardised
conditions for at least 72 h. The subsequent characterisations were
performed either directly on the completed 3D-printed specimens
(XRD, trouser tear tests on the bar-shaped specimens (Fig. 1a), thermal
conductivity on the thermal conductivity specimens (Fig. 1b)) or on
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Fig. 1. Schematic representation of the 3D-printing orientation and sequence of the bar-shaped specimens (a) and the thermal conductivity specimens (b) (di-
mensions in mm). In (a), the approximate location of the cut samples for the thermo-mechanical analysis (TMA) and differential scanning calorimetry (DSC) are
indicated in pink, and the direction of the X-ray beam (XRD) in dark blue. The location and orientation of the microtome cuts for the polarised optical microscopy
analyses are specified by A (cross-sectional cut), B (inter-layer cut), and C (intra-layer cut).

Table 1

Summary of the printing parameters of all specimens.
Printing parameters Levels
Nozzle temperature Ty (°C) 200, 250
Printing speed (mm/s) 225, 2.25
Printing speed of the first layer (% of the printing speed of 50

subsequent layers)

Nozzle material Steel
Nozzle diameter (mm) 0.6
Build platform material PP-plate
Build platform temperature (°C) 110
Surrounding temperature (°C) 23
Layer thickness (mm) 0.25
First layer thickness (mm) 0.1
Infill pattern Rectilinear
Infill density (%) 100
Infill angle () 0
Number of perimeters 0

Table 2

The four different print settings and sample designations.

Printing speed in mm/s

Designation Nozzle temperature in °C
PP/200/22.5 200
PP/250/22.5 250
PP/200/2.25 200
PP/250/2.25 250

22.5
22.5
2.25
2.25

(a)

1 to

strands
| to
strands

segments cut from the bar-shaped specimens (DSC, TMA, polarised
optical microscopy (A, B, C)) according to Fig. 1a.

2.3. Polarised optical microscopy

Microtome sections were prepared by means of the Leica RM 2255
(Leica Microsystems GmbH, Germany) microtome. Thereby, cross-sec-
tional, inter- and intra-layer samples were cut as shown in Fig. 1la.
These microtome sections were subsequently put onto a glass slide and
covered with a coverslip. In between the glass slide and the coverslip a
drop of paraffinum liquidum with known refractive index was added.
Polarised optical microscopy was performed on the Olympus BX51
(Olympus Life Science Europe GmbH, Germany) under transmitted
light.

2.4. Wide-angle X-ray scattering (WAXS) measurements

Wide-angle X-ray scattering (WAXS) measurements were performed
using a Bruker NanoStar (Bruker AXS, Germany). This system was
equipped with a two-dimensional X-ray detector, an X-ray sensitive
image plate (50 x 50 um?) and the image analyser Typhoon FLA 7000
(Certified Genetool, Inc., US). Two SCATEX pinholes of 300 um in
diameter were utilised. The samples were measured in transmission
mode with a wavelength of 0.154 nm (CuK,) under vacuum. The ex-
posure time was set to 900 s. The distance between the sample and the
detector was 48.5 mm. For this configuration, the accessible diffraction
angle (20) ranged from 5 to 50°. All specimens were aligned with their

|| to strands

1 to
strands

Fig. 2. The specimens were measured in transmission geometry (a). For further analysis, the obtained X-ray patterns were rotated by 90° in order to align the ordinate

points in the direction of the strands (b).
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strands oriented perpendicular to the impinging X-ray beam (Fig. 2).
The obtained 2D WAXS patterns were corrected for transmission.

The 2D WAXS patterns were integrated with the aid of the software
package Fit2D [32] using 1000 radial and 360 azimuthal bins. In each
of the generated spread-sheets, each line hence corresponded to an
intensity vs. Bragg angle (26) diffraction pattern for an azimuthal angle
range of 1°. For the further analysis, several PP unit-cell reflections (a-
110, 3-300, a-040, a-130, etc.) in these patterns were fit using Gaussian
peaks, simultaneously considering the background and amorphous
scattering intensity. A custom-made Python script based on the Imfit
package was used for this purpose [33]. In this way, azimuthal intensity
traces of these reflections could be generated to further quantify the
orientation of the crystal planes [34].

For the evaluation of Hermans’s orientation function, the direction
parallel to the strands (azimuth angle of 90°) was selected as reference
axis (¥ = 0). As proposed in [35,36], the intensity distributions I ()
along the individual azimuthal traces were fit using Lorentzian func-
tions. This allowed the calculation of Hermans’s orientation factor fi as

_ 3cosy -1

fu =2

in which y represents the angle between the polymer chain segment
and the reference axis. The orientation parameter cos?y is given by

S U Gr) »cosyesing)dy
,/(;ﬂ/z (It () #siny ) dy '

The Lorentzian fitting procedure thus enabled the analytical in-
tegration of these latter terms. The calculated values of Hermans’s or-
ientation function fy; were then used for the interpretation of the degree
of orientation of the crystalline phases a and f, since f; = 0 corre-
sponds to random orientation, f; = 1 to perfect alignment along the
reference axis, and fy; = -0.5 to perfect alignment perpendicular to the
reference axis.

The degree of crystallinity X, waxs in the specimens was estimated
as the ratio between the summed intensities (integrated peak areas) I of
the reflections of the crystalline phases a and 3, and the total scatter
intensity pertaining to both crystalline and amorphous fractions [37]:

cosy =

3 I crystal

Xewaxs = «100%.

p)
Z Icryslal + Z Iamorphous

Similarly, the relative amount of the B-phase Kj in the crystalline
fraction was determined according to

Is—300

Ks = +100%,

Tu—110 + Tu—os0 + Iu—130 + Ig—300
as described in Ref. [38]. The influence of the orientation was at-
tempted to be averaged out by summing over all azimuthal angle bins,
and the results were critically compared with those obtained by means
of differential scanning calorimetry (DSC).

2.5. Thermal analyses

DSC was carried out on the DSC 214 Polyma by NETZSCH
(NETZSCH Group, Germany). Specimens of a mass of 14 + 0.5 mg were
cut out of the centre of the thermal conductivity samples. Each sample
was placed in an aluminium Concavus® pan with pierced lid. The heat-
cool-heat runs were conducted at a heating/cooling rate of 10 K/min in
the temperature range of 20-210 °C under nitrogen atmosphere (20
mL/min nitrogen flow). The degree of crystallinity X psc was calcu-
lated as

AH
Xe,psc = NG +100 %,

0

in which AH is defined as the specific enthalpy of fusion of the semi-
crystalline PP specimen determined from the peak area and AH, as the
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heat of fusion of a fully crystalline PP [39], which was approximated as
176 J/g according to Li et al. [40].

Additionally, thermo-mechanical analyses (TMA) were performed
on a TMA/SDTA841° (Mettler-Toledo, USA) according to the standard
ISO 11359 —1:2014. The TMA specimens were cut from the standard
bar-shaped test specimens according to Fig. 1a. The measurements were
performed in the direction of the strands. A temperature region of
25-165 °C was covered with a heating rate of 5 K/min. The specimens
were pre-loaded with 0.02 N. The coefficient of linear thermal expan-
sion (CLTE) was evaluated as

1 dL

CLTE= —e¢—,
Ly, dT

in which Ly is the initial length of the specimen and dL/dT the rate of
change of the length per unit change in temperature [41].

2.6. Thermal conductivity

The axial and radial thermal conductivity were measured on 3D-
printed PP plates (Fig. 1b) in the anisotropic double-sided mode ac-
cording to the standard ISO 22007 — 2. The tests were performed on the
thermal conductivity analyser TPS 2500 S with the Kapton sensor 5465
3.189 mm (both Hot Disk AB, Sweden) under standardised conditions.
The measurement time was set to 40 s and the output power to 45 mW.
The heat capacity tests were performed on the same equipment with the
golden sensor 5501. The necessary density values were measured ac-
cording to the standard ISO/FDIS 1183—1 in ethanol. The thermal
conductivity values were evaluated in the software Hot Disk Thermal
Constants Analyser 7.3 to a significance level of 5 %.

2.7. Trouser tear test

The trouser tear test specimens were manufactured exactly as the
bar-shaped test specimens (as described in Section 2.2 and shown in
Fig. 1a) except that the thickness was set to half of the standard value
(80 x 10 x 2 mm®), as shown in Fig. 3a. Prior to testing, the specimens
were split parallel to the long side up to the centre of the sample. Ad-
ditionally, a razor-blade notch was introduced. The trouser tear tests
were performed on the universal testing machine Zwick Z001 (Zwick
Roell Gruppe, Germany) equipped with a 1 kN load cell. The testing
speed was set to 10 mm/min. Pneumatic clamps (6 bar pressure) with
serrated grip inserts were utilised. The clamping length was 20 mm. The
direction of the loading is shown in Fig. 3b.

After testing, one representative sample of each setting was ex-
amined using an Olympus SZX12 (Olympus, Germany) stereo-micro-
scope under reflected light.

3. Results and discussion
3.1. Polarised optical microscopy

In order to understand the consequences of the investigated printing
speeds and Ty on the morphology of the 3D-printed PP specimens,
polarised optical microscopy images from inter-layer, intra-layer and
cross-sectional microtome cuts are discussed in the following para-
graphs. Polarised optical microscopy images from inter-layer micro-
tome cuts show spherulites varying in their size as well as oriented
crystalline structures, which are formed at the strand interfaces and
propagate towards the core of the strand (Fig. 4). For PP/200/22.5,
additionally shish-kebab structures within the strands are detected
(Fig. 4a). As represented in Fig. 5, these developed shish-kebab struc-
tures reveal a distinctly different morphology due to the fast welding
process.

For the higher nozzle temperature of 250 °C (Fig. 4b), no shish-
kebab structures in the core are found, whereas the weld line appears to
be similarly pronounced as in Fig. 4a. Interestingly, alternating
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Fig. 3. Dimensions of trouser tear test specimens (a) and schematic representation of load application during testing (b). The introduced razor-blade notch is
illustrated as a red line in (a).
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Fig. 4. Polarised optical microscopy images of inter-layer microtome cuts of neat PP shown for the two nozzle temperatures (Ty) and printing speeds. The build
platform is located on the bottom of each image, as shown in (a). Dashed white lines mark the interfaces between adjacent layers. Possible oriented spherulites (shish-
kebab structures) within the strands are encircled. The printing direction is along the x-axis.
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Fig. 5. Polarised optical microscopy images of different stages of shish-kebab structures found in inter-layer microtome cuts of PP/200/22.5 specimens. The printing

direction is along the x-axis.

Fig. 6. Polarised optical microscopy image of
the alternating spherulite sizes found in the
inter-layer microtome cut of PP/250/22.5 (a).

In (b), the underlying mechanism based on the
printing sequence of two bar-shaped specimens
is depicted schematically. In (b), the colour
grade of the strands represents the approximate
strand temperature (red = hot, blue = cold).
The two different cooling mechanisms are
highlighted by I. and II., and marked in (a) in
the respective layers of the microtome cut. The

printing direction along the strands is along the
X-axis.

spherulite sizes in adjacent layers are visible due to the printing se-
quence of the slicer software (Fig. 1a), which is illustrated in detail in
Fig. 6. Please note that for all subsequent morphological discussions,
the local temperature profile during printing and cooling must be
considered. This temperature profile, and the local heat retention in
particular, critically depend on several factors, such as the nozzle
temperature [42-44], the build platform temperature [44], the sur-
rounding temperature [21,45], the use of a fan [46], the layer thickness
[42,45], the printing speed [15,42-45,47-49] and the printing se-
quence in combination with the component size [51] and number of
components printed. In principle, a high local heat retention can be
obtained printing at both fast and slow speeds. In the present work,
only two small components were printed during one printing job.
Therefore, heat retention effects, creating different morphologies, can
be observed in all specimens.

The alternating spherulite sizes in adjacent layers in specimen PP/
250/22.5 (Fig. 6) are the result of a particular printing sequence in-
volving two alternating cooling mechanisms. One strand effectively
cools by the surrounding temperature for a prolonged time under the
influence of natural convection (mechanism I. in Fig. 6). Quick cooling
results in small spherulites. In contrast to this, the strand of the

l. Long air contact — strand cools down quickly
—small spherulites

I1. Short air contact —» strand maintains warm for
along time —> large spherulites

subsequent layer remains heated upon deposition for a longer period
(mechanism II. in Fig. 6), because of the combined influence of the
nozzle passing again while depositing yet another layer [48], and ra-
diative heat transfer [15]. As a consequence of this local heat retention,
larger spherulites are formed in this layer. The printing of two speci-
mens with the printing sequence described, thus, promotes the forma-
tion of alternating spherulite structures in adjacent layers of the spe-
cimens. Considering the findings of Shmueli et al. [18], it is likely that
with the printing sequence also the degree of crystallinity changes from
layer to layer. Therefore, the choice of printing sequence of the slicer
can have tremendous consequences on the morphology and conse-
quently on several properties of 3D-printed semi-crystalline polymers.
When more parts are printed simultaneously or larger area parts are
printed, this effect will be reinforced, leading to an even stronger var-
iation in inter-layer morphology.

At the low printing speed of 2.25 mm/s, the parts need, in contrast
to higher printing speeds, in general more time to locally cool down
[47,49], since the hot nozzle resides over one spot for a longer time.
Combined with the heat transfer from previously deposited strands [15]
this results in a high local heat retention. Therefore, some isolated
spherulites have enough time to grow to larger spherulites (Fig. 4c and
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Fig. 7. Polarised optical microscopy images of intra-layer microtome cuts of neat PP shown for the two nozzle temperatures (Ty) and printing speeds. Dashed white
lines mark the interfaces between adjacent strands within one layer. Possible oriented spherulites (shish-kebab structures) within the strands are encircled. The

printing direction is along the x-axis.

d). Yet, low printing speeds also result in longer periods, in which the
deposited strands are exposed to the surrounding room temperature. As
the nucleation rate at room temperature is higher than the crystal
growth rate, the majority of spherulites remains small [52]. Due to the
low printing speed, no elongated spherulites in the form of shish-kebab
structures are formed within the strands as opposed to specimen PP/
200/22.5.

At 200 °C, distinct weld lines are formed due to a low degree of
inter-diffusion resulting from the low nozzle temperature (Fig. 4c) [18].
At a nozzle temperature of 250 °C, the degree of inter-diffusion is
considerably higher and weld lines are less pronounced (Fig. 4d).
Partly, the weld lines are not observed at all. This is the result of a high
degree of inter-diffusion due to a long exposure to high temperatures
[18] and the low viscosity of the melt [9]. Similar weakly pronounced
weld lines have been observed for PP 3D-printed at high build platform
temperatures of 105 °C [24]. Another reason could be gaps between the
strands generated through the deposition of a second filament, which
enhances chain relaxation across the interface due to the high chain
mobility of the just deposited strand [18].

The polarised microscopy images of intra-layer microtome cuts
(Fig. 7) reveal a similar trend as observed for the inter-layer cuts. Again,
oriented spherulites in the form of shish-kebab structures are found for

PP/200/22.5 within the strands (Fig. 7a). For the specimen with al-
ternating spherulite sizes (Fig. 7b), the cut was apparently taken from a
layer exposed to high heat retention, as the spherulites appear rela-
tively large. For such printing geometries, it was shown that the intra-
layer diffusion depth is considerably larger than the inter-layer one, as
the time between the deposition of adjacent strands within one layer is
much lower than that of adjacent layers [9,18]. Additionally, an in-
crease in temperature results in a larger cross-flow of the low viscosity
material [18], which in turn further improves the intra-layer cohesion
[9]. Consequently, the intra-layer weld lines, particularly for Fig. 7b
and d, are significantly less pronounced than the inter-layer weld lines
shown in Fig. 4.

