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Kurzfassung

In den vergangenen Jahren hat sich die Generative Fertigung (AM) in verschiedensten
Industriezweigen zur Erleichterung von Entwicklungsprozessen etabliert. Schliellich
ermoglichlicht AM die Bereitstellung von Bauteilen hoher Qualitdt innerhalb kiirzester
Zeit. Damit ist es moglich, geometrische Absicherungen frithzeitig im Entwicklungsprozess
zu ermoglichen und Ideen zu visualisieren.

In der Absicherung des Fahrzeuginnenraums werden Bauteile diversen Versuchen
unterworfen, um die hohe Qualitdt der Bauteile sicherzustellen. In der Fahrzeugent-
wicklung kénnen diese funktionalen Absicherungsversuche erst relativ spiat im Entwick-
lungsprozess begonnen werden, wenn die fiir die Erstellung von Serienbauteilen nétigen
Spritzgusswerkzeuge verfiigbar sind. Daher wére es von Vorteil, wenn es moglich
ware, AM-Bauteile diesen Bauteiltests bereits in einer frithen Entwicklungsphase zu
unterziehen, um auf Basis von deren Verhalten auf das Verhalten der Serienbauteile
schlieflen zu kénnen. Voraussetzung hierfiir sind natiirlich &hnliche Eigenschaften von
AM- und Serienbauteilen.

Da es auf dem Markt auch formgebundene Rapid Manufacturing Technologien
(MBRM) gibt, mit denen es moglich ist, qualitativ hochwertige Prototypen binnen
kurzer Zeit auf 6konomische Art und Weise herzustellen, werden in dieser Arbeit auch
solche Rapid Manufacturing Technologien betrachtet, die auf einfachen Gussformen
basieren, wie z.B. Vakuumguss und Reaction Injection Moulding.

Zunéchst wurde ein Materialvergleich von Serienmaterialien und AM-/ MBRM-
Materialien durchgefiihrt. Dieser Vergleich zeigte, dass es AM-/ MBRM-Materialien
gibt, die Serienmaterialien hinsichtlich bestimmter Eigenschaften sehr gut abbilden.
Beispielsweise gibt es diverse AM-/ MBRM-Materialien, die den Serienmaterialien
dhnliche Elastizitdtsmoduln und Zugfestigkeiten bei Nieder- und Raumtemperatur
aufweisen. Kontrér hierzu, gibt es aber auch Materialeigenschaften, in denen AM-/
MBRM-Materialien die Serienmaterialien kaum widerspiegeln, z.B. Schlagzdhigkeit und
Hochtemperaturverhalten.

Auf diesen Erkenntnissen basierend entstand die Idee, Materialeigenschaften durch
voxel-basiertes 3D-Drucken einzustellen. Da der Polyjet-Prozess imstande ist zwei
Materialien unterschiedlicher Steifigkeiten mit hoher Auflésung zu verarbeiten, wurde
im Rahmen dieser Arbeit untersucht, inwieweit Materialeigenschaften mafigeschneidert
werden konnen, indem Voxel zweier Materialien unterschiedlicher Steifigkeit gemaf einer
bestimmten Mikroarchitektur angeordnet werden. Durch die Anordnung von Voxeln
eines steifen, harten Materials (in diesem Falle VeroWhite Plus) und Voxeln eines
weichen, elastomerartigen Materials (TangoBlack Plus) geméaf eines Schachbrettmusters
konnte die Charpy-Schlagzdhigkeit gesteigert werden. Die Schlagzédhigkeit solcher
Bimaterial-Voxelverbund-Proben (80 kJ/m? — 90 k.J/m?) lag um das 8-Fache hoher
als die von Proben aus nur einem Material, bestehend aus reinem VeroWhite Plus
(10,9 kJ/m?). Tm Vergleich zu Proben aus reinem TangoBlack Plus (5,3 kJ/m?) kon-
nte die Schlagzdhigkeit sogar um den Faktor 18 gesteigert werden. Es konnte eine
kritische Voxelkantenldnge (445 pum) analytisch berechnet und durch experimentelle
FErgebnisse bestétigt werden, oberhalb der eine Erhéhung der Voxelkantenléinge zu
einer Reduzierung der Schlagzéhigkeit fithrt. Bedauerlicherweise geht der Anstieg der
Schlagzéhigkeit mit einem Sinken der Glasiibergangstemperatur einher.
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Als weiterer Schritt in dieser Forschungsarbeit wurden die Materialien geméaf einer
Ziegelstein-Mortel-Mauer-Struktur angeordnet, wie es vorangegangene wissenschaftliche
Arbeiten empfehlen, in denen die Verbesserung von Materialeigenschaften durch die
Kombination zweier Materialien unterschiedlicher Steifigkeit untersucht wurde. Da-
her wurden Ziegelsteine aus dem harten, steifen VeroWhite Plus in einer weichen,
deformierbaren Mortelstruktur aus TangoBlack Plus eingebettet, um die Rissablenkung
positiv zu beeinflussen. In dieser Forschungsarbeit wurden mehrere Parameterséitze
untersucht, die die Gestalt der Ziegelstein-Mortelstruktur im Detail definieren. Die
Versuchsergebnisse haben gezeigt, dass der Anstieg der Schlagzdhigkeit mafigeblich
von der Fahigkeit des Verbundwerkstoffs abhéngt, den Riss umzulenken. Geeignete
Parametersétze fithrten zu Proben mit hoher Schlagzahigkeit: Beispielsweise wurden
im Falle eines Volumenverhéltnisses von Material A zu Material B von 46:54 eine
Schlagzihigkeit von 82 k.J/m? gemessen.

Um zu untersuchen, ob es moglich ist, die Steifgkeit von Bauteilen des Fahrzeuginnen-
raums auf Basis der Steifigkeit von AM-/ MBRM-Bauteilen zu prognostizieren, wurden
Steifigkeitsmessungen durchgefithrt. Unter der Bedingung gleicher Geometrien von
AM-/ MBRM-Bauteilen und Serienbauteilen konnte nachgewiesen werden, dass eine
Prognose der Steifigkeit von Serienbauteilen auf Basis der Steifigkeit von AM-/ MBRM-
Bauteilen moglich ist, wenn der Elastizitdtsmodul der AM-/ MBRM-Materialien dem
der Serienmaterialien &hnlich ist. Beginnend mit einem einfachen Zusammenbau, dem
Klappfach auf der Fahrerseite, konnte eine Prognose der Steifigkeit von Serienbauteilen
auf Basis von AM-/ MBRM-Bauteilen getroffen werden und anhand eines komplexen
Zusammenbaus bestétigt werden. Die Steifigkeit von Dekorblenden, die in einer Serien-
Instrumententafel eingebaut waren, konnte mit einer Zuverlasslickeit von 92% bis 99%
vorhergesagt werden, wenn ein geeignetes AM-/ MBRM-Material ausgewéhlt wurde.

Da hochdynamische Belastungen in der Absicherung von Automobilen eine wichtige
Rolle spielen, um im Falle eines Crashszenarios optimalen Insassenschutz zu gewéhrleis-
ten, wurde in dieser Doktorarbeit auch das Verhalten von AM-/ MBRM-Bauteilen im
Falle hochdynamischer Belastungen untersucht. In der Absicherung des Fahrzeugin-
nenraums spielt der Pendelschlagversuch eine wichtige Rolle, da er den Kopfaufprall
eines Insassen im Falle eines Crashs simuliert. Die Ergebnisse der Pendelschlagversuche,
die im Rahmen der vorliegenden Arbeit durchgefiithrt wurden, belegen, dass es AM-/
MBRM-Materialien gibt, die bei hochdynamischen Belastungen nicht brechen oder gar
splittern. Des Weiteren konnte diese Forschungsarbeit belegen, dass der bedeutende
agms-Wert von Seriendekorblenden auf Basis von Versuchen an einer geeigneten AM-/
MBRM-Dekorblende mit einer Prognosesicherheit von bis zu 97% vorhergesagt werden
kann.
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Abstract

Additive Manufacturing (AM) has become an important tool in the development process
of several industrial fields as it allows the possibility to produce parts of good quality
within a short period of time, allowing geometrical validations and the visualization of
ideas.

In the validation of the automotive interior, the interior’s functional parts are
submitted to various tests in order to ensure the high quality of the parts. For
automotive applications the functional validation by hardware tests can only be started
very late in the development process since tools for injection moulding needed for series
production are available only very late in the automotive process. This is why it would
be beneficial to be able to submit AM parts to these validation hardware tests and to
make a prognosis on the behaviour of the series parts based on the behaviour of AM
parts. Basic requirement for this is the similarity of the properties of the AM parts to
the series parts.

As there are also other mould-based rapid manufacturing (MBRM) technologies
allowing the production of prototypes of high quality within a short period of time
and in an economic manner on a small scale series, this thesis also considers rapid
manufacturing technologies which are based on simple moulds, e.g. vacuum moulding
and reaction injection moulding.

First of all, a material comparison of series injection moulding materials versus AM/
MBRM materials was performed. This comparison showed that there are AM/ MBRM
materials which match series materials very well regarding certrain material properties.
For example, there are several AM/ MBRM materials which have a similar Young’s
modulus and tensile strength at low and room temperature. But there are also material
properties where AM/ MBRM materials cannot represent series materials, such as
impact strength and high temperature behaviour.

Based on those results, the idea arose to tune material properties by voxel-based 3D-
printing. As the Polyjet process is able to process two materials of different stiffness with
high resolution, it was investigated if material properties can be tailored by arranging
voxels of two materials of different stiffness according to a certain architecture on a
microscale level. Arranging voxels of a stiff and hard material (VeroWhite Plus in this
instance) and voxels of a soft, elastomer-like material (TangoBlack Plus) according to a
chess pattern the Charpy impact strength could be raised. The impact strength of such
bi-material voxel compound specimens (80 k.JJ/m? — 90 k.J/m?) was 8-fold the impact
strength of mono-materials specimens made of VeroWhite Plus (10.9 kJ/m?) and 18-fold
of mono-material specimens made of TangoBlack Plus (5.3 kJ/m?). A critical voxel
edge length was calculated (445 um) and confirmed by experimental data above which
the impact strength decreases with increasing voxel edge length. However, this increase
in impact strength is accompanied by a decrease in glass transition temperature.

As a further step in this research, the two materials were arranged according to a brick-
mortar structure as previous researches on tuning material properties recommend. Hence
bricks of the hard and stiff VeroWhite Plus were embedded in a soft, deformable mortar-
structure made of TangoBlack Plus in order to influence crack deflection beneficially.
In this research several sets of parameters defining the brick-mortar architecture were
investigated. Results have shown that the increase of impact strength decisively depends
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on the ability of the architecture to deflect the path of crack. Suitable sets of parameters
led to specimens of high impact strength: Using a 46:54-distribution of material A and
B an impact strength of 82 k.J/m? was measured.

In order to investigate whether the stiffness of series interior parts can be predicted
based on the stiffness of AM/ MBRM parts, a stiffness comparison was performed. On
condition of the same geometries of AM/ MBRM parts and series parts it could be
proven that a prognosis of stiffness of series parts based on the stiffness of AM/ MBRM
parts is possible if the AM/ MBRM materials have a series material’s similar Young’s
modulus. Starting with a simple assembly, the storage compartment on driver’s side, a
prognosis of stiffness could be made and confirmed even for complex assemblies. For a
decorative part incorporated in a series instrument panel the stiffness can be predicted
with a reliability of 92% to 99% if an appropriate AM/ MBRM material is chosen.

As highly dynamic loads play an important role in the automotive validation in order
to ensure optimal protection of the occupant in case of a crash scenario in this thesis
the behaviour of AM/ MBRM parts in case of highly dynamic loads was investigated
as well. In the validation of the automotive interior the pendulum impact test plays
an important role as it simulates the striking of the occupant’s head on interior parts
in case of a crash scenario. The results of pendulum impact tests performed for this
research show that there are AM/ MBRM materials which do not split in case of high
impacts. Furthermore, this research has proven that the important as,,s-value of series
decorative parts can be predicted by testing an appropriate AM/ MBRM decorative
part with a reliability of up to 97%.
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1 Introductory remarks

1.1 Motivation and objective

Over the last decades additive manufacturing (AM) became more and more important
in several industrial branches. As AM’s potential to create not merely prototypes
but even functional parts was recognized, it has become an important alternative to
conventional manufacturing processes like casting or milling processes, allowing the
economic and rapid manufacturing of parts in case of small scale series. Originally
these technologies aimed to produce prototypes in a quick and automated manner when
they were invented in the mid-1980s in order to allay the rising demand for prototypes
in several industrial branches. Thus they were aimed to support the early stages of
development by providing prototypes within only a few days or even hours. Nowadays
these technologies are a key element in the optimization and abbreviation of product
development processes [1].

In the automotive industry there is as well a high demand for prototypes in order to
facilitate the complex task of developing an automobile. Designers want their ideas to
become physical using a variety of materials from polymers to metals and ceramics [2].
Engineers want to realize their ideas in order to test functions of the latest constructed
parts. Not to forget, geometries have to be checked for assemblies composed of several
single parts [3].

AM is able to process not only prototypes, but even functional parts of nearly arbitrary
shape and complexity automatically and economically. In recent years there was a lot
of research done in the field of AM. Finishing processes allowing surfaces with minimum
surface roughness and the varnishing of parts as well as metal coating [4] have been
developed with the aim to improve the quality of AM parts. Latest developments have
even made the colouring of parts possible [5,6]. Thus, today’s AM parts look like series
parts made by conventional fabrication processes. Consequently, AM has revolutionized
the process of developing and manufacturing in several industrial branches.

Nevertheless, there is still a field of application where AM parts are not sufficient from
today’s point of view: the functional validation of parts of the automotive instrument
panel and centre console. Series parts are available only very late in the development
process. Hence in an early stage of development a prediction of the behaviour of series
instrument panel and centre console could be made if AM prototypes could be tested
which have series similar properties.

1.1.1 Validation of parts of the automotive interior by hardware testing

As stated by Kuzman et al. the development of a new product is a very complex task as
today’s human demands rise continually [7]. This affects also the automotive industry.
Car producers do not meet the customer’s need if they merely produce one type of car.
The days when car producers would produce only one type of car in only one colour
are gone forever. Hence the phrase of Henry Ford of the year 1909

"Any customer can have a car painted any colour that he wants so long as
it is black." [8, p.72]
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1.1 Motivation and objective 3

is no more contemporary. Today’s automobile manufacturers offer a variety of types
of automobiles and the customer can modify each by a variety of configurations and,
of course, colours according to his needs and taste. Hence nowadays there is a large
number of parts and equipment versions. For the automotive instrument panel and
centre console there also exist various equipment versions. Most of the parts of the
automotive instrument panel and centre console are fabricated by injection moulding.
This manufacturing process is a cast-based process and needs tools. For each part
an own tool has to be manufactured. These tools are very expensive as they are
pretty complex and hard to manufacture. As injection moulding is a comparatively
old technology, a lot of research has been done in the field and simulation models have
been developed, optimizing the process [9-13]. Nevertheless, the high quality of the
parts as well as the concept of the automotive interior has to be ensured by validation.

The validation of the automotive instrument panel and centre console follows two
strategies in order to achieve the goal of a high quality premium automotive interior:
the virtual validation by finite element simulation and a hardware validation by testing
physical parts (compare Figure 1.1). Numerical investigations are able to make a
prognosis on the behaviour of hardware parts virtually by an appropriate finite element
model. Thus it is an important tool in the development of the automotive interior’s
parts from the very beginning. Unfortunately, numerical investigation cannot answer
all questions about the quality and thermomechanical behaviour of the automotive
interior. Consequently, hardware tests still play an important role.

There are several hardware tests performed in the validation of the automotive
interior, such as measurement of stiffness, measurement of solidity, climate tests, shaker
tests, sun simulation etc. These hardware tests display the stresses which occur during
the life-cycle of an automobile. During the development process the validation of the
interior parts offers valuable information about the performance of the exisiting concept,
detects eventually existing weak points and furthermore, offers ideas for improvement to
ensure that the series interior is a high quality premium interior. Thus these hardware
tests are needed to circulate the instrument panel’s and centre console’s parts during
an automobile’s life cycle in fast motion. Furthermore, thanks to hardware tests the
creation of a high quality premium interior ensures an optimal pleasure of driving.

Validation of the automotive cockpit

Late J Degreed 20 000000 Ship-L: Mode

Figure 1.1: Validation of the automotive instrument panel and centre console.
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1.1 Motivation and objective 4

1.1.2 Scope of investigation

As numerical investigations only need CAD-data ("CAD’=’computer-aided design’),
the virtual validation can guide and facilitate the process of development from the
very beginning. In the early stage of the development process geometries change
permanently and most series parts of the automotive centre console and instrument
panel are fabricated by injection moulding. The complex and expensive tools enabling
injection moulding are provided when the geometry of the parts is fixed. This is pretty
late in the development process. Thus hardware tests can only be performed late
in the development process. Consequently, it would be beneficial if these hardware
tests could be performed earlier in the development process using the benefits of rapid
manufacturing technologies, e.g. additive manufacturing (AM) and mould-based rapid
manufacturing (MBRM). These technologies offer besides others, the advantage that
parts can be processed within a few days or even hours. Furthermore, in case of
small scale series, AM and MBRM are able to provide parts more cost-efficient than
conventional manufacturing technologies, e.g. injection moulding for which complex
tools are necessary, as AM and MBRM offer a high flexiblity regarding realizing
geometries [14].

Basic requirement for the application of rapid manufacturing in the validation of
the automotive instrument panel and centre console is that a correlation between the
properties of series interior’s and AM/ MBRM parts is known in order to be able to
deduce the series parts’ properties from the AM/ MBRM parts’ properties. Similar
properties of series and AM/ MBRM parts would be beneficial. As there exist various
hardware tests in the validation of the instrument panel and centre console, the research
presented in this thesis had to focus on only some of them. Thus this research focuses
on the investigation of the capability of parts made by Additive Manufacturing and
mould-based rapid manufacturing in the validation of the automotive instrument panel
and centre console with the aim to be able to make a prognosis of the behaviour of
series interior’s parts in an early stage when series parts are not yet available.

From today’s point of view this is not possible as AM/ MBRM parts do not necessarily
have the same properties as conventionally fabricated parts. The series parts of
instrument panel and centre console which are mainly manufactured by injection
moulding show a different behaviour as AM/ MBRM parts. Especially regarding
thermomechanical properties there is a gap between series and AM/ MBRM parts. For
example, the thermoresistance of most AM/ MBRM parts is below the most important
series injection moulding materials, as e.g. PC-ABS. The glass transition temperature
of most AM materials lies between 50°C and 60°C. Consequently, these materials lose
their mechanical properties at temperatures above 60°C [15]. Furthermore, most AM
materials are not sufficiently impact resistant and ductile compared to series PC-ABS
("PC-ABS’ = ’polycarbonate acrylonitrile butadiene styrene’) [16]. Thirdly, the layer-
based manufacturing principle of AM leads to more or less anisotropic parts [17] in
contrast to injection moulding which is dependent on the dynamics of the fluid material
in the mould.

To sum up, the differences between series and AM/ MBRM parts can be found in
two issues: Firstly, the injection moulding process used in series and the AM/ MBRM
process differ decisively. Secondly, each AM/ MBRM process is highly limited to only
a few material classes and these material classes are different from most injection
moulding polymers found in the automotive series instrument panel and centre console.

But the question which has to be answered for the evaluation of the capability of
AM/ MBRM in the hardware validation of automotive interior parts is: How can
all the materials, technologies and processes available on the AM/ MBRM market
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1.2 State of the art 5

nowadays be used in order to allow the usage of AM/ MBRM parts in the validation
of the automotive instrument panel and centre console? It has to be answered how
the properties of automotive series parts can be deduced from the properties of AM/
MBRM parts.

1.2 State of the art

A lot of effort has been made over the last decades in order to invent new Additive
Manufacturing technologies as well as to improve existing technologies. Not to forget,
the inventions of new materials with optimized material properties processable by AM
have influenced the AM market decisively. Pang and Jacobs invented a new epoxy
resin and proposed a new technology for Stereolithography [18] whereas Schuster et
al. developed an acrylate-based monomer formulation which can be processed by
Stereolithography [19]. For Fused Deposition Modeling Masood and Song introduced a
new composite material consisting of iron particles embedded in a nylon matrix [20].
Zhong et al. developed a short glass fibre reinforced acrylonitrile-butadiene-styrene
(ABS) for Fused Deposition Modeling [21]. As in all AM technologies the success
of a material and technology decisively depend on an optimal interaction of process
parameters and material factors. A lot of research effort has been undertaken in the
field of optimizing process parameters and adjusting them better to the materials
processed.

At Vienna University of Technology a technology has been developed and optimized
which is able to process ceramic parts based on Digital Light Processing [22-25]. With
this technology it is even possible to process biocompatible bioglass materials [26,27].
Goodridge et al. discussed factors which need to be considered when selecting process
and materials in case of Selective Laser Sintering (SLS) [28]. Zarringhalam et al.
investigated the effects of processing on microstructure and mechanical properties of
Nylon 12 in case of Selective Laser Sintering [29]. Goodridge and others proposed
preheating of ultra-high molecular weight polyethylene in order to reduce thermal
gradients, even though several papers reported that it was not possible to process ultra-
high moelcular weight polyethylene [30]. Furthermore, several parameters important for
Selective Laser Sintering, e.g. feed and bed temperatures, laser power, scan count, roller
speed, direction of scan vectors were investigated to increase mechanical properties [30].
Kruth et al. focussed more on the influence of binding mechanisms on process speed
and part properties for Selective Laser Sintering [31]. They differentiated between
"solid state sintering', "chemically induced binding", "liquid phase sintering - partial
melting" and "full melting". In case of Fused Deposition Modeling (FDM), important
process parameters are: layer thickness, part orientation, raster angle, raster width
and air gap. Sood et al. investigated the influence of these five parameters on tensile,
flexural and impact strength [32] as well as the influence of these parameters on
the dimensional accuracy for Fused Deposition Modelling (FDM) [33]. Comb and
Priedemann also dealt with the influence of process parameters on quality of parts
for Fused Deposition Modeling [34]. Croccolo et al. developed an analytical model
which is able to predict strength and stiffness based on production parameters of Fused
Deposition Modelling [35]. Regarding Stereolithography (SLA), the most important
process parameters are hatch type, layer thickness, hatch spacing, hatch overcure and
fullcure depth. Horton et al. investigated the influence of these parameters on curl
deformation [36] and Chartoff et al. on accuracy of stereolithographic parts [37].

Anisotropy of parts plays an important role in Additive Manufacturing. Thus there
are several research projects dealing with part orientation in Additive Manufacturing
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1.2 State of the art 6

processes and its influence on mechanical properties [38], surface roughness [39] and
building time [40]. As layer position also has an effect on the quality of AM parts,
Lee et al. investigated the effect of layer position in powder-based processes such as
3D-printing and Selective Laser Sintering [41]. As the layer-based manufacturing in
AM leads to a staircase effect (see chapter 2.3), the surface roughness and thus the
quality of AM parts is reduced. This staircase effect might also lead to a notch effect
which reduces the AM parts’ properties significantly. This is why several research
groups dedicated their research effort to methods which are able to improve the surface
roughness of AM parts. For Fused Deposition Modelling, for example, Pandey et al.
used a simple removal method, hot cutter machining, to reduce staircase effect and
thus surface roughness [39] whereas McCullough and Yadavalli focused more on the
modification of surfaces of FDM parts made of ABS with microstructured features with
the aim to render them water-impermeable, hydrophillic and biocompatible [42]. In case
of Stereolithography a vibratory finishing by vibratory bowl abrasion and ultrasonic
abrasion was investigated [43]. The polymerization of Stereolithography has a shrinkage
effect which has to be taken into account in the CAD-file (see chapter 2.3). This
CAD-file is converted into a STL-file and transferred to the machine. In 1994 Flach
and Chartoff published a model to predict shrinkage of stereolithographic parts [44]. A
basic solidification model on mechanical properties was discussed and a new equipment
for measuring linear shrinkage in situ in order to analyze the relation between laser
scanning and linear shrinkage was proposed by Narahara et al. [45]. Chartoff and
Du investigated a real-time infrared technique for studying in situ isothermal cure
of ultra-fast photopolymerization reactions [46]. For Selective Laser Sintering the
shrinkage compensation using the Tagucchi method was investigated by Yang et al. [47].