For the polarised microscopy images of cross-sectional cuts (Fig. 8),
the printing sequence (coming from the left or right side) is clearly
observable by rounded edges. For PP/200/22.5, distinct weld lines and
homogeneous spherulite sizes are detected (Fig. 8a). Furthermore, due
to the high viscosity at such low nozzle temperatures, a weak inter-layer
weld line is formed [9]. A higher printing temperature results in al-
ternating regions with different spherulite sizes (Fig. 8b), as explained
in Fig. 6. In region I., vertical intra-layer weld lines and evenly small
spherulites are found, whereas in region II. the weld lines are less
pronounced. They appear to be diagonal due to bulk-flow of the
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Fig. 8. Polarised optical microscopy images of cross-sectional microtome cuts of neat PP shown for the two nozzle temperatures (Ty) and printing speeds. The build
platform is located on the bottom of each image. Dashed white lines mark the interfaces between adjacent strands within one layer. The printing direction is along the

X-axis.

deposited strands resulting from the low viscosity at the highest tem-
perature and a prolonged heat retention. PP/200/2.25 (Fig. 8c) shows a
behaviour similar to PP/200/22.5 (Fig. 8a). Due to the lower printing
speed and a longer local heat exposure, a higher degree of intra- and
inter-layer diffusion is observable, though. Similar to the previous thin
cuts, the cross-section of PP/250/2.25 does not reveal any distinct weld
lines anymore (Fig. 8d).

3.2. WAXS measurements

The morphological studies discussed in Section 3.1. indicate the
presence of oriented chains, especially in specimens printed at lower Ty
and higher printing speeds. As a result of sufficiently high shear strains
during FFF [20], shish-kebab structures were identified e.g. in PP/200/
22.5 even near the core of the strands. In all samples, further crystalline
structures were observed, i.e. spherulites of varying size in the bulk of
the strands as well as crystalline structures along the weld lines. These
latter structures appeared predominantly in specimens PP/200/22.5,
PP/250/22.5 and PP/200/2.25, in which the inter-diffusion between
the strands during printing might not have been as developed as in PP/
250/2.25. To study the nature of the crystalline structures in the PP
samples in greater detail, WAXS experiments on the bulk specimens

were conducted.

In the 2D WAXS patterns (Fig. 9), diffuse scattering from the
amorphous polymer fraction forms a broad and relatively weak back-
drop, which is superimposed with distinct Debye-Scherrer rings. These
rings can be ascribed to selected lattice planes of the a and f unit cells.
A qualitative comparison reveals that all samples have crystallised in
the a polymorph of iPP, since the main reflections a-110, a-040, a-130,
and a-111/041 are present in all WAXS patterns [53]. By contrast,
additional f crystals can be detected only in specimens PP/200/22.5,
PP/250/22.5 and PP/200/2.25 by the presence of the 3-300 reflection
(Fig. 9a—c), while PP/250/2.25 appears to contain no (3 phase (Fig. 9d).
By plotting the azimuthally integrated and normalised intensity of the
rings as a function of the Bragg angle (Fig. 10), this finding regarding
the existence of the  modification can easily be verified (3-300 at
16.2°). As shown indexed, reflections pertaining to the a modification
appear at 14.1, 17.0, 18.6, and 21.5°, respectively. These peak positions
are in accordance with Refs. [21,54], which also examined 3D-printed
PP with Cu-K, radiation.

Comparing the diffractograms of the four 3D-printed specimens in
Fig. 10, it is evident that the peak intensities related to the two crystal
morphologies a and B differ relative to each other. Hence, based on
such diffractograms, the degree of crystallinity (X, waxs) as well as the
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Fig. 9. 2D wide-angle X-ray scattering (WAXS) patterns of 3D-printed PP-samples in dependence of the nozzle temperature (Ty) and the printing speed. The Debye-
Scherrer rings of the occurring a and P crystal modifications are shown indexed in (a).
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Fig. 10. Azimuthally integrated intensity as a function of the Bragg angle (26)
measured for 3D-printed PP samples manufactured with two different nozzle
temperatures and printing speeds. For the sake of clarity, the diffraction pat-
terns were normalised to the background of PP/200/22.5.

relative amount of B phase (K3) were quantified (Table 3). Regarding
X waxs it was found that, in general, all four samples had developed a
similar level of crystallinity in the range of 42-44 %. This is in ac-
cordance with the works of Shmueli et al. [18,20], who concluded that
—in terms of final degree of crystallisation — iPP is less dependent on the
exact thermal profile during 3D-printing than other materials such as

Table 3

Degree of crystallinity (X waxs), relative amount of [ phase (Kjp), and
Hermans’s orientation factors (f;) evaluated for the individual reflections a-110
(parents at equator, daughters near meridian), a-040 and (-300.

Designation X, waxsin % Kzin % fu
a-110 a-110 a-040  B-300
parent daughter
PP/200/22.5 42.5 17.6 —-0.24 0.44 —-0.36 —0.35
PP/250/22.5 43.5 8.2 nan 0.16 -0.27 —0.30
PP/200/2.25 42.8 10.1 nan 0.17 -0.29 -0.33
PP/250/2.25 44.0 0.0 nan 0.09 —0.23 nan

e.g. PLA. Specimens PP/250/2.25 and PP/250/22.5 showed slightly
higher values for X, waxs compared to the specimens printed at a Ty of
200 °C. This finding can be rationalised by an increased heat retention
at higher Ty, which prolongs the time for crystallisation and, therefore,
positively affects X, waxs [18]. For the same reason, a decrease in
printing speed also leads to a slightly higher X waxs [19].

The relative amount of  phase (Kj), in turn, was found to strongly
increase with decreasing Ty and increasing printing speed (Table 3).
This is in accordance with Ref. [54], in which a similar decrease of 50
°C in nozzle temperature was shown to enhance the growth of 3 crys-
tals, as well as with Refs. [53,55-57], which link the tendency to form [3
crystals with the imposition of shear, even at low shear rates. Con-
sidering the relatively small deviations in X, waxs, this means that with
decreasing Ty and increasing printing speed, more ( crystals are
formed, while at high Ty and low printing speeds, such as in PP/250/
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2.25, the a modification is clearly preferred. A complementing view on
X waxs and Kg will be given in Section 3.3, in which the results of the
DSC measurements are analysed.

Returning once again to the 2D WAXS patterns in Fig. 9, one further
aspect of the Debye-Scherrer rings remains to be explored. In the case of
both a and (3, the diffracted intensity is not evenly distributed along the
rings. This indicates the presence of preferred orientations, i.e. the
polymer chains are, to certain degrees, aligned with respect to the
vertical flow direction [58]. Basically, all specimens reveal similar or-
ientational components, which evoke diffraction patterns such as ana-
lysed e.g. by Dean et al. [34] or Assouline et al. [53]. However, these
components strongly vary in their intensity.

Considering the innermost a-110 reflections, an accumulation of
intensity around the meridian can be observed in all specimens. PP/
200/22.5 (Fig. 9a) shows the most localised distribution of all samples.
In contrast to the other samples, though, the intensity is also clearly
accumulated along the equator in PP/200/22.5. The strong a-040 and,
if present, 3-300 rings, which are in close vicinity to each other, gen-
erally show increased intensities at the equator positions. From the
comparison of the heights and breadths of the intensity distributions of
all samples, it can be concluded in analogy to Ref. [56] that, qualita-
tively, PP/200/22.5 (Fig. 9a) has the highest degree of orientation, and
PP/250/2.25 (Fig. 9d) with its more uniform distributions the lowest.
This trend is also reflected in the outer a-130 and a-111/041 rings.
Especially this latter double reflection may demonstrate the differences
between the samples: PP/200/22.5 (Fig. 9a) shows clear intensity
maxima at azimuthal angles of 45, 135, 225 and 315°, while PP/250/
2.25 (Fig. 9d) is characterised by nearly uniform intensity. The other
two samples, PP/250/22.5 and PP/200/2.25, range between these two
extreme cases in terms of degree of orientation.

In order to interpret and quantify the differences between the four
PP samples, the intensity of the three innermost Debye-Scherrer rings
has been plotted as a function of the azimuth angle (Fig. 11). In spe-
cimen PP/200/22.5, the azimuthal trace of the a-110 ring (Fig. 11a)
proves the presence of two distinct populations of lamellae. In ac-
cordance with Refs. [34,53,55,59], these populations can be interpreted
in the framework of the parent-daughter model, which links the mixed
bimodal orientation corresponding to the a-110 reflections to a crys-
tallographic branching phenomenon unique to the a monoclinic
structure in iPP. In this model, intensity accumulations along the
equator (0 and 180° in Fig. 11a) are ascribed to the presence of primary
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parent lamellae, whose c-axes align in shear direction parallel to the
strands, while the b-axes align perpendicularly to the strands. In a-PP,
secondary lamellae, the so-called daughters, have been observed to
grow epitaxially on the surfaces of the parent lamellae. In doing so, the
a-axes of the daughters align parallel to the strands. The orientation of
the b- and c-axes are defined as in spherulitic iPP by the relative or-
ientation of the daughter lamellae with respect to the parents [53].
Hence, the b-axes of parents and daughters are parallel [55], and tilted
meridional reflections (around 90 and 270° in Fig. 11a) in the a-110
traces are created. The azimuthal trace of specimen PP/200/22.5 does
not only show the presence of parent and daughter populations
(Fig. 11a), but also proves the parallelism of the b-axes of these po-
pulations, as well as their orientation perpendicular to the strands, via
the a-040 rings (Fig. 11c).

While cross-hatched parent-daughter morphologies have often been
linked to transcrystalline layers in the presence of added fibres [34,53],
the parent-daughter model has recently also been applied to model
shish-kebab structures in iPP [13,60]. In this context, the daughter la-
mellae are thought to epitaxially grow on the kebab surfaces. Thus, in
accordance with the morphological findings of Section 3.1, the texture
of specimen PP/200/22.5 can be attributed to the observed shish-kebab
structures as well as the oriented crystalline layer along the weld lines.

Comparing the azimuthal traces of all printed PP-specimens, good
agreement is found regarding the 3-300 (Fig. 11b) and a-040 (Fig. 11c)
reflections. Here, the same orientational components can be observed,
which just vary in their texture sharpness. The azimuthal traces of a-
110, however, appear to differ from each other, since a sharply oriented
parent population is only visible in specimen PP/200/22.5. Specimens
PP/200/2.25, PP/250/22.5, and PP/250/2.25 also show meridional
reflections linked to daughter populations, but these reflections are
much broadened and overlapping. Furthermore, the overall intensity
level differs between specimen PP/200/22.5 and the other samples.

Yet, these apparent contradictions can be explained based again on
the morphological findings of Section 3.1. In the present study, WAXS
patterns average across samples that are spatially inhomogeneous. In
specimen PP/200/22.5, the majority of the crystalline fraction is made
up of shish-kebabs in the core of the strands as well as oriented struc-
tures along the weld lines. Consequently, the characteristics of these
structures appear relatively sharp and distinct in the WAXS patterns.
Specimens PP/250/22.5 and PP/200/2.25 also show an oriented crys-
talline phase along the weld lines, but the core of the strands mainly
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consists of spherulites. As the cross-section of the X-ray beam was much
larger than single spherulites, the measurement averaged over a large
number of spherulites, which, based on their radial growth pattern,
revealed no preferred orientation. Spherulitic regions, thus, contributed
to the overall WAXS patterns in the shape of isotropic, full, uniform
intensity rings [53]. Therefore, the final WAXS patterns (Fig. 9) and
azimuthal traces (Fig. 10) have to be interpreted as an average of ap-
parently unoriented crystalline parts as well as a smaller fraction of
oriented crystalline structure along the weld lines. As a consequence,
the baseline of the azimuthal traces in specimens PP/250/22.5 and PP/
200/2.25 must be higher, and the overall degree of orientation smaller.
As observed in Fig. 11a, the daughter populations (around 90 and 270°
in Fig. 11a) appear smeared, and the contribution of the small fraction
of parent lamellae (around 0 and 180° in Fig. 11a) may even disappear
in the higher background noise. Specimen PP/250/2.25 possesses the
smallest fraction of crystalline structures along the weld lines. Conse-
quently, its WAXS pattern appears most uniform.

For a concluding quantitative comparison of the four PP samples in
terms of their overall degree of orientation, Hermans’s orientation
factors (fy) were calculated based on the a-110, a-040, and (-300
traces (Table 3). For the evaluation of the a-110 reflections in PP/200/
22.5, parent and daughter populations were separated as in Refs.
[13,34,53,60], because the normal vectors of the (110) lattice planes of
the parent population are preferentially oriented perpendicularly to the
strands (negative fy, -0.5 for maximum alignment, O for random or-
ientation), while the respective normal vectors of the daughter popu-
lations are — allowing for a certain tilt — rather aligned parallel to the
strands (positive fy, 1 for maximum alignment, 0 for random orienta-
tion). In the case of the other samples, only the meridional intensity
accumulations of a-110 could be evaluated.

Independent of the phase and lattice plane, the degree of orientation
shows the following trend: PP/200/22.5 > PP/200/2.25 > PP/250/
22.5 > PP/250/2.25, whereby PP/200/2.25 and PP/250/22.5 main-
tain a similar level. The degree of orientation, expressed by |fy|, thus
quantitatively increases with decreasing Ty and increasing printing
speed. This trend appears to be in accordance with Refs. [56,61], in
which the degree of crystal orientation (fy) as well as the fraction of
oriented crystals was found to increase with the stretching ratio, shear
rate or shear duration until a plateau was reached. Yet, as the previous
discussion in connection with the morphological observations may have
illustrated, the crystallography of 3D-printed, multi-layered structures
can easily become complex and should, therefore, not without great
care be reduced to single factors.

3.3. Thermal analyses

In accordance with the 1D WAXS pattern (Fig. 10), all specimens
apart from PP/250/2.25 exhibit a shoulder in the vicinity of 150 °C in
the DSC thermograms, corresponding to the -modification (Fig. 12a).
The B-peak intensities, ranging from a weak shoulder for PP/250/22.5
to a distinct double peak at 150 °C (B-modification) and 158 °C (f’
crystals due to recrystallisation [62]) for both specimens processed at
200 °C, are in qualitative agreement with the calculated 3 phase frac-
tions from the WAXS measurements (Table 3). A similar trend has also
been reported in Refs. [54,63]. Furthermore, for prints fabricated with
lower Ty, the Ty, is shifted to higher temperatures (Table 4) as larger
crystalline structures are formed (Fig. 4) [64,65].

The degrees of crystallinity (X psc) of all samples are in close vi-
cinity of each other and are in accordance with values available for
commercial PP filaments [6]. Furthermore, the X, psc are in agreement
with the values measured by WAXS (X waxs, Table 3). Deviations
mainly occur due to the definition of the onset-point and the choice of
the heat of fusion of a fully crystalline PP in the course of the DSC
evaluation [61,66]. In detail, the specimen that revealed the highest
degree of orientation (PP/200/22.5) exhibits not only the highest
phase content (Table 3), but also the lowest overall degree of
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crystallinity (42.4 %, Table 4). This can be explained by the con-
siderably lower heat retentions of the strands for high printing speeds
due to the fast movements of the hot nozzle, which in turn alleviates the
crystallisation [18,19]. This has also been shown by Gomes et al. for
poly(vinylidene fluoride) [67].

The TMA curves for PP/200/22.5 also show a curve discontinuity at
approx. 150 °C (Fig. 12b and c), relating to the f crystal modification.
Another change in the slope can be detected around 115 °C, especially
for PP/250/2.25, which corresponds to the secondary relaxation of PP
in the vicinity of 110 °C shown in the DSC curve and already reported in
Ref. [68]. Due to relaxations, the specimens with higher degrees of
orientation shrink more at elevated temperatures than those with lower
degrees leading to a lower total length change (AL/Ly) [69]. The AL/L,
is highest for PP/250/2.25 (0.030 = 0.001) and lowest for PP/200/
22.5 (0.022 = 0.002). However, a significant difference for AL/L, is
only observed for the two extreme process settings (Fig. 12b), other to
3D-printed PLA, which revealed a significantly lower total dimension
change at higher Ty [70] or at lower printing speeds [52]. The CLTE
shortly before melting (Fig. 12¢) revealed the same trend as the AL/Ly.
Initial effects result in an upturn around 30 °C followed by a plateau
region. In contrast to injection-moulded PP [52], curve discontinuities
appear before the CLTE increases steeply in the vicinity of the Ty,. As
mentioned before, these irregularities are connected with the 3-mod-
ification [62]. If comparing the CLTE values in the plateau region
(approx. 40-90 °C), all curves show the same value of 1.22 10~ */K,
whereas the plateau value in Ref. [52] for injection-moulded PP gives
approx. 0.85 10~ */K. This finding confirms anisotropic CLTE values
with varying values in and perpendicular to the direction of the strands,
which were found for 3D-printed materials [71].

3.4. Thermal conductivity

The printing pattern of the thermal conductivity specimens was
chosen in a way so that the axial thermal conductivity (Auxia) de-
termines the conductivity along the strands, whereas the radial thermal
conductivity (A;adia)) iS measured perpendicular to the strands
(Fig. 13a). With such a set-up, thermal conductivity measurements give
an insight into both the degree of orientation and the formation of weld
lines. In Fig. 13b, a clear trend towards increased A, for specimens
with higher orientations (Table 3) is observed, as the aligned aniso-
tropic crystallites augment the thermal conductivities [23,72]. Auxiar iS
significantly highest for PP/200/22.5 (0.356 = 0.005 W/(mK)), and
lowest for PP/250/2.25 (0.281 = 0.007 W/(mK)). For the other two
parameter sets, the A.ia lie between these two extremes and are in-
significantly different from each other (0.315 + 0.005 W/(mK) and
0.326 = 0.016 W/(mK), respectively). Yet, the higher values for PP/
200/2.25 even correspond to the slightly higher degree of orientation
determined by means of WAXS (Table 3). In general, these results
correspond well to values for PP 3D-printed with standard processing
settings (0.300 + 0.001 W/(mK) [23]).

A strong difference between the A.yia and Apagia is observed for
those specimens that exhibit the highest degree of orientation.
Additionally, the specimens with the highest degree of orientation re-
veal the most pronounced interface between adjacent strands (Fig. 7a
and c) and adjacent layers (Fig. 4a and c) [73]. Therefore, the A 44ia Of
PP/200/22.5 (0.202 + 0.002 W/(mK)) and PP/200/2.25
(0.210 % 0.011 W/(mK)) are significantly lower than those of PP/250/
22.5 (0.229 * 0.002 W/(mK)) and PP/250/2.25 (0.256 + 0.009 W/
(mK)). For lower nozzle temperatures, voids and air gaps between
strands and layers (Fig. 8a) are likely to form due to a lower cross-flow
[74]. This, in turn, extensively reduces the thermal conductivity [47].
For PP/250/22.5, considerably less pronounced interfaces between
adjacent strands of one layer (Fig. 7b) and less voids are detected.
However, the radial thermal conductivity is limited by the alternating
crystalline structure (Fig. 6a), which stops the propagation of phonons
and therefore decreases A;gia- PP/250/2.25 exhibits the highest A agjar-
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Fig. 12. Differential scanning calorimetry (DSC) thermograms (a) and thermal mechanical analyses (TMA) curves (b and c) evaluated for PP specimens printed with

two different nozzle temperatures and printing speeds.

Table 4
The melting temperature (Ty,), the specific enthalpy of fusion (AH) and the
degree of crystallinity obtained through DSC (X, psc) for the four different print
settings.

Designation T in °C AH in J/g X, psc in %
PP/200/22.5 173.0 74.7 42.4
PP/250/22.5 169.9 77.0 43.8
PP/200/2.25 171.2 75.6 43.0
PP/250/2.25 170.0 79.9 45.4

In fact, the Apaqia1 is nearly identical to its A, Since nearly no inter-
faces or air gaps are developed and the degree of orientation is de-
creased (Fig. 4d). To sum up, the Apugiar is strongly influenced by the
degree of the formation of weld lines, as they can be seen as a type of
defect [75].

3.5. Trouser tear test

As the observed changes in the processing settings resulted not only
in strong differences in the degree of orientation, but also in the

(@)

measurement

morphology of the weld line, the mechanical behaviour of 3D-printed
components is strongly influenced by such morphological changes.
Therefore, trouser tear tests are discussed in the following. The ob-
tained force-displacement curves show a nearly steady force increase
until reaching the force maximum needed for crack-initiation from the
razor-blade notch (Fig. 14a) [18]. Deviations from a constant initial
slope are mainly due to aligning and stretching of the samples until the
two halves are properly positioned. After the crack initiation and its
corresponding force peak, the force decreases until it reaches a plateau
indicating steady-state crack propagation. The averaged force of this
plateau gives the tearing force, which is required to propagate a crack
through the specimen and can be used to compare the intra-layer
strength of the weld lines. In Fig. 14b, a specimen is shown during the
time of testing in the region of this plateau.

Lower nozzle temperatures led to very pronounced and therefore
weak interlayers. As a result, lower tearing forces are required for crack
propagation (Fig. 14a). At 200 °C, the lower printing speed results in
less pronounced weld lines (Fig. 7c) due to longer heat retentions and
an improved inter-diffusion, which is confirmed by significantly higher
tearing forces (23.4 + 2.8 N) compared to the specimen processed at
22.5 mm/s (8.8 = 2.3 N). This difference is also discernible in the
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Fig. 13. Specimen orientation during the measurement (a) and thermal conductivity as a function of the nozzle temperature and printing speed (b). The thermal
conductivity in axial direction (Aaxia)) is measured in x-direction, whereas that in radial direction (A agia1) is measured in the yz-plane.
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Fig. 14. Force-displacement curves (a), specimen during testing (b) and fracture surfaces (c-f) obtained from trouser tear tests performed on 3D-printed PP specimens
manufactured with two different nozzle temperatures (Ty) and printing speeds. In (b), the region of the fracture surface images is encircled in white. In (c-f), the
averaged force plateau values of 10 samples and their standard deviations are given.

fracture surfaces: The sample processed at the lower printing speed
(Fig. 14c) reveals minor plastic deformations on the fracture surface,
whereas the one at the higher printing speed (Fig. 14d) appears very
smooth without clearly visible plastic deformations, indicating a low
inter-diffusion depth. A similar behaviour has been investigated for
double cantilever beam tests [9,76] and tensile as well as bending ex-
periments performed on 3D-printed PLA [77,78]. Similarly to Ref. [43],
the specimens processed at higher nozzle temperature revealed less
pronounced weld lines and a higher diffusion depth due to longer weld
times and, thus, significantly elevated tearing forces (46.6 + 5.6 N and
39.6 + 6.5 N, respectively) compared to specimens processed at 200 °C.
Additionally, the higher degree of inter-diffusion at higher printing
temperatures shown in the optical microscopy images (e.g. Fig. 7b and
d) is confirmed by the fracture surfaces in Fig. 14e and f. Both surfaces
appear rougher, indicating a higher degree of plastic deformation be-
fore fracture, similarly to Ref. [10]. Moreover, all fracture surfaces in-
dicate a crack propagation along the weld lines. For the higher tem-
perature prints, the printing speed does not have a significant influence
on the forces needed to propagate the crack. This confirms that the
alternating morphology does not have negative consequences on the
inter-layer weld line behaviour.

3.6. Final discussion

Finally, the question should be addressed, why oriented crystalline
layers are formed in some 3D-printed parts along the weld lines, and
how the printing conditions influence the crystallographic homogeneity
of the samples. In general, the discussion of such questions is very
complex, since crystallisation in polymers depends on a wide variety of
aspects: material properties such as chain molecular weight [56,58],
temperature profiles and processing conditions in general [58,59] as
well as dimensional boundaries [59] or complex geometries and
thermal cycles connected with 3D-printing [20]. Nevertheless, we may
venture to interpret the underlying mechanisms in the four PP-speci-
mens considered in this work.

In samples printed at high Ty and low printing speeds, such as PP/
250/2.25, almost no distinct weld lines are observed, and the micro-
structure appears largely homogenous (Fig. 4d). This is further reflected
in similar values for the radial and axial thermal conductivity (Fig. 13b)
as well as relatively high forces needed to tear samples apart (Fig. 14a).
Thus, full interfacial merging at the weld lines can be expected, very
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much in accordance with the observations by Shmueli et al. [20] on
carefully 3D-printed PP. In contrast to this, specimens PP/200/22.5,
PP/250/22.5, and PP/200/2.25 must have cooled faster, considering in
particular that the printing length of the present samples was four times
larger than in Ref. [20], meaning that even during the deposition of the
second filament layer, the bulk temperature was already much lower.
Under these conditions, it can be expected that the shorter cooling
times have hindered the chain migration across the interfaces, and that
the inter-diffusion and interfacial merging at the weld lines might not
have been complete [54]. Consequently, the thermal conductivity is
strongly anisotropic and apparent weld lines result in low tearing forces
especially for specimens printed at a low Ty.

During printing, the large shear from the nozzle near the weld lines
provokes the stretching and orientation of coiled polymer chains [56].
Thus, the nucleation of oriented structures along the weld lines is en-
hanced [20,55]. In faster cooling conditions, the relaxation of these
crystallised structures may remain on a lower level, i.e. the structures
are relatively stable. These crystalline precursors formed during flow
may then template crystal growth even after the cessation of shear [55].
It may be suggested that in iPP, cross-hatched parent-daughter struc-
tures are developed in the course of the complex thermal cycles im-
posed by 3D-printing [57,60], in which shear rates [13,59] and thermal
conditions determine the relative amount of parent lamellae compared
to daughter structures. Depending on the shear forces, material prop-
erties and cooling conditions, oriented structures such as shish-kebabs
may spread from the filament surface to the inner core of the strands,
such as observed in specimen PP/200/22.5, by a mechanism as de-
scribed in Ref. [20]. Else, the core may crystallise principally during
cooling and reheating, i.e. under comparably conventional processing
conditions, forming spherulitic structures of varying size (specimens
PP/250/22.5, PP/200/2.25) [57,58]. Although all weld lines in the
present study appear to be of good quality (no air gaps, good adhesion
etc.), it is shown that the printed structures have to be interpreted —
crystallographically — rather as layered skin-core structures similar to
Refs. [55,57], unless full interfacial diffusion is achieved (compare PP/
250/2.25). As a result, the printing sequence in connection with the
specimen dimensions may play a much more vital role than previously
expected, particularly when considering the transfer from small to
medium sized specimens towards larger components for real applica-
tions.
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4. Conclusion

The influence of process-induced orientations on the morphology
and material properties of 3D-printed polypropylene (PP) was analysed
by means of polarised optical microscopy, wide-angle X-ray scattering,
differential scanning calorimetry, thermal mechanical analysis, thermal
conductivity measurements and trouser tear tests. Low (200 °C and 2.25
mm/s) and high (250 °C and 22.5 mm/s) parameter settings for the
nozzle temperature (Ty) and the printing speed were examined. On the
basis of these experiments, the following conclusions can be drawn:

e For a given semi-crystalline polymer (PP) and material extrusion-
based additive manufacturing process (FFF), four specimens with a
completely different property portfolio in terms of morphology were
generated by varying the standard process parameters Ty (in °C) and
printing speed (in mm/s).

® One parameter set (250 °C, 2.25 mm/s) enabled the formation of a
near-homogeneous morphology with low degrees of orientations.
Due to enlarged heat retentions, the degree of crystallinity was
highest, and only the a-crystal modification was present. As process-
induced weld lines were hardly discernible, a strong inter-diffusion
between adjacent strands and layers must have evolved, resulting in
the highest separation forces between neighbouring layers in
trouser-tear tests. In addition, a nearly isotropic behaviour in terms
of direction-dependent thermal conductivities was found.

e In contrast to this, if both parameters were set to the other extremes
(200 °C, 22.5 mm/s), the weld line inter-diffusion was considerably
weaker. As a consequence, low forces were needed to separate layers
in the trouser-tear tests. Moreover, an inhomogeneous morphology
was developed, whereby a crystalline phase was formed along the
weld line. Additionally, it was observed that only this parameter set
promoted the formation of shish-kebab structures within the bulk of
the strands. Consequently, the strongest crystal and chain orienta-
tions as well as highest quantity of the B-crystal modification were
determined for this parameter set, which led to a strong thermal
anisotropy.

The other two parameter sets ranged for all investigated properties

between the two extreme settings discussed above. In both cases, an

inhomogeneous morphology with pronounced weld lines was ob-
tained. In the bulk of the strands, spherulitic structures were formed.

Therefore, the measured overall degrees of orientation and aniso-

tropy were lower than in the in the previous case of low nozzle

temperature and high printing speed.

e For one parameter set (250 °C, 22.5 mm/s) in particular, layers with
alternating spherulite size were found. This finding could be cor-
related with the default printing sequence of the slicer software, in
which the specimen alternatingly exhibited areas with high heat
retention (large spherulites) and areas that cooled down quickly
(small spherulites). In case larger components are printed or many
parts are processed simultaneously, more pronounced alternating
structures will be formed. This confirms that the printing sequence
suggested by the slicer software should not be arbitrarily chosen, but
can be used to control the morphology and, hence, the mechanical
properties of 3D-printed semi-crystalline polymers.