Of course, not only in the field of materials and processes a lot of research was
done but also in the field of software [48,49]. In recent years new technologies have
been developed which allow the processing of parts with high resolution. With Micro
Stereolithography [50-61] and Two-Photon Laser Lithography [62-67] there are also
systems available which are able to produce high-precision three-dimensional parts.
Both technologies are especially interesting for example for medical applications due
to their extremely high resolution. Hence a lot of research was done in the field of
biofunctional materials for both systems [19,68-73].

In summary, during the last decades a lot research was done in the field of AM.
A lot of new technologies and systems were invented. Furthermore, new materials
processable by AM were developed focusing on offering the market a large variety of
materials, e.g. different types of polymers and/or reinforced materials. As it is known
that quality of AM parts is highly influenced by the chosen process parameters a lot of
research was done in order to optimize process parameters and adapt them more to the
material processed. Consequently, nowadays there exists a variety of AM technologies
and systems as well as a lot of materials which can be processed by AM. For processing
polymers Stereolithography, Selective Laser Sintering, 3D-Printing, Polyjet and Fused
Deposition Modeling are the most important technologies for the automotive industry.
Unfortunately, the difference between injection moulding parts used in automotive
series and AM parts is not clear from today’s point of view as it has not yet been
really investigated. Furthermore, the correlation between material properties and parts’
properties important for the application of AM parts in the validation of the automotive
interior is not yet fully understood as it was not systematically investigated from today’s
point of view.
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1.2 State of the art 7

1.2.1 Capability of Additive Manufacturing in the validation of the automotive
interior

There exist three diploma theses dealing with the capability of AM in the validation
of the automotive instrument panel and centre console. De Buhr [74] has focused on
Selective Laser Sintering (SLS) and Vacuum Moulding (VM) in this first basic research
about capabilties of AM in the instrument panel’s and centre console’s validation.
She investigated the SLS materials PrimePart, Duraform PA, Duraform HST and
the VM-materials PA3000 and PA3000GF. These were compared to series materials
processed by injection moulding PC-ABS regarding their behaviour with respect to
hardware tests typical for the validation of the automotive interior: Climate tests,
shaker tests, mounting/demounting tests, the measurement of stiffness and strength and
the dilatation and contraction behaviour. Flat, two-dimensional parts, e.g. faceplates,
were used for testing geometries. Her conclusion is that the differences between the
parts processed by SLS and VM differ decisively from series injection moulding parts.
She explained these differences by the severe anisotropy SLS parts obtain as well as
the bad reproducibility of the SLS parts. In case of the Vacuum Moulding parts she
recognized a low geometrical accuracy. Thus she summed up that from her point of
view no recommendation can be made answering the question which material or process
would be appropriate for the validation of the automotive interior.

Krensel [75] investigated other materials in her research. This is an extension of
De Buhr’s research. She investigated the SLA materials AccuraXtreme, Somos 10120,
NanoTool and ProtoGen18420 as well as the SLS material PA2200 and the Polyjet-
materials Helios65 as well as ABSlike. Krensel focussed on the reproducibility of the
properties of parts and materials. Furthermore, she measured stiffness in case of the
AM materials. Krensel drew the conclusion that from her point of view, finding a
correlation between materials’ and parts’ properties is not possible as several failure
mechanisms concur in validation tests of the automotive instrument panel and centre
console.

Wagner [76] considered the same SLA materials Somos 10122 and Accura Xtreme
that Krensel investigated. In contrast to his predecessors, De Buhr and Krensel, he
investigated an FDM material, PC-ABS, as well. By performing tensile and three-
point-bending tests, he investigated the influence of surface roughness and position in
the build platform on mechanical properties. Besides that he chose two parts of the
automotive interior with simple geometry: the adapter centerspeaker and the ashtray
case. He measured the stiffness as well as the dynamic and static strength of the parts.
He detected that material properties of AM parts depend considerably on the layer
orientation and that the layer-based manufacturing process leads to significant mean
variations of mechanical properties. He stated that all of this made the reproducibility of
mechanical properties difficult in his research. The parts showed a similar reproducibility
in their mechanical properties measured at tests for the interior’s validation as the
material samples showed in material tests. He summed up that the reproducibility
in dynamic tests is very low which makes a prognosis difficult. For his research he
used the linear correlation between Young’s modulus and stiffness. In case of simple,
flat parts he has proven that a prognosis on the stiffness of series parts based on the
stiffness of AM parts is possible if the Young’s modulus of AM parts is similar to the
Young’s modulus of series parts and the AM parts have the same geometry as series
parts.

All these findings are an interesting basis for the research presented here trying to
answer several questions which need to be answered in order to make a prognosis of
series parts’ properties based on the properties of AM/ MBRM parts.
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1.2 State of the art 8

1.2.2 Tailoring mechanical properties using multimaterial AM

Nature has developed a range of materials with remarkable, functional properties
composed of comparatively poor (i.e. brittle) base substances.

"This is achieved by hierarchical structuring, adaptive growth instead of
fabrication, and constant remodelling and healing of the natural materials."
[77, p.641]

Thus it is interesting to investigate the structure of these materials on a nano- and
microscale level to make up the effect of the material on the mechanical properties on a
macroscale level. In a further step a good design known from nature could be transferred
to engineering applications. This is called ’biomimetics’, which was first coined by
Otto Schmidt in 1957 [78]. From ’biomimetic’ further terms such as 'biomimicry’,
"bio-inspiration’, ’bio-inspired” were derived [79].

Sen and Buehler were inspired by biological tissues such as bone, nacre and dentin
which all show a structural design at multiple length scales from nanoscale to mesoscale.
Developing an atomistically-informed mesoscale particle-spring model they tried to
answer whether it is possible to create a highly functional material with great strength
and toughness out of a single material constituent, silica, by solely engineering its
structural design at multiple levels [80]. At the nanoscale molecular dynamics simulation
based on a reactive ReaxFF, an atomistic force field is used to study the mechanics of the
nanoporous silica structures. At the microscale a mesoscale spring-lattice network model
got developed in order to capture elasticity, plasticity and fracture phenomena. At the
end they had a case study of fracture of two kinds of composites, one characterized
by hard fibers of bulk silica embedded in a soft, nanoporous matrix (brittle-fiber) and
another one that consists of soft fibers of nanoporous silica dispersed in a hard silica
matrix (brittle-matrix). Then the structure and properties of nanoporous silica inspired
from the nanostructure of diatom algae was investigated in two commonly periodic
motifs for the nanoporous silica/bulk silica composites.

Sen and Buehler extended their research and proposed a bottom-up approach to
systematically examine the effects of hierarchical structures on fracture toughness
by investigating how crack propagation is modified solely through the presence of
hierarchical structures and without adding additional materials or mechanisms [81].
They used silica as a base material for constructing various hierarchical structures to
represent a set of model materials that are used to carry out computational experiments.
The soft, deformable and ductile nanoporous silica is combined with stiff and brittle
bulk silica, forming two material phases as fundamental building blocks at the next
level of hierarchy that allows to use a single material as the fundamental building
block. They investigated two types of hierarchical arrangement of the soft and hard
material: a bone-like and a biocalcite-like structure. In case of the bone-like structure
the soft, deformable and ductile material is a continuous phase, with the hard and
brittle material dispersed in platelet form within the matrix, mimicking the periodic
arrangement observed in bone and nacre. The biocalcite-like structure is characterized
by a hard and brittle constituent as a continuous phase with regions of soft, deformable
and ductile material embedded in the hard matrix. They found out that of the two-
hierarchy level structures the biocalcite-like structure features a higher defect tolerance.
For small crack sizes, failure in these materials propagates through the nucleation of
several micro-cracks at nano-porous silica/bulk-silica interfaces located far from the
original crack tip. In contrast to that, in bone-like structures the pre-crack propagates
as an individual crack, but toughening occurs by platelets bridging the wake of the
crack as it propagates.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You
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Sen and Buehler investigated three- and four-hierarchy level structures and observed
an increase in defect tolerance with the increase in number of hierarchy levels. In
case of the bone-like structure the increase of the hierarchy level led to a decrease
of fracture strength, whereas the fracture strength was independent of the number
of hierarchy levels in case of the biocalcite-like structure. To sum up, their study
is a demonstration of a design paradigm that explains how materials with superior
mechanical properties can be obtained despite the use of a single and structurally "poor"
(i.e. brittle) base material, realized solely through the use of hierarchical structures
without any additional mechanisms such as interfacial effects.

Dimas et al. added a rotated-bone-like structure to the bone-like and biocalcite-
like structures [82] and made computational failure predictions and compared them
to experimental results. The experimental test specimens got manufactured by an
AM technology, the Polyjet technology. They tested single edge notched tensile
specimens using an universal testing machine. They computationally predicted the
crack propagation in the three structures investigated and compared their predictions to
the real crack propagation in AM specimens. They realized the structures by combining
two base materials, a brittle material A and a deformable material B, using an Objet
Connex 500. As they observed the initial crack propagation always occured at the crack
tip which indicates that the notches are sufficiently sharp. The bone-like structures
show a delocalized load transfer in the topology with damage being sustained away
from the crack tip. Furthermore, a pronounced crack deflection mechanism induced
by a particular topological arrangement of two base materials with widely contrasting
constitutive behaviour was obeserved. As the crack mainly propagates through the
extremely compliant base material, the crack is blunted, leading to a lesser stress
concentration at the crack tip and thus stable fracture propagation. In case of the
rotated bone-like specimens, a characteristic zigzag pattern of the crack propagation is
observed, made possible by the extreme compliance of the matrix phase, combined with
the specific composite topology. In the biocalcite-like specimen the crack propgates
slowly through the sample, undergoing significant deformation in the process. Dimas
et al. observed that the compliant phase influences the path of crack propagation and
leads to toughening in the composite indicated by the resulting rough fracture surface.

They considered a bone-like, a biocalcite-like and a rotated bone-like geometry
consisting of a brittle and hard material and a soft, deformable material. Using
computational models they made predictions on fracture mechanics of such composites.
They compared their computational predictions with experimental results they gained
from 3D-printed specimens using Polyjet technology. The utilized soft component was
TangoBlack Plus whereas the hard and stiff component was VeroWhite Plus. Based
on previous researches, in this thesis various micro-architectures were investigated
by combining a hard and stiff component A with Shore hardness D 86 (VeroWhite
Plus) and a soft, elastomer-like component B (TangoBlack Plus) characterized by
Shore hardness A 27 according to a chess pattern in order to create an isotropic,
impact resistant composite. Using AM it is possible to arrange these two components in
arbitrary architecture on a microscopic level. Thus two materials of different mechanical
properties were printed in a voxel-based manner in order to positively influence the
fracture toughness of the resulting compound.

Dimas and Buehler used a simple mesoscale model implemented in a molecular
mechanics framework in order to investigate the mechanics of bioinspired composite
materials with a brick and mortar topology [83]. They investigated fundamental
mechanical interactions between the composite constituents, governing system stiffness
and fracture resistance with the aim of elucidating simple design mechanisms for the
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design of structurally robust composites. The result of their study was that the specific
behaviour of the matrix phase controls the response of the composite and with small
pertubations in the elastic behaviour of this phase they achieved dramatic shifts in
deformation and fracture mechanisms.

In this thesis the brick-mortar structure was investigated as well. Hence specimens
with brick-mortar micro structure of TangoBlack Plus and VeroWhite Plus were
manufactured using the Objet Connex 500. As several sets of parameters for height,
length and width of brick and mortar were compared the effect of the geometry
of brick and mortar could be quantified. Furthermore, a comparison of bimaterial
voxel compound specimens with chess pattern and brick-mortar specimens could be
performed.
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2 Theoretical background

Most parts of the automotive instrument panel and centre console are made by injection
moulding as this process offers several advantages. For example, injection moulding is
able to process an enormous variety of polymers. Most thermoplastic materials can
be processed by injection moulding, homopolymers as well as copolymers [84]. But
also elastomers and thermosetting plastics can be processed with this technology. The
main advantage of injection moulding probably is that large scale series parts can
be manufactured in an economic manner with reproducible and very good quality
regarding realizable surfaces and isotropic thermomechanical properties. This makes
injection moulding interesting for various industrial branches. If a part is fabricated by
injection moulding a complex and expensive tool is needed. This needed investment is
the same for small scale series as well as for producing large scale series. The costs per
injection moulded part are largely independ of the number of pieces. In contrast to that,
the costs for Additive Manufacturing (AM) parts depend decisively on the number of
parts needed as the price depends on the part volume. Consequently, the development
of costs depending on the number of pieces is a linear function with a constant incline.
The slope depends on the Additive Manufacturing technology and material used. In
case of Mould-based rapid manufacturing (MBRM) parts, the number of pieces defines
the price as well. Hence in case of MBRM the function costs over number of pieces is
also a linear function characterized by a certain incline and several buckles: Depending
on the desired number of pieces the kind of mould has to be defined. The more pieces
needed the more complex and expensive is the mould needed.

2.1 Injection Moulding

The history of injection moulding started immediately with the first polymer develop-
ment when a patent was granted to J.W. Hyatt and his brother in the USA in 1872 [85]
for the

"Improvement in Process and Apparatus for Manufacturing Proxyline" [85,
p.1]

as the characteristics show all attributes of a vertical injection molding apparatus. The
principle of the apparatus is depicted in Figure 2.1. There exists written evidence of
several apparatuses which were manufactured until the turn of the century. These were
almost all used for the bar extrusion of profiles which were finished by cutting processes.
In 1878 the first coatings for brush handles were fabricated by injection moulding. But
for injection moulding apparatuses to be successful appropriate polymer materials were
missing. In the USA the development of injection moulding got hindered due to patent
infringements whereas injection moulding could develop unhamperedly in Germany.
The apparatus of Buchholz (see Figure 2.2) as well as the first hydraulic apparatus
ensured that Germany could close the gap which developed following the invention of
the Hyatt brohers [86,87]. An important invention for the development of injection
moulding is the screw which can be moved axially and thus can also act as a valve [89].
As Beck promises in [90], the invention halves the price of injection moulded parts.

11
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2 Ghapts=-Ehant 1.
J. 3, HYATT & 1. W. HYATT,
improvement in Process and Apparatus for Manufacturing
Fyroxyling.
No. 133,229, Patanted Naw. 19, 1872,

Figure 2.1: Principle of the invented apparatus of 1.S. and J.W. Hyatt granted in US
patent No. 133,229 [85].

Nowadays, there are different injection moulding systems available. In Figure 2.3 the
function of a modern injection moulding apparatus is depicted. Each apparatus for
injection moulding can be distinguished in three main units [92]:

o The plasticising and/or injection unit
e The clamping unit
o The control (hydraulic and electrical system)

The heart of the injection unit is the reciprocating screw. The inner diameter of
the cylinder is equal to the outer diameter of the screw. The material is fed to the
reciprocating screw in the first part of the barrel. As the screw driven by motor and
gears rotates, the raw material is transported forward. The cylinder in the injection unit
is heated and melts the raw material. Thus the material is plastisized and compacted.
The melted mass is homogenized and due to the non-return valve the resulting high
pressure leads to a backward movement of the barrel in the axial direction. The
clamping unit consists mainly of three plates. The stationary pattern carries one part
of the injection moulding tool and is neighboured to the injection unit. The stationary
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Figure 2.2: Principle of the invented apparatus of H. Buchholz granted in US patent
No. 1,810,126 [88].
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Figure 2.3: Horizontal injection moulding apparatus [91].
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2.2 Rapid Manufacturing (RM) 14

pattern has an opening to allow the nozzle to go through it to the tool. The second
plate is the movable pattern which carries the second part of the injection moulding
tool. The pattern is driven either mechanically or hydraulically. Hence both tool parts
can be clamped. The third plate is a front plate and has a supporting function. The
third plate is important for generating the force. Instead of a third plate it is also
possible to regulate the travel and the closing pressure by rails between the movable
and the stationary pattern. Next to the movable pattern there is the ejector which is
a hydraulic cylinder pushing metal pins in opened position. The pins eject the final
parts [92].

2.2 Rapid Manufacturing (RM)

This research is focused on techniques which allow the fabrication of parts within a
short period of time and in an economic manner in case of small scale series: Rapid
manufacturing (RM). As the term is not clearly defined in literature, different interpre-
tations of rapid manufacturing can be found. Wohler defines RM as a direct production
method for finished goods using additive manufacturing [93]. As the term ’finished
goods’ includes tools and consumer products he is in accordance with Gebhardt who
uses an identical definition of RM [94]. According to Hopkinson [14] it can

"

. mean making end-use parts quickly - by any manufacturing method -
while for others it involves the use of an additive manufacturing process at
some stage of the production chain." [14, p.1]

In this thesis we focus on rapid manufacturing according to this interpretation of
Hopkinson [14]: As a method which allows the production of parts by any process in
a quick manner. This includes Additive Manufacturing as well as mould-based rapid
manufacturing (MBRM).

2.3 Additive Manufacturing (AM)

Additive Manufacturing (AM) is characterized by a layer-based fabrication of parts. As
the term ’additive’ indicates the parts are processed by material addition in contrast to
subtractive fabrication processes, e.g. milling. All the Additive Manufacturing processes
are based on the idea to reduce a three-dimensional part to its two-dimensional layers.
As these layers have a certain thickness of about 20 um to 300 ym, depending on the
chosen Additive Manufacturing process, Additive Manufacturing is also called a "2.5-
dimensional technology" [94, p.11]. Stacking these 2.5-dimensional layers along the third
axis, the z-axis, a three-dimensional part can be obtained [94]. AM allows the realization
of almost any geometry. Within the building plane, the xy-plane, the geometry of the
part can be processed very accurately, whereas along the z-axis the accuracy of the parts
is limited by a staircase effect caused by the layer-based manufacturing principle. By
reducing the layer thickness the staircase effect can decisively be reduced as illustrated
in Figure 2.4. The thinner the layer thickness the better the geometrical accuracy and
the smoother the surface roughness. According to Figure 2.5 the surface roughness
is also influenced by the choice of build orientation. Build orientation as well as the
choice of layer thickness highly influence the manufacturing cost as well. Consequently
a good compromise between manufacturing costs and quality of parts has to be made.
Depending on the chosen process the part is manufactured layer by layer. The result is
a physical AM part.
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Figure 2.4: The influence of layer thickness on surface roughness (based on [95]).

h

Figure 2.5: The influence of build orientation on surface roughness (based on [96]).

One of the most important advantages of AM is the fact that AM parts can be
processed in an automated manner based on the CAD data ("CAD’ = 'computer-aided
design’). According to Figure 2.6 the CAD file obtains the information about the
geometry of the three-dimensional part which has to be fabricated virtually. This CAD
file has to be transformed into a STL file by using an appropriate software. STL means
"Surface Tesselation Language’ and uses the description of surfaces by triangles. These
triangles are characterized by their three vertices as well as the surface normal. The
STL file offers all the information about the geometry of each layer which has to be
processed by Additive Manufacturing in order to build the part. This STL file can be
directly fed to the AM machine and the fabrication of the part can start. Depending
on the chosen process the part is manufactured layer by layer. The result is a physical
AM part. This automation offers the advantage that preprocessing effort is reduced to
a minimum in contrast to conventional manufacturing methods. AM can also be used
for the manufacturing of tools, tooling inserts and moulds. This is called 'rapid tooling’.
The direct manufacturing of tools by AM is called ’direct rapid tooling”. In contrast to
manufacturing the tools directly by AM, AM parts can also be used as prototypes for
the rapid manufacturing of simple moulding tools which is called ’indirect tooling’ [94].
In this case an AM prototype is moulded by a silicon material. Using the silicon mould,
the final parts can be manufactured by a casting process.

AM has attracted a lot of interest in the engineering industry due to its advantages, e.g.
the low preprocessing effort. Hence it has revolutionized the manufacturing branch [97].
Since AM has come to existence in the 1980s, a lot of different technologies are available
on the market. They all have in common the layer-based manufacturing principle as
well as the generation of physical parts based on CAD data in an automated manner
according to Figure 2.6. Thinking about the steps included in AM (constructing,
transforming CAD data to a STL file, manufacturing, postprocessing), the slicing
process for the STL files is one of the objects of research in the field of AM. Thus
slicing algorithms have been developed in order to reduce data sizes [98,99]. Even
for heterogeneous objects [100] and Micro Stereolithography [101] slicing algorithms
have been developed. Process parameters are continually advanced in order to improve
mechanical properties of AM parts [102] and to make the AM processes more efficient
[103]. Moreover, developing new AM materials is field of research as well [104].
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Figure 2.6: The AM process - from CAD data to physical part [94, p.14].
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Figure 2.7: Overview about various technologies of Additive Manufacturing available

on the market (based on [105-107]).

It can be summarized that the AM market has grown enormously and that there
are various technologies, processes and materials available nowadays [108,109]. Hence
there are several ideas to categorize AM [106,110]. In Figure 2.7 there is an overview
about AM technologies differentiated by their basic raw materials.

The variety of AM technologies on the AM market makes the decision to choose the
appropriate process for a certain task difficult. In order to make the decision easier and
to allow a somehow systematic approach, quality of parts but also economic aspects
have to be respected. As it is proposed by Liu [111] appropriate factors to be considered

are:

¢ Build speed

Build speed is a factor decisively influencing the cost effectiveness of the process.
The higher the build speed the more cost efficient is the process.

¢ System cost

System costs should be low in order to keep cost efficiency high.
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2.3 Additive Manufacturing (AM) 17

o Feature resolution
The feature resolution limits the realizable geometries. The higher the resolution
the tinier the realziable structures can be and thus the higher is the design
flexibility.

e Tolerance range
The tolerance range characterizes the exactness of the process and also influences
the reproducibility of the process.

e« Materials available
Each AM process is restricted to certain materials. The more materials can be pro-
cessed with an AM process the more possibilities offers the process. Furthermore,
materials with outstanding thermomechanical properties are more interesting for
several industrial applications.

¢ Surface roughness
Surface roughness plays an important role for the design but might also influence
the mechanical properties as a notch effect reduces mechanical properties, e.g.
impact strength.

2.3.1 Stereolithography

On 25th of December 1956 an US-patent submitted by John Munz [112] was granted.
This patent describes a method to establish three-dimensional bodies layer by layer.
The scheme of the apparatus is illustrated in Figure 2.8. A source emits light through
a mask which is projected on the material. The material polymerizes locally in the
enlightened regions. This patent already includes the basics for Stereoltihography (SLA)
which is the oldest AM technology.

The working principle of Stereolithography is depicted in Figure 2.9. A build platform
is immersed in a tank filled with liquid photosensitive resin. A laser beam is controlled
by a galvanic mirror system. Where the laser hits the photosenstive resin the material
polymerizes due to a radical photopolymerization. After the laser beam has scanned all
the regions of the current layer, the build platform and thus the part lowers according
to the defined layer thickness. Then the part is coated with a fresh layer of liquid resin
using a wiper blade and the laser scans the next layer of the part. This is repeated
until the part is finished. Stereolithography convinces by the high geometric resolution
which allows manufacturing of even tiny structures. Furthermore, SLA parts have a
very high surface quality due to low surface roughness. SLA offers also the possibility
to manufacture prototypes by a large number of moulding techniques, e.g. investment
casting or silicone moulding. A drawback of SLA is that postprocessing effort is high
as support structures important for stabilizing undercut and island features during the
fabrication process need to be removed. Another drawback is that only photopolymers
(unfilled or powder-filled), which are known to be brittle, can be processed. The
consequence is a limit in realizable part properties. Not to forget, the monomer shrinks
during polymerization which leads to internal stresses and can in a further step lead to
warpage. In recent years this problem could be minimized due to the development of
advanced resins and building strategies [107].
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Figure 2.8: Scheme of the pioneer of AM: Photo-glyph recording of O.J. Munz [112].
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Figure 2.9: Principle of Stereolithography (based on [107]).
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2.3 Additive Manufacturing (AM) 19

2.3.2 Digital Light Processing

In case of Digital Light Processing (DLP), the material cures in exposed regions due to
radical photopolymerization according to SLA. But in contrast to SLA the geometry of
the layer which has to be manufactured is not scanned line per line but the whole area
of the layer is projected onto the transparent resin basement (compare Figure 2.10).
The part is built "head first". Thus the build platform is one layer thickness above the
resin vat’s bottom while manufacturing the first layer. After each exposure process the
build platform progresses upwards according to the defined layer thickness. Thus the
part is pulled out of the resin vat layer by layer. In order to keep shear stresses low
during the separation process the vat is tilted. Besides that, the tilting has a beneficial
undertow effect which ensures the provision of new build material. The advantages
and disadvantages of DLP are similar to those of SLA. Digital Light Processing is able
to process parts with high resolution. Hence even tiny structures with good surface
quality can be realized. In contrast to SLA, the DLP process is faster as the whole
layer is projected in one step. In contrast to SLA, not a whole basin of expensive resin
has to be provided but only a thin film of resin for each layer. Consequently, DLP is
more economic than SLA. In case of SLA as well as DLP, postprocessing effort is high
as support structures are polymerized and need to be removed manually. DLP is also
restricted to brittle photosensitive resins which limits the parts’ properties.
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Figure 2.10: Principle of Digital Light Processing (based on [25]).

2.3.3 Polyjet

Polyjet is also a process which is based on photopolymerization. It was commercialized
by Objet, Israel, and is now part of Stratasys Ltd., Billerica, MA, USA. The apparatus
looks similar to an inkjet printer (compare Figure 2.11). Instead of "ink" photosenstive
acrylates and methacrylates are processed. Depending on the machine there are several
cartridges. Some are for supplying the support material and others for supplying the
building material. Each material is funnelled through a liquid system connected to the
printing heads which have several nozzles. Thus the materials can be applied drop by
drop. The printing heads are followed by a ultraviolet light that immediately cures
the printed material by radical photopolymerization allowing new layers to be printed
instantaneously. After having processed one layer, the building platform lowers and
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2.3 Additive Manufacturing (AM) 20

the next layer can be manufactured. Advantages of the Polyjet technology are amongst
others the high resolution which leads to a low surface roughness. Furthermore, the
process is pretty clean and doesn’t need a laboratory environment. The apparatus
looks like a inkjet printer and can be used in the office as the cartridges are comfortably
to change. Postprocessing effort is low as the support material can be easily washed
out using water. This makes the process very customer-friendly compared to other
AM systems. Besides that, the Connex system Polyjet is even able to process two
materials with different elastic properties simultaneously and to combine them in a
two-component-part. This sets the Polyjet system apart from other AM technologies.
The drawbacks can be found in the thermomechanical properties of the materials
processable by Polyjet. All the materials resist only low mechanical loads and cannot
withstand high temperatures. All this makes the industrial application of Polyjet parts
difficult and limits the application of Polyjet to design prototypes.
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Figure 2.11: Principle of Polyjet (based on [113]).

2.3.4 Fused Deposition Modeling

Fused Deposition Modeling (FDM) is based on the extrusion of a thermoplast string.
The thermoplast string is fed to an injector which heats the material up to a temperature
which is above glass transition but below melting point. Hence the material becomes
viscous and can be easily spread line per line where the layer has to be processed. After
the layer is built the build platform lowers according to the defined layer thickness. The
principle of FDM is depicted in Figure 2.12. Benefits of FDM are the low system costs
and the fact that the system is no more protected by a patent as the patent has fallen
a few years ago. This makes the system very interesting for scientists and hobbyists
as well as professional developers. Another advantage is the fact that the system
from today’s point of view is the only system which is able to process thermoplasts as
ABS and PC-ABS with interesting thermomechanical properties as needed in several
industrial branches, e.g. the automotive or aerospace industry. Disadvantages are the
high surface roughness and the low resolution.
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Figure 2.12: Principle of Fused Deposition Modelling (based on [113]).

2.3.5 Laminated Object Manufacturing

Laminated Object Manufacturing (LOM) is based on the stacking of paper sheets. A roll
of paper is guided over a build platform and a laser beam cuts out the contours of the
desired layer. Regions of paper which are not part of the desired layer are cross-hatched
in order to be removed later on. The cut out contour of paper which corresponds to
the manufactured layer is covered by an appropriate adhesive. Then the build platform
lowers according to the paper thickness and the paper roll advances. Hence LOM
is actually a hybrid technology combining subtractive and additive processes within
one technology. These steps are repeated until the part is complete [107]. Of course,
LOM-parts are only design parts and not resistant against heat, mechanical loads and
moisture. LOM-parts can be coloured as the paper can be coloured. The process can
be understood in Figure 2.13.
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Figure 2.13: Principle of Laminated Object Manufacturing (based on [107]).
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2.3.6 3D-Printing

3D-Printing (3DP) got developed at the MIT and commercialized by z-Corp. Further-
more, the term '3D-Printing’ is nowadays colloquially used for Additive Manufacturing.
3D-printing is a powder-based process. Similar to inkjet technology the powder particles
are bonded together using a polymeric binder fluid. As illutrated in Figure 2.14 the
’ink’ is the binder fluid whereas the 'paper’ is the powder bed. The binder is printed
on the powder bed according to the geometry of the layer. Thus powder particles are
glued together and a solid structure is created. After having processed the first layer
the powder bed is lowered according to the defined layer thickness and fresh powder is
deposited on the build platform by a wiper system which recoats the build platform
with fresh powder and smoothens the surface. Superfluous powder is contained. Then
the printing head applies the "ink" according to the geometry of the second layer. This
is repeated until the part is complete. 3D-Printing parts can be coloured as the binder
fluid can be coloured. In contrast to FDM or SLA, no support structures are neccessary
which reduces postprocessing effort. But the resolution is restricted to the powder
particle size. 3D-Printing parts cannot resist high mechanical loads as the bonding of
the particles by the binder is not very good. Postprocessing techniques, e.g. infiltration,
can improve the bonding of the powder particles and thus increase the mechanical
properties of the parts.
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Figure 2.14: Principle of 3D-Printing (based on [107] and [113]).

2.3.7 Selective Laser Sintering

The process of Selective Laser Sintering (SLS) is similar to 3D-Printing as powder
particles are bonded together. In contrast to 3DP, the particles are not bonded by
an adhesive but they are molten by laser energy (compare Figure 2.15). According
to Gebhardt [114] Selective Laser Sintering describes a process in which a powder
material, which is able to form a liquid phase is treated with laser radiation, leading to
surface-fusing of the powder particles. Usually with a C'Os-laser beam the contour and
area of each layer is scanned line per line. Thus the powder particles are molten and
fused together. After the first layer of the part is manufactured the build platform is
lowered according to the defined layer thickness and fresh powder is deposited on the
build platform using a wiper system which recoats the build platform and smoothens
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the surface. Superfluous powder is contained. Advantages of SLS are the high build
speed. Furthermore, the unsintered powder can be reused to a large degree. In order to
keep the quality of the parts constant, old powder is mixed up with a certain amount of
fresh powder. Although the system costs are high, this makes it a cost-efficient process.
This is also due to a low postprocessing effort. As the powder bed stabilizes the part
and its undercuts no support structures are needed. The parts have to be retrieved of
the "powder cake" and cleaned of powder rests. A disadvantage is the deformation of
parts due to thermal stresses. As the laser energy heatens the powder, the temperature
of the build platform is very high in the regions of the build platform where a large area
has to be scanned by the laser. In other regions of the build platform the temperature
is pretty low as only tiny structures need to be scanned by the laser. These temperature
differences in the build area lead to thermal stresses which cause deformations of the
parts as they overcome these stresses. Another disadvantage is that the resolution is
restricted to the powder particle size.
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Figure 2.15: Principle of Selective Laser Sintering (based on [113]).

2.3.8 Direct Laser Sintering

The Direct Laser Sintering (DLS) principle is similar to the one of Selective Laser
Sintering but DLS processes metal powders whereas SLS processes polymer powder
particles. In contrast to SLS, DLS needs support structures in order to allow the
conduction of heat from the part to the powder bed but not in order to support
undercuts, (compare Figure 2.16). In order to melt metal powder particles, much more
laser energy is, of course, necessary than melting polymer powder particles. This leads
to extremely high temperatures where the laser scans the powder bed surface and in a
further step causes very high thermal stresses. In order to reduce these thermal stresses,
the heat has to be conducted using support structures. DLS is a pretty expensive
technology since high laser energy is needed for melting the powder particles and the
postprocessing effort for removing the support structures is high. But in case of complex
geometries where the manufacturing of parts by conventional methods would need a
lot manufacturing steps, it has found a place in series production, especially in the
aerospace industry.
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Figure 2.16: Principle of Direct Laser Sintering.

2.3.9 Electron Beam Melting

Another possiblity to melt powder particles is melting them using an electron beam
instead of a laser beam. Electron Beam Melting (EBM) as illustrated in Figure 2.17
uses this possibility. The electron beam is managed by electromagnetic coils providing
extremely fast and accurate beam control that allows several melt pools to be built
simultaneously [115]. Hence EBM is faster than DLS but the system is more expensive
as well.

electron ——! _filament
beam
column
‘ ___astigmatism
lens
__focus lens
_-deflection
| ./ lens

powder
hopper

part

build
platform

Figure 2.17: Principle of Electron Beam Melting (based on [115]).
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2.4 Mould-based Rapid Manufacturing

In this thesis the term "mould-based rapid manufacturing (MBRM)" is used to describe
the manufacturing of parts based on cost-efficient moulding tools. This includes rapid
tooling where tools, tooling inserts and moulds are manufactured using AM. Two
kinds of rapid tooling can be dustinguished according to Gebhardt [94] : Indirect and
direct tooling. Examples for indirect tooling are Reaction Injection Moulding, Vacuum
Moulding and a related technology, NylonMold, commercialized by RPM Rapid Product
Manufacturing GmbH, Helmstedt, Germany. In case of direct rapid tooling, the tools,
tooling inserts and moulds are directly fabricated by AM, whereas in case of indirect
tooling only a prototype is manufactured by AM. This AM prototype is then moulded
by simple and economic casting mould materials, e.g. silicone. In case of mould-based
rapid manufacturing (MBRM) the moulding tools might either be manufactured by
indirect rapid tooling according to the definition of Gebhardt [94] or by moulding
cutters. How the mould is fabricated depends on the scale of the series which has to be
manufactured. For small scale series, silicon moulds which are manufactured based on
an AM proptype are preferred. Whereas for larger scale series milling of rigid foams
or even aluminia is preferred. As MBRM also offers the possiblity to fabricate parts
within a short period of time and in an economic manner for small number series, these
technologies might also be interesting for the validation of the automotive instrument
panel and centre console in an early stage of development. Furthermore, as they are
mould-based there are more similarities between the MBRM processes and injection
moulding than between AM and injection moulding. Hence in this research MBRM is
considered as well.

2.4.1 Reaction Injection Moulding

Reaction Injection Moulding (RIM) is based on filling a solid mould with two reactants
of polyurethane under 2 — 4 bars of pressure. By mixing the two components at high
temperatures a polymerization occurs and the two-component-material solidifies in
the mould (see Figure 2.18). The advantage of RIM is that no casting machine is
necessary. If an appropriate tool material is chosen, small scale series can also be
manufactured in an economic manner. The disadvantages are that the process is
restricted to polyurethane and its low realziable accuracy. There are limits in the
realizable wall thickness as well. Thin wall thicknesses cannot be realized by RIM.

mixing ratio

low pressure
reagent A reagent B

mixing head

Figure 2.18: Principle of Reaction Injection Moulding (based on [116]).
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2.4 Mould-based Rapid Manufacturing 26

2.4.2 Vacuum Moulding

In case of Vacuum Moulding (VM) the material, as the term indicates, is processed in a
vacuum and solidifies in the tool when it cools down. The principle of VM is displayed
in Figure 2.19.

{ wvacuum

Figure 2.19: Principle of Vacuum Moulding (based on [117]).

2.4.3 NylonMold

NylonMold is a process which is related to Reaction Injection Moulding (compare
Figure 2.20) but the materials processed differ as they have polyamide-like properties.
This is why the company RPM, which offers NylonMold, has chosen a name which
includes the term 'Nylon’ The result are parts which have thermomechanical properties
that exceed those of RIM and VM-parts made of polyurethane according to RPM
GmbH [118].

component & component B
{monomer) L {monomer)
+ - *
catalysator activator

| - conftrod unit
e = o
—{— mixing head

| toal

Figure 2.20: Principle of NylonMold (based on [118]).
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2.5 Investigated hardware tests for the validation of the automotive
interior

The possibility to calculate the properties of the series instrument panel and centre
console parts from the properties of the AM/ MBRM parts is investigated by two
hardware tests. Each is playing an important role in the automotive interior’s validation
by hardware tests: The measurement of stiffness representing quasistatic tests and the
pendulum impact test as a highly dynamic test. Hence for these types of tests the
capability for the application of AM/ MBRM parts in the validation of the automotive
instrument panel and centre console is investigated in this thesis.

2.5.1 Measurement of stiffness

Stiffness is an important factor, influencing the quality rating of the automotive interior.
The automotive interior’s functional parts should obtain a certain minimum stiffness in
a premium automobile in order to ensure a high quality as well as functionality of the
instrument panel’s and centre console’s parts. All this is important for a high customer
satisfaction. If parts fall of a certain minimum stiffness the quality of them is rated as
unsatisfactory to bad by the customer. Furthermore, a minimum stiffness is a key for
some parts with kinematic functions. Of course, a certain minimum stiffness is also
needed in order to keep mounting forces low which is important to ensure ergonomic
healthy working conditions of the workers in series production. Hence the stiffness of
the automotive interior has to be measured and validated. If in an early stage the
stiffness is too low at any measurement point of the automotive interior, the concept
has to be optimized by changing the CAD data. For example, adding cross-ties or other
geometrical structures can increase stiffness.

Stiffness is measured using an universal testing machine with certain indenters
(compare Figure 2.21). The appropriate indenter has to be chosen according to the
location of the measured parts in the automotive interior in order to map the loads
occurring during the automotive life cycle in the best manner. Parts which are in the
lower part of the instrument panel are probably more loaded by the knee or leg of the
occupant whereas parts in the upper part of the instrument panel and centre console
are more likely to be subjected to load by the occupant’s arms, elbows and hands.
Thus the chosen indenters differ and try to display the geometry of the body part. The
indenter progresses with a certain testing speed while force needed for the displacement
is measured. Thus stiffness is calculated as a ratio of the force to displacement. At each
measurement point a certain minimum stiffness has to be measured. If the measured
stiffness is below this minimum stiffness, the concept of the instrument panel has to be
changed geometrically until the measurement point obtains the minimum stiffness.

Figure 2.21: Measurement of stiffness at the instrumental board. Left: Overview
about measurement points. Right: One measurement point in detail.
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2.5.2 Pendulum impact test

The impact pendulum test is a test simulating the impact of the occupant’s head on
parts of the automotive interior in case of a crash. The positive result of the test is even
demanded by legislation. Hence the test is of special significance for a manufacturer
of automobiles. Based on biomechanic results there exists a value limit for the delay
of the passenger’s head as too high values of delay of the passenger’s head end lethal.
The measured deferment may not exceed the maximum value limits and with regards
to the occupant’s protection the parts may not fracture during the test. Based on the
test result, changes of the geometry of the interior parts can be implemented in order
to influence the behaviour of the parts in case of highly dynamic loads.

The impact pendulum test is based on a spherical mass of 6.8 kg with a diameter of
165 mm, the pendulum head, attached to a crank of lever of 795.5 mm length which
hits certain points of the instrument panel and centre console with a velocity which is
specified according to the standard (compare Figure 2.22). In the USA the standard is
FMVSS-201 [119] and in the European Union it is ECE-R21 [120]. In case of a gravity
pendulum the velocity needed can be set by choice to the initial position of the pendulum
according to the law of conservation of energy as the crank is not preaccelerated. But
there are also pendulums which are accelerated by a pneumatic/hydraulic accelerator.
These are usually able to induce higher energies. An electromechanical clutch opens
after impact and gets closed during the repercussion in order to ensure that the mass
hits the part only once. The velocity during the impact is measured by a measuring
tag in combination with a light barrier. Two accelerometers at the pendulum head
measure the acceleration. High speed cameras record the test.

Figure 2.22: Pendulums for pendulum impact tests. Left: Pneumatic pendulum.
Right: Gravity pendulum.
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3 Methods

As mentioned, this thesis aims at answering the question, if the behaviour of series
parts can be derived from the behaviour of AM and MBRM parts. The difference
between series parts’ properties and AM/ MBRM parts’ properties lies on the one
hand in different bulk material properties and on the other hand in differences in the
fabrication processes influencing the parts’ properties. Hence as a start the material
classes AM materials, MBRM materials and series injection moulding materials used in
automotive series were compared regarding thermomechanical material properties. The
thesis focuses on those thermomechanical properties which are significant in the tests
performed in the validation of the automotive interior. Then a method is proposed
which allows tailoring of mechanical properties of AM parts by voxel-based 3D-Printing.
Voxels of two materials with different stiffness were arranged according to certain
architectures on a microscale level. The first in this thesis investigated architecture
is a chess pattern and the second a brick-mortar pattern. After the most important
material properties of series injection moulding materials and AM, as well as MBRM
materials, were determined, parts’ properties got evaluated as a further step. As a lot of
tests exist in the validation of the automotive instrument panel and centre console, only
some of them could be considered in this thesis. Those were the stiffness measurement
representing the class of quasistatic tests and the pendulum impact test as a highly
dynamic test whose result is also relevant in case of crash scenarios. Both tests were
investigated, starting with the simple and ending with the complex. The results of the
material characterization and the tests at functional parts known from the validation
of instrument panel and centre console were compared.

3.1 Material tests

In this chapter the methods are explained which are used to compare the properties
of AM/ MBRM materials to series materials. The considered material tests are
standardized tests known from material science and technology.

3.1.1 Comparison of material properties: Series versus AM and MBRM parts

To keep the amount of work within reasonable boundaries, only the most important
thermomechanical properties for automotive applications were investigated in this work.
Due to the temperature range which is relevant for the instrument panel and centre
console, material properties have to be determined at temperatures between —30°C and
85°C. This thesis focuses on the most relevant thermomechanical properties like impact
strength, Young’s modulus, strain at break and tensile strength at low temperature
(LT = —30°C), room temperature (RT = 23°C) and high temperature (HT = 85°C).
After the exact values were obtained the mean value as well as the standard deviation
were calculated and visualized.

29
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3.1.1.1 Investigated materials

The AM technologies investigated in this work are: Polyjet (PJ), Stereolithography
(SLA), Selective Laser Sintering (SLS) and Fused Deposition Modelling (FDM) . The
AM materials selected for this research are: Durus White (PJ), Vero Clear (PJ), Accura
Xtreme (SLA), Somos Next (SLA), Somos 18420 (SLA), ABS-M30 (FDM), PC-ABS
(FDM), Ultem (FDM), Duraform EX (SLS), Duraform HST (SLS) and PA2221 (SLS).
As already mentioned in chapter 2.4, MBRM technologies offer the advantage that they
are more cost-effective than AM technologies in case of larger scale series [121]. Since
MBRM as well as series materials are not known to be anisotropic, only one build
orientation is investigated. This build orientation was chosen due to manufacturing
aspects in order to keep fabrication effort low. The MBRM technologies investigated in
this research were: Vacuum Moulding (VM), Reaction Injection Moulding (RIM) and a
related process, NylonMold. The MBRM materials considered here were: PX223 (VM),
PX226 (VM), PR751 (VM), 3602/3905 (RIM), 3603/3905 (RIM), NM27H (NylonMold)
and NM27H GF15 (NylonMold). As a comparison the AM and MBRM materials
were benchmarked against series injection moulding materials. Since PC-ABS plays an
important role in the automotive cockpit as a series material, several injection moulding
PC-ABS granulates were investigated. The investigated injection moulding PC-ABS
materials were summed up in one mean value displaying series PC-ABS.

In order to be able to evaluate how AM/ MBRM materials match other series
materials, the injection moulding materials Acrylontirile Butadiene Styrene (ABS),
with 20% glass fibres reinforced PC-ABS (PC-ABS GF20), modified Polyproylene (PP
TV), Polyamie 6 (PA6) and the with 15% glass fibres reinforced Polyamide 6 (PA6
GF15) were investigated as well. The material results are visualized by a combination
of bar chart and xy-plot. The bars represent the material properties of the investigated
AM and MBRM materials. In order to compare the thermomechanical properties of
these materials to the series PC-ABS’s properties the series materials’ mean value
is illustrated as a constant curve. The other investigated series injection moulding
materials are benchmarked against series PC-ABS analogously.

3.1.1.2 Tensile tests

In order to evaluate the anisotropy of the parts, AM specimens were built in different
build orientations. AM parts were built lying in the xy-plane in orientation YXZ
according to the standard ISO/ASTM 52921 [122] and, referring to that position,
rotated through 45° and 90° around the x-axis. In this thesis, the build orientation
lying in the x,y-plane is called X00Y00Z00, turned through 45° X45Y00Z00 and turned
through 90° X90Y00Z00.

For performing tensile tests, the standard DIN EN ISO 527-1 [123] was used. The
samples for the tensile tests were of type 1A according to the standard DIN EN ISO
20753 [124], see Figure 3.1. The tensile tests were performed with a testing speed of
5mm/min if the strain at break of the investigated material tested was expected to
be lower than 10% and with a testing speed of 50 mm/min if the expected value for
strain at break of the investigated material was higher than 10%. The tensile tests
were performed using a universal testing machine of Zwick & Roell, type 7Z250. All the
specimens were preloaded with 0.5 M Pa.
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Figure 3.1: Geometry of tensile test specimens according to the standard [123].

The specimens were built in the following build orientations (compare Figure 3.2):
e X00YO00Z0O0: Lying in the xy-plane.
e X45Y00Z00: Rotated through 45° around the x-axis.
e X90Y00Z0O0: Rotated through 90° around the x-axis.

For each set of parameters and each investigated build orientation a series of five
specimens was tested. After the exact value of each specimen was obtained the mean
value was calculated for each material. The tensile tests were performed at low, room
and high temperature as already mentioned in section 3.1.1.

Figure 3.2: Investigated build orientations of tensile test specimens.
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3.1 Material tests 32

3.1.1.3 Impact bending tests

Impact strength got determined according to Charpy on the unnotched standard test
sample (building block with the geometry 80 mm x 10 mm x 4mm) in the edgewise
impact direction (compare Figure 3.3) with respect to the standard DIN EN ISO
179 [125] using a pendulum impact tester of Zwick and Roell, type HIT 50 P.

3 —_— - 1: direction of lay
iy 1 2: pendulum rod
|
I ] ‘ 3. specimen
4 1 W 4: abutment

Figure 3.3: Position of impact bending specimens during testing. A schematic (left)
and a foto (right) of the experimental setting [125].

In order to evaluate the anisotropy of the AM parts, specimens were built in the
following build orientations (compare Figure 3.4):

e X00YO00Z0O0: Lying in the xy-plane.
e X45Y00Z00: Rotated by 45° around the x-axis.
e X90Y00Z00: Rotated by 90° around the x-axis.

For each set of parameters and each investigated build orientation illustrated in Figure
3.4 a series of ten specimens was tested. After the exact value of each specimen was
obtained the mean value was calculated. The pendulum energy was chosen respecting
the varying toughness of the materials, see Table 3.1 for AM , Table 3.2 for MBRM
and Table 3.3 for series injection moulding materials.

Xa0¥00Z00

XASYODZOD

X00Y00Z00

AN

Figure 3.4: Investigated build orientations of impact bending test specimens.
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Table 3.1: Pendulum energies used for the investigation of AM materials’ impact

strengths.

Type of Material

Build Orientation

Pendulum Energy [J]

Durus White

X00Y00Z00

X45Y00Z00

X90Y00Z00

Vero Clear

X00Y00Z00

X45Y00Z00

X90Y00Z00

ABS-M30

X00Y00Z00

X45Y00Z00

X90Y00Z00

PC-ABS

X00Y00Z00

X45Y00Z00

X90Y00Z00

Accura Xtreme

X00Y00Z00

X45Y00Z00

X90Y00Z00

Somos 18420

X00Y00Z00

X45Y00Z00

X90Y00Z00

Somos Next

X00Y00Z00

X45Y00Z00

X90Y00Z00

R S NN N O e NN NN NN NN

Duraform EX

X00Y00Z00

—_
(@)

X45Y00Z00

X90Y00Z00

Duraform HST

X00Y00Z00

X45Y00Z00

X90Y00Z00

PA2221

X00Y00Z00

X45Y00Z00

X90Y00Z00

DO DO | = = = |

Table 3.2: Pendulum energies used for the investigation of MBRM materials’ impact

strengths.

Type of Material

Pendulum Energy [J]

3602/3905

3602/3905

PX223

PX226

PR751

DN NN

NM27H

NM27H GF15
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3.1 Material tests 34

Table 3.3: Pendulum energies used for the investigation of series materials’ impact
strengths.

Type of Material | Pendulum Energy [J]
PC-ABS 15
ABS 15
PC-ABS GF20 2
PP TV 7.5
PAG6 25
PA6 GF15 25

As a comparison the AM and MBRM materials were benchmarked against series
injection moulding materials. Since PC-ABS plays an important role in the automotive
cockpit as a series material, several injection moulding PC-ABS granulates were
investigated. The investigated PC-ABS materials were summed up in one mean
value displaying series PC-ABS. Each series materials’ property summarized in a mean
value was compared to the properties of the AM and MBRM materials.