In conclusion, this paper demonstrates that minor changes in the
printing parameters exert a major impact on the resulting material
properties at different length scales. Hence, when dealing with semi-
crystalline polymers such as PP, the characterisation of process-related
morphological changes is particularly important and should never be
neglected for future product developments. By considering the revealed
relationships in load-bearing components, the properties of the 3D-
printed parts can be controlled through the purposeful incorporation of
isotropic or anisotropic regions.
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Impact Optimization of 3D-Printed Poly(methyl

methacrylate) for Cranial Implants

Sandra Petersmann, Martin Spoerk, Philipp Huber, Margit Lang, Gerald Pinter, and

Florian Arbeiter*

Material extrusion-based additive manufacturing, also known as fused
filament fabrication (FFF) or 3D printing facilitates the fabrication of cra-

nial implants with different materials and complex internal structures. The
impact behavior plays a key role in the designing process of cranial implants.
Therefore, the performance of impact tests on novel implant materials is

of utmost importance. This research focuses on investigating the depend-
ency of the infill density and pattern on the impact properties of 3D-printed
poly(methyl methacrylate) (PMMA) sandwich specimens including internal
rectilinear, gyroid, and 3D-honeycomb (3D-HC) structures. 3D-HC structures
show higher impact forces and dissipated energies as well as dynamic stiff-
ness values compared to rectilinear and gyroid structures at the same infill
density. 70% infill 3D-HC and 100% infill rectilinear structures prove to be
most promising. In addition, two different optimization techniques to further
improve the impact properties of these specimens, namely a material and a
topology optimization, are applied. Topology optimization shows promising
results until first damage and material optimization regarding dissipated
energies. However, both are not able to outperform the 3D-HC pattern.

increasing emergence of traumata are main
reasons for the necessity of developing
proper cranial implants." The structure
and biomechanical properties of synthetic
bone substitutes should be as similar to
the properties of the adjoining natural
bone as possible. Characteristics such as
inertness, biocompatibility, sterilizability,
long-time stability, good storage capability,
adequate strength, and durability, as well as
availability, processability, flexible individu-
alization, and intraoperative workability are
required.l*]

So far, a variety of different materials
has been used for the reconstruction of
bone defects ranging from human and
non-human bones to metals, ceramics,
and polymers. Polymers are of particular
interest because they are relatively easy
to process and mostly inexpensive.’!
Cranial implants made of polyethere-

1. Introduction

Finding adequate cranial bone substitutes has been challenging
researchers worldwide. The world’s aging population and the
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therketone (PEEK), high-density polyeth-

ylene, polypropylene (PP), PMMA, and

poly(tetrafluoroethylene) are already on
the market.’l PEEK and PMMA represent the most widely used
polymeric materials for the reconstruction of cranial defects.
Both thermoplastics are inert, biocompatible, and reveal ade-
quate mechanical properties in order to replace bone. PEEK
outpaces PMMA in terms of strength, stiffness, and durability.
In contrast, PMMA is easily obtainable and affordable.®°]

The use of PMMA in cranioplasty dates back to 1940.] His-
torically, the intraoperative construction of PMMA implants by
hand was the predominant fabrication technique.*1%l How-
ever, hand-forming of PMMA implants has been replaced by
computer-aided prefabrication methods. Implants are fabri-
cated with the help of computed tomography scans and sub-
sequent production of molds for casting PMMA implants
via wax elimination techniques,!2l additive manufacturing
methods, 329 milling 2! or thermoforming.[?2

Recently, the direct replication of bone defects by various
additive manufacturing techniques has been investigated.?3-2°]
PMMA has gained particular attention due to its processability
using FFF, also known as 3D printing or fused deposition mod-
eling! In the scope of a typical FFF process, a thermoplastic
filament is selectively molten and deposited through a hot
nozzle that moves according to a pre-defined computer-aided
design contour onto a build platform.?”l As soon as the first
layer is deposited, subsequent layers are added to the first layer

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic representation of one 3D-printed impact specimen
with the investigated sandwich structure and its dimensions in mm a)
and of the three investigated infill patterns of the sandwich core along
with the respective infill densities b). In (a), the blue surface depicts the
build platform during printing and the green arrow the impact direction
during testing. The specimens are oriented in a way that the consecutive
layers of printing are in z-direction.

by increasing the distance between the build platform and the
die [28-30)

3D printing is gaining popularity, especially because it allows
the immediate fabrication of complex geometries,*?31-33 such
as patient-specific implants. As cranial bone is a combination
of spongy cancellous and compact cortical bone, cranial bone
defects are likely to be reconstructed with ‘sandwich-structured’
implants.!l Sandwich structures are generally composed of layers
with different orientation or structure.* By embedding a struc-
tured core to two stiff and thin outer layers, the mechanical prop-
erties of 3D-printed porous structures can be improved. This has
already been shown for acrylonitrile butadiene styrene (ABS) or
poly(lactic acid) (PLA).3>* However, unlike PMMA, PLA and
ABS do not serve as possible long-term implant materials.*?

Therefore, the present work aims to compare the impact
properties of PMMA sandwich structures that are 3D-printed
with three different infill patterns and four infill densities. The
fracture properties are analyzed and optimized by two strate-
gies, namely a topology and a material optimization approach.

www.mme-journal.de

2. Experimental Section

2.1. Material

A transparent PMMA filament (Herz Austria GmbH, Austria)
was chosen as the main material of this study. For soft inter-
layers, a black thermoplastic copolyester elastomer, namely
Arnitel ID 2045 (TPC, Nexeo Solutions 3D-EMEA, Spain), was
used. The materials were processed as received (diameter of
1.75 mm). Both material types exist as Food and Drug Admin-
istration approved pellets. For the present study, non-approved
filaments were used to understand the mechanisms behind the
impact fracture behavior.

2.2. Processing

All PMMA specimens were sliced in the software Slic3r Prusa
Edition. Bottom and top sandwich panels consisted of 1 mm
thick plates with 100% infill density. The inner sandwich core
was varied by a parametric study investigating both the infill
pattern (rectilinear, gyroid, and 3D-HC) and the infill den-
sity (30%, 50%, 70%, and 100% [if applicable]), as shown in
Figure 1.

The specimens were processed on a Hage 3DpA2 FFF
printer (Hage3D, Austria). The printing parameters are sum-
marized in Table 1. For best possible inter- and intra-layer
weld strengths, the rather high nozzle temperature of 250
°C was used, as recommended by refs. [43,44]. In contrast to
semi-crystalline 3D-printed materials, where shrinkage can
be a severe issue,* 8 no warpage of the 3D-printed speci-
mens was observed, as long as sufficient first layer adhesion
was guaranteed.?*)] Therefore, the adhesive spray Dimafix
(DIMA 3D, Spain) was applied to the glass mirror. Five speci-
mens were produced per print. After completing the print,
the build platform was cooled down below 50 °C and the parts
were removed from the build platform. The parts were stored
under standardized conditions for at least 48 h before testing.
The multi-material prints were processed on a Hage3D 140L
FFF printer (Hage3D, Austria). The printing parameters were
slightly altered in order to obtain an identical infill density
(Table 1).

Table 1. Values of the FFF parameters of all 3D-printed specimens in this work.

Printing parameters Full PMMA, Multi-material specimen, Hage3D 140L
Hage 3DpA2 PMMA TPC

Nozzle diameter [mm] 0.5 0.6 0.5

Nozzle temperature [°C] 250 250 250

Build platform material Glass mirror + Dimafix

Build platform temperature [°C] 120
Layer thickness [mm] 0.25
Printing speed [mms™] 20
Extrusion multiplier 1.00

Glass mirror + Dimafix Glass mirror + Dimafix

120 120
0.2 0.2
20 10

0.98 0.90

Macromol. Mater. Eng. 2019, 304, 1900263 1900263 (2 of 10)
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Figure 2. Definition of force (Fp) and energy at first damage (Ep), max-
imum global force (Fy), and energy at global force maximum (Ey) as
well as total absorbed energy (Et) exemplarily shown for the impact test
performed on a PMMA sandwich plate with 50% rectilinear infill.

2.3. Impact Tests

The impact measurements were performed on the CEAST 9350
Drop Tower Impact System (Instron Deutschland GmbH, Ger-
many) according to ISO 6603-2. For data acquisition purposes,
the CEAST DAS 64K (Instron Deutschland GmbH, Germany)
was used. The testing speed, deviating from the ISO standard,
was set to 1 ms~!. The impact setup included a 22 kN piezo
striker model M2098, with a 20 mm hemispheric head. In addi-
tion to the tup holder mass of 4.3 kg, a mass of 55.18 kg was
added to ensure complete puncture with minimal reduction
of velocity during the test. During the impact measurements,
time and force were measured. Subsequently, the energy, dis-
placement, and velocity were calculated. Representative force—
displacement graphs measured for each sample type were
compared. The following predefined parameters were evaluated
according to ISO 6603-2 to compare the impact behavior of the
different specimens (Figure 2):

1. The maximum force reached at first damage (Fp)

. The global force maximum (Fy)

. The absorbed energy until first damage (Ep)

. The absorbed energy up to the global force maximum (Ey)
. The total absorbed energy (Er)

U1 AW N

Instead of evaluating 50% of Fy (Fp) and the corresponding
energy value (Ep), as described in ISO 6603-2, the total amount of
absorbed energy (Er) was chosen for comparison. The reason for
this is that the measured curves do not show a standard brittle
or ductile behavior, where the force immediately drops to zero or
reaches the maximum and gradually decreases afterward.

2.4. Optimization Techniques
In order to enhance the impact behavior of PMMA-plates, two

different optimization techniques were applied. Depending
on the actual application, high levels of either stiffness and

Macromol. Mater. Eng. 2019, 304, 1900263 1900263 (3 Of'lO)
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strength, or high amounts of absorbed energies before fracture
can be desirable. Design optimization toward high levels of stiff-
ness and strength have the advantage of remaining components
undamaged up to high stresses. However, if stresses are higher
than the material strength, this type of optimized structure usu-
ally fails in a rather brittle and catastrophic way. On the contrary,
optimization toward absorbed energy is more destruction tol-
erant but starts to damage earlier. Both methods are viable and
the choice is usually up to the designer of the component.”"
The selected methods in this work are a topology and a mate-
rial optimization approach. The topology optimization aims at
finding the best distribution of material within a given design
space. In other words, the optimization seeks to find the optimal
load path for a particular load and boundary condition.’"] The
topology optimization was performed with the software Altair
OptiStruct (Altair, USA). A Hertzian pressure distribution was
used to simulate the loading via the hemispheric striker head.
The optimization parameters were set as follows:

+ Objective function: minimization of compliance
+ Design constraint: mass-fraction of <50%

The minimization of the compliance was chosen as the
objective function in order to increase Fp and thereby Ep.
Additionally, manufacturing constraints (MINDIM = min-
imum member size control) were imposed to account for the
minimum attainable layer thickness and the minimum nozzle
diameter. In order to ensure printability, support structures
were needed at the border area, as can be seen on the quarter
section of the final topology-optimized part (Figure 3a).

The main idea behind improving the impact properties
of PMMA-plates by means of the material was to include an
elastic component to the britle PMMA material. The elastic
component should lead to an increased absorbed energy value
by serving as a biomimetically inspired fracture stopper.>!) For
this purpose, a TPC interlayer was included into the PMMA-
plate. To enhance the cohesion between the TPC interlayer and
the PMMA outer layers, PMMA hooks were designed and fabri-
cated into the TPC layer (Figure 3D).

2.5. Optical Fracture Analysis

To investigate the effect of different infill densities and struc-
tures, the occurrence of deviating failure mechanisms was ana-
lyzed. As a first step, photographs of the PMMA-plates after
testing were recorded. To achieve a more precise analysis of
the fracture behavior, scanning electron microscopy (SEM) was
performed for selected impact fracture surfaces using a Tescan
Vega II (Tescan Brno, s.r.o., Czech Republic) at 5 kV using sec-
ondary electrons. Prior to the measurement, the samples, fixed
on SEM sample holders, were gold-sputtered with the SCD 005
Cool Sputter Coater (BAL-TEC AG, Liechtenstein) for 160 s at
20 mA.

3. Results and Discussion

The impact behavior of a material represents an important
factor in terms of component design. Exemplarily, a high

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(@)

Figure 3. Quarter section of the PMMA impact specimens optimized by
a topology a) and material b) optimization technique. The grey mate-
rial refers to PMMA, whereas the green interlayer represents the soft
TPC. The specimens are oriented in a way that the consecutive layers of
printing are in z-direction.

amount of energy absorption is necessary in order to avoid
implant failure in the case of an accidental trauma. Addition-
ally, the implant should possess a certain stiffness in order
to inhibit buckling. Therefore, a combination of stiffness,
maximum force before fracture and energy absorption should
be considered. In the following, the impact properties of
3D-printed sandwich structures with different internal struc-

Materials and Engineering
www.mme-journal.de

tures and infill densities are discussed and compared to the
material- and topology-optimized structures.

3.1. Classical Sandwich Structures

As shown in Figure 4, the force maximum increases inde-
pendent of the infill structure with increasing infill density.
This trend has also been evaluated for impact tests performed
at rectilinear, octagonal, and concentric 3D-printed PLA cylin-
ders.!l All tests, regardless of infill density and structure, show
a step-wise failure behavior, which can be seen as several peaks
in the force—displacement curves. This is a quite common
phenomenon in sandwich structures,F?l since the fracture
behavior of the surface layers and the core material is quite dif-
ferent. Furthermore, the dynamic stiffness, which is described
by the slope of the first peak, increases for all structures with
increasing infill density. Interestingly, the 3D-HC structure
shows a much higher stiffness compared to the other two infill
patterns.

When comparing the force-displacement plots of recti-
linear and gyroid structures, it can be seen that the overall
behavior remains rather similar with infill densities of
30-70% (Figure 4a—c). For these six parameters, the force—
displacement plots always exhibit a rather small initial peak,
followed by a damage onset (sudden load drop). Subsequently,
damage or crack propagation through the rest of the sample
occurs, which is shown by the peaks at higher deforma-
tion. In contrast, the shape of the force—displacement plots
measured for the 3D-HC structure changes its appearance
already at 50% infill density. At 70% infill density (Figure 4c),
the failure behavior transforms from a rather small damage
onset force, followed by continuous damage propagation, to
a very high initial force peak, followed by a significant load

a b
( )6 Infill 30% ( ) 6 Infill 50%
—o— rectilinear —0— rectilinear
o gyroid —O0— gyroid

Z 44 —4—3D-HC Z 44 —4—3D-HC
X =

(7] o

(3] o

1 o

(=] 2 o

I8 I8

20 25 20 25
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Figure 4. Force—displacement plots obtained from impact tests on 3D-pri
of a) 30, b) 50, ¢) 70, and d) 100%.
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Figure 5. Comparison of the occurring failure mechanisms after impact testing 3D-printed PMMA specimens including a—d) rectilinear, e-g) gyroid,
and h—j) 3D honeycomb (3D-HC) core structures with infill densities of 30%, 50%, 70%, and 100%. The side of the specimen toward the impactor is

represented.

drop. This indicates the formation of a rather large initial
crack. Afterward, the crack is stopped only shortly before the
whole specimen ruptures in a complete brittle failure. This
can be seen by the second abrupt force-drop down to 0 NI3%
at around 2 mm displacement. The rectilinear infill struc-
ture was also realized with 100% infill density. When com-
paring the resulting force—displacement curve of this setting
(Figure 4d) to the other curves, it is noticeable that it shows
the same overall behavior as the 70% infill density 3D-HC
structure. Additionally, it reveals a rather high dynamic
stiffness and maximum force at the first peak, followed by
crack initiation and brittle failure within a few millimeters of
displacement.

In order to explain the different fracture mechanisms,
photos of each sandwich structure were taken after impact
testing (Figure 5). The side of the specimen facing the impactor,
defined as the front, is represented. Looking at the 30% infill
structures in Figure 5a,eh, the reason for the shape of the
force—displacement curves in Figure 4a is obvious. Due to the
low infill density, the impactor is penetrating a meshed struc-
ture instead of a homogeneous material. This explains the mul-
titude of peaks in the force—displacement diagram. These peaks
and load drops are a result of the individual material bridges
being broken by the impactor.