In order to get an idea about the impact strength of other series injection moulding
materials Acrylonitrile Butadiene Styrene (ABS), PC-ABS reinforced with 20% glass
fiber (PC-ABS GF 20), Polyamide 6 (PA6), PA 6 reinforced with 15% glass fiber (PA
6 GF15), modified Polypropylene (PP TV) were investigated as well. These series
injection moulding materials were benchmarked against series PC-ABS by visualizing
the impact strength of series PC-ABS as a constant line and the impact strengths of
other series injection moulding materials as bars.

3.1.1.4 Fractography of impact bending specimens

Fracture surfaces of selected impact bending specimens were investigated by scanning
electron microscopy (SEM) in order to characterize fracture surfaces as well as failure
mechanisms. For SEM the specimens were not specially prepared and a scanning
electron microscope type XL 30 SEM of Philips with an accelerating voltage of 15 kV
was used. The specimens had to be sputtered with gold.

3.1.1.5 Dynamic-Mechanical Analysis

For the investigation of the temperature dependence of elastic properties Dynamic
Mechanical Analysis (DMA) was utilized with the aim to be able to explain the
high temperature behaviour of the tensile and impact bending test specimens. For
these investigations a DMA 2980 Dynamic Mechanical Analysis and testing software
Universal Analysis2000 from TA instruments were used. A temperature range between
—40°C and 95°C was evaluated. The chosen heating rate was 3°C per minute. The
chosen amplitude was 70 um at a frequency of 1 Hz. All the samples were preloaded
with 0.05 N. To keep effort within resonable boundaries AM parts were investigated only
in one build orientation, X00Y00Z00 (see Figure 3.4). The geometry of the specimens
were chosen analogously to the impact bending tests described in section 3.1.1.3. As
these specimens were slightly too long for the utilized DMA testing apparatus the
specimens were shortened by 15mm using a saw.
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3.1 Material tests 35

3.1.2 Tuning material properties of AM parts by voxel-based 3D-Printing

There are properties, e.g. tensile strength at low, room and high temperatures, where
AM parts are similar to PC-ABS-parts fabricated by injection moulding [15]. Further-
more, several AM materials have a Young’s modulus and stiffness at room temperature
comparable to series PC-ABS [126]. Nevertheless, there are still some limitations of
AM parts. For example, AM parts are known to be not as impact resistant as injection
moulded PC-ABS [16]. Hence the application of AM parts is restricted from today’s
point of view. In order to make AM more appealing for automotive applications there
is a search for possibilities to produce AM parts with higher impact strength than AM
parts already available on the market. In this thesis a hard and stiff material A with
Shore hardness D86, VeroWhite Plus, was combined with a soft, elastomer-like material
B characterized by Shore hardness A27, TangoBlack Plus, on a microscale level in order
to raise impact strength of AM parts. In this thesis two models were proposed in order
to investigate the influence of the hierarchical structure on a microscale level on the
material properties at macroscale level:

e Chess pattern model
¢ Brick-mortar model

In both models the two investigated materials of different mechanical properties were
arranged in a voxel-based manner in order to positively influence the fracture toughness
of the resulting compound [127].

3.1.2.1 Chess pattern model

In order to manufacture 3D-printed parts based on a combination of two materials on
a microscale level an AM system had to be used which is able to process two materials
with different properties within one layer at high resolution. From today’s point of
view only one commercialized AM technology is suitable for this task: Polyjet. Thus a
Objet500 Connex of Stratasys Ltd., Billerica, MA, USA, which is based on the principle
of inkjetting and photocuring one or multiple photopolymers, was used in order to tune
material properties by combining a hard and stiff, and a soft, elastomer-like material.

3.1.2.1.1 Manufacturing of BMVC-parts with chess pattern All the parts investigated
in this research were built using an Objet500 Connex in digital mode. Each material,
located in cartridges, is funnelled through a liquid system connected to the printing
heads. Each of the eight printing heads contains 96 nozzles with a 50 ym diameter.
Four printing heads deposit the support material, whereas of the other four printing
heads two deposit the first build material, material A, and two the other build material,
material B. The printing heads are followed by an UV light that immediately cures
the printed material allowing new layers to be printed in short sequences. According
to the recommendation of Dimas et al. two materials with a stiffness ratio as high as
possible were used [82]. Hence as hard component A, the stiffest material processable
by Polyjet technology, VeroWhite Plus (Shore hardness D86), was chosen whereas as
elastomer-like component B the Polyjet material with the lowest stiffness was used,
TangoBlack Plus (Shore hardness A27).

As Fratzl et al. have shown, the toughness of a layered compound part can be
improved if layers of material A are stacked in combination with layers of material
B [128]. For this work an isotropic model is preferred which combines the two materials
on a microscopic level in a voxel-based manner. Following this idea, the individual
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voxels were arranged according to a chess pattern [129]. The component with the
large elastic modulus is responsible for giving the compound a stiff and hard structure
and the second component with the low elastic modulus acts as an elastomer-like
material allowing an increase in impact strength of the final bi-material voxel compound
(BMVC). These two types of materials were aligned alternatingly by aligning voxels of
material A and B of a certain voxel edge length (a) (compare Figure 3.5). By varying
voxel edge length on a microscale level the influence of voxel edge length on the impact
strength and tensile properties of the part on a macroscale level was investigated.

Basis for printing two-component-parts with the utilized AM technology (Polyjet)
were STL files containing the information which geometries had to be printed by
material A and which by material B. In order to keep preprocessing effort low, STL files
of parts based on voxels of a certain voxel edge length were created in an automated
manner using tesselation. Thus each cuboid building block is composed of 12 triangles.
Then an ASCII-STL data file was generated which was converted in a binary-STL file
in order to keep data volume low. Since Objet500 Connex cannot deal with large data
volumes, the file size had to be kept as low as possible. The result is a STL file as
it is visualized in Figure 3.6 for impact bending test specimens. Such STL files got
transferred to the Connex 500 and the voxel-compound was manufactured. For the
manufacturing process the digital mode was used which corresponds to a layer thickness
of 16 um.

kJ

o

D voxel of material A, characterized by edge length a

B \oxel of material B, characterized by edge length a

Figure 3.5: Model of the voxel-based arrangement of two materials in case of the bima-
terial voxel compound.

3.1.2.1.2 Investigated edge lengths and their influence on impact strength Voxels with
edge length (a) made of material A and material B were aligned according to a chess
pattern as illustrated in Figure 3.5. The resulting impact bending test specimens were
positioned on the build platform as it is illustrated in Figure 3.6. Hence they were built
as it is illustrated in case of a BMVC with voxel edge length of 1000 um. Values for
Charpy impact strength (unnotched) were determined according to the standard DIN
EN ISO 179 [125] in the edgewise direction (compare Figure 3.3) using a pendulum
impact tester of Zwick and Roell, type HIT 50 P, at room temperature (23°C). The
specimens were building blocks of an area of 80mm x 10 mm with 4 mm height. For
each set of parameters and material a series of ten specimens was tested. After the
exact value for each specimen was obtained, the mean value as well as the standard
deviation was calculated and visualized. In order to investigate the influence of voxel
edge lengths on the impact strength, parts were fabricated with different voxel edge
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3.1 Material tests 37

Figure 3.6: STL file (above) and investigated impact bending test specimen (below) of
the BMVC with a voxel edge length of 1000 ym where light colour represents material A
and dark colour material B.

lengths being 250 um, 300 pm, 350 pm, 400 pum, 450 pwm, 600 pum, 800 wm and 1000 pum.
The mono-material samples of VeroWhite Plus were tested using a pendulum energy
of 1.0 J whereas the mono-material samples of TangoBlack Plus were tested with a
pendulum energy of 0.5 J and the BMVC parts with a pendulum energy of 5.0 J taking
into account the varying toughness of the materials.

3.1.2.1.3 Fractography of BMVC specimens Fracture surfaces of selected specimens
were investigated by scanning electron microscopy (SEM) in order to characterize
fracture surfaces as well as failure mechanisms. For SEM the specimens were not
specially prepared and a scanning electron microscope type Quanta FEG 650 of FEI
with an accelerating voltage of 1 kV was used.

3.1.2.1.4 Elastic properties of the voxel-compound As a starting point for analysing
elastic properties of BMVC specimens, mono-material samples made of material A,
VeroWhite Plus, and material B, TangoBlack Plus, were analysed using tensile tests
which were performed according to standard DIN EN ISO 53504 [44] at room tempera-
ture. The geometry of the tensile test specimens were of type S2 which is depicted
in Figure 3.7. A deformation rate of 200 mm/min and a pretension of 0.005 M Pa
were chosen to perform the tensile tests. All the tensile tests were performed using an
universal testing machine type Z005 of Zwick & Roell with their software testexpertl.
Of each material type five specimens were built lying in orientation XYZ according to
the standard ISO ASTM 52921 [122] as illustrated in Figure 3.8 for a BMVC-part with
voxel edge length (a) of 600 pm.

The mean values for strain at break as well as tensile strength for both materials,
VeroWhite Plus and TangoBlack Plus, were calculated based on the results of a series
of five specimens. Then the corresponding stress-strain curves were plotted. In order to
investigate how tensile properties of the BMVC are affected by the voxel edge length,
BMVC parts with a voxel edge length of 300 pum, 400 pm, 600 pm, 800 pm and 1000 pm
were investigated as well and compared to the mono-material samples, VeroWhite Plus
(Figure 3.9) and TangoBlack Plus (Figure 3.10). For each voxel edge length a series
of five BMVC specimens was investigated. These five BMVC tensile test specimens
were built lying in the x,y-plane (compare Figure 3.8). Analogue to the mono-material
specimens the mean values were calculated and the stress-strain function plotted. After
having plotted the stress-strain functions of each type of BMVC the elastic area and
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the plastic area of the stress-strain function were interpolated linearly. Hence of each
type of BMVC two interpolations were gained. One for the description of the elastic
area and one for the description of the plastic area. The equations of each interpolation
were compared.

75

g

2 +-0.200

25

Figure 3.7: Geometry of the investigated tensile test specimens. The geometry is
based on the standard DIN EN ISO 53204 [130].

Figure 3.8: Tensile test sample with voxel edge length of 600 um: STL file (above) and
specimen investigated (below).

Figure 3.9: Tensile test specimen of pure material A, VeroWhite Plus.

=T

Figure 3.10: Tensile test specimen of pure material B, TangoBlack Plus.
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3.1.2.1.5 Dynamic-Mechanical Analysis For the investigation of the temperature de-
pendence of elastic properties the Dynamic Mechanical Analysis (DMA) was utilized
and mono-material samples (VeroWhite Plus and TangoBlack Plus) were compared
to BMVC samples exhibiting the largest impact strength. A DMA 2980 Dynamic
Mechanical Analysis and testing software UniversalAnalysis2000 from TA instruments
was used for these investigations. A temperature range between —40°C and 95°C
was evaluated. The chosen heating rate was 3°C per minute. The chosen amplitude
was 70 um at a frequency of 1 Hz. All the samples were preloaded with 0.05 N. The
geometry and build orientation of the specimens were chosen analogously to the impact
bending tests described in section 3.1.2.1.2. As these specimens were slightly too long
for the utilized DMA testing apparatus the specimens were shortened by 15 mm using
a saw.

3.1.2.2 Brick-mortar model

Sen, Dimas and Buehler investigated several two-hierarchy structures based on a
particle-reinforced composite [81,83]:

o A bone-like structure where the matrix was made of a soft material and the
particles of a stiff material.

o A biocalcite structure where the matrix was made of a stiff material and the
particles of a soft material.

Dimas et al. investigated a rotated bone-like structure as well [82]. Their results
and a comparison of these structures showed that the bone-like structure is the most
favorable structure regarding fracture behaviour and resistance. This is why in this
thesis besides the BMVC-samples with chess pattern, specimens with a bone-like
structure are 3D-printed as well and their thermomechanical properties investigated.

3.1.2.2.1 Manufacturing of BMVC with brick-mortar pattern In contrast to the voxel-
based model where the two materials, a stiff material A and an elastomer-like material
B, are aligned alternatingly, the bone-like specimens are particle-reinforced composites
similar to a brick-mortar wall. The ’bricks’ are made of the stiff material whereas
the 'mortar’ is made of the elastomer-like material (compare Figure 3.11). Here the
specimens with the brick-mortar-pattern are called 'Brick-Mortar’ (BriMo) specimens
in the following. For each material a STL file was generated analogeously to the BMVC-
parts with chess pattern and transferred to the Objet500 Connex. The specimens were
manufactured in digital mode. One component, material A, representing the ’bricks’,
was hard and stiff with Shore hardness D86. The other component processed, material
B, representing the 'mortar’, was elastomer-like characterized by Shore hardness A27.
According to the recommendation of Dimas and his colleagues two materials with a
stiffness ratio as high as possible were used [82]. Hence as hard component A, the stiffest
material processable by Polyjet technology, VeroWhite Plus, was chosen whereas as
elastomer-like component B, the Polyjet-material with the lowest stiffness, TangoBlack
Plus, was used [82].

According to Figure 3.11 the parameters which had to be set were length of the
brick (), length of the mortar (,,), height of the brick (hs), height of the mortar (h,,),
width of the brick (¢;) and width of the mortar (¢,,). Investigating several sets of these
parameters under the condition of same volume ratio of material A and B the influence
of the pattern on impact strength is investigated.
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.= length of mortar
|, = length of brick

h, = height of brick
h.. = height of mortar
t. = depth of brick

t, = depth of mortar

Figure 3.11: Brick-mortar model with "bricks’ made of the stiff material and mortar
made of the elastomer-like material. The structures ’brick’ and 'mortar’ are influenced
by the values for ly, l,,, tp, tm, hy and hy,.

In order to facilitate the nomenclature the sets of parameters were enumerated (see
Table 3.4 and Table 3.5). In order to keep volume distribution of material A and
material B constant always two geometrical parameters (Iy, lyn, hp, b, tp and t,,) need
to be changed. Hence the influence of the hierarchical microstructure on mechanical
properties could be determined as volume ratio was kept constant. In order to facilitate
the nomenclature the sets of parameters were enumerated. The parameters of the first
chosen set of parameters (set of parameters 1) is the reference and all the other sets of
parameters were standardized to this reference set of parameters.

The sets of parameters 1 to 9 led to a volume fraction of material A to B of 50:50
(see Table 3.4). Set of parameters 8 differs slightly regarding volume distribution of the
two materials as it is characterized by a 51:49 instead of a 50:50 distribution. With set
of parameters 8 the aim was persuaded to investigate the influence of brick length ()
on impact strength. In order to keep the five geometrical parameters ., hy, hm, to, tm

Table 3.4: Overview about the investigated sets of parameters of a volume ratio of
material A to material B of 50:50 with indication of the pendulum energy used for
impact bending tests.

Number of Iy I hy | hm t tm | Pendulum
Set of Parameters Energy [J]
1 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 4
2 0.5 0.5 1.0 1.0 1.0 1.0 2
3 05| 05| 08075 1.0| 1.0 2
4 0.5 0.5 1.2 1.2 1.0 1.0 1
5 1.0 1.0| 08075 | 1.0| 1.0 2
6 1.0 1.0| 1.2 ]1.15| 1.0| 1.0 5
7 20| 10| 12| 14| 10| 1.0 2
8 10| 04| 04| 04| 04| 04 5
9 20| 04| 04| 04| 04| 04 5
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Table 3.5: Overview about the investigated sets of parameters of a volume ratio of
material A to material B of 46:54 with indication of the pendulum energy used for
impact bending tests.

Number of Iy I, hy | hm tp tm | Pendulum
Set of Parameters Energy [J]
10 0.5 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 5
11 1.0 1.0 1.0 | 1.35 1.0 1.0 5
12 1.0 2.0 1.0 1.0 1.0 1.0 5)
13 1.0 1.0 0.8 1.0 1.0 1.0 4
14 0.5 1.0 1.2 | 1.15 1.0 1.0 5
15 2.0 1.0 0.8 | 1.15 1.0 1.0 2
16 0.225 0.5 0.9 0.5 0.4 0.5 4

constant the volume fraction had to be slightly changed in case of set of parameters 8.
The sets of parameters 10 to 16 led to a volume fraction of material A to material B of
46:54 (see Table 3.5).

As the sets of parameters 10 to 16 differ from sets of parameters 1 to 9 regarding
volume distribution the influence of volume fraction on impact strength could be
investigated as well.

3.1.2.2.2 Influence of geometrical parameters on impact strength ’Bricks’ of material
A (VeroWhite Plus) and 'mortar’ (TangoBlack Plus) of material B were aligned
according to a brick-mortar pattern as illustrated in Figure 3.11. Values for Charpy
impact strength (unnotched) were determined according to the standard DIN EN ISO
179 [125] using a pendulum impact tester of Zwick and Roell, type HIT 50 P, at room
temperature (23°C ). The pendulum energy was chosen taking into account the varying
toughness of the composites. The used pendulum energies are listed in Table 3.4 and
Table 3.5. For impact bending tests the specimens (building blocks with a volume of
80mm x 10mm x 4mm) got positioned as indicated in Figure 3.3. All the specimens
were built lying in the xy-plane in build orientation XZY according to the standard
ISO/ASTM 52921 [122] as it is illustrated in Figure 3.11. For each set of parameters a
series of ten specimens was tested. After the exact value of each specimen was obtained
the mean value of impact strength was calculated.

3.1.2.2.3 Fracture surfaces of BriMo-specimens Fracture surfaces of selected specimens
were investigated by scanning electron microscopy (SEM) and stereo microscope in
order to characterize fracture surfaces as well as failure mechanisms. For SEM the
specimens were not specially prepared and a scanning electron microscope type Quanta
FEG 650 of FEI with an accelerating voltage of 1 £V was used. The stereo microscope
was a Leika M205 A with an integrated camera system Leika DFC 450. Overview
photographs of the fracture surface were taken using a Canon EOS 6000.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You

3.2 Tests of functional parts 42

3.2 Tests of functional parts

In this chapter the methods are explained which are used to compare the properties of
AM/ MBRM parts to series parts. The considered tests, measurement of stiffness and
pendulum impact tests are known from validation of the automotive interior.

3.2.1 Measurement of stiffness

As already mentioned, this thesis focuses on the investigation of the capabilities using
prototypes to predict series parts’ properties for the validation of interior parts in an
early stage of the automotive development, when series parts are not yet available.
Hence as a further step, parts’ properties had to be investigated. This chapter is
dedicated to the stiffness of parts. In order to facilitate the nomenclature, AM and
MBRM parts are summarized in the term ’pre-series functional prototypes (PSFP)’ for
discussing the methods and results of stiffness measurements.

As from theoretical point of view there is a correlation between Young’s modulus
and stiffness it might sound trivial. But it is not clear if this correlation is also valid for
the complex assemblies of the automotive interior. In the automotive interior several
parts are assembled by welding, screwing and clipping to instrumental panels or centre
consoles. From today’s point of view it is not clear if the comparison of Young’s modulus
of AM/ MBRM materials and series material allows a prognosis of the stiffness ratio
for that complex assemblies.

If the correlation between stiffness and Young’s modulus is also valid for interior’s
parts the stiffness of a series centre console and instrument panel can be predicted based
on the stiffness of a PSFP centre console or instrument panel. Hence the validation of
series centre consoles and instrument panels could be performed on PSFP parts in an
early stage of development when series tools are not yet available.

In this thesis this is investigated for a small assembly, the storage compartment
which consists of a lid and a case, and a large assembly, the decorative panel which is
incorporated in the instrument panel by four clips.

3.2.1.1 Correlation between Young's modulus and stiffness

According to Wagner the correlation between Young’s modulus and stiffness could
be used for the prognosis of stiffness in case of simple single parts of the automotive
interior [76]. In this research the correlation of Young’s modulus and stiffness is used
as well. It is investigated if this correlation between Young’s modulus and stiffness can
be used for the prognosis of stiffness in case of complex assemblies of the automotive
interior.

From applied mechanics the correlation can be derived from the following formulas.
As stiffness of the investigated part (k) is determined by the ratio of force (F) and
displacement (s), it can be written:

k=— 1
. (3.1)

with:

F : Force, [F]=N

k : Stiffness, [k] = 2=

s : Displacement, [s] = mm.
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As this is the incline of the graph in the force-displacement diagram, an area has to
be defined where the stiffness has to be determined. In case of a simple shape, e.g. a
bending beam, a relationship between the force the part is loaded with and the resulting
deflection can be found. With respect to Young’s modulus (E) and the second moment
of area (I) this proportionality can be written for a bending beam arbitrarily mounted
according to basic laws of applied mechanics:

F
S T (3.2)
with:
F : Force, [F]= N.
E : Young’s modulus, [E] = M Pa.
s : Displacement, [s] = mm.
I : Second moment of area, [I] = mm?*.

Thus the part’s stiffness depends linearly on the material’s stiffness (E) as well as the
geometric stiffness (I):

ko E-1 (3.3)

It is easy to calculate the second moment of area analytically for simple shapes. In
contrast to that, calculating the second moment of area is a sophisticated task for
complex three-dimensional parts. Based on the measured results for stiffness of the
parts, a substitute for the real second moment of area was defined. This substitute can
be calculated based on the Young’s modulus as well as the part’s stiffness measured for
the PSFP part according to:

Ipspp = ZPSFP (3.4)
PSFP
with:
Ipsrp : Second moment of area of pre-series functional part, [Ipsrp] = mm?*.
kpsrp : Stiffness of pre-series functional part, [kpsrp] = propml
Epsrp : Young’s modulus of pre-series functional part’s material,

[Epspp] = MPa.

This is only valid with respect to a certain loading case as well as a certain mounting.
These conditions are fulfilled for the stiffness measurement of the hereby investigated
compartment. Thus PSFP part’s stiffness can be defined as:

kpsrp = Epsrp - Ipsrp (3.5)

Of course, this formula can be used for series part’s stiffness, too:

kse’ries = Eseries ’ Iseries (36)
with:
Lseries : Second moment of area of series part, [Iserics] = mm?.
kseries : Stiffness of series part, [kseries| = %
Eseries : Young’s modulus of series part’s material, [Eseries] = M Pa.
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As all the parts have the same geometry it can be stated:

IPSFP = Iseries (37)
This leads to:

kpsrp _ Kseries
EP,S'FP Eseries

(3.8)

kpsrp _ Epsrp (3.9)

kseries Eseries
Thus there must be a correlation between Young’s modulus and stiffness. From
theoretical point of view that means: The more Young’s modulus of the PSFP part is
similar to Young’s modulus of the series part, the more the stiffness of the PSFP part
approximates the stiffness of the series part and vice versa.
In the automotive interior several parts are combined to complex assemblies, e.g.
centre console and instrument panel. Several single parts are connected by various
methods such as different connecting elements, e.g. different types of clips, screws,
or manufacturing processes such as welding, conglutination. In the validation of the
automotive interior the stiffness of whole assemblies such as centre consoles or instrument
panels is measured at several measurement points. The stiffness of a measurement point
positioned on a single part which is connected to neighbouring parts in such an assembly
is not only influenced by the geometry of the single part and the Young’s modulus of the
series material the part is made of. Depending of the exact position of the measurement
point the stiffness is highly influenced by the stiffness of the surrounding part and the
type of connecting element. Hence in this thesis it has to be investigated how the
correlation between stiffness and Young’s modulus can be used for the prediction of
stiffness of such complex assemblies.

3.2.1.2 Stiffness of the storage compartment

As it was already proven by Wagner, the correlation between Young’s modulus and
stiffness can be used in order to predict the stiffness of a series part with simple and
flat two-dimensional’ part, e.g. an adapter of the centerspeaker and the case of an
ashtray [76]. If this correlation can also be used to predict the stiffness of complexer
parts or even assemblies, consisting of several functional parts and assemblied by various
connecting elements this is herewith investigated. Hence first of all, the stiffness of a
simple assembly, a storage compartment of the automotive instrument panel on the
driver’s side composed of two single parts, were investigated.

3.2.1.2.1 Investigated materials In order to keep the work of this research within
reasonable boundaries, a focus was placed on a few of the numerable processes and
materials of the AM market: Selective Laser Sintering (SLS), Stereolithography (SLA)
and Fused Deposition Modelling (FDM). The investigated AM materials are: PA2221
(SLS), Duraform EX (SLS), Ultem (FDM) and Somos Next (SLA). As shown in a
previous paper there are also interesting MBRM technologies which have the advantage
to be more cost-efficient in case of larger scale series [15]. Hence Vacuum Molding (VM)
and NylonMold (NylonMold) materials were investigated as well: PX223 (VM) and
NM27H (NylonMold).
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3.2.1.2.2 Values of Young's modulus for the comparison with stiffness of the storage com-
partment As during the stiffness measurement the specimens are bent, tensile Young’s
modulus determined by tensile tests described in chapter 3.1.1.2 is not appropriate
to prove whether there exists a correlation between part’s stiffness and material’s
Young’s modulus. Thus the values for Young’s modulus of each investigated material
measured by three-point-bending tests were needed. Hence three-point-bending tests
were performed for each material. A series of three three-point-bending test specimens
was investigated for each material and build orientation and the mean value of the
Young’s modulus was calculated. Three-point-bending tests were performed according
to DIN EN ISO 178 [131] using an universal testing machine of Zwick & Roell, type
7250, in combination with the test software testexpert2. The parts were tested until a
strain of 3.5% was recorded. Then the measurement was stopped. Hence the parts were
not tested to break. The specimens (building blocks of 80 mm x 10 mm x 4mm) were
preloaded with 2 N and tested with a testing speed of 2mm/min. For the three-point
bending specimens of AM materials again the three build orientations were investigated
(compare Figure 3.4):

e X00YO00Z0O0: Lying in the xy-plane.
e X45Y00Z00: Turned through 45° around the x-axis.
e X90Y00Z00: Turned through 90° around the x-axis.

Thus three specimens were tested lying in the xy-plane, as well as three specimens which
were turned around 45° and 90° around the x-axis. The AM storage compartments
were built only in one build orientation according to Figure 3.12.

Figure 3.12: Build orientation of the storage compartment.

For the comparison only the mean value of the modulus of elasticity of the investigated
nine specimens (3x X00Y00Z00, 3x X45Y00Z00 and 3x X90Y00Z00) was used. Of
course, the material properties of MBRM and series materials are independent of the
build orientation. Consequently, for those two material classes only one build orientation
was investigated. Thus the mean value was calculated based only on the properties of
three specimens (3x X00Y00Z00). As the storage compartment is a three-dimensional
part none of the measurement points can be clearly categorized to one of the three build
orientations mentioned. Hence the mean value of all the build orientations investigated
is used for this research. Again the value for Young’s modulus of each material was
divided by the value of Young’s modulus of the series material. This ratio was compared
to the stiffness ratios calculated above. The more the Young’s modulus ratio is similar
to the stiffness ratio the more the assumption was validated that a similar Young’s
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modulus of a PSFP material indicates a similar stiffness of the PSFP if PSFP are
compared to series.

3.2.1.2.3 Measurement of stiffness of the storage compartment For this research the
storage compartment of the automotive instrument panel on the driver’s side was
manufactured of several AM and MBRM materials. These were compared to the series
storage compartment. As it is known, AM leads to more or less anisotropic parts. In
order to take into account this anisotropy, it was ensured that all the investigated
AM storage compartments, were built in the same build orientation. The examples of
the storage compartment were built lying in the xy-plane as depicted in Figure 3.12.
The lid was orientated according to the case in closed position (see Figure 3.12). The
stiffness of the investigated storage compartments was measured at four measurement
points (MP) defined according to Figures 3.13, 3.14 and 3.15. In Figure 3.15 the loading
direction is illustrated by arrows as well.

MP 4
e o 8 s o [

MP 3

Figure 3.13: Top view of the storage compartment with measurement points MP 1
and MP4.

Figure 3.14: Side view of the storage compartment with measurement point MP3.
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Figure 3.15: Overview of the storage compartment with measurement points MP 1 to
MP4.

The first measurement point was chosen to be on the case of the storage compartment
whereas the second, third and fourth measurement points are located on the storage
compartment’s lid.

The stiffness was determined by the ratio of force to the way the indenter progresses
due to the bending of the part. For the measurement of stiffness values at MP 1,
MP 2, MP 3 and MP 4 an universal testing machine of Zwick & Roell of type Z010
and the testing software testexpertl were used. To be able to measure the stiffness
of the mentioned measurement point, the storage compartment had to be fixed in an
appropriate test rig. This test rig was constructed with respect to the geometry of the
connecting points of the storage compartment and the instrument panel in series. For
measuring the compartment’s stiffness at the measurement points MP 1 and MP 2, a
cylindrical indenter with a spherical tip and a diameter of 30 mm was used, whereas a
rectangular indenter of area 30 mm x 45mm was used for measuring the stiffness at
the measurement points MP 3 and MP 4. The cylindrical indenter with its round tip
would have slipped off during the stiffness measurement at the measurement points MP
3 and MP 4. The experimental setting is depicted in Figure 3.16. Before measuring the
stiffness we loaded the parts with 1 N. The testing speed was chosen to be 100 mm/min.
The measurement was halted when 150 N were reached. The stiffness was calculated
between a force of 5 N and 145 N. As the investigated storage compartment consists
mainly of a lid and a case three types of assemblies at the measurement points described
above which were compared to the raw (no flocking, no coating, no attaching parts)
series assembly composed of a raw series lid and a raw series case were investigated:

o In case of the first assembly series lid as well as series case was replaced by the
PSFP case and lid.

o In case of the second assembly series case was replaced by the PSFP case and
combined with series lid.

e For the third assembly series lid was replaced by the PSFP lid and combined
with series case.

The three types of assemblies were compared to the series assembly (lid=series;
case=series). Of each setting three specimens were investigated in order to have
statistics included. First of all, the mean values of the measured values of stiffness of
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each measurement point for each setting was calculated. Thus one value of stiffness
was obtained for each investigated measurement point (MP 1, MP 2, MP 3 and MP
4) and each AM and MBRM material and each setting (lid=PSFP and case=PSFP;
lid=series and case=PSFP; lid=PSFP and case=series) was obtained. The values for
stiffness were compared to values of stiffness of the series assembly for each of the four
investigated measurement points by dividing the stiffness of the PSFP assembly by the
series assembly’s stiffness. The closer the ratio is to 1, the more the PSFP assembly
represents the stiffness of the series assembly. Consequently, the closer this ratio is to
1, the more appropriate the PSFP material is for the hardware validation in an early
stage of development when series parts are not yet available but an information about
the stiffness of the concept is needed.

Figure 3.16: The experimental setting of the stiffness measurement at the storage
compartment in case of the second assembly of Ultem. Left: Measurement point 1.
Right: Measurement point 3.

3.2.1.3 Stiffness of the decorative part in the instrument panel

As a further step, a complex assembly, a whole automotive instrument panel, was
investigated. After having measured the stiffness of the series decorative part, the
series decorative part, was replaced by decorative parts made of AM and MBRM
materials. Then the stiffness of the various decorative parts incorporated in the series
instrument panel were compared and the correlation between Young’s modulus and
stiffness explored. Hence the PSFP assembly (AM/ MBRM decorative part integrated
in series instrument panel) was compared with a series assembly (series decorative
part integrated in series instrument panel). The stiffness of the PSFP assembly was
standardized to the stiffness of series assembly and compared to the ratio of Young’s
modulus of the PSFP material and the series material in order to investigate if Equation
(3.9) is also valid for such an assembly. The question which has to be answered is: Is
the stiffness of an AM/ MBRM decorative part incorporated in a series instrument
panel similar if Young’s modulus of the AM/ MBRM material is similar to that of the
series material? The closer the ratio of the stiffness is to 1 the more the PSFP assembly
represents the stiffness of the series assembly. Consequently, the closer this ratio is to
1 the more appropriate the PSFP material is for the hardware validation in an early
stage of development when series parts are not yet available but an information about
the stiffness of the concept is needed.
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3.2.1.3.1 Investigated materials For this research again several AM technologies were
investigated: Selective Laser Sintering (SLS), Stereolithography (SLA) and Fused
Deposition Modelling (FDM). The investigated AM materials are: PA2221 (SLS),
Duraform EX (SLS), Ultem (FDM) and Somos Next (SLA). Again interesting MBRM
technologies were explored as well. Hence Vacuum Molding (VM) and NylonMold
(NylonMold) materials were investigated with the materials PX223 (VM) and NM27H
(NylonMold). As the mechanical properties of the MBRM parts do not depend on the
build orientation, the MBRM parts were built in only one build orientation. As the
AM materials are anisotropic the AM decorative parts were manufactured in two build
orientations (compare Figure 3.17):

e X00YO00Z0O: Lying in the xy-plane.
e X90Y00Z00: Turned through 90° around the x-axis.

For each material and build orientation a series of three decorative part was investigated.

X00Y00Z00 = »90Y00Z00

Figure 3.17: Investigated build orientations of the decorative part.

3.2.1.3.2 Values of Young's modulus for the comparison with stiffness of the decorative part
Three-point bending tests were performed analogously to the description in section
3.2.1.2.2 with the difference that only two build orientations were investigated as the
decorative parts were built in two build orientations (compare Figure 3.18):

e X00YO00Z0O0: Lying in the xy-plane.
e X90Y00Z00: Turned through 90° around the x-axis.

Thus three specimens were tested lying in the xy-plane, as well as three specimens
which were turned around 90° around the x-axis. The AM decorative parts were built in
these two build orientations according to Figure 3.17 as well. For the comparison only
the mean value of the Young’s modulus of the series of three specimens investigated for
each build orientation was used (3x X00Y00Z00 and 3x X90Y00Z00). As the material
properties of MBRM and series materials are independent of the build orientation only
one build orientation was investigated for those two material classes. Thus the mean
values of Young’s modulus and stiffness were calculated based only on the properties of
three specimens (3x X00Y00Z00). Analogue to the measurement of stiffness at the
storage compartment described in section 3.2.1.2.3 the value for Young’s modulus of
each material was divided by the value of Young’s modulus of the series material. This
ratio was compared to the stiffness ratios calculated above. The more the Young’s
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= X

Figure 3.18: Investigated build orientations of 3-point bending specimens.

modulus ratio is similar to the stiffness ratio the more the assumption was validated
that a similar Young’s modulus of a PSFP material indicates a similar stiffness of the
PSFP if PSFPs are compared to series.

3.2.1.3.3 Measurement of stiffness of the decorative part Since the stiffness of the
decorative part incorporated in a series instrument panel was measured all the parts of
the instrument panel were attached to the instrument panel influencing the stiffness of
the decorative part at the considered measurement points (compare Figure 3.19). To
keep the effort withing reasonable boundaries, attaching parts which do not influence
the stiffness at the measured points were not incorporated in the instrument panel. The
instrument panel was fixed in a test rig as it is usual in the validation of the automotive
interieur. The test rig has to simulate the connecting points of the instrument panel to
the body of the automobile.

In a first step the series decorative part was measured and in a second step the series
decorative part was replaced by decorative parts of the selected AM/ MBRM materials.
Then the stiffness of the AM/ MBRM decorative parts was measured.

hl_ﬁ._i ] = | r | ‘I T

Figure 3.19: The experimental setting of the stiffness measurement of the decorative
part incorporated in a series instrument panel. Right: Measurement of a DuraformEX
decorative part at measurement point 2. Left: Measurement of a DuraformEX decora-
tive part at measurement point 4.
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3.2 Tests of functional parts 51

The stiffness of the decorative part was measured at four measurement points which
are illustrated in Figure 3.20. For the measurement an universal testing machine of
Zwick & Roell of type Z010 and the testing software testexpertl were used again.
The decorative parts were preloaded with 1 N. Measurement speed was 100 mm/min.
The measurement were halted when 350 N were reached. The stiffness was calculated
between a force of 10 N and 340 N. For the indentation, a cylindrical indenter with a
spherical tip and a diameter of 30 mm was used.

20 mim

Figure 3.20: Measurement points for the measurement of stiffness of the instrument
panel’s decorative part.

3.2.2 Pendulum impact test

The pendulum impact test is an important test as its result is relevant for occupant’s
safety in crash scenarios. As already mentioned the test simulates the impact on the
head of the occupant during a crash.

The for the automobiles’ development most important values obtained during an
impact pendulum test are the maximum measured delay, a,,qz, and the ag,,s-value. The
asms-value determines the maximum delay which lasts for 3 ms whereas the a,,q.-value
indicates the highest occured delay. As governed by legislation the as;,s-value may
not exceed 80 ¢ this is the most important value. The splitting behaviour is also quite
important as the occupant may not be injured by any splinters or sharp edges of
fragments. The values of a4, and asy,,s measured at AM/ MBRM decorative parts
were standardized to the values measured at series PC-ABS decorative parts. Hence a
ratio of 1 indicates that the material behaves like series PC-ABS regarding these values.

To sum up, two aspects need to be considered regarding the test results:

o The splitting behaviour: Splinters and sharp-edged fragments endanger the
occupant. Hence a part must not shiver or fracture into sharp-edged fragments
in case of a crash scenario in order not to endanger the occupant.

e The values of acceleration: Biomechanical calculations have found a maximum
value of negative acceleration which may not be exceeded as higher values for
delay may lead to severe injuries of the occupant.

The task of this chapter is to investigate two issues:

o The difference between the high impact behaviour of the AM /RT-materials and
the series materials.

e The possibility to make a prognosis of series parts’ properties based on the
properties of AM/ MBRM parts in case of high impacts.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You

3.2 Tests of functional parts 52

Hence three types of pendulum impact tests were performed in order to investigate
these issues systematically:

¢ Pendulum impact test of two-sided clamped polymer sheets.
e Pendulum impact test of polymer sheets on two sheets of foam.

e Pendulum impact test on the decorative parts incorporated in the series instrument
panel.

3.2.2.1 Pendulum impact test on two-sided clamped polymer sheets

This first pendulum impact test aims to investigate on the one hand the capability of
series and AM/ MBRM materials to absorb energy and on the other hand the splitting
behaviour of AM/ MBRM parts. Of each investigated material the mean values of
amaz and energy conversion were calculated based on three specimens and visualized
as a bar chart. Of course, the splitting behaviour of the investigated materials was
considered as well. As firstly, the AM market is continually changing and new materials
are continually developed and secondly, performing an impact bending test is less erfort
than performing a pendulum impact test it would be beneficial to be able to calculate
from the impact strength to the values determined during a pendulum impact test.
Consequently, these values are compared to impact strength and a correlation between
impact bending test and pendulum impact test ist looked for.

3.2.2.1.1 Experimental setting of the test This experimental setting is related to
Charpy’s impact bending test. The investigated specimens were sheets of area 200 mm x
140mm x 3mm as an injection moulding tool for this geometry was available and
thus several series materials could be tested within reasonable effort. Furthermore,
the sheets were two-sided clamped according to Figure 3.21 as the sheets would have
slipped off the mounting if they would not have been clamped. Hence the investigation
of the materials would not have been possible. The parts were tested according to
ECE-R21 [120]. Hence the pendulum struck the sheets with a velocity of 24.1 km/h.
The pendulum struck the polymer sheet centrally with an angle of 90° compared to the
horizontal. Of each material three specimens were tested. This experimental setting
allows to judge the splitting behaviour of the materials in case of high impacts. This
is an important information about the behaviour for testing AM/ MBRM parts in
crash scenarios in an early stage of development when series parts are not yet available.
Furthermore, the experiment gives valuable information about the capability of the
investigated material classes to absorb energy during highly dynamic impacts. Not to
forget, a correlation between the Charpy impact bending test (compare section 3.1.1.3)
and this impact pendulum test is looked for.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You

3.2 Tests of functional parts 53

Figure 3.21: Experimental setting of the pendulum impact test with two-sided
clamped polymer sheets. Left: Two-sided clamped sheets before testing. Right: Striking
of the pendulum head on the polymer sheet during testing.

3.2.2.1.2 Investigated materials The tested series materials were: Acrylonitrile Butadi-
ene Styrene (ABS), ABS blended with polycarbonate (PC-ABS), PC-ABS reinforced
with 20% glass fibers (PC-ABS GF 20) and modified Polypropylene (PP TV). As three
types of PC-ABS and three types of PP TV were investigated in this experiment the
materials were enumerated from 1 to 3. Investigated AM technologies were: FDM
and SLS. The investigated AM materials were: Ultem (FDM), Duraform EX (SLS),
PA2200 (SLS). Investigated MBRM technologies were: Reaction Injection Moulding
(RIM), Vacuum Moulding (VM) and NylonMold (NylonMold). The investigated MBRM
materials were: NM27H (NylonMold), 3602/3905 (RIM), PX223 (VM) and PX226
(VM). As the AM parts are known to be anisotropic three build orientations were
investigated in build orientation YXZ [122] (compare Figure 3.22):

e X00Y00Z00: Lying in the xy-plane, abbreviated with *X00".

e X45Y00Z00: Turned through 45° around the x-axis abbreviated with 'X45’ in
the following.

e X90Y00Z00: Turned through 90° around the x-axis abbreviated with ’X90 in the

following’.
\fanvmma
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¥

Figure 3.22: Investigated build orientation of AM sheets: X00Y00Z00, X45Y00Z00
and X90Y00Z00.
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3.2 Tests of functional parts 54

3.2.2.1.3 Correlation between impact bending test and pendulum impact test The impact
bending test offers information about the impact strength of materials. Hence it is
an interesting material value. As performing pendulum impact tests known from the
validation of centre console and instrument panel is much more effort than performing
impact bending tests it would be beneficial if the behaviour of parts in case of a
pendulum impact tests could be derived based on the results of an impact bending
test. Hence in this research it is investigated whether there is a correlation between
the maximum acceleration measured at pendulum impact test and impact strength
measured using Charpy impact bending test. As the pendulum impact test is performed
at room temperature the impact bending tests are performed at room temperature
(23°C) as well.

For the impact bending tests again a pendulum impact tester of Zwick and Roell, type
HIT 50 P, was used. Of each material and build orientation a series of ten specimens
were investigated. The position in the impact bending tester is visualized in Figure 3.3.

3.2.2.1.4 Fractography of polymer sheets after testing Fracture surfaces of selected
specimens were investigated by scanning electron microscopy (SEM) in order to charac-
terize fracture surfaces as well as failure mechanisms. For SEM the specimens were not
specially prepared and a scanning electron microscope type Quanta FEG 650 of FEI
with an accelerating voltage of 1 kV was used.

3.2.2.2 Pendulum impact test on polymer sheets on two layers of foam

In this test the maximum delay (amq;) measured during the pendulum impact test,
the characteristic asmns-value and the amount of energy conversion during the test are
measured. The material classes were compared regarding these values. As the impact
inserted to the polymer sheets positioned flat on two layers of foam Confor CF45 are
similar to the impact inserted to a part incorporated in series instrument panel the
test gives a first information about the difference of series and AM/ MBRM materials
in case of a pendulum impact test.

3.2.2.2.1 Experimental setting of the pendulum impact test The energy exerted by the
pendulum during the first experiment with two-sided clamped polymer sheets is higher
than the energies usually inserted during a pendulum impact test performed in the
instrument panel’s validation according to the European regulation ECE-R21. The
reason for this can be found in the fact that in the validation of the instrument panel
the tested parts are incorporated in a series instrument panel and the instrument panel
is able to absorb a lot of energy. Thus another experimental setting was needed where
an amount of energy could be inserted which is comparable to the energies inserted to
parts as it is usual in the validation of the instrument panel.

Hence as a further step the investigated polymer sheets of area 200 mm x 140 mm x
3mm were stored flat on two layers of a specific foam known from experiments for
ensuring pedestrian safety: Confor CF 45. Experience has shown that if a part is
tested with support of two layers of that foam the resulting acceleration-time-curve
has a similar characteristic as the curve obtained by pendulum impact tests performed
on the part incorporated in the instrument panel. Hence this specification of foam
represents the stiffness of the automotive series instrument panel very well in case
of impact pendulum tests. Consequently, in this second experimental setting of the
pendulum impact test an energy is inserted to the polymer sheets which is comparable
to energies inserted to parts of the instrument panel during a pendulum impact test of
the interior’s validation. In this experiment the pendulum head strikes the polymer
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3.2 Tests of functional parts 55

sheets again according to the European regulation ECE-R21 [120] with a velocity of
24.1km/h. The pendulum strikes the polymer sheet centrally with an angle of 90°
compared to the horizontal. The experimental setting can be considered in Figure 3.23.

Samoon
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Figure 3.23: Experimental setting of the pendulum impact test with two sheets of
foam. Left: Top view of the striking of the pendulum head on a polymer sheet mounted
on two layers of foam, Confor CF45. Right: Side view of the striking of the pendulum
head on the polymer sheet during testing.

3.2.2.2.2 Investigated materials The list of investigated series materials was extended in
order to have a better overview about materials used in series interior. Investigated series
materials are: Acrylonitrile Butadiene Styrene (ABS), ABS blended with polycarbonate
(PC-ABS), PC-ABS reinforced with 20% glass fiber (PC-ABS GF 20), Polyamide 6
(PAG6), PA 6 reinforced with 15% glass fiber (PA 6 GF15), modified Polypropylene (PP
TV). The same AM and MBRM materials were investigated as in the pendulum impact
test of two-sided clamped polymer sheets in order to be able to compare the results
of these two tests: Ultem (FDM), Somos Next (SLA), Duraform EX (SLS), PA2200
(SLS), PA2221 (SLS), 3602/3905 (RIM), PX223 (VM), PX226 (VM) and NM27H
(NylonMold). As the AM parts are known to be anisotropic, the three investigated
build orientations again were (compare Figure 3.22):

e X00YO00Z0O0: Lying in the xy-plane, abbreviated with "X00".

e X45Y00Z00: Turned through 45° around the x-axis, abbreviated with 'X45 in
the following.

e X90Y00Z00: Turned through 90° around the x-axis, abbreviated with *X90’ in
the following’.

3.2.2.3 Pendulum impact test on the instrument panel’'s decorative part

After having performed principal experiments on polymer sheets, pendulum impact tests
the question arised whether there are AM/ MBRM materials which are able to resist
the high loads inserted by a real pendulum impact test known from instrument panel’s
validation. Hence impact pendulum tests were performed on a real part incorporated
in a complete assembly. Thus the decorative part incorporated in a series instrument
panel environment was investigated.
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3.2 Tests of functional parts 56

3.2.2.3.1 Experimental setting of the test The pendulum striked the decorative part at
measurement point 1 (MP 1) illustrated in Figure 3.24. Again the pendulum impact
tests were performed according to ECE-R21 [120]. As the decorative part covers a
closed airbag the pendulum strikes the part with a velocity of 19.3 km/h as it is claimed
in the standard ECE-R21. The angle measured between the horizontal and the lay
direction of the pendulum was 43.5° (compare Figure 3.25). The series decorative part
was replaced by AM and MBRM decorative parts. As a reference the series decorative
part incorporated in a series assembly (instrument panel and all attaching parts of
series) was measured and the results obtained at the AM/ MBRM decorative part were
compared to the results obtained at the series decorative part.

Figure 3.24: Position of the measurement point for the pendulum impact test on the
decorative part incorporated in a series instrument panel.

MP 1

Figure 3.25: Angle between the horizontal and the lay direction of the pendulum
[132].
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3.2 Tests of functional parts 57

3.2.2.3.2 Investigated materials The investigated AM technologies were: Stereolithog-
raphy (SLA) and Selective Laser Sintering (SLS) as they are the most promising for
automotive applications with highly dynamic loads. Investigated AM materials were
filtered as the experiment is pretty costly. Of each AM technology the most promising
materials were chosen which were the one with the highest impact strength in their
category: Somos Next (SLA) and Duraform EX (SLS). As the AM parts are known to
be anisotropic for economic reasons the decorative parts made by AM were built in the
optimal build orientation: X00Y00Z00, abbreviated by "X00’ (compare Figure 3.17).
The only investigated MBRM technology was NylonMold. The investigated MBRM
material was NM27H (NylonMold) as it was very impact resistant. For statistical
reasons three specimens of each material and build orientation were investigated in
order to have a little statistics included. The mean value was calculated based on
the results of these three specimens. As two of the three PC-ABS decorative parts
had defects from fabrication process only one specimen was tested in case of PC-ABS
X00Y00Z00.

3.2.2.3.3 Fractography of decorative parts Fracture surfaces of selected decorative parts
were investigated by scanning electron microscopy (SEM) in order to characterize
fracture surfaces as well as failure mechanisms. For SEM the specimens were not
specially prepared and a scanning electron microscope type Quanta FEG 650 of FEI
with an accelerating voltage of 1 kV was used.
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4 Results and Discussion

In this chapter the results of the investigations are presented and discussed which were
performed as it is described in section 3. Firstly, the results of the material tests are
depicted and discussed. Additionally, a method is proposed by which it is possible to
tune material properties of AM parts by voxel-based 3D-printing. Finally, the results
of tests known from the validation of the automotive interior (stiffness measurements
and pendulum impact tests) are shown.