At 70% infill density, the fracture appearance is similar for
rectilinear and gyroid structures. For 70% 3D-HC (Figure 5i,j)
and 100% rectilinear structures (Figure 5c¢,d), the transpar-
ency changes. The inner structures are no longer individu-
ally separated by air and the core of the composite begins to
form a more homogeneous material. This leads to the transi-
tion in type of fracture and explains their similar force—dis-
placement curves, even though the infill patterns are different
(Figure 4c,d). The first high initial peak creates a crack, similar
to the other infill patterns. Subsequently, the whole specimen,
instead of individual material bridges, is destroyed. Therefore,
the fracture appearance changes from a normal puncture to a
more shard-like fracture (Figure 5d.j).

Macromol. Mater. Eng. 2019, 304, 1900263 1900263 (5 Of'lO)

Furthermore, the big differences in the initial stiffness can
be explained with the pictures of the fractured specimens in
Figure 5. For low infill densities of gyroid and rectilinear struc-
tures, it is mainly determined by the stiffness of the top layer
of the composite. In the 3D-HC structure,*>¥ the core layers
provide additional support.

For a better understanding and more direct comparison, the
respective forces and energies are compared in Figures 6 and 7
in detail. As mentioned above, independent of the infill struc-
ture, Fp and F) increase with growing infill density (Figure 6).
This increase is nearly linear with the exception of infill densi-
ties between 70% and 100% in the case of rectilinear internal
structures. A significant increase in the tensile strength for
such high infill densities was also reported for 3D-printed

(@)s = (b)e =
—0O— rectilinear —0O— rectilinear
—O— gyroid O— gyroid
|-2—3D-HC % % —4—3D-HC % %
4 4 /
g 2
3
L = s %
‘ L 74
/ g 2 5/
/
T T O T T T T
70 100 30 50 70 100

Infill density/% Infill density/%

Figure 6. Force at first damage (Fp) a) and global force maximum (Fy)
b) of 3D-printed PMMA impact specimens as a function of infill density
and infill pattern. Each point is the average of five samples with an error
bar to indicate deviation.
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Figure 7. Energy at first damage (Ep) a), energy at maximum force (Ey;) b), and total absorbed energy (E;) c) of 3D-printed PMMA impact specimens
as a function of infill density and infill pattern. Each point is the average of five samples with an error bar to indicate deviation.

ABS.P In addition, 3D-HC internal structures result in higher
forces at the same degree of infill compared to rectilinear and
gyroid structures. The high-impact energy absorption for hon-
eycomb structures is well known,’5>’ due to the better distri-
bution of loads and strains, compared to other infill structures.
The maximum values for Fp and Fy; are reached for 70%-filled
3D-HC internal structures and 100%-filled rectilinear core
structures.

As shown in Figure 7a, the dissipated energy up to first
damage (Ep) follows the same trend as the forces (Fp and Fy).
On the other hand, Ey and Er reveal a completely different
trend (Figure 7b,c). Only gyroid structures show a continuous
increase in Fy and Ep with rising infill density. For rectilinear
and 3D-HC internal structures, Ey and Er increase with the
infill density up to 50% for 3D-HC and 70% for rectilinear.
Afterward, the energies decrease drastically. This drop in Ey
and Ep can directly be attributed to the change in fracture
behavior (Figure 5c¢,d,i,j). Due to the brittle nature of the frac-
ture, Fp and Ep are equal to Fy and Ey most of the time for
those two parameter settings. The brittle fracture behavior of
PMMA has already been shown for 4.5 mm thick casted plates.
These plates resulted in total absorbed energies of approx.
7 1.58 As the impact energy increases with increasing samples
thickness, the 14 ] evaluated for the 8 mm thick, 3D-printed
PMMA plates including a 100%-filled rectilinear structure are
reasonable.>?]

The standard deviation for Ey at 50% 3D-HC is very high,
due to the occurrence of Fy; at strongly varying deformation
levels (depending on whether Fp = Fy or not). It is ques-
tionable, whether the application of Ey for the designing of
implants is reasonable. The total amount of energy dissipated
before failure (Ey) shows a similar trend, compared to Ey.
However, due to the high levels of displacement, it might not
be a viable design criterion.

To further investigate the difference between the two occur-
ring failure mechanisms (step-wise and more homogeneous
brittle), the fracture surface of 30%- and 100%-filled specimens
including rectilinear core-structures were analyzed by means of

Macromol. Mater. Eng. 2019, 304, 1900263 1900263 (6 of 10)

SEM (Figure 8). Considering the low infill density, the shape
of the individual filaments is clearly visible at 30% (Figure 8a).
The change in the strand diameter is caused by bridging. The
strands themselves reveal a sufficient connection, since they are
still attached to each other even in close vicinity of the fracture.
In detail, the fracture surface (Figure 8b) shows some signs of
minor micro-ductility, but is brittle in its overall appearance.

For the fracture surface of completely filled specimens, nei-
ther weld lines nor air gaps between the filaments are recog-
nizable. This indicates excellent inter- and intra-layer bonding
(Figure 8c), similarly to refs. [43,44]. Furthermore, it affirms the
assumption of an almost homogeneous material, as indicated
above. The fracture surface shows a rather homogeneous brittle
failure, even on a small-scale level (Figure 8d).

The brittle fracture behavior of PMMA is well known and
has also been shown for heat-cured PMMA denture base after
impact testing.[%0]

3.2. Optimized Sandwich Structures

To further improve the achievable levels of stiffness and energy
absorption during impact, topology and material optimiza-
tion techniques were applied. The topology-optimized PMMA
impact specimens were designed considering a reduction of
50% in weight as a boundary condition. The calculated internal
structure was printed with an infill density of 100%. There-
fore, a representative force—displacement curve measured for
a topology-optimized plate is compared with other 50%-filled
specimens (Figure 9b), since they are closest in the used infill
volume. Compared to other 50% infill density settings, the
topology-optimized structure performs quite well in terms of
dynamic stiffness and Fp. Both values are similar to 3D-HC
and higher than rectilinear and gyroid internal structures.
However, in terms of overall fracture behavior it is close in
shape to 70% 3D-HC and 100% rectilinear structures, since it
fails rather brittle without a pronounced stepwise crack propa-
gation phase.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Scanning electron microscopy (SEM) fracture surfaces of 3D-printed PMMA impact specimens, including a rectilinear core structure with

infill densities of 30% and

100%.

The material optimization technique was applied for plates
including a rectilinear core structure with infill densities of
30 and 100% (Figure 9a,c). Representative force-displacement
curves of the optimized structure are shown in comparison
with 30% and 100% filled classical sandwich structures. Inde-

pendent of the infill density, the TPC interlayer leads to very
high overall displacement values before ultimate failure of the
structure. Regarding an infill density of 30%, material-opti-
mized samples reach insignificantly higher forces compared to
pure rectilinear and gyroid internal structures, but lower forces

a b
( )6 Infill 30% ( )6 Infill 50%
—o— rectilinear —o— rectilinear
—O— gyroid —O— gyroid
< 4+ —2—3D-HC Z 4 —A—3D-HC
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22 S 2-

'?hh O “‘ T T T T
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@
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Figure 9. Force—displacement plots of topology- (top. opt.) and material-optimized (mat. opt.) samples. Data of classical sandwich structures at similar

infill volume from Figure 4
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MATERIAL

Figure 10. 3D-printed PMMA specimens including the topology-opti-
mized sandwich structure a, punctured plate and b, counterpart) and
material-optimized sandwich structures with 30% infill ¢) and 100% infill
d) after impact testing.

in contrast to 3D-HC structures (Figure 9a). Additionally, the
maximum force occurs at extremely high deformation values,
limiting its use for the targeted application.

Figure 10a,b shows a representative topology-optimized plate
after impact testing. In Figure 10D, the removed counterpart
is shown. The counterpart was pressed out by the impactor
during the impact test. The topology-optimized structure was
designed to divert the absorbed energy away from the center,
resulting in a nearly centrosymmetric structure. The effective-
ness is proven by the fact that the location of the impact site
itself is not destroyed during the test but rather fails due to the
fracture of the bottom layers.

For the 30%-filled (Figure 10c) and 100%-filled (Figure 10d)
material-optimized plates, only the impacted plates are repre-
sented. The PMMA material detached almost completely from
the TPC layer, indicating a rather insufficient bonding between
these two materials. De-bonding of layers is always critical in
composite structures, since it severely degrades stiffness and
maximum forces.

For both optimized sandwich structures, the PMMA matrix
itself fractured in a macroscopically brittle way. Therefore, SEM
images of the fracture surface of these specimens were not
included, as their appearance should be similar to the fracture
surfaces represented in Figure 8.

The respective forces and energies are compared to the
standard infill densities and structures in Figures 11 and 12.
The values of Fp and Fy obtained for the topology-optimized
structure are high but cannot outperform the values reached
with 3D-HC structures (Figure 11). Similar is true for the 30%
infill material-optimized structure. The Fp and Fy values of
the 100% infill material-optimized structure only reach around
50% of the 100% rectilinear structure.

The absorbed energies show a different trend, tough
(Figure 12). Since the topology optimization was done for max-
imum stiffness and not amount of absorbed energy, it is not
surprising that the resulting absorbed energies Ey and Er are
rather small for these structures. However, up to the damage
onset (Ep) it is on par with the 3D-HC structure with an infill
density of 50%.
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For the material-optimized specimens, E, and Er are highest
independently of the infill density (Figure 12a,c). For an infill
density of 30%, Ey is highest for material-optimized samples as
well. This can mainly be attributed to energy dissipated by the
soft interlayer up to very high levels of deformation before failure.
On the other side, completely filled plates with a soft interlayer
showed no increase of dissipated energy compared to 100% rec-
tilinear infill. Different slopes in Figure 9c¢ indicate that the two
PMMA parts of the sandwich structure were not supporting each
other, due to insufficient bonding with the TPC interlayer.

The total energy dissipated by the material-optimized struc-
ture (Ey) by itself seems very promising (Figure 12¢). For infill
densities of 30% and 100%, the absorbed energies are the
highest of all tested structures. If the main goal is to maximize
energy absorption before failure without accounting for defor-
mation limits, material optimization can be used quite well.
Since this is not the case for the target application, Er should
not be taken into account.

4, Conclusion

The present study gives an insight into the dependency of
impact properties of sandwich structures on the internal core-
architecture and the infill density. It was determined that the
impact properties of classical 3D-HC structures outperform
rectilinear and gyroid internal structures at the same infill
density. Furthermore, high values for the force at first damage
(Fp) and the corresponding absorbed energy (Ep) were achieved
with the stiffness-based topology optimization approach. The
fracture pattern indicates that a diversion of stresses radial
from the center of impact was successfully established. How-
ever, due to the resulting stress concentration at the bottom of
the plate, the whole structure failed quite early leading to rather
small overall absorbed energies.

(@)e _ (b)e —
—0O— rectilinear —C— top. opt. —0O— rectilinear —O— top. opt.
—O— gyroid mat. opt. —o— gyroid mat. opt.
—A— 3D-HC % %‘ —A— 3D-HC %
4 4
< =
= =
—~ ~
[=] =
z ; .
24 / 24
Vi
©//
//ﬁ
0-— . . 0-+— ‘ T

70 100 30 50 70 100
Infill density/% Infill density/%

Figure 11. Force at first damage (Fp) a) and global force maximum (Fy)
b) of 3D-printed PMMA impact specimens including classical, as well
as optimized sandwich structures as a function of infill density and infill
pattern. Each point is the average of five samples with an error bar to
indicate deviation.
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Figure 12. Energy at first damage (Ep) a), energy at maximum force (Ey) b), and total absorbed energy (E;) c) of 3D-printed PMMA impact specimens,
including classical as well as optimized sandwich structures as a function of infill density and infill pattern. Each point is the average of five samples

with an error bar to indicate deviation.

By means of material optimization techniques, wherein a
soft TPC interlayer is embedded into a PMMA matrix mate-
rial to act as a crack stopper, all characteristic impact energies
(Ep, the absorbed energy at the maximum force — Ey and the
total absorbed energy — E;) were increased. Unfortunately, the
maximum force (Fy) and the dynamic stiffness were decreased.
Therefore, these values have to be taken with caution, as they
are achieved at large deformations, which might be dangerous
in real application. One way to improve this method would be
to change to a different compliant interlayer, which has a higher
affinity toward PMMA to avoid de-cohesion. Thus, it should be
possible to reach higher forces before failure.

Furthermore, application-driven tests are suggested for
future studies, as cranial bone generally has a curved shape and
x-y deformations are restricted by surrounding bone, which
changes the constraint of the implant significantly.

Concluding the results, it appears that Ep in combina-
tion with the dynamic stiffness or deformation reached up
to this point represent a very critical parameter regarding the
designing process of implants. If a high tolerated force level
in relation to the absorbed energy is desired, 3D-HC internal
structures at an infill density of 70% and rectilinear struc-
tures with an infill density of 100% are recommended at this
time.
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Abstract

Polyetheretherketone (PEEK) is considered a ‘gold-standard’ material choice for cranial
bone reconstruction. The introduction of additive manufacturing (AM) into the pipeline for
patient specific cranial implant (PSCI) fabrication could accelerate supply chain needs
and improve patient outcomes. Fused filament fabrication (FFF), a material extrusion-
based technology, is a much-researched process due to its accessibility and ease of use.
However, the quality of PEEK processed by FFF is highly affected by the applied printing
profile. Therefore, in this study, the effects of printing parameters such as build
orientation and air flow temperature on mechanical performance (cyclic and impact tests)
and implant quality (characterisation of surface topography, discoloration and
crystallinity) were analysed and compared with a commercial milled PEEK implant. It has
been found that horizontally printed implants show higher mechanical integrity compared
to implants printed upright or tilted by 45°, but obtain lower surface quality. In addition,
lower air flow temperatures lead to strong implant discolorations due to high amounts of
amorphousness, which further result in high absorbed energies during impact as well as
large deformations until complete failure. The best results from a mechanical point of
view were achieved with PSCls printed at a build orientation of 180°, an air flow
temperature of 210 °C, a shell number of 3, a layer height of 0.15 mm, a printing speed
of 50 mm/min, a rectilinear £45° infill pattern and an implant thickness of 5 mm. However,
the surface quality of implants produced this way is not completely satistactory, and the
arrangement of the support structures must be further improved.
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Introduction

Polyetheretherketone (PEEK) is a high-temperature thermoplastic that has become a
default surgical material of choice for cranial reconstruction post-trauma [1,2]. Clinical
favour is credited to its mechanical behaviour, which is comparable to cranial bone.
Furthermore, PEEK has a high thermal resistance with a glass transition temperature
(Tg) of approx. 143 °C and a melting temperature (Tw) of around 345 °C. Together with
its high chemical resistance, the polymer is able to withstand autoclave/gamma ray
sterilisation processes and degradation from body fluids [3—10]. PEEK is also bio-inert,
non-hygroscopic, non-magnetic and translucent under X-ray [11-14]. The latter allows
clinical check up by computed tomography (CT) and magnetic resonance imaging, which
is a limitation for metallic implants. Moreover, the polymer can be shaped, machined and
polished with ease, reinstating patient aesthetic to high levels of surgical satisfaction
[2,15].