4.1 Material tests

4.1.1 Comparison of material properties: Series versus AM and MBRM parts

The material results of several AM/ MBRM materials and series materials are visualized
and discussed. The material classes are compared regarding their thermomechanical
material properties using a combination of bar chart and xy-plot. AM/ MBRM materials
are illustrated as bars whereas series injection moulding materials (series PC-ABS,
series PC-ABS GF20, series ABS, series PAG6, series PA6 GF15 and series PP TV) are
visualized as constant lines.

4.1.1.1 Young's Modulus

In Figure 4.1 the values for Young’s modulus measured at room temperature are
depicted.

Considering the measured values for Young’s modulus at room temperature it is
obvious that the series materials PC-ABS, ABS, PP TV and PA6 have a Young’s
modulus between 2170 M Pa and 2640 M Pa. Some AM and MBRM materials have a
series similar Young’s modulus.

PC-ABS is known to be a stiff and hard material [133] as it combines the positive
features of ABS with those of polycarbonate. Series PC-ABS (2252 M Pa) is best repre-
sented by the AM/ MBRM materials Ultem (2180 M Pa), AccuraXtreme (2093 M Pa),
Somos 18420 (2428 M Pa), Duraform HST (2157 M Pa), PR751 (2384 M Pa) as well as
NM27H (2351 M Pa) regarding Young’s modulus at RT. PP TV (2635 M Pa) whose ther-
momechanical properties are highly dependent on the molecular weight is matched very
well by Somos Next (2607 M Pa) and PX226 (2663 M Pa). With a value of 2472 M Pa
PAG has a Young’s modulus at room temperature similar to Somos 18420 (2428 M Pa)
and PR751 (2384 M Pa). The Young’s modulus of pure series ABS is high but slightly
lower than the one of series PC-ABS. Series ABS’s lower Young’s modulus at room
temperature (2171 M Pa) can be well represented by the SLS material Duraform HST
(2157 M Pa) and the SLA material Accura Xtreme (2093 M Pa).

But there are also some AM/ MBRM materials which have a lower Young’s modulus,
e.g. the Polyjet materials Durus White (1437 M Pa) and Vero Clear (1026 M Pa),
the SLS materials Duraform EX (976 M Pa) and PA2221 (1727 M Pa) the Vacuum
Moulding material PX223 (1853 M Pa), both investigated RIM materials (3602/3905
with 906 M Pa and 3603/3905 with 1476 M Pa) and the FDM materials ABS-M30

58
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4.1 Material tests 59

(1935 M Pa) and PC-ABS (1627 M Pa). These materials represent none of the inves-
tigated series materials very well regarding Young’s modulus at RT. Although the
FDM-material ABS-M30 is an ABS and the FDM-material PC-ABS is PC-ABS they
do not represent their corresponding injection moulding material best. Hence the
fabrication process decisively influences the part properties.

In contrast to that, the glass fibre reinforced series materials PA6 GF15 (4571 M Pa)
and PC-ABS GF20 (3043 M Pa) have a remarkable Young’s modulus. If these are
compared to AM/ MBRM materials there is no material which represents those two
glass fibre reinforced materials well. Unfortunately, it is difficult to process glass
fibre reinforced materials by AM. There are some glass filled materials for SLS. But
due to the fact that SLS processes powder particles and that it is quite important
that these powder particles have the same size the materials are not really glass fibre
reinforced but filled with glass spheres. This has not the strengthening effect as glass
fibre reinforcement has. In recent years fibre reinforced FDM materials have entered
the AM market. Nevertheless, the effect is not the same as e.g. glass fibre reinforcement
in injection moulding materials.

Injection moulding leads to homogenous parts with a dense microstructure free
of voids whereas FDM parts are more prone to defects and pores (compare Figure
4.2). After having heated up the thermoplastic filaments to a temperature above glass
transition and below melting point the viscous filaments are arranged according to the
needed geometry in case of FDM. Unfortunately, the FDM filaments are not fully fused
together and the microstructure reminds of a timber raft. This has a significant influence
on the thermomechanical properties, such as Young’s modulus. Consequently, glass
fibre reinforced FDM parts have lower values for Young’s modulus of series injection
moulding materials.

The Young’s modulus at room temperature of series injection moulding PC-ABS
GF 20 (3043 M Pa) lies between the one of PX226 (2663 M Pa) and NM27H GF15
(3863 M Pa). PA6 GF15 (4571 M Pa) has a Young’s modulus at room temperature
which is even much higher than the one of series PC-ABS GF20 and can hardly be
represented by any AM/ MBRM material as well.

In Figure 4.3 the measured values for Young’s modulus at LT of AM/ MBRM
materials is compared to series injection moulding materials. PP TV (6292 M Pa)
has the highest Young’s modulus of the investigated materials. Its glass transition
temperature is at about —10°C depending on its molecular weight [133,134]. It cannot
be represented by any AM/ MBRM material as even the Young’s modulus at LT of
NM27H GF15 (5657 M Pa), the AM/ MBRM material with the highest Young’s modulus
at LT, is significantly lower. But the glass fibre reinforced NM27H GF15 is able to
represent PA6 GF15 (5346 M Pa) which has a very high Young’s modulus at LT as well.
Series PC-ABS GF20 (3507 M Pa) which has, due its glass fibre reinforcement, a high
Young’s modulus at LT can be well represented by Somos 18420 (3719 M Pa). Series
PA6 (3242 M Pa) can be represented by Duraform HST (3126 M Pa) and Somos Next
(3141 M Pa). Polyamides’ properties are highly dependent on the carbonyl group [135].
As in case of PA 11 and PA 12 the distance is double the distance as it is in PA 6
the cohesion forces are lower [133]. Hence the stiffness of PA 6 is higher than the
one of PA 11 and PA 12. Hence Duraform EX which is a PA 11 and the two PA
12 materials, Duraform HST and PA2221, have a lower Young’s modulus than PA 6.
At low temperature (LT) there are many AM/ MBRM materials representing series
PC-ABS (2406 M Pa) very well such as 3603/3905 (2380 MPa), PX223 (2453 M Pa)
and Ultem (2352 M Pa).

It is striking that again the FDM-material PC-ABS has a lower Young’s modulus
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Figure 4.1: Young’s modulus at room temperature (23°C) of AM/ MBRM materials
compared to series injection moulding materials.

& S

Figure 4.2: Comparison of SEM images of parts made of PC-ABS: FDM-part made
of PC-ABS X00Y00Z00 with a factor of magnification 50 (left) and made of injection
moulding PC-ABS with a factor of magnification 72 (right).

than series PC-ABS although both are made of the same kind of polymer, PC-ABS.
The reason can be found in the different fabrication process. As already mentioned
above in this chapter 4.1.1.1 injection moulding leads to homogenous parts with a dense
microstructure free of voids whereas FDM parts are more prone to defects and pores
(compare Figure 4.2) significantly reducing the thermomechanical properties, such as
Young’s modulus.

The thermosetting plastics PX226 (2988 M Pa), PR751 (2896 M Pa) and Durus White
(2844 M Pa) have a slightly higher Young’s modulus at LT than PC-ABS. Some AM/
MBRM materials have a Young’s modulus at LT which is even higher with values
above 3000 M Pa (Vero Clear 3003 M Pa, NM27H (3650 M Pa), Somos 18420 3719 M Pa,
Somos Next 3141 M Pa, Duraform HST 3126 M Pa).

Series ABS (2242 M Pa) is the series material which has the lowest Young’s modulus
at LT. It can be matched by Ultem (2352 M Pa) and 3603/3905 (2380 M Pa).

At high temperature (HT) Young’s modulus of the AM and MBRM materials decrease
significantly whereas Young’s modulus of series PC-ABS is with 1701 M Pa still high
(see Figure 4.4).
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Figure 4.3: Young’s modulus at low temperature (—30°C) of AM/ MBRM materials
compared to series injection moulding materials.

Most AM/ MBRM materials have a Young’s modulus below 850 M Pa as their glass
transition temperature is lower than 85°C (see Figure 4.4). Somos 18420 (571 M Pa),
Duraform HST (794 M Pa) and NM27H GF 15 (810 M Pa) have a Young’s modulus
between 500 M Pa and 850 M Pa. If the maximum of tand is used for the determination
of glass transition temperature Duraform HST has a glass transition temperature of
46°C, Somos 18420 of more than 90°C and NM27H GF15 of 61°C. The maximum
of the Loss modulus for Somos 18420 is at 65°C, for Duraform HST at 40°C and for
NM27H GF15 at 53°C. Hence at 85°C these materials have lost most of their Young’s
modulus.

Other AM/ MBRM materials have a Young’s modulus between 100 M Pa and
500 M Pa: Duraform EX (222 M Pa), 3603/3905 (220 M Pa), PX226 (341 M Pa), NM27H
(486 M Pa). All the other investigated AM/ MBRM materials have a Young’s modulus
which is even below 100 M Pa: Durus White, Vero Clear, Accura Xtreme, Somos
Next, 3602/3905 and PR751. The high temperature behaviour of these materials can
be confirmed by the results of Dynamic-Mechanical Analysis. The glass transition
temperature of these materials is between 50°C and 60°C. Hence, at 85°C the Young’
s modulus is very low.

Series injection moulding materials PA6 (573 M Pa) and PP TV (663 M Pa) have a
Young’s modulus below 700 M Pa as it is known that their glass transition temperature
is below 85°C [134] . While series PA6 can be represented by Somos 18420 (571 M Pa)
the Young’s modulus at HT of PP TV is between the one of Somos 18420 (571 M Pa)
and Duraform HST (794 M Pa).

The only AM/ MBRM materials which have a Young’s modulus at HT higher than
1200 M Pa are the FDM materials with values between 1233 M Pa (PC-ABS) and
1969 M Pa (Ultem). This is a natural results as these are all thermoplastic materials
made of heat-resistant base materials having a high glass transition temperature.
This correlates well with Dynamic-Mechanical Analysis performed in this thesis. The
FDM materials have a glass transition temperature higher than 85°C. Ultem is
an amorphous, heat resistant and thermoplastic polyetherimide designed for high
temperature applications whereas ABS-M30 is an ABS and PC-ABS and polycarbonate-
blended ABS which both have a high glass transition temperature as well. Glass
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4.1 Material tests 62

transition temperature is mainly influenced by the structure of the macromolecules.
Series injection moulding ABS (1192 M Pa) which has due to the missing carbonate
group in its microstructure a Young’s modulus lower than series injection moulding
PC-ABS can be well represented by the FDM material PC-ABS (1233 M Pa). Series
PC-ABS has a Young’s modulus of 1701 M Pa and is best represented by the FDM
material Ultem (1969 M Pa) regarding Young’s modulus at HT. Consequently, ABS-
M30 does not match series injection moulding ABS best and vice versa the FDM
material PC-ABS does not represent series injection moulding PC-ABS best. Again an
evidence that fabrication process influences the part properties significantly which were
investigated in this research.

As the two series injection moulding materials PA6 GF15 (2362 M Pa) and PC-ABS
GF20 (3061 M Pa) have a remarkable high Young’s modulus at high temperatures
because of their glass fibre reinforcement they cannot be represented by any AM/
MBRM material investigated in this thesis as they are not glass fibre reinforced but
NM27H GF15. In case of NM27H GF15 the fibres are embedded in a matrix which has
a low glass transition temperature which the fibre cannot fully compensate.

Thinking about automotive applications the interior parts have to withstand low
temperatures and high temperatures as well as temperature cyclings as the vehicles
are driven all over the world in different climate zones and seasons. Of course, the
requirements are highly connected to the function and exact position of the part
in the automobile. Young’s modulus measured in several temperature ranges gives
valuable information about the thermal stability and the deformation resistance of the
material. Consequently, having a certain minimum Young’s modulus within the whole
temperature range from low temperature to high temperature is a basic requirement
series materials have to fulfill for applications in the automotive interior as Young’s
modulus influences the stiffness of parts. A high quality automobile’s part should never
undercut a certain minimum stiffness in order to ensure high customer satisfaction. Due
to the results of Young’s modulus of the AM/ MBRM materials at HT only the FDM
materials convince by their temperature stability and deformation resistance. ABS-M30
and PC-ABS obtain a Young’s modulus of more than 1200 M Pa in all temperature
ranges and Ultem even of more than 2000 M Pa (see Figures 4.3 and 4.4).

——PC-ABS ----- PC-ABS GF20
...... EBS - - PAE
3200{ - PA6 GF15—— PP TV

AM/ MBRM Materials

Figure 4.4: Young’s modulus at high temperature (85°C) of AM/ MBRM materials
compared to series injection moulding materials.
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4.1 Material tests 63

4.1.1.2 Tensile strength

The determined tensile strengths are visualized by a combination of bar chart and
xy-plot. The bars represent the tensile strengths of the investigated AM/ MBRM
materials. In order to compare the tensile strengths of these materials to the series
injection moulding materials’ properties the tensile strengths of series PC-ABS, series
PC-ABS GF20, series ABS, series PAG, series PA6 GF15 and PP TV are illustrated as
constant curves.

In Figure 4.5 the tensile strengths measured at room temperature are visualized
while Figure 4.6 displays tensile strengths at low temperature and Figure 4.7 tensile
strengths at high temperature.

Comparing the values for the measured tensile strength at RT, LT and HT it is
obvious that there are several AM/ MBRM materials which have a tensile strength
similar to that of series materials.

At room temperature the highest tensile strength is found in the glass fibre reinforced
series materials PC-ABS GF20 (81 M Pa) and PA6 GF15 with enormous 112 M Pa
(see Figure 4.5). Of course, the glass fibre reinforcement influences tensile strength
beneficially. Series PA 6 has also a high tensile strength as polyamides are known to
have a high strength [133,134]. Compared to poylamides of higher order such as PA
11, for PA 6 the distance between its carbonyl group is not that high which results in
high cohesion forces and thus in a high tensile strength. Series PC-ABS has a tensile
strength at room temperature of 50 M Pa. The carbonate groups of polycarbonate are
bulky and limit the flexibility of the macromolecules. This has a beneficial toughening
effect [135]. Hence series polycarbonate-blended ABS (50 MPa) has a higher tensile
strength than series ABS (40 M Pa) as it was expected. The series material PP TV
(30 M Pa) has the lowest tensile strength at room temperature.

The AM/ MBRM materials Vero Clear (50 M Pa), Ultem (45 M Pa), Accura Xtreme
(48 M Pa), PA2221 (47 M Pa) have a the tensile strength of about 50 M Pa. Somos
18420 (57 M Pa), Somos Next (56 M Pa), PX223 (57 M Pa) have a slightly higher tensile
strength. Durus White (20 M Pa), ABS-M30 (26 M Pa), PC-ABS (25 M Pa), Duraform
EX (22 M Pa) and 3602/3905 (29 M Pa) have a significantly lower tensile strength at
RT. NM27H GF15 (73 M Pa), NM27H (65 M Pa), PR751 (78 M Pa), PX226 (62 M Pa)
have higher values for tensile strength at room temperature.

Comparing the values of tensile strength of all material classes, there are AM/ MBRM
materials which have a tensile strength similar to series material. At RT (see Figure
4.5) series PC-ABS which has a tensile strength of 50 M Pa fits very well to Vero Clear,
Ultem, Accura Xtreme, Somos 18420, Somos Next, PA2221, PX223 having a strength
between 45 M Pa and 55 M Pa at RT. As Vero Clear is an acrylate based photosensitive
resin, Ultem an amorphous, thermoplastic polyetherimide, the SLA materials Somos
18420, Somos Next and Accura Xtreme photosensitive resins, PA 2221 a polyamide
12 and the Vacuum Moulding material PX223 a polyurethane none of these AM/
MBRM materials is from chemical point of view a PC-ABS. The AM material which
is a PC-ABS (the FDM material PC-ABS) has only half the tensile strength of series
injection moulding PC-ABS (50 M Pa). Hence it is proven that fabrication process
highly influences tensile strength. The microstructure of FDM parts reminding of a
timber raft (see Figure 4.2) has an unfavourable influence on tensile strength. The
timbers (thermoplastic filaments) are not fully fused together and due to the cylindrical
shape only connected along a thin area which is a weak point (compare also chapter
4.1.1.1). Hence in case of tensile stress these timbers can be easily disrupted. In contrast
to that, the homogeneous microstructure of injection moulded parts has no weak points.

With 30 M Pa PP TV has a comparably low tensile strength at RT and can be
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Figure 4.5: Tensile strength at room temperature (23°C) of AM/ MBRM materials
compared to series injection moulding materials.
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Figure 4.6: Tensile strength at low temperature (—30°C) of AM/ MBRM materials
compared to series injection moulding materials.

well represented by the SLS material Duraform HST (30 M Pa) and the RIM material
3602/3905 (29 M Pa). Ultem (45 M Pa) and 3603/3905 (40 M Pa) match the tensile
strength of series injection moulding ABS (40 M Pa) very well. Series PA6 has a
tensile strength of 68 M Pa at RT which is similar to the tensile strength of NM27H
(65 M Pa), NM27H GF15 (73 M Pa) and PX226 (62 M Pa). Series PC-ABS GF20
(81 M Pa) has due to its glass fibre reinforcement a higher tensile strength which can
only be represented by PR751 (78 M Pa). The enormous tensile strength of PA6 GF15
(112 M Pa) cannot be displayed by any AM/ MBRM material as besides NM27H GF15
no AM/ MBRM material is glass fibre reinforced. From theoretical point of view it is
surprising that NM27H GF15 (73 M Pa) has an only slightly higher tensile strength
than NM27H (65 M Pa) at RT which are similar to series PA6 without glass fibre
reinforcement (68 M Pa). As NM27H and series PA6 fit well together and NM27H
GF'15 is reinforced by 15% glass fibre and PA6 GF15 as well it would have been a
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Figure 4.7: Tensile strength at high temperature (85°C) of AM/ MBRM materials
compared to series injection moulding materials.

natural result that NM27H GF15 and PA6 GF15 have a similar tensile strength at RT.
As tensile strength of series PA6 is more than 1.5 times the tensile strength of NM27H
GF15 and NM27H GF15’s tensile strength only 12% higher than the one of NM27H it
is proven that the glass fibre reinforcement in NM27H GF15 is not effective. A reason
might be the imperfect bonding between polymer matrix and glass fibres as it can be
observed on the fracture surface of impact bending test specimens in Figure 4.8.

As it can be seen from Figure 4.6 at low temperature the series injection moulding
materials PP TV 23 M Pa) and ABS (54 M Pa) have the lowest value of series materials
followed by series PC-ABS with a tensile strength of 67 M Pa. The glass fibre reinforced
series material PC-ABS GF20 (103 M Pa) has an about 50% higher tensile strength
than the pure series PC-ABS. PA6 (106 M Pa) has a very high tensile strength of more
than 100 M Pa at LT. Due to its glass fibre reinforcement series PA6 GF15 has an even
higher tensile strength at LT (139 M Pa).

Accura Xtreme (73 M Pa), Somos Next (63 M Pa), PA2221 (60 M Pa) and 3603/3905
(70 M Pa) correspond very well to series PC-ABS regarding tensile strength at LT. Some
materials have slightly higher values, e.g. PX223 (84 M Pa), PX226 (87 M Pa) and
PR751 (81 M Pa) whereas some have a slightly lower tensile strength, e.g. Durus White
(51 M Pa), Ultem (47 M Pa), Duraform HST (46 M Pa) and 3602/3905 (55 M Pa). Both
NylonMold materials exceed series PC-ABS’s tensile strength significantly (NM27H
with 110 M Pa and NM27H GF15 with 106 M Pa). For the AM/ MBRM materials the
Polyjet material Vero Clear (36 M Pa), the FDM materials ABS-M30 (37 M Pa) and
PC-ABS (22 M Pa), the stereolithography material Somos 18420 (30 M Pa) and the
SLS material Duraform EX (33 M Pa) have low values for tensile strength.

At LT (see Figure 4.6) the high tensile strengths of PC-ABS GF20 (103 M Pa)
and PA6 (106 M Pa) can be well represented by the NylonMold materials NM27H
(110 M Pa) and NM27H GF15 (106 M Pa). Striking is that the glass fibre reinforcement
has almost none influence on the tensile strength in case of NM27H at LT. Reasons
might be an imperfect bonding between matrix and glass fibre or the insufficient glass
fibre length in NM27H GF15 as discussed above (compare Figure 4.8). As these are
the AM/ MBRM materials with the highest tensile strength the enormous value of
series PA6 GF15 (139 M Pa) cannot be represented by any AM/ MBRM material. The
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comparably low tensile strength of ABS (54 M Pa) is well represented by 3602/3905
(55 M Pa) and Durus White (51 M Pa). Tensile strength of PP TV (23 M Pa) fits well
to the FDM material PC-ABS (22 M Pa). Accura Xtreme (73 M Pa) and 3603/3905
(70 M Pa) have a tensile strength which is close to series PC-ABS’s tensile strength
(68 M Pa).

Overall, at LT the thermosetting plastics of the AM/ MBRM materials have a
higher tensile strength due to their covalent bondings. The SLA materials but Somos
18420 exhibit high tensile strengths at LT as well. The reason that Somos 18420 has
lower values than Accura Xtreme and Somos Next can be found in the microstructure.
SEM-images of impact bendings specimens after testing show defects and pores in
the Somos 18420 part whereas the Accura Xtreme and Somos Next parts have a very
dense and compact microstructure (compare Figure 4.9). The thermoplastic SLS and
FDM materials have lower tensile strengths at LT than the Vacuum Moulding and
NylonMold materials.

Figure 4.8: SEM image of the fracture surface of an NM27H GF15 part after impact
bending test with factor of magnification 44 (left) and factor of magnification 88 (right).

The values for tensile strength at high temperature are illustrated in Figure 4.7. At
HT again the glass fibre reinforced series PA6 GF15 (60 M Pa) has the highest value
for tensile strength (see Figure 4.7) followed by the glass fibre reinforced series PC-
ABS GF20 (50 M Pa). Both can be explained again by their glass fibre reinforcement.
At 85°C the matrix of the investigated materials start creeping as glass transition
temperature is reached but the glass fibres have a beneficial influence on tensile
strength. Hence series PA 6 (31 M Pa) and series PC-ABS (32 M Pa) without glass
fibre reinforcement have a significantly lower tensile strength. Because of the missing
polycarbonate in ABS the tensile strength of series ABS (25 M Pa) is lower than the
one of series PC-ABS. Tensile strength of PP TV could not be determined as the
specimens did not break during the test.

Ultem (34 M Pa) and NM27H GF15 (33 M Pa) fit well to series PC-ABS’s (32 M Pa)
and series PA6’s tensile strength (31 M Pa). The slightly lower tensile strength of series
ABS can be displayed by PA2221 (26 M Pa). As NM27H (37 M Pa) is the material
with the highest tensile strength at HT, series PA 6 GF15 and series PC-ABS GF20
cannot be matched by any AM/ MBRM material.

The values for tensile strength at HT (see Figure 4.7) show that there is none AM/
MBRM material which represents series PC-ABS GF20 (50 M Pa) and PA6 GF15
(60 M Pa). The reason can be found in the fact that in this research no AM/ MBRM
material with glass fibre reinforcement was investigated but NM27H GF15. Obviously,
the glass fibre reinforcement of NM27H is not effective enough (see Figure 4.8) as there
is almost no difference between the tensile strength of NM27H (37 M Pa) and NM27H
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Figure 4.9: SEM-images of the fracture surface of impact bending specimens after
tesing: Accura Xtreme with factor of magnification of 38 (top), Somos Next with a
factor of magnification of 50 (middle) and Somos 18420 with a factor of magnification of
64 (bottom).
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GF15 (33 M Pa). Tensile strength of the glass fibre reinforced NM27H GF15 is even
lower than the one of NM27H. The bonding between matrix and glass fibres might be
insufficient. In that case the glass fibres act as a weak point which is reason for the
lower tensile strength of NM27H GF15 than NM27H at HT. There are several AM/
MBRM material matching PC-ABS (32 M Pa) very well: Ultem (34 M Pa), PA2221
(26 M Pa), NM27H (37 M Pa) and NM27H GF 15 (33 M Pa). Ultem is a very high
temperature resistant material designed for high temperature applications. ABS-M30
(20 M Pa), Duraform EX (17 M Pa) PX226 (19 M Pa) and PR751 (22 M Pa) have a
slightly lower tensile strength. All the other AM/ MBRM materials have a tensile
strength at HT below 14 M Pa as their glass transition point is significantly lower than
the investigated 85°C.

To sum up, the values for tensile strength at HT do not show that thermosetting
plastics are more heat resistant than the investigated thermoplastic materials although
thermosetting plastics are cross-linked by several strong covalent bondings whereas
thermoplastics are polymer chains which associate through intermolecular forces [133].
These intermolecular forces usually weaken at high temperatures. Hence the research has
shown that the fabrication process has a significant influence on the thermomechanical
properties. Pores and defects in AM/ MBRM materials lead to reduced thermostability.
The polyjet, SLA and RIM materials could not convince by remarkable tensile strength
at HT. In contrast to that, the homogeneous series injection moulding materials exhibit
significant tensile strength even at high temperatures.

For automotive applications it is necessary that the materials have good mechanical
properties within a wide range of temperatures. Whereas Young’s modulus is important
for the stiffness of the parts strength of the parts is necessary in several loading cases.
In contrast to Young’s modulus, several AM/ MBRM materials have series similar
tensile strength in all investigated temperature ranges. For example, NM27H represents
series PA6 very well at LT, RT and HT. The SLS material PA2221 matches series
ABS’s tensile strength at HT and LT. At RT it fits better to series PC-ABS. But also
the FDM materials, ABS-M30, PC-ABS and Ultem, as well as Somos 18420 and the
Vacuum Moulding materials, PX223, PX226 and PR751, are an appropriate alternative
to series materials regarding tensile strength at LT, RT and HT. The only material
which cannot be represented by any AM/ MBRM material at LT, RT and HT is series
PA6 GF15 as it has an enormous tensile strength in all temperature ranges due to its
glass fibre reinforcement.

4.1.1.3 Strain at break

The determined strains at break are visualized by a combination of bar chart and xy-plot.
The bars represent the strains at break of the investigated AM/ MBRM materials. In
order to compare the impact strengths of these materials to the series injection moulding
materials’ properties the strains at break of series PC-ABS, series PC-ABS GF20, series
ABS, series PAG, series PA6 GF15 and series PP TV are illustrated as constant curves.
In Figure 4.10 the impact strains at break measured at room temperature are visualized.
Figure 4.11 illustrates values for strain at break measured at low temperature and
Figure 4.12 strains at break at high temperature.

At RT (see Figure 4.10) again NM27H (61.0%) has the highest value of the AM/
MBRM materials. Durus White’s strain at break (29.1%) is ranked second of the AM/
MBRM materials. The strain at break of Vero Clear (16.0%), Accura Xtreme (11.4%),
Duraform EX (11.4%), PA2221 (13.6%) and 3602/3905 (19.1%) are between 10% and
20%. PX223 and PR751 have a strain at break of 8.7%, 3603/3905 of 7.6% and NM27H
GF15 of 8.8%. Lower than 5% are the strains at break of the other AM/ MBRM
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Figure 4.10: Strain at break at room temperature (23°C) of AM/ MBRM materials
compared to series injection moulding materials.
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Figure 4.11: Strain at break at low temperature (—30°C) of AM/ MBRM materials
compared to series injection moulding materials.
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materials.

Series PC-ABS is a very ductile material having a high value for strain at break.
Series PP TV has a strain at break of 43.9% at room temperature. PA6 has a strain at
break of 8.5% and ABS of 9.8%. Both glass fibre reinforced materials are not ductile
and have a strain at break below 3% (PA6 GF15 2.9% and PC-ABS GF20 2.4%) as
the glass fibres they are reinforced with are brittle.

Unfortunately, the results show that the ductile series materials PC-ABS (41.1%) and
series PP TV (43.9%) cannot be represented by any AM/ MBRM material regarding
strain at break at RT. There is one material which has a high strain at break: NM27H
(61.0%). But its strain at break is too high to match series PP TV (43.9%) or series
PC-ABS (41.1%). Durus Whites’s strain at break is 29.1% while series PC-ABS’s strain
at break is 41.1%. Besides Durus White which has a strain at break of 29.1% all the
AM/ MBRM materials have values for strain at break below 20% at RT.
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Figure 4.12: Strain at break at high temperature (85°C) of AM/ MBRM materials
compared to series injection moulding materials.

But there are AM/ MBRM materials which fit to the series materials ABS (9.8%)
and PA 6 (8.5%). ABS having a strain at break of 9.8% can be represented by Accura
Xtreme and Duraform EX (both 11.4%). PX223 (8.7%), NM27H GF15 (8.8%) and
3603/3905 (7.6%) match the value of strain at break of PA6 (8.5%) very well. But
there is a gap in ductile AM/ MBRM material on the AM/ MBRM market which
needs to be closed. Strain at break significantly influences fracture behaviour in case
of crash scenarios. In order to protect the occupant best parts playing an important
role in case of crash scenarios have to be able to absorb a lot of energy by deformation
without splitting or separation. Hence these interior’s parts are made of ductile series
materials, e.g. injection moulding ABS and PC-ABS. If a prognosis of a crash scenario
is needed in an early stage of the automobile’s development when series parts are not
yet available ductile AM/ MBRM materials are needed. As the investigations have
shown these ductile AM/ MBRM materials are missing on the market.

The brittle series materials such as the glass fibre reinforced PA6 GF15 (2.9%) and
PC-ABS GF20 (2.4%) can be matched by several AM/ MBRM materials, e.g. the FDM
materials PC-ABS (3.8%) and Ultem (3.0%), the SLA material Somos Next (2.4%)
and the SLS material Duraform HST (3.4%).

Strains at break at low temperature are visualized in Figure 4.11. At LT PC-ABS
is with 19.4% the series material having the highest strain at break followed by ABS
(16.5%). At LT series PA6’s strain at break is 6.5%. PP TV (2.5%) looses its ductility
at LT. The glass fibre reinforced series materials, PA6 GF15 and PC-ABS GF20, again
have a very low strain at break at LT (PC-ABS GF20 of 4.1% and PA6 GF15 of 3.4%).

In case of the AM/ MBRM materials, the 19.8% of NM27H is the highest strain
at break measured at AM/ MBRM materials at LT. The Vacuum Moulding material
PX223 has a strain at break at LT of 7.5%, the FDM material PC-ABS of 2.1%, PA2221
of 5.8%, PX223 of 7.5%, PX226 of 4.2%. The RIM materials 3602/3905 (6.4%) and
3603/3905 (5.9%) have a strain at break between 5.5% and 6.5%. PX226 (4.2%), PR751
(3.4%) and Accura Xtreme (3.1%) have a value between 3% and 4%. All the other
AM/ MBRM materials have a strain at break at LT below 3%, Vero Clear (1.8%) and
Somos 18420 (0.8%) even below 2%.

The ductile NM27H (19.8%) has a similar strain at break as series PC-ABS (19.4%)
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at LT. For the representation of series ABS’s strain at break (16.5%) its strain at break
is too high. Besides NM27H there are no AM/ MBRM materials having a strain at
break higher than 7.5% (PX223). Hence ABS can hardly be represented. Duraform EX
(6.3%) and 3602/3905 (6.4%) match series PA6’s strain at break (6.5%) very well. The
series materials having a low strain at break at LT, series PA6 GF15, series PC-ABS
GF20 and PP TV, can be represented by several AM/ MBRM materials. For example,
PC-ABS GF20 (4.1%) fits well to PX226 (4.2%). PP TV has a very low strain at break
at LT (2.5%) which fits to ABS-M30 (2.6), Ultem (2.7%) and NM27H GF15 (2.8%).
Accura Xtreme (3.1%) and PR751 (3.4%) represent PA6 GF15 (3.4%) very well.

Figure 4.12 displays the strains at break measured at high temperature. At HT the
strains at break measured for all materials are much higher than in case of LT.

Series PC-ABS has a strain at break of 60.7% at HT. Series PA6 and PP TV did not
break in the experiment as they are very ductile at HT. Hence their strain at break
could not be determined at HT. ABS has a strain at break of 25.4%. Although series
PA6 GF15 is reinforced by brittle glass fibres it has a strain at break of 12.4% at HT.
Considering pure series PA6 which did even not break during the test the influence
of the ductile polymer matrix is obvious. The glass fibre reinforced series material
PC-ABS GF20 is not ductile at all and has a strain at break of only 2.2%.

At high temperature the AM materials Durus White (5.9%), ABS-M30 (2.3%),
PC-ABS (1.7%) and Ultem (2.8%) have a strain at break below 6%. The SLA materials
Accura Xtreme (9.6%), Somos 18420 (13.8%) and Somos Next (19.5%), the SLS
materials Duraform HST (11.8%) and PX226 (18.3%) and the Polyjet material Vero
Clear (19.2%) have a strain at break below 20%. 3602/3905 (33.2%), 3603/3905 (29.2%)
and NM27H GF15 (31.3%) have a strain at break at HT of about 30% while PA2221
(37.9%) and PX223 (41.3%) range at about 40%. PR751 has a strain at break of 47.7%,
Duraform EX of 54.9% and NM27H has a strain at break of remarkable 97.9% at HT.

As the FDM materials have a glass transition temperature which is higher than the
85°C investigated in this research these materials do not creep during the experiment.
Hence they behave as brittle as at LT and RT. Their microstructure which is prone of
defects and voids as well as the notch effect caused by stacking cylindrical filaments
result in a low strain at break. All the other AM/ MBRM materials start creeping
which results in a higher strain at break.

4.1.1.4 Impact strength

The determined impact strengths are visualized by a combination of bar chart and
xy-plot. The bars represent the impact strengths of the investigated AM/ MBRM
materials. In order to compare the impact strengths of these materials to the series
injection moulding materials’ properties the impact strengths of series PC-ABS, series
PC-ABS GF20, series ABS, series PAG, series PA6 GF15 and PP TV are illustrated as
constant curves. In Figure 4.13 the impact strengths measured at room temperature,
in Figure 4.14 the impact strengths at low temperature and in Figure 4.15 the impacts
strengths at high temperature are visualized.

As it can be seen in Figure 4.13, all the series materials but the glass fibre reinforced
PC-ABS GF20 (25kJ/m?) are pretty impact resistant at room temperature. PA6
(375 k.J/m?) is the most impact resistant material followed by its glass fibre reinforced
version, PA6 GF15 (243 kJ/m?). ABS (215kJ/m?), PA 6 GF15 (243 kJ/m?) and
PC-ABS (267 kJ/m?) have a similar level of impact strength (compare Figure 4.13).
PP TV has an impact strength below 46 k.J/m? which is still higher than that of most
AM and MBRM materials. The only series materials having a low impact strength
is the by brittle glass fibres reinforced PC-ABS GF20 (25 k.J/m?). Thus its impact
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Figure 4.13: Impact strength at room temperature (23°C) of AM/ MBRM materials
compared to series injection moulding materials.
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Figure 4.14: Impact strength at low temperature (—30°C) of AM/ MBRM materials
compared to series injection moulding materials.

strength has a level which is comparable to most AM/ MBRM materials.

The Vacuum Moulding materials PX223 (63 k.J/m?), PX226 (59 kJ/m?) and the
RIM-material 3602/3905 (51 kJ/m?) have an impact strength between 50 k.J/m? and
65k.J/m? at RT. Somos Next has an impact strength of 45kJ/m2. Vero Clear
(21 kJ/m?), PC-ABS (23 kJ/m?), Accura Xtreme (36 kJ/m?), PA2221 (26 kJ/m?),
PR751 (23 kJ/m?) and NM27H GF15 (28 kJ/m?) have an impact strength between
23 kJ/m? and 36 kJ/m?. Durus White (16 kJ/m?) and ABS-M30 (13 kJ/m?) have the
lowest impact strength.

The overall picture of the comparison of impact strengths of AM and MBRM materials
is: The level of the impact strengths of AM and MBRM materials is much lower than
that of most series materials as most of the AM/ MBRM materials have values from
13kJ/m? to 63 kJ/m? but NM27H and Duraform EX. Hence it can be summarized
that most of the AM as well as of the MBRM specimens are not sufficiently impact
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Figure 4.15: Impact strength at high temperature (85°C) of AM/ MBRM materials
compared to series injection moulding materials.

resistant (compare Figure 4.13). Thinking about the base materials which are processed
by AM and MBRM this is a natural result. For example, Polyjet and Stereolithography
materials are all photosensitive resins. These thermosetting plastics are characterized
by a high degree of cross-linking. The VM and the RIM materials are all polyurethane
and thus thermosetting plastics as well.

There is only one bar of the AM/ MBRM materials that has an impact strength
at room temperature which reaches a remarkable high level and is even higher than
series PC-ABS material’s properties: NM27H (see Figure 4.13). What is not visible in
Figure 4.13 is that another material is also very impact resistant if it is built in optimal
build orientation: the SLS materials Duraform EX. Unfortunately, Duraform EX is
very anisotropic due to its layer-based fabrication (compare Figure 4.16). In Figure
4.16 the impact strengths measured for The Duraform EX parts built in three build
orientations (X00Y00Z00, X45Y00Z00 and X90Y00Z00) are displayed. The Duraform
EX parts built in X00Y00Z00-orientation show a very high impact strength at RT
(247 kJ/m?), which approaches the series PC-ABS level (267 kJ/m?). In contrast to
that, the Duraform EX X45Y00Z00 parts (8 kJ/m?) as well as the X90Y00Z00 parts
(4 kJ/m?) have an impact strength at RT which is close to zero (compare Figure 4.16).

This can be explained by considering the fracture surface of Duraform EX built in
X00Y00Z00 orientation using a scanning electron microscope (compare Figure 4.17).
The powder particles are well sintered within one layer. But the bonding of neighbouring
layers is imperfect and contains a lot of defects (see Figure 4.17). Thus the laminar
structure is a weak point. Hence the parts cannot resist stresses which mechanically
load the interlaminar interfaces. Hence the process parameters must be adapted to the
material properties in a perfect manner. If this is not the case the SLS part is defective.

Surprising is that the series material PC-ABS (267 kJ/m?) has 11.5 times the impact
strength of the FDM-material PC-ABS (23 kJ/m?) although both are polycarbonate
blended ABS. The reason for this issue is found in the difference of the fabrication
process and the resulting microstructure.

The manufacturing principle of FDM can be easily understood considering the
SEM images in Figure 4.18. Cylindrical thermoplastic filaments are heated up to a
temperature above glass transition temperature but below melting point. Hence the
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viscous filament can be stacked according to the needed geometry. As the SEM images
of the fracture surface of FDM impact bending specimens show the FDM parts are
prone to effects related to anisotropy and inhomogeneity caused by voids and pores
(see Figure 4.18). This leads to levels of impact strengths which are below the expected
values. In contrast to that, series injection moulding process leads to homogeneous
parts free of voids and defects (compare Figure 4.2).

"E 200
S
=
=
[=]
=
L
T 100 ~
g3
1]
=N
=
0- . :

T
X00Y0oZoo X45Y00200 Xa0Y0ooZoo
Build orientations of Duraform EX

Figure 4.16: Comparison of impact strengths at room temperature (23°C) of Du-
raform EX depending on build orientations.

Figure 4.17: SEM images of Duraform EX X00Y00Z00 with a factor of magnification
100 (left) and 50 (right).

Of course, the delineation strategy has a significant influence on the mechanical
properties of FDM parts. As it can be seen in Figure 4.19 the comparison of the
SEM-images shows that delineation strategy has an effect on microstructure and the
microstructure influences the mechanical properties of parts. The microstructure of the
decorative part of the instrument panel manufactured of the FDM material PC-ABS is
processed in a different manner than the impact bending specimen (80 mm x 10 mm x
4mm). As it is visible in Figure 4.19 the decorative part is denser and obtains less pores
between the neighbouring thermoplastic filaments. The parts’ microstructure can be
characterized as a core surrounded by a coating layer. The core and the coating of the
FDM part are pretty dense. Unfortunately, the core and the coating are not well fused.
The interlayer between core and coating is prone to defects and pores (compare Figure
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4.19). Overall, the microstructure of the impact bending specimens is less favorable as
it is less dense and obtains more pores and voids. Optimizing the delineation strategy
might help increasing mechnical properties such as impact strength. Hence a change
in the delineation strategy might have led to specimens with higher impact strength.
Unfortunately, delineation strategy depends on the geometry which has to be build
and has to be chosen with respect to economic aspects.

The impact strengths of the investigated photopolymerizable SLA materials (Accura
Xtreme 36 k.J/m?, Somos 18420 12 kJ/m? and Somos Next 45 k.J/m?) are quite compa-
rable to most thermoplastic FDM materials (ABS-M30 13 k.J/m?, PC-ABS 23 k.J/m?
and Ultem 27 k.J/m?). Although SLA parts are based on a brittle photosensitive resin
whereas FDM parts are fabricated using a ductile thermoplastic material the SLA parts
are more impact resistant (compare Figure 4.13). The explanation for this issue can be
found in the scanning electron microscopy images of the corresponding fracture surfaces
of SLA parts (see Figure 4.20) and FDM parts (compare Figure 4.18). The observed
fracture surfaces of the SLA parts are typical for materials with low ductility, with no
signs of plastic deformation on the fracture surfaces. But the fracture surfaces of the
SLA parts are free of voids and pores and no signs of anisotropy due to the layered
manufacturing can be found. The material properties of the SLA materials therefore
depend only slightly on the build orientations [15].

To sum up, at room temperature ABS (215 k.J/m?), PC-ABS (267 k.J/m?) and PA6
GF15 (243 kJ/m?) cannot be represented by any AM/ MBRM material as NM27H’s
impact strength is too high and the impact strength of all the other materials is too low.
If the results in build orientations X45Y00Z00 and X90Y00Z00 are ignored Duraform
EX represents series PC-ABS well. In build orientation X00Y00Z00 Duraform EX-parts
match series PC-ABS parts. The impact strength of PA6 (375 kJ/m?) is too high to
be matched by NM27H (315 kJ/m?). In contrast to that, PP TV (45kJ/m?) can be
well represented by Somos Next (45 k.J/m?). The brittle PC-ABS GF20 (25 k.J/m?) is
matched by NM27H GF15 (28 kJ/m?), PR751 (23 k.J/m?), PA2221 (26 k.J/m?), Ultem
(27 kJ/m?) and PC-ABS (23 kJ/m?).

The measured impact strengths at low temperature are illustrated in Figure 4.14. At
LT (see Figure 4.14) besides NM27H none of the investigated AM/ MBRM materials
has an impact strength higher than 54 k.J/m?. The MBRM materials have the highest
impact strengths. 3602/3905 (53 kJ/m?) and PX223 (52k.J/m?) have an impact
strength above 50 k.J/m?, PX226 (48 kJ/m?) and PR751 (39 kJ/m?) and 3603/3905
(36 kJ/m?) below 40 k.J/m?.

Figure 4.18: SEM images of FDM parts: PC-ABS X00Y00Z00 with a factor of magni-
fication 50 (left), Ultem X00Y00Z00 with a factor 51 of magnification (right).
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Figure 4.19: SEM images of FDM parts made of PC-ABS X00Y00Z00: Decorative
part of the instrumental panel with a factor of magnification 20 (left) and polymer sheet
with factor of magnification 50 (right).

Figure 4.20: SEM images of SLA parts: AccuraXtreme X00Y00Z00 with a factor 40
of magnification (left) and Somos Next X00Y00Z00 with a factor 50 of magnification
(right).

Ultem’s (25 kJ/m?), Duraform EX’s (25 kJ/m?) and PA2221’s (22 k.J/m?) impact
strengths range at about 25 k.J/m?. Durus White (11 k.J/m?), Vero Clear (8 kJ/m?),
ABS-M30 (13 kJ/m?), PC-ABS (17 k.J/m?), Accura Xtreme (12 k.J/m?), Somos 18420
(10 kJ/m?), Somos Next (7kJ/m?) and Duraform HST (13 k.J/m?) have an impact
strength below 18 k.J/m?.

The lowest impact strength of the series materials is measured for PP TV (17 kJ/m?),
followed by PC-ABS GF20 (30 k.J/m?) and PA6 GF15 (39kJ/m?). ABS (141k.J/m?)
and PA6 (197 kJ/m?) have a very high impact strength. Nevertheless, the highest
impact strength is measured for series PC-ABS (272 kJ/m?).

At LT (compare Figure 4.14) the low impact strength of PP TV (17 k.J/m?) is
matched by the FDM materials PC-ABS (17 kJ/m?) and ABS-M30 (13 kJ/m?) as well
as the SLS-material Duraform HST (13 kJ/m?). Series PC-ABS GF20 can be well
represented by Ultem (25 k.J/m?), Duraform EX (25k.J/m?), 3603/3905 (36 kJ/m?).
Series PA6 GF15 (39 kJ/m?) has an impact strength similar to 3603/3905 (36 k.J/m?),
NM27H GF15 (36 kJ/m?) and PR751 (39 kJ/m?). PA6 (197 kJ/m?), ABS (141 kJ/m?)
and PC-ABS (272 kJ/m?) cannot be represented by any AM/ MBRM material as
NM27H’s impact strength is too high and the impact strength of the other investigated
AM/ MBRM materials too low.

If the measured values for impact strength of the investigated AM/ MBRM materials
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at RT are compared to those measured at LT it can be observed that the Figures 4.13
and 4.14 look similar. In case of LT the level of the axis is shifted to lower values than
in case of RT. Of course, in case of LT the macromolecules are not that flexible as
in case of higher temperatures. Series ABS, series PC-ABS and PC-ABS GF15 have
almost the same impact strength at LT as at RT whereas the impact strength of series
polyamides, PA6 and PA6 GF15, halves from RT to LT.

Figure 4.15 displays the impact strength which were measured at high tempera-
ture. At HT of the AM/ MBRM materials only the NylonMold materials (NM27H
with 124 kJ/m? and NM27H GF15 with 177 kJ/m?) have an impact strength above
120 kJ/m? (see Figure 4.15). PA2221 has 88 k.J/m?, PX226 65kJ/m?, Somos Next
51 kJ/m?, Somos 18420 47 kJ/m?, Accura Xtreme 42 kJ/m?, PX223 42 k.J/m? and
3603/3905 45 k.J/m?. The FDM materials PC-ABS (27 k.J/m?) and Ultem (27 k.J/m?),
the Vacuum Moulding material PR751 (37 kJ/m?) and the RIM material 3602/3905
(30 kJ/m?) have an impact strength of about 30 k.J/m?.

All series materials but PC-ABS GF20 have an impact strength above 100 k.J/m?. At
HT series PC-ABS has an impact strength of 232 k.J/m?, series ABS of 209 k.J/m?, PA6
of 154 kJ/m? and PA6 GF15 106 kJ/m?. PP TV has an impact strength of 130 kJ/m?.
PC-ABS GF20 (20 kJ/m?) has the lowest impact strength of the series materials.

At HT (see Figure 4.15) NM27H (124 kJ/m?) represents PP TV (130 kJ/m?) very
well. Series PA6’s impact strength (154 k.J/m?) is between the impact strength of
NM27H (124 kJ/m?) and the one of NM27H GF15 (177 kJ/m?). PC-ABS with its
232 kJ/m? and ABS with its 209 k.J/m? enormous impact strengths cannot be matched
by any AM/ MBRM material. PA6 GF15’s impact strength (106 k.J/m?) is between
the impact strength of PA2221 88 k.J/m? and NM27H 124 k.J/m?. The brittle PC-ABS
GF20 (20 kJ/m?) fits with its very low impact strength very well to several AM/ MBRM
materials: PC-ABS (27 kJ/m?), Ultem (27 kJ/m?) and Duraform HST (24 kJ/m?).

Comparing the impact strengths of the investigated temperature ranges it can be
observed that the polyjet materials, Durus White and Vero Clear, the FDM materials,
ABS-M30, PC-ABS and Ultem have a similar level of impact strength at LT, RT
and HT. In all temperature ranges their ability to absorb energy is pretty low. Due
to their glass transition temperature at about 70°C the MBRM materials’ impact
strengths decrease with temperatures above glass transition point. Series PC-ABS and
PC-ABS GF20 have a similar impact strength as at LT and RT. Their glass transition
temperature is higher than 85°C.

Thinking about automotive applications the interior parts which play an important
role during crash scenarios must be able to absorb a lot of energy without separation and
splitting as mentioned above (compare chapter 4.1.1.3). As the automotive interior is
exposed to a wide temperature range the interior parts have to fulfill these requirements
at LT, RT and HT. Impact strength is an indicator for the amount of energy a material
is able to absorb. As the measurements of impact strength confirm, the in this research
measured impact strengths of AM/ MBRM materials are too low. Of course, not all
parts are submitted to highly dynamic loads, e.g. the load bearing parts underneath
attached parts. For those parts high strength and stiffness in a wide temperature
range is sufficient. But if AM/ MBRM parts should be used in the validation of
automotive interior, the parts have to be mounted and demounted several times. This
requires a minimum ductility. Too brittle AM/ MBRM parts separate while mounting
or demounting. Hence they are not appropriate for validation tests in an early stage of
development.
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4.1.2 Tuning material properties of AM parts by voxel-based 3D-printing

In the following it is shown how material properties can be tuned by hierarchically
arranging voxels of two materials with at least one different property. Using the
examples of the chess pattern model and the brick-mortar model the influence of the
choice of the voxel architecture on the thermomechanical properties is described.