Presently, the logistics of fabricating patient specific cranial implants (PSCls) is time
consuming, with lead times of several weeks, and expensive [14,16]. Both could be
improved by implementing additive manufacturing (AM) into the manufacturing process.
AM enables a high freedom of design, a reduction in process steps and a simplified
supply chain [17]. Especially material extrusion-based AM methods, which have become
increasingly popular, since they are relatively affordable and are easy to handle. Among
them, fused filament fabrication (FFF) is a widely accessible technology that traditionally
purposes thermoplastic filaments into three-dimensional objects of varying complexity,
in a layer-by-layer manner [18,19]. Numerous materials are processible via FFF.
However, the application is mainly limited to amorphous or semi-crystalline
thermoplastics, which crystallise very slowly (e.g. polylactide). This is due to problems
such as shrinkage and warpage that arise from the complex crystallisation behaviour of
most semi-crystalline polymers. This crystallisation behaviour is further influenced by the
printers processing parameters, which makes finding optimal parameter settings difficult
and time-consuming [20]. Besides, special printers are required to process high-
temperature thermoplastics such as PEEK, in order to, achieve working temperatures of
approx. 425 °C [21].

Over the past decade numerous studies have been performed to optimise FFF PEEK
printing of mechanical test specimens. However, few attempts have been made to
translate these results into clinically approved PSCls [22—-37]. Some of the earliest PEEK
PSCl feasibility studies were performed by Honigmann et al. [38], who adopted traditional

implant fabrication strategies — CT scan of patient segmentation, computer-aided design



(CAD) implant generation, tessellation and conversion from standard triangle language
(STL) file format to G-code, which is readable by the printer — before substituting
conventional fabrication technologies with the FFF process. Qualitative results confirmed
that PEEK could be purposed into PSCls. However, no quantitative data on the print
variables used, or their subsequent performance were presented. A recent study by
Sharma et al. [16] assessed the impact of layer thickness, infill rate and pattern as well
as shell number/perimeter on the geometrical accuracy of FFF PEEK. Through statistical
analysis it was confirmed that infill pattern, followed by layer thickness, followed by shell
number and finally by infill rate caused the greatest deviation in specimen dimensions.
The optimal printing parameters were defined as those which caused the least deviation:
150 um layer thickness, 80% infill rate, 2 shells and a rectilinear print infill. These
parameters were then applied to fabricate PSCls in a vertical (upright) position. Surface
inspection revealed colour variability, which was credited to instable air flow
temperatures throughout the chamber, causing non-isotropic crystallisation in the
specimens upon cooling. It is understood that fluctuations in % crystallinity has a direct
impact on the mechanical performance of the final part, as demonstrated by Yang et al.
[35], who showed that higher crystallinity increases stiffness and yield strength of FFF
PEEK. The level of crystallinity in FFF parts is mostly determined by the temperature
profile resulting from the printing parameters selected and the heat distribution around
the part, both of which effect the cooling rate and subsequently the time for crystallisation
[29,39,40]. Follow up studies by Sharma et al. [41] focused upon the dimensional
accuracy, dimensional repeatability and morphological symmetry, as well as
compressive performance of FFF PSCls. Despite attaining cranial bone-like
performance, large standard deviations driven by microcavities pose concern i.e., PSCls
could break into multiple pieces and/or increased displacement may harm surrounding
soft tissues. Limitations to the study also included the use of a testing speed (1 mm/min)

that was not akin to a specific trauma scenario.

The first clinic to directly print and implant a FFF PEEK PSCI in a patient, on site, was
Skane University hospital in Sweden in 2021 [42]. As this surgery has only recently taken
place, there is currently no short- or long-term data on the performance of the PSCI and
the health status or recovery of the patient. Nevertheless, the literature clearly supports
the geometric, morphological and mechanical feasibility and implantability of in-house
FFF PEEK PSCls. Hence, further studies are needed to truly understand the impact of

processing conditions on final performance [16,38,41].



In this study, the impact of both thermal and non-thermal printing variables on the final
aesthetic and mechanical behaviour of FFF PEEK-PSCIs was assessed. Key print
variables such as air flow temperature and build orientation were used among others to
optimise the crystallisation and surface resolution of the PSCls, in an attempt to promote
colour uniformity and smoothness, as haptics and appearance are very important to
surgeons. Differential scanning calorimetry (DSC) was performed to assess whether
changes in the print variables led to alterations in the degree of crystallinity. Levels of
discoloration were analysed via Vis-spectroscopy. The surface quality was examined by
measuring the waviness of the implant’'s surfaces. Cyclic and impact tests were
performed to identify the FFF implants that match the mechanical performance of a
conventionally milled PEEK PSCI. Findings from this study could be used to establish
robust protocols, helping to standardise the fabrication of FFF PEEK PSCls in clinics

world-wide.

1. Material and methods
1.1. Materials

VESTAKEEP® i4 3DF-T (Evonik Industries AG, Germany), a commercially available
PEEK filament 1.75 mm in diameter, was used throughout the study. The “T” in the
material designation stands for “Testing Grade”. It has the same processing and
mechanical product properties as the Implant Grade (VESTAKEEP® i4 3DF) but without
the documentation required for approval in medical technology. The printed PSClIs were
compared with a customised milled PEEK implant manufactured by Stryker (Michigan,
us).

1.2. Processing of the 3D-printed specimens

The PSCls were sliced in the software Simplify3D Version 3.0 (Simplify3D, USA) and
processed in an Apium M220 (Apium Additive Technologies GmbH, Germany) with the
printing parameters summarised in Table 1. The nozzle temperature for the first layer
was 440 °C before rising to 470 °C for better adhesion. One specimen was fabricated
per print. In total, 3 specimens were fabricated per printing profile. Before printing, the
filament was stored and dried at 120 °C for at least 12 h in an Apium F300 filament dryer
(Apium Additive Technologies GmbH, Germany).



Table 1: Summary of the printing parameters for all specimens (standard values in bold).

Printing parameters Levels
Nozzle temperature (°C) 470
Printing speed (mm/s) 50/10
Printing speed of the first layer (% of the 100
printing speed of subsequent layers)
Nozzle material Steel
Nozzle diameter (mm) 0.4

Build platform material
Air flow temperature (°C)

Stainless steel 316L
0/70/140/210/ 280

Layer thickness (mm) 0.15/0.30
First layer thickness (mm) 0.15/0.30
Infill pattern Rectilinear / Grid
Infill density (%) 100
Infill angle (°) +45/0/90
Build orientation (°) 45/90/180
Number of concentric perimeters (shells) 1/3

The printing speed, air flow temperature, layer thickness, build orientation and infill
structure (infill pattern, infill angle and number of concentric perimeters) were varied to
find the optimal printing profile for PEEK PSCls. The most promising variant per build
orientation was processed with a higher average thickness of 5 mm (standard average
thickness = 4 mm), to better approximate the mechanical characteristics of the milled
implant. The two print profiles, which showed the most similar mechanical behaviour to
the commercial implant overall, were used to produce parts with holes corresponding to
the commercial implant. These holes are integrated in cranial implants for fluid exchange,
tissue integration, osteosynthesis, re-expansion of the dura and resuspension of the
temporalis muscle [43]. The holes were drilled using a rotary tool (Fortiflex 9100-21,
Dremel, US) with a drill-bit 7103 attachment. Prior to drilling the holes were marked out
to align with those of the conventional milled implant. This results in the matrix of process
parameters shown in Table 2.



Table 2: Matrix and designation of all implants analysed in this study (BO...build
orientation, AF...air flow temperature in °C, S...number of shells, LH...layer height in
mm, V...printing speed in mm/s, IP_..infill pattern, T...average implant thickness in mm,
H...drilled holes), where only deviations from the standard values of AF210 - S 3 -
LH 0.15 -V 50 — IP Rect45 — T 4) are indicated.

Printing parameters BO 90 BO 180 BO 45
standard X X X
AF 0 X X X
AF 70 X
AF 140 X
AF 280 X X
T5 X X X
S1 X X
LH 0.30 X
IP Rec0/90 X
IP Gr0/90 X
V10 X
T5+H X X

The PSCls in the three different build orientations (BO) are depicted in Fig. 1. In addition,

the graphic also includes the support structures used.

() BO9 (b) BO 180 () BO 45

= implant
= support

Fig. 1: The three different build orientations (BO) of the PSCIs displayed in the slicer

software.

1.3. Mechanical testing
Cyclic tests for the determination of the implant compliance were performed on the
ElectroPuls™ E3000 Linear-Torsion All-Electric Dynamic Test Instrument (Instron, USA)



equipped with a loadcell calibrated for 3 kN. The tests were carried out at 1 Hz between
compression loads of -5 and -50 N for 1000 cycles. The loads were kept low in order not
to initiate any damage and not to leave the linear-viscoelastic range of the material. Cycle
number, forces and displacements were measured by the machine. Secant (Cse) and

dynamic compliance (Cauyn) were calculated according to

_ Umax
Csec = £
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Va

Cdyn = F

a

where vinax and v are the maximum and amplitude displacement and Fraxand F; are the
maximum and amplitude force. For a comparison between the different printed implants
and the commercial implant, Csec and Coyn were evaluated after 500 cycles for each
printing profile (Fig. 2).
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Fig. 2: Secant (Csec) and dynamic compliance (Cayn) over 1000 cycles measured for the
commercial implant including the evaluation of the values after 500 cycles.

The impact tests were carried out on the CEAST 9350 Drop Tower Impact System
(Instron Deutschland GmbH, Germany), which fulfils the requirements of 1ISO 6603-2.
Data acquisition was done with the CEAST DAS 64K (Instron Deutschland GmbH,
Germany). The drop height was 1 m resulting in a testing speed of approximately
4.43 m/s. A 22 kN piezo striker model M2098 with a @20 mm hemispheric head was
used. A mass of 10 kg was added to the tup holder mass of 4.3 kg in order to minimise

the reduction of velocity during testing. A lubricant was applied to the striker before each



test in order to reduce friction between the drop-weight and the implant. Time and force
were measured. From these values, energy, displacement and velocity were calculated.
Representative force-displacement curves were compared for each printing profile.
Furthermore, the maximum force (Fu), the displacement until maximum force (/v), the
absorbed energy until maximum force (Em) and the total absorbed energy (E7) were

evaluated.

To perform the mechanical tests, a three-point bending device was manufactured that

can be attached to both machines (Fig. 3).

Fig. 3: Special fixture with 3 support points and attachments that can be mounted on two
different machines (top — cyclic, top+bottom — impact) (a) for performing cyclic (b) and
impact tests (c).

After impact testing, the specimens were examined for the occurrence of various failure
mechanisms. Photographs of the tested samples were recorded and the fracture
surfaces were analysed by digital microscope VHX-7000 (Keyence Corporation, Japan)
equipped with a VHX-7100 (Keyence Corporation, Japan) 4K fully-integrated head under
reflected light.

1.4. Thermal analyses
Differential scanning calorimetry was carried out on the DSC 214 Polyma by NETZSCH
(NETZSCH Group, Germany). Specimens with a mass of 6+£0.5 mg were cut out from



the centre of the implant, in the area where the impact during mechanical testing took
place. Each sample was placed in an aluminium Concavus® pan with pierced lid. Single
heat runs were conducted at a heating rate of 10 K/min in the temperature range of 50
to 390 °C under nitrogen atmosphere (20 ml/min nitrogen flow) to analyse the thermal

history of the implants. The degree of crystallinity X. was calculated as

x.= 2 009
°~ AH, 0

in which AH is defined as the specific enthalpy of fusion of the semi-crystalline PEEK
specimen determined from the melting peak area and AH, as the heat of fusion of a fully
crystalline PEEK, which was approximated as 112.5J/g according to Ref. [44].
Furthermore, the melting peak temperature (T») was evaluated and compared.

1.5. Characterisation of surface quality
In order to quantify the differences in surface quality of the top (surface where the
impactor hits the sample during impact testing) and bottom surface (surface laying on
the three-point fixture during cyclic and impact testing) of the implant, deeply focused
images of both sides, for all representative implants per printing profile were recorded,
including those of the commercial implant. This was done with the digital microscope
VHX-7000 (Keyence Corporation, Japan) equipped with a VHX-7100 (Keyence
Corporation, Japan) 4K fully-integrated head under reflected light. The recorded 3D
images were corrected regarding the curvature of the implants using the integrated
software. Afterwards, the waviness profile was evaluated across the strand deposition

over a measuring length of 7 mm.

To analyse the degree of discoloration between the different printing profiles, colour
measurements were performed on the UV-Vis (Ultraviolet-visible) spectrophotometer
LAMBDA™ 950 (PerkinElmer, Inc., US) in reflectance mode. A combination of tungsten-
halogen and deuterium lamps generated light between 380 and 780 nm. The wavelength
interval was 5 nm and the slit width was 4.0 nm. A Spectralon® white reflectance
standard (Edmund Optics Inc., Germany) was used to measure the 100% reflectance
baseline. Colour was measured using the L*, a* b*coordinates of the CIE (Commission
International d’Eclairage) 1976 colour space [45]. The lightness of the colour is
represented by L*, whereby a value of 0 means black and a value of 100 diffuse white.
The position between red and green is characterised by a*. Negative values of a* indicate
green and positive values indicate red. The position between yellow and blue is given by
b*. Negative values of b* indicate blue and positive values indicate yellow. The values

*

for 8" and b* are between -128 and +127. The CIELab colorimetric coordinates (L*, a*,

10



b*) were calculated according to ISO/CIE 11664-4:2019 for a standard observer of 10°
and the daylight standard illuminant D65. Total colour differences (AEx") is given with

the following equation:

Ay, = ("= Lo)2 + (@ — ag)? + (b” — by)?
where (L*, a*, b*) and (Lo, ao, bo) are the measured CIELab coordinates for the
commercial and printed implants, respectively. Each colour difference reported in this
paper is the average of two measurements. For implants with both large light and dark
areas, 2 measurements were taken per area and the mean value was calculated from
this.
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2. Results
2.1, Processing of the 3D-printed specimens

In Fig. 4 representative samples of all printing profiles analysed in this study are
displayed. The side of the implant facing the scalp is shown. The influence of build
orientation (BO) and air flow temperature (AF) on the colour distribution can be clearly
seen. With lower AF, the amount of dark brown regions increased. A lower printing speed
(V 10) or increased sample thickness (T 5) had the opposite effect, whereas the speed
effect was more pronounced. Variations in the shell number (S 1), layer height (LH 0.30)
and infill pattern (IP Gr0/90 and IP Rec0/90} did not show much effect on the appearance
of the implants.

standard § S1 LH 0.30 IP Gr0/90 vcorr]mercial

BO 90

BO 90

P Rec0/90

BO 180 BO 180

BO 45

\

Fig. 4: Examples of PEEK PSCls for the individual printing profile and their printing times

03:37 b 03:37 04:06

in hh:mm in the lower right corner. The commercial implant is shown in the upper right
corner of the figure.
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The upright printed PSClIs had the lowest printing time, followed by the 45° tilted and the
horizontally printed samples, when fabricated with identical printing parameters. The AF
did not influence the print time. A lower shell number (S), slightly decreased print time,
while a lower layer height (LH) increased it. The infill pattern (IP) hardly showed any
influence, whereas a reduced printing speed (V) significantly lowered the manufacturing

time.

2.2. Mechanical testing
The secant (Fig. 5 a) and dynamic (Fig. 5 b) compliance of most implants is in a similar
range to one another and the commercial implant. The exact values of both parameters
are given in Table A.1. There is a trend towards higher compliance when going from
BO 90, to BO 45 and further to BO 180.
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Fig. 5: The secant (Csec,s00) and dynamic (Cayn,s00) compliance after 500 cycles obtained
through cyclic tests on PEEK PSCIs manufactured using different printing profiles (mean
and standard deviation of n=3 per group) in comparison to a commercial implant.

On impact, the commercial implant showed a characteristic brittle fracture behaviour,
achieving a high impact force and a low displacement until complete failure (Fig. 6).
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Overall, the printed implants achieved higher deformations until they failed. A build
orientation of 90 yielded lower mechanical integrity compared to BO 45 and BO 180,

respectively.
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Fig. 6: Representative force-displacement curves from impact tests on PEEK PSCls

manufactured with different printing profiles in comparison to a commercial implant.
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Furthermore, a higher AF resulted in higher displacements until maximum force and
failure, and therefore, higher absorbed energy values. For BO 90, the different print
profiles led to similar force levels in the low displacement region (Fig. 6 a). Even
increasing the thickness from 4 to 5 mm did not improve the impact behaviour of the
implants. For BO 180 (Fig. 6 b} and BO 45 (Fig. 6 c), the behaviour of the commercial
implant could be better reproduced by a thickness increase of 1 mm. As BO 180 and
BO 45 T 5 showed the most promising mechanical results, they were also tested after
drainage holes had been drilled into the specimens, corresponding to the holes of the
commercial implant to allow for better comparison. This shifted both curves to lower force
values at similar deformation values. In the case of BO 180, the force values of the
commercial implant could still be achieved, but again with a higher degree of
deformation.

The samples manufactured at BO 90 (except for AF 0) only reached about half of the
maximum force that was obtained for the commercial implant (Fig. 7 a). By using BO 180
or BO 45 instead, the values shifted closer to those of the commercial implant. This was
especially the case with AF 0 or T 5, which matched similar levels of maximum force to
that of the commercial implant. However, AF 0 experienced much higher levels of
deformation up until maximum force, when compared to the commercial implant (Fig.
7 b), whereas all other implants reached values within a comparable range of maximum
deformation. As a consequence of the high /iy and similar Fy values for AF 0 implants,
Ew values were very high compared to the commercial implant (Fig. 7 ¢). However, due
to the high /u, which could already lead to serious injury, these values should be
considered in a warily manner. Overall, the trend for Ey and Fu is alike. In the case of
Er, the values obtained for the printed implants were equal to or higher than the values
evaluated for the commercial implant. This was due to higher levels of deformation up
until final failure, which was reached by most printed implants (Fig. 7 d). The exact impact
parameters are given in Table A.1.
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Fig. 7: The maximum impact force (Fum) (a), the displacement until Fu () (b), the energy
uptake until Fy (Ewm) (c) and the total absorbed energy (E7) (d) obtained through impact
tests on PEEK PSCls manufactured using different printing profiles (mean and standard

deviation of n=3 per group) in comparison to a commercial implant.
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All printed PSClIs fractured into 2-4 pieces, whereas the commercial milled implant
shattered into a larger number of fragments (Fig. 8). For BO 90 samples, the crack
propagated between the individual printing layers. Similar was true for the BO 45
specimens. Horizontally printed PSCls most likely fractured in the direction of internal
defects within the print. Implants printed at lower AF showed highly deformed regions
(e.g. BO 45 standard) after impact testing. A very low printing speed of 10 mm/min
(V 10), resulted in delamination of the top layers. The insertion of holes in the test

specimens had no visible influence on fracture behaviour.

BO 90 BO 90

BO 180 BO 180

BO 45

Fig. 8: Fracture patterns of a representative PEEK PSCI per printing profile as well as of
the milled implant (top right) after impact testing.

The corresponding fracture surfaces are given in Fig. 9. It can be seen that the brown
areas mainly appear on the surface of the samples, with the exception of no AF and
BO 90 / BO 45, where the areas penetrate almost completely into the centre.
Additionally, the bonding between neighbouring layers is stronger and the porosity lower
for PSCls manufactured at BO 90 and BO 45 compared to BO 180. A large number of
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voids, and thus higher porosity, was found in the horizontal prints. Using a grid infill
pattern (IP Gr0/90) also led to several cavities in the BO 90 implants. The fracture
surface of the commercial implant is rather smooth compared to the fracture surfaces of

the printed implants, showing no cavities at magnification.

commercial

BO 90

BO 180 BO 180

BO 45

5mm

Fig. 9: Microscopy images of the fracture surfaces of a representative PEEK PSCI per
printing profile as well as of the milled implant (top right) at a magnification of 20. The

images were taken from the middle area of the implants.

2.3. Thermal analyses
The DSC curve of the commercial PEEK implant showed no cold-crystallisation and a
melting region which had slightly shifted to higher temperatures compared to 3D printed
PEEK (Fig. 10 a). The curves obtained for the different printing profiles were similar to
each other except for the samples printed at AF 0, which had a cold-crystallisation peak
at approx. 175 °C. For the melting temperature, no trend between the different printing

profiles could be observed (Fig. 10 b).
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Fig. 10: Representative DSC curves obtained for commercial PEEK in comparison to
3D-printed PEEK at a build orientation (BO) of 90 and different air flow temperatures
(AF) (a). Melting temperature (Tw) (b) and degree of crystallinity (X:) (c) obtained for all
analysed printing profiles and the commercial implant (mean and standard deviation of

n=2 per group).
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The degree of crystallinity of the printed implants and the commercial implant were alike
(Fig. 10 c). Exceptions were BO 90 and BO 45 manufactured at AF 0, where Xc had
significantly decreased, indicating high amorphousness in these implants. The exact
values for TM and Xc are summarised in Table A.2. Although implants manufactured
with profiles such as BO 90 AF 70 showed a high colour inhomogeneity as well (Fig. 8),
differences in the degree of crystallinity were not observed via DSC. This is most likely
due to the local nature of the DSC measurement, which was only able to assess a very
small sample region where the impactor struck the implant.

2.4. Characterisation of surface quality

The waviness profile of the top and bottom surface of the commercial implant was similar
with a low range of fluctuation (Fig. 11). The profiles evaluated for BO 90 were
comparable to the profiles evaluated for the commercial implant and show rather
small variances between the top and bottom surface. At lower airflow
temperatures, the difference between the top and bottom increased.
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Fig. 11: Microscopy images of top and bottom surface of a representative PEEK PSCI
per printing profile at a build orientation of 90 (BO 90), as well as of the milled implant
(top right) at a magnification of 40. Underneath the images the waviness profiles for the
top (black) and bottom (red) implant surface along the displayed measuring length is
given.

For implants manufactured at BO 180, the bottom surfaces show a higher level of
waviness compared to the top surface (Fig. 12). The measured waviness profiles varied
between the individual printing profiles. This is likely due to the fact that the recorded
measurements are local, particularly on the bottom of the implant, which varies in
waviness greatly across the build. This phenomenon could be felt with bare hands.
Implants printed with one outer shell (S1) recorded the highest waviness values of all
prints. This was credited to changes in the print path close to the implant’s surface and
its associated poorer welding to the rectilinear infill. The waviness profiles of the BO 45
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implants were also very similar to those measured for BO 90 specimens, which can be
attributed to the comparable printing paths between the two build orientations (Fig. 12,
the three at the bottom right).
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Fig. 12: Microscopy images of top and bottom surface of a representative PEEK PSCI
per printing profile at a build orientation of 180 (BO 180) and 45 (BO 45) at a
magnification of 40. Underneath the images the waviness profiles for the top (black) and

bottom (red) implant surface along the displayed measuring length is given.

The L*, a*, b* coordinates evaluated for commercial PEEK are ~74.7, ~0.8 and ~10.1,
respectively. For the 3D-printed PEEK implants, L* ranged from 30.8 to 65.38, a* from
1.0 to 4.78 and b* from 1.6 to 11.8. The exact values for the L*, a*, b* coordinates for
each printing profile are summarised in Table A.3. Since the values for L* are high
compared to a* and b*, the total colour difference is mainly influenced by L*. Implants

printed at BO 90 showed very similar values for AEz." except for AF 0 and AF 70
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(Fig. 13). The results fit very well with the colour distribution of the implants and the high
standard deviation for BO 90 AF 70 can be explained by the strongly inhomogeneous
colour distribution (Fig. 4). In the case of horizontally manufactured implants (BO 180),
AE" varied greatly between the different printing profiles, which can also be seen in the
photographs of the implants (Fig. 4). The same applied to the implants printed with a 45°
inclination (BO 45).
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Fig. 13: Total colour differences (AE.*) calculated for all analysed printing profiles and

the commercial PEEK implant (mean and standard deviation of n=2-4 per group).
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3. Discussion

Implant materials have to meet a variety of requirements such as mechanical
performance. However, haptics and appearance also play an important role for
surgeons. Therefore, uniformly coloured implants with a smooth surface are preferred.
For this reason, amorphous areas are not desirable, even though they can lead to
preferred levels of mechanical behaviour. In this study, it was found that lower degrees
of crystallinity result in moderate maximum impact forces, high deformations until
maximum force — also until final failure — and therefore high energy uptakes until
maximum force as well as total absorbed energy values. Notably, the brownish
amorphous areas have a positive influence on the fracture pattern, as the individual
fragments were still partially connected after impact, due to the plastic deformation of the
amorphous regions of the implants (especially with AF 0 BO 180 or B O45; Fig. 8), which
prevented splintering of the parts. The fracture behaviour of the printed PSCls with 2 to
4 fracture pieces is the main advantage over the commercial milled implant, which broke
into a larger number of pieces (Fig. 8). Although the arrangement of the individual strands
creates welds that weaken the mechanical behaviour perpendicular to the strands, the
direction of crack propagation can be defined with the strand orientation [46]. The
reduced performance in the z-direction for FFF is well known [47-50] and explains the
low impact parameters observed for PSCls printed at a build orientation of 90 (Fig. 14 a).
When the samples are tilted by 45° (BO 45), they still break between the strands in z-
direction, but the effective cross-section between the layers is increased (Fig. 14 b). This
leads to an improvement in the mechanical properties. The mechanical integrity of the
PSCls can further be enhanced by using a horizontal build orientation, where the load
direction is perpendicular to the strands (Fig. 14 c¢) and the fracture propagates in the
direction of imperfections within the part (e.g. cavities). The mechanical behaviour of the
commercial PEEK implant (Fy=2.2 kN, /y=2.6 mm, Ex=3.0 J and Er=3.5 J) could be best
approximated with the BO 180 T 5 printing profile (Fy=2.420.7 kN, /y=3.4£0.9 mm,
Ev=4.212.2 J and Er=7.1+0.8 J). Even after inserting drainage holes according to the
commercial implant design, adequate maximum forces could be achieved
(Frv=2.210.3 kN). Liu et al. [51] compared the dimensional accuracy, compression and
impact behaviour of powder bed fusion (PBF) and FFF PEEK cranial implants. They
found that FFF PEEK implants absorbed more total energy in both compression tests at
0.016 mm/s and impact tests at 2.18 mm/s (3.5£1.1 J and 3.7+1.0 J, respectively) in
comparison to PBF PEEK implants (2.6x0.9J and 2.7+0.5 J, respectively). The
corresponding maximum force values for FFF samples are with 1.4+0.1 kN and
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1.4+0.3 kN, respectively, comparable to the values evaluated for PBF specimens
(1.31£0.0 kN and 1.0£0.0 kN, respectively). In this study, about 1 kN higher impact forces
could be achieved, but the values were also obtained at a much higher test speed of
4.43 m/s. The increased test speed could significantly alter the material behaviour since
polymers are known to show strain-rate dependent behaviour. In a previous study, an
increase in elastic modulus was observed in the tensile test when the crosshead speed
was increased from 107 (3.2+0.2 GPa) to 10° mm/s (4.8+1.3 GPa) [21]. Furthermore, Liu
et al. [51] saw that the FFF implants deformed more before a local fracture occurred in
the area where the impactor hit the samples. The PBF samples, on the other hand, broke
into several pieces compared to the fracture of the commercial implant presented in this
study. This should be avoided in order not to injure surrounding bone or especially soft
tissue. In addition to these impact parameters, similar secant and dynamic compliance
values were also recorded and compared to the commercial PEEK implant
(Csec,5000=0.204 mm/10 kg and Cayn,5000=0.134 mm/10 kg VS. e.g.
Csec,5000=0.32820.069 mm/10 kg and Cyn,5000=0.132+£0.011 mm/10 kg for BO 180 T 5
printing profile). The compliance generally indicates the ability of a material or structure
to give way or deform under load. Since the structure mainly changes with the build
orientation, the highest fluctuations were found when the orientation was altered. A

comparison with the literature was not possible as no comparable studies could be found.

Fig. 14: Direction of impact (red arrow) in relation to a build orientation (BO) of 90 (a), 45
(b) and 180 (c) of the printed PSCls.

Next, datasets from the PSCls printed at AF 210 (standard) and AF 0 were pooled
together, in order to identify the optimal set of printing parameters to match the
performance of the commercially produced implant (Fig. 15).
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First the mechanical integrity is ranked using the impact parameters force maximum

Fu and a relation between total absorbed energy (E7) and displacement until failure (/7).

Since the dynamic stiffness of all tested implants is in a similar range for all printed
implants (slope at very low deformations in the force-displacement curves, Fig. 6) and is
rather influenced by the material than by the processing parameters, Fyand Er/ It are
used for comparison. The 3D-printed implants should behave similarly to the commercial
implant, which broke in a brittle manner under high forces and deforms only slightly
before failure. It is important that the implant fractures before deforming too much
(deformation limit could not be found in the literature), as it might lead to the damage of
surrounding soft tissue or bone. Hence, the ratio Er/ Iris used for comparison, as high
energies are preferred, but not if they are accompanied by high values of deformation.
Additionally, it is also preferred that the implant fractures before the adjacent bone does
(to prevent surgical resection/further complications). Taking a look at Fy, it is found that
BO 90, BO 180 and BO 45 implants printed with the ‘standard’ printing profile all obtain
a lot lower values in average compared to the commercial implant. On the other hand, if
printed without using an air flow temperature (AF 0), Fu values were increased with
average values in the range of the commercial implant. However, the increase in Fu at
AF 0 comes along with an increase in deformation and therefore a risk of reaching too
high deformations in the target application in the case of an accident. These implants
absorb a huge amount of energy before fracturing, but may fracture too late. Especially
implants printed at BO 180 AF 0 show a really good energy to deformation ratio (E7/ I7).
In contrast, BO 180 and BO 90 standard show insufficient Er/ /r ratios by either
achieving high energies, but at the cost of too high deformations (BO 180 standard), or
by reaching too low force and thus energy levels with low deformations (BO 90 standard).
However, depending on the size and geometry, the implant is connected to the bone via
several anchors, which on the one hand changes the loading situation and on the other
hand makes it unclear whether the implant or the fixation fails first during an accident.

In addition to the mechanical integrity of the implants, haptics and the appearance are
key factors for an implant to be applicable. The surface quality in particular is a measure
of print quality and is strongly influenced by the print profile used. Furthermore, it also
plays an important role in the interaction between the implant and the surrounding soft
tissue or bone. For milled implants, the surface quality can be analysed on the basis of
their roughness, whereas for 3D printing, the waviness is more relevant, due to the
layered structure introduced through the manufacturing process. Hence, the degree of

crystallinity (Xc), the range of z-waviness on the bottom surface of the implants (as it is
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the more critical value compared to the upper side) and the level of discoloration
quantified with the total colour differences (AEx") are displayed as measure of the
implant quality. A high value for X, and low values for AE." and Awaviness are to be
aimed for. Implants printed at BO 90 and BO 45 with AF 0 show the highest amount of
amorphous regions (brown areas, Fig. 4), which correlates with the very low values for

X: (~11%). The degree of crystallinity for all other implants is relatively high (~27-35%),

specifically in the measuring range where the impactor hit the sample during impact
testing. For injection-moulded PEEK, X, can be between almost zero and 40%,
depending on the cooling behaviour and thus crystallisation kinetics [52]. With regard to
injection moulded PEEK samples with less variation of crystallinity in both thickness and
length (produced with slow cooling rates due to high mould temperatures of 200 °C),
degrees of crystallinity in the range of 30-35% were evaluated.

With respect to waviness values, horizontally printed PSCls exceeded all other implants.
This was credited to increases in offset levels between individual print layers, which were
far more prominent vs. their vertical counterparts, which experience tighter welding
between adjacent layers as consequence of direct pressure exerted on them by the print
nozzle. Furthermore, support structure positioning and volume also contribute to
increased levels of waviness, whereby residual debris from their removal form an
irregular topology. This was also the case for horizontally printed PEEK implants
produced by Sharma et al. [16]. Hence, efforts to optimise support structure removal and
surface finish post-build are still under investigation. Surface quality, such as roughness
and topography, are important factors in determining the osseous integration of PEEK
implants [53]. Han et al. [54] found that the anisotropic texture of FFF-printed surfaces
had a stimulating effect on the bioactivity of PEEK samples compared to polished and
blasted samples, especially regarding metabolic activity and cells proliferation.
Explanation was credited to surface area increases in FFF, which allowed for improved
cell attachment, anchorage, growth, migration and proliferation. The waviness values
evaluated in this study cannot be compared to the literature, since mostly surface
roughness was measured. For example, Baek et al. [55] investigated the surface
roughness of FFF PEEK in correlation to nozzle temperature. Increasing the temperature
from 360 to 380 °C decreased the surface roughness from 60 to 54 um, but roughness
rose to 67 pm between 380 and 400 °C. The first drop was explained by a reduction in
viscosity at higher temperatures, which filled the cavities better, and the subsequent
increase by a higher cooling rate, which leads to a faster solidification of the material.

Here, too, several factors seem to interact, which in turn is an indication of the complex
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crystallisation process behind it. The next measure of implant quality, the discolouration
of the samples, is directly related to the crystallinity of the parts. Therefore, implants
printed at AF 0 show the greatest deviation from the commercial implant again. On the
other hand, the most uniform colour was achieved with BO 90 standard. Colour
inhomogeneities in PEEK PSCls were also observed by Sharma et al. [16] presenting
builds with dark-brownish areas that indicated higher amorphousness and lighter areas
representing higher degrees of crystallinity. However, they saw lower amounts of
amorphous regions for horizontal printed samples compared to vertical ones, whereas
in this study the most uniform colour could be achieved for upright printed samples
(BO 90). This could be due to the smaller implant size and the smaller amount of support
structures used within this study, again leading to different thermal conditions. Generally,
colour inhomogeneity results from insufficient time for crystallisation, which could be
overcome by annealing the samples after printing [35,56]. For this purpose, a
temperature between the measured cold crystallisation (~175°C) and melting
temperature (~338 °C) should ideally be selected. A similar principle is behind the
application of an increased air flow or build chamber temperature, which increases the
surrounding temperature. This results in a reduced cooling speed and prolongs the time
for crystallisation. In addition, the increased ambient temperature also causes an

annealing effect during the printing process.

Lastly the time to availability is compared, influencing the lead times and manufacturing
costs. As the implants are printed directly in the clinic, the printing time is equal to the
time to availability. The horizontal prints (~300 min) show about twice the manufacturing
time compared to the upright implants, with those tilted at 45° somewhere in between.
The air flow temperature does not affect the print time, however, layer height and printing
speed do. For example, the print time for BO 180 V 10 PSCIs was 1206 min, which
means a nearly quadrupled value at five times slower print speed. Nevertheless, the time
for in-house printing together with any post-processing should be comparably less to

commercial implant lead times (~3 weeks [14]).

For now, the optimal printing profile for PEEK implants was not found. Ideally, the prefect
PSCI would combine the mechanical properties of BO 180 T 5, with the surface quality
and appearance achieved for BO 90 standard. Moreover, it is also important to test other
geometries with the optimal printing profile selected, as changing the geometry will affect
the implants thermal history [57] and another printing profile may be more suitable.

Therefore, a compromise for different geometries has to be found since each profile has
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to be certified in order to guarantee colour homogeneity, adequate print quality and

mechanical performance, non-cytotoxicity, etc. [38,58,59].
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Fig. 15: Comparison of FFF and commercial PEEK cranial implants in terms of their
mechanical integrity (maximum impact force - Fu, relation between total absorbed energy
- Et and displacement until failure - /7), implant quality (degree of crystallinity - X, span
of waviness at the bottom surface and AEs* as level of discoloration) and time to
availability. Three different build orientations (BO) each at two different air flow
temperatures (AF) are displayed (standard = AF 210). Additionally, the 5 mm thick (T 5)

BO 180 implant is shown, which mechanically best fits the commercial implant.
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4. Conclusions

There is a trend towards the investigation of polyetheretherketone (PEEK) patient
specific cranial implants (PSCIs) manufactured via fused filament fabrication (FFF).
However, as the correlations between the different process parameters and the resulting
properties are not yet fully understood, the optimal process parameters to manufacture
PEEK cranial implants have not been found yet. In addition, it is still unclear which
implant metrics are to be aimed for, since the values for living bone hardly exist and in
its dry state are not truly comparable. Therefore, a commercial PEEK implant was used
for comparison in this study, as it is assumed that it has the desired properties necessary
for application.

In this study the effects of build orientation (BO) and air flow temperature (AF) among
other parameters (layer height, shell number, printing speed, infill pattern) on mechanical
integrity (cyclic and impact behaviour), print quality (colour uniformity, surface
topography and degree of crystallinity) and the time to availability were examined.

The highest mechanical properties were observed for horizontally printed implants
(BO 180), where the load acts perpendicular to the strands, followed by 45° tilted (BO 45)
and upright (BO 90) printed parts. On the contrary, the surface quality was best for BO 90
and worst for BO 180 PSCls, mostly due to residual support structures left on the
surface.

In addition, a high AF led to higher degrees of crystallinity and a more uniform colour
distribution. Implants printed with no AF showed extensive brown amorphous regions
throughout their build, which resulted in high absorbed energies until fracture but at high
levels of deformation. Such high deformations during an accident may injure surrounding
soft tissue or bone. On the other hand, the implant should not be too brittle that it splinters
when failure occurs. Notably, it was observed that the commercial implant broke into
several pieces during impact testing, which may be another advantage of 3D-printing,
where the fracture path could be specified by the print path.

However, application-driven tests are proposed for future studies, as in real application
x-y-deformations are constrained by the adjacent bone and the implant will be
surrounded by soft tissue and the scalp, significantly affecting implant loading and the
fracture behaviour. Moreover, it is still questionable whether the implant itself fails when
unexpected stresses are applied to the skull, or rather the attachments which are needed
to fix the implant to the bone.
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Appendix A. Supplementary material

Table A.1: The secant (Cses500) and dynamic (Cayns00) compliance after 500 cycles, the

maximum impact force (Fu), the displacement until Fu (Iv), the energy uptake until Fy

(Em) and the total absorbed energy (E7) obtained through cyclic and impact tests on

PEEK implants manufactured using different printing profiles in comparison to a

commercial implant (mean and standard deviation of n=3 per group; except for

commercial implant).

Build Printing Csec.500 Cayn,500 Fu Im En Er
orientation  profile (mm/10kg) (mm/10kg) (kN) (mm) (J) (J)

standard 0.225+0.011 0.123+0.005 1.0£0.2 2.6+04 1.4+04 45417

AF 0 0.397+0.216 0.132+0.006 2.0+0.7 14.1£3.9 11.9435 17.645.5

AF 70 0.355+0.065 0.133+0.004 0.8+0.0 2.5+0.2 1.6+0.1 7.2+1.0

AF 140 0.257+0.114 0.128+0.003 0.840.0 2.3+0.2  1.0+0.1 5.6+2.3

BO 90 AF 280 0.270+0.073 0.1541#0.008 0.8+0.0 2.7#0.5 14104  3.1+0.2

T5 0.266+0.084 0.122+0.003 1.0£+0.0 2.240.0 1.3+0.1 3.5+0.2

S1 0.197+0.017 0.128+0.002 0.9+0.0 2.24¢0.3 1.2+0.2 4.1+1.0

LH0.30 0.211+0.029 0.127+0.001 0.9+0.0. 2.3+0.1 1.3+0.1 3.4+0.9

IP Gr0/90 0.231£0.055 0.136+0.005 0.8£0.0 3.1x0.5 1.7x0.3 3.6%1.2

standard 0.345+0.097 0.145+0.005 1.4+0.2 2.2+0.1 1.5+0.1 4.7+0.9

AF 0 0.326+0.012 0.222+0.002 2.2+0.0 6.6+0.3 8.9+04 37.0+7.9

AF 280 0.326%0.098 0.1741#0.006 1.5+0.2 2.8+0.5 2.1£09 4.3+2.2

0.328+0.069 0.132+0.011 2.4+0.7 3.4209 42+22 7.1+0.8

B0 180 0.382+0.007 0.194+0.006 1.330.0 2.4+0.0 1.4+0.1 4.7+0.6

IP Rec0/90 0.32940.051 0.185+0.006 1.5+0.1 2.3+0.1 1.5+0.2  3.841.7

V10 0.289+0.068 0.198+0.029 1.6+0.0 3.6%0.1 3.1+04 12.7+2.2

T5+H 0.305+£0.010 0.194+0.011 2.240.3 4.1+0.6 4.7+1.4 9.6+24

standard 0.309+0.067 0.135+0.003 1.5£0.2 3.1#1.4 24+12 11.041.5

. AF 0 0.347+0.092 0.168+0.003 2.3+0.1 5.620.5 7.7+1.1 222447

0.246+0.097 0.11240.003 1.740.2 1.9+0.1 1.6+02 9.943.2

T5+H 0.357+£0.085 0.165+0.009 1.6+0.3 2.5+0.1 1.840.3 10.1£2.9
Commercial 0.204 0.134 2.2 2.6 3.0 3.5

*Only deviations from the standard values of AF 210 — S 3 — LH 0.15 — V 50 — IP Rec*45 —

T 4 are indicated in the implant designation (BO...build orientation, AF...air flow temperature in

°C, S...number of shells, LH.. layer height in mm, V...ptinting speed in mm/s, IP...infill pattern,

T...average implant thickness in mm, H.. drilled holes).
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Table A.2: The melting temperature (Tw), the specific enthalpy of fusion (AH) and the

degree of crystallinity (X;) obtained through DSC for the different printing profiles and the

commercial PEEK implant (mean and standard deviation of n=2 per group).

_Bu”dl Printing profile Tu (°C) AH (J/g) X (%)
orientation
standard 336.9+0.6 35.310.8 28.5£3.4
AF 0 339.0£0.0 33.0+1.0 10.5+1.4
AF 70 338.1+1.1 35.0£1.0 29.3+3.2
AF 140 338.7+0.3 39.140.2 34.7+0.2
BO 90 AF 280 336.8+0.6 32.3+0.2 28.7+0.2
T5 336.8+0.6 32.8+0.0 29.2+0.0
S1 338.9+£0.0 35.1+4.4 31.243.9
LH 0.30 337.310.0 35.1£2.0 31.2+1.7
IP Gr0/90 337.6£0.6 32.5+0.6 28.9+0.5
standard 338.5¢ 30.7+0.0 27.3+0.0
AF 0 338.1+ 34.0+3.6 30.2+3.2
AF 280 338.5+ 35.0+1.2 31.1£1.0
BO 180 T5 338.1% 33.4+2.3 29.7+2 1
S1 337.6+ 36.2+2.4 32.1+2.1
IP Rec0/90 338.9+ 32.1+0.0 28.5+0.0
V10 338.5+ 32.4+1.8 28.8+1.6
T5+H same asforT 5
standard 338.1+1.1 34.1£3.0 27.4+1.4
BO 45 AF 0 338.1+1.2 31.7+0.4 10.7£0.7
T5 338.6£1.7 34.1+0.8 30.3+0.7
T5+H same asforT5
commercial 340.60.0 32.31+2.2 28.7£1.9

*Only deviations from the standard values of AF 210 —S3 — LH 0.15 — V 50 — IP Rect45 —

T' 4 are indicated in the implant designation (BO...build orientation, AF...air flow temperature in

°C, S...number of shells, LH.. layer height in mm, V.. .printing speed in mm/s, IP...infill pattern,

T...average implant thickness in mm, H...drilled holes).
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Table A.3: The L*, a*, b* coordinates (L* - lightness of colour; & - position between red
and green; b* - position between yellow and blue) obtained through UV-Vis spectroscopy
for the different printing profiles and the commercial PEEK implant (mean and standard
deviation of n=2 - 4 per group).

Build
) . Printing profile L*(-) a(-) b*(-)
orientation
standard 60.0+0.1 1.2+0.0 2.240.2
AF 0 31.610.7 4.3+0.2 7.310.9
AF 70 42.916.1 3.81£0.9 6.6£2.3
AF 140 58.2+0.5 1.4+0.1 3.240.9
BO 90 AF 280 60.6+0.1 1.8+0.1 2.340.2
T5 60.0+0.2 1.7+0.1 2.240.5
S1 63.310.2 1.210.0 2.610.0
LH 0.30 65.0+0.4 1.2+0.1 3.1+0.3
IP Gr0/90 61.510.2 1.0+0.0 1.6+0.0
standard 49.0+10.7 3.1+1.4 8.0£2.8
AF 0 44.5+0.3 3.4+0.3 9.4+0.7
AF 280 61.9+0.4 1.8+0.0 5.2+0.4
BO 180 T5 49.6+2.3 3.3£0.6 10.3+1.2
S1 52.2+1.7 3.6£0.5 10.6£0.9
IP Rec0/90 44.417.6 4.3+0.5 10.2+0.2
V10 56.2+0.2 2.6£0.1 9.7+0.4
T5+H same as for T 5
standard 48.61+13.5 2.9+2.0 5.7+4.6
BO 45 AF 0 43.8+0.2 3.6£0.4 11.21£0.8
T5 53.717.6 2.6£1.0 6.0£3.1
T5+H same as for T 5
commercial 74.7+0.6 0.8+£0.0 75.4+0.5

*Only deviations from the standard values of AF 210 —S3 — LH 0.15 — V 50 — IP Rect45 —
T 4 are indicated in the implant designation (BO...build orientation, AF...air flow temperature in
°C, S...number of shells, LH.. layer height in mm, V...printing speed in mm/s, IP...infill pattern,

T...average implant thickness in mm, H.. drilled holes).
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