4.1.2.1 Chess pattern model

In this chapter the results of impact strengths, tensile properties, fractography and
Dynamic Mechanical Analysis for BMVC specimens are demonstrated and discussed
which were manufactured and investigated according to the description in chapter
3.1.2.1.

4.1.2.1.1 Investigated voxel edge lengths and their influence on impact strength In Figure
4.21 the measured mean values for impact strength as well as the standard deviations
depending on voxel edge length of the BMVC are illustrated. The measured values of
impact strengths range from 81.0 k.J/m? to 90.8 k.J/m? for voxel edge lengths of 250 pm
to 450 um, respectively. Voxel edge lengths larger than 450 um lead to lower impact
strengths: In case of 600 um the BMVC has an impact strength of 75.4 k.J/m?, in case
of 800 um the BMVC’s impact strength is 63.0 kJ/m? and in case of 1000 pum only
48.8 k.JJ/m?. Thus the highest impact can be observed at the BMVC with a voxel edge
length of 400 pm. The measured mean values and standard deviation of the BMVC are
listed in Table 4.1. Furthermore, the fracture behaviour was analysed by classifying the
results of the impact bending tests in three categories: ’complete separation’, 'partial
separation’ and 'no separation’. 'Complete separation’ means the investigated specimen
has been separated in at least two parts after impact testing. ’Partial separation’ refers
to specimens where a defect could be observed, but the specimen was not completely
separated. 'Unseparated’ means that the specimens did not show a macroscopic crack
after testing. The results are depicted in Table 4.2. With voxel edge lengths of 250 pum,
300 pm and 350 um all the ten specimens separated. Voxel edge lengths larger than
350 um displayed non-separations in the series of ten specimens. As the SEM images of
the BMVC in Figure 4.22 show, the voxel-based architecture can be identified. The light
voxels represent the white and brittle material A, VeroWhite Plus. As it is visible the
voxels are manufactured with high resolution. Material A and B can be differentiated
easily. As the SEM images with higher resolution indicate, the fracture lines do not
propagate along the interface between the voxels of different materials.

In Figure 4.23 the fracture surface of a BMVC with voxel edge length of 600 pum is
illustrated. On the fracture surface the fracture lines which are marked by the drawn red
line can be detected. It can be noticed that the fracture lines propagate predominantly
through the brittle material, VeroWhite Plus. In order to differentiate the voxels of
material A and B easily, the voxels are highlighted in the SEM image with magnification
factor 100: Dark colour for TangoBlack Plus and light colour for VeroWhite Plus. The
brittleness of material A and B, VeroWhite Plus and TangoBlack Plus, is confirmed by
the SEM images. The fracture surfaces show no indication of ductile material behaviour.
Figure 4.24 depicts the fracture surfaces of BMVC specimens with varying voxel edge
length after impact bending tests. As indicated by the short, black arrows within the
SEM images, the fracture lines propagate from tension zone to compression zone of
the impact bending test specimens. The bold, red arrows labelled with F indicate the
impact direction which is applied by the pendulum.
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Figure 4.21: Impact strength depending on voxel edge length.

Table 4.1: Comparison of measured impact strengths of mono-material specimens and
BMVC specimens with different voxel edge length.

Type of Material

Impact Strength

Standard Deviation

or Compound [kJ/m?] [kJ/m?]
TangoBlack Plus 5.3 0.41
VeroWhite Plus 10.9 3.84
BMVC 250 um 86.1 6.67
BMVC 300 um 81.0 7.24
BMVC 350 um 84.1 6.47
BMVC 400 pum 90.8 9.98
BMVC 450 pm 86.1 5.52
BMVC 600 pm 75.4 7.32
BMVC 800 pum 63.0 6.45
BMVC 1000 um 48.8 5.81

The measurements of impact strengths of the BMVC specimens show that impact
strength significantly depends on the voxel edge length (compare Figure 4.21). For a
voxel edge length of 1000 um an impact strength of 48.8 k.J/m? was measured which
is lower than the values of 63.0 k.J/m? for a voxel edge length of 800 um, 75.4 k.J/m?>
for 600 ym and 86.1 k.J/m? for 450 um, respectively. For voxel edge lengths between
250 pm and 450 um the measured values of impact strength differ relatively little,
from 81.0 kJ/m? to 90.8kJ/m?. In this voxel regime the highest impact strength
(90.8 k.J/m?) was measured for BMVC parts with voxel edge lengths of 400 ym whereas
the smallest impact strength is measured at voxel edge lengths of 300 um. Thus above
about 450 pm an upper critical voxel edge length (acriticar) Was found where an increase
in voxel edge length leads to a decrease of impact strength.



80

4.1 Material tests

“}aylolgig Usiph NL 1e uld ul sjgejreAe si SISay [2I0100p SIY) JO UoisiaA [eulblio paoidde ayl
“regBniian yayiolgig Usipn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuo aponipab ausiqoidde aiq

SEM images of the BMVC’s fracture surface for voxel edge length
1000 m (factor of magnification from left to right: 20, 100, 500.).

Figure 4.22
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Table 4.2: Comparison of the fracture behaviour of mono-material specimens and
BMVC specimens with different voxel edge length during impact bending test.

Type of Material

Number of

Number of

Number of

or Compound Specimens | Specimens | Specimens
Exhibiting | Exhibiting | Exhibiting

’Complete ’Partial ’No

Separation’ | Separation’ | Separation’

TangoBlack Plus 0 0 10
VeroWhite Plus 10 0 0
BMVC 250 um 10 0 0
BMVC 300 pum 10 0 0
BMVC 350 um 10 0 0
BMVC 400 pum 7 0 3
BMVC 450 pum 5 0 5
BMVC 600 pum 6 0 4
BMVC 800 pum 10 0 0
BMVC 1000 um 6 1 3

fracture ling

woel of VeroWhila Plus

D winoed of TangoBlack Plus

Figure 4.23: SEM images of the path of crack of the BMVC for voxel edge length
600 pm (factor of magnification from left to right: 20, 100).
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Figure 4.24: Fracture surfaces of BMVC specimens with different voxel edge lengths
and factor of magnification 20. Specimens with voxel edge length of 1000 um (above
left), with voxel edge length of 600 um ( above right), with voxel edge length of 400 um
(below left) and with voxel edge length of 300 um (below right).

The reason for this upper critical voxel edge length can be found in linear-elastic
fracture mechanics. In case of a brittle material with a crack of length (1) a critical
situation is obtained if the following condition is fulfilled:

K > Keritical (4‘1)
with:
K : Stress intensity factor, [K] = M Pa - /m.
Keritical : Critical stress intensity factor, [Kepiticat] = M Pa - y/m.

Kritical 1s the critical stress intensity factor which may not be exceeded. K. itical
corresponds to the toughness of the utilized material. K is the stress intensity factor
described by the following equation where o is the occurring stress and f a shape factor:

K=o-fVr-l (4.2)

with:

o : Occurring stress, [0] = M Pa.
f : Dimensionless shape factor.
I : Crack length, [[] = mm.
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By assuming a shape factor of 1 the following condition is obtained where I . iticq iS
the critical crack length:

K2
leritical = %m (43)
0%
with:
Ieritical : Critical crack length, [leriticar] = mm.

o is assumed to be equal to the tensile strength of the brittle material, VeroWhite Plus,
as the crack propagates predominantly through the stiff material. Hence o is equal to
33.72 M Pa (compare Table 4.3). Furthermore, for K .itcq a value of 1.5 M Pa - m®?
is assumed which is typical for photosensitive resins. The critical crack length which
leads to material failure was calculated according to Equation (4.8) using Keriticar- If
this critical crack length is exceeded the material fails (compare Equation (4.7)).

lcritical = 0.6299 mm (44)

Hence in case of the BMVC composed of VeroWhite Plus and TangoBlack Plus the
crack may not exceed a length of about 630 um. Considering the fracture surface it can
be assumed that the crack propagates more or less along the face diagonal of the voxels
made of the brittle material, VeroWhite Plus (compare Figure 4.23). As the voxel’s
area is a square with voxel edge length the upper critical voxel edge length, acritical,
can be calculated according to:

leritical
Aeritical = % (45)
with:
Qeritical : Critical voxel edge length, [acritical] = mm.

Table 4.3: Comparison of the tensile properties of the investigated mono-material
tensile test samples made of VeroWhite Plus and TangoBlack Plus.

Test samples VeroWhite Plus | TangoBlack Plus
Strain at break [%)] 1.62 0.27 156.24 | 4.16
Tensile strength [M Pa] | 33.72 3.03 0.76 0.02

According to Equation (4.5) the upper critical voxel edge length is 445 pm, which is in
reasonable agreement with the value of 450 ym above which the impact strength of the
obtained compounds decreases.

This observation also correlates well with the observations Fratzl et al. made, where
the difference in elastic modulus between the alternating layers determines the increase
in toughness [128]. In cases where the ratio between the elastic moduli is at least five,
toughening is observed. This correlates with the observation of this work, since the
investigated materials, VeroWhite Plus and TangoBlack Plus, differ decisively regarding
their elastic modulus.

As can be seen from the SEM fractographs (see Figure 4.23) the crack propagates
predominantly within the hard and stiff material A, since the fracture lines are deflected
by the voxels of the soft TangoBlack Plus material. Obviously, the soft material has
a toughening effect on the composite. The soft elastomer-like material deflects the
growing crack, leading to the mentioned toughening effect. Dimas and Buehler also
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observed that the brittle matrix structures fail by growth of a single dominant crack [83].
As investigated by Sen and Buehler the soft and deformable material, TangoBlack Plus,
acted as an obstacle for crack propagation [81].

Since the voxels of the soft phase are rather large, they can be seen as internal defects
within the composite. This effect might counteract the toughening effect discussed
above. Although no specific investigations have been performed with respect to this
issue, the toughening effect seems to be stronger than the weakening by internal defects.
This is probably due to the relatively large corner radius, caused by the limited precision
of the used manufacturing process.

Although no direct measurements of the interface strength were performed, the
analysis of the fracture surfaces gives an indication of the bonding strength between
hard and soft phase. Since the crack predominantly runs through the hard phase, it can
be assumed that the bonding between soft and hard material is strong. Only in very
few instances cracks along the interface could be observed. As the crack always chooses
the path which costs less energy to propagate through, it seems easier to propagate
through the hard material A than using the boundary surface of material A and B or
even the elastomer-like material B.

It turned out that although the value for impact strength might not be influenced
by the voxel edge length between 250 pum and 450 um, the failure mechanism of the
BMVC is influenced significantly by the microstructure (compare Table 4.2). In case
of very small voxel edge lengths (250 um, 300 um and 350 um) all ten specimens
tested fractured, whereas in case of higher voxel edge lengths only a few samples
fractured. The most non-separations (five specimens) were found in the voxel edge
length group of 450 pm. Four of ten BMVC specimens of 600 um voxel edge length did
not fracture. BMVC specimens of 1000 um and 400 um voxel edge length showed three
non separations. Both groups of BMVC behaved similar to the BMVC with 450 pm
voxel edge length regarding fracture behaviour. The overall picture obtained is that
larger voxel edge lengths lead to more non-separations although the BMVC of 800 um
voxel edge length group is an exceptional case. All investigated ten BMVC specimens
with voxel edge length of 800 yum fractured. The supposition that fracture behaviour
depends on voxel edge length can be justified by comparing the BMVC’s voxels made
of TangoBlack Plus to a bending beam. The longer the beam the more it is able to
show displacement.

If the measured impact strengths of the BMVC investigated in this paper are compared
to the pure material A, VeroWhite Plus, it can be summarized that impact strength
could be increased decisively. Comparing the BMVC specimens to mono-material
specimens of VeroWhite Plus impact strength could be increased by a factor of eight
to nine (compare Table 4.1). If BMVC specimens are compared to mono-material
specimens of TangoBlack Plus the increase is even higher.

Unfortunately, it was not possible to 3D-print BMVC specimens with a voxel edge
length below 250 um since the data volume for STL files of such a BMVC part is too
high to be processed by the polyjet machine, Objet500 Connex. In order to investigate
if there is more potential to increase impact strength by decreasing voxel edge length
some scientific research on the reduction of STL files must be undertaken first. From
today’s point of view realizing BMVC with smaller voxel edge lengths is difficult. It
might not be forgotten that in this research only comparably small geometries were
investigated as only specimens for impact bending and tensile tests were manufactured
and investigated according to DIN EN ISO 179-2 [125] and DIN EN ISO 53504 [130].
In Table 4.4 the data volumes of BMVC specimens for impact bending tests (building
block of 80 mm x 10 mm x 4 mm) are listed depending on the chosen voxel edge length.
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Table 4.4: Development of data volumes depending on voxel length of BMVC-parts
(based on the part geometry of a building block of 80 mm x 10mm x 4mm).

Voxel Edge Length [um] | Data Volume [MB]
1000 2

600 )

200 230

100 1860

80 3622

40 28483

With decreasing voxel edge length, the data volume of the necessary STL-file increases.

It is assumed that there is a limit in the realizable voxel edge lengths as well. Too
small voxel edge lengths cannot be realized by the Objet500 Connex as it processes
the liquid material drop by drop. The material is cured by a light source after the
layer has been smoothened using an appropriate wiper system. This leads to a mixing
of materials A and B. This might cause difficulties in the realization of BMVC with
smaller voxel edge lengths than the investigated 250 um. Considering the SEM-images
of BMVC parts with different voxel edge lengths in Figure 4.24 the chess pattern of the
specimens of voxel edge length 1000 um, 600 um and 400 um can be observed easily.
The chess pattern of the BMVC specimen with voxel edge length of 300 um can be
detected as well but voxels of material A cannot be distinguished as easily from voxels
of material B for small voxel edge lengths.

4.1.2.1.2 Elastic properties of the bimaterial voxel compound The mean values for strain
at break (e,) and tensile strength (R,,) of the mono-material samples lying in the
xy-plane of VeroWhite Plus as well as TangoBlack Plus are depicted in Table 4.3.

Figure 4.25 illustrates the stress-strain curves of all the investigated materials. For
each material five specimens were investigated. As can be seen, the mono-material
specimens made of VeroWhite Plus show a stress-strain curve which is characteristic
for a thermosetting material. In contrast to that, the mono-material samples made
of TangoBlack Plus shows rubber-like characteristics comparable to an elastomer
(compare Figure 4.26). Nevertheless, the stress-strain function of TangoBlack Plus
shows nearly linear elastic material behaviour. The stress-strain curves of BMVC
samples differ significantly from the curves of the mono-material samples, lying between
the stress-strain function of TangoBlack Plus and VeroWhite Plus.

The results obtained in the tensile tests illustrated in Figure 4.25 were interpolated
linearly. An interpolation of the BMVC which covers the linear-elastic area as well as an
interpolation in the plastic area was calculated. Table 4.5 depicts the equations which
describe these interpolations. As the results of this table show no tendency can be
observed regarding the characteristics of the elastic and plastic area of the stress-strain
curves. Considering the interpolations of the elastic area in Table 4.5 it is striking that
the BMVC with 300 ym voxel edge length has the highest incline in the stress-strain
diagram followed by the BMVC with voxel edge length of 400 um. Considering the
stress-strain functions of the BMVC parts in Figure 4.25 and the equations for the
interpolations in Table 4.5 it can be summed up that no tendency can be observed
regarding the influence of voxel edge length on the characteristics of the stress-strain
functions. The BMVC parts with voxel edge lengths of 300 um and 800 um obtain
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a remarkable strain at break, whereas those with voxel edge lengths of 600 um and
1000 um have significantly lower strains at break. BMVC with voxel edge length of
1000 pm has the lowest strain at break.

Table 4.6 depicts the mean values of tensile strength (R,,) strain at break (&)
and impact strength of BMVC specimens with the varying voxel edge length. If the
values for strain at break of BMVC specimens are compared it is striking that BMVC
specimens with voxel edge length 300 um and 800 pm obtain a remarkable strain at
break whereas these with voxel edge length 600 pm and 1000 pm have significantly
lower strains at break. BMVC specimens with a voxel edge length of 1000 pm has the
lowest strain at break.

304 ~----400 pm
- ==-600 pm
14 ——— 800 um
20 -=+- 1000 um
E VeroWhite Plus
----— TangoBlack Plus|

25 4

154

Stress [MPa]

s
T T T T T T T L i | T T T

1
25 30 35 40 155 158 157
Strain [%]

Figure 4.25: Stress-strain curves of the single materials VeroWhite Plus and Tango-
Black Plus compared to BMVC.
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Figure 4.26: Stress-strain curve of TangoBlack Plus shows elastomer-like characteris-
tics.
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Table 4.5: Stress-strain curve equations describing the linear interpolations of the
elastic area for BMVC tensile test specimens.

Voxel Edge Length || Elastic Area Plastic Area

BMVC 300 um 0=1365-£40.308 | 0 =1.365-¢ + 5.182
BMVC 400 ym 0=1317-£40.703 | 0 = 1.154 - € + 5.746
BMVC 600 um 0=20.539-£+0.052 | 0 =1.107 - € 4 2.253
BMVC 800 um 0=1296-¢+0.471 | 0 =0.167 - € 4+ 5.108
BMVC 1000 pm 0=0.729-£40.190 | 0 =0.167 -+ 1.935

Table 4.6: Comparison of measured material properties - tensile strength (R,,), strain
at break (g5) and impact strength for the BMVC specimens.

Type of BMVC || Tensile Strength | Strain at Break | Impact Strength
[MPa] [%] [k /m?]
BMVC 300 um 8.89 30.64 81.02
BMVC 400 pum 11.17 37.27 90.80
BMVC 600 pm 4.38 21.05 75.36
BMVC 800 pm 8.89 24.52 63.04
BMVC 1000 pm 4.84 17.84 48.77

The same picture exists considering tensile strengths. The BMVC with voxel edge
length of 400 um exhibits the highest tensile strength followed by the BMVC with
voxel edge length of 300 um and the one with a voxel edge length of 800 um. The
lowest values for tensile strength can be found in the BMVC with voxel edge length of
1000 pm and 800 pm. All in all, the BMVC with voxel edge length of 400 ym exhibits
the highest values for strain at break, tensile strength and impact strength. Above this
voxel edge length impact strength and strain at break decrease with increasing voxel
edge length. This is a natural result as materials with high impact strength usually also
show high strains at break. A slight deviation of the rule that the material properties
decrease with increasing voxel edge length can be observed for the BMVC with a voxel
edge length of 800 pm which has a higher strain at break than the BMVC with voxel
edge length 600um.

The BMVC with voxel edge length of 400 um exhibits also the highest tensile strength
followed by the BMVC with voxel edge length of 300 um and the one with a voxel edge
length of 800 um. The lowest values for tensile strength can be found in the BMVC
with voxel edge lengths of 1000 um and 600 um. Hence considering tensile strength no
correlation between tensile strength and voxel edge length can be found.

4.1.2.1.3 Dynamic-Mechanical Analysis For many amorphous polymeric materials an
increase in impact strength is connected with a reduced glass transition temperature.
Using DMA it was investigated, to which extent this is also true for the materials of
interest in this work: VeroWhite Plus (see Figure 4.27) and TangoBlack Plus (see Figure
4.28) and the BMVC with voxel edge length of 400 um (see Figure 4.29). It becomes
obvious that the qualitative characteristics of the DMA-curves of the elastomer-like
material, TangoBlack Plus, is similar to the one of the BMVC. For example, the curve
progression of the loss modulus of the BMVC shows a similar characteristic to the one of
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4.1 Material tests 88

TangoBlack Plus, whereas the investigated VeroWhite Plus shows a different behaviour
regarding loss modulus. Another relevant feature is the decreased glass transition
temperature of the BMVC (maximum of tand-curve) with respect to VeroWhite Plus.

The comparison of the DMA curves shows that the increase of the impact strength
is upset by a decrease in temperature resistance (compare Figure 4.27 to Figure 4.29).
The maximum of tand, corresponding to the glass transition temperature, of VeroWhite
Plus is at 83.2°C whereas the maximum of tand is at 50.8°C for the BMVC with voxel
edge length of 400 um. TangoBlack Plus has the maximum of tand at 20.1°C. Thus
the BMVC specimen has a glass transition which is higher than TangoBlack Plus but
lower than VeroWhite Plus.

—— Storage Modulus
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Figure 4.27: DMA results of the pure material A, VeroWhite Plus.
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Figure 4.28: DMA results of the pure material B, TangoBlack Plus.

The maximum of the loss modulus is found at a similar temperature for the BMVC
and TangoBlack Plus: In case of the BMVC it is at —1°C, for TangoBlack Plus it is
at —4°C. Hence the maximum of the loss modulus of the BMVC is similar to that of
TangoBlack Plus. The qualitative characteristic of the loss modulus of the BMVC is
comparable to that of TangoBlack Plus as well. But the peak of the BMVC is broader.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M You

4.1 Material tests 89

—— Storage Modulus
- - - - Loss Modulus

4000 - ~ 6.0E-1
T tan 5 i
= 4 300
g : - 5.0E-1
=3 T |
oy - i
[ 1a00S 4.0E-1
3 2000 - w |
£ 2 {30E1 ©
=
z 41008 ] 8
@ = 20E-1
5 3 |
175 | i
il s 1o S o108
— ———————— Jdoo
-40 -20 0 20 40 60 80 100

Temperature [*C]

Figure 4.29: DMA results of the BMVC with voxel edge length of 400 um.

The storage modulus of VeroWhite Plus, a value which is closely connected with the
Young’s modulus, falls below 1900 M Pa at 45°C. This is about 50% of the maximum
storage modulus. For TangoBlack Plus the maximum of the storage modulus is about
1100 M Pa. The 50% mark of the storage modulus (550 M Pa) is undercut at —7°C.
The BMVC’s storage modulus depicts its maximum (3480 M Pa) at —37°C. It falls
below half of its maximum (1740 M Pa) at —1°C.

The glass transition temperature of BMVC (Typymyve) with voxel edge length of
400 pm measured using DMA was compared to the analytical value calculated using
Fox’s law according to Equation (4.6):

1 0.5 0.5

= + 4.6
Tyemuve TyrBp  Tyqvwp (4.6)
with:
Tovwp : Glass transition temperature of VeroWhite Plus, [T,y wp] =° C.
TyrBP : Glass transition temperature of TangoBlack Plus, [Tyrpp| =° C.
Typmve o Glass transition temperature of BMVC, [Typmyve] =° C.

In Equation (4.6) Tyywp is the glass transition temperature of VeroWhite Plus and
Tyrpp the glass transition temperature of TangoBlack Plus. This comparison showed
that the analytical value for glass transition temperature of the BMVC according to
Fox’s law is about 32.4°C. Hence the analytical value of the BMVC is lower than the
glass transition value experimentally measured using DMA. Using the experimentally
measured glass transition temperatures of the mono-material samples (83.2°C for
VeroWhite Plus and 20.1°C for TangoBlack Plus) a material distribution of material A
to material B of 80:20 would have led to a calculated glass transition temperature of the
BMVC of 50.8°C which corresponds to the results gained by DMA. As the investigated
BMVC specimens have a volume distribution of 50:50 of the two base materials, the
experimental results do not fit well to Fox’s law. Probably the microscopic architecture
of the BMVC affects the ’strain response’ of the BMVC in the DMA. Furthermore, it
can be assumed that there is a mixture zone surrounding the mono-material voxels.
These are factors probably influencing the glass transition temperature of the BMVC.
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4.1.2.2 Brick-mortar model

The results of the impact strength in case of BriMo specimens which are built with
the sets of parameterss 1 to 9 characterized by a volume ratio material A to material
B of 50:50 are listed in Table 4.7. Figure 4.30 illustrates these values as bars. For
a comparison of the impact strengths of BriMo specimens to their base materials,
mono-material specimens of VeroWhite Plus and TangoBlack Plus were plotted as
a line in that Figure. As it can be seen the impact strengths of the mono-material
specimens are lower than the one of the BriMo specimens. TangoBlack Plus has an
impact strength of 5k.J/m? and thus the lowest impact strength of the compared
materials. VeroWhite Plus has an impact strength of 11 k.J/m? which is equal to
the impact strength of BriMo specimens built with the set of parameters 4. BriMo
specimens with sets of parameters 5 and 7 have an impact strength of 17 k.J/m? which
is similar to the impact strength of BriMo specimens built with sets of parameters 2
(16 kJ/m?) and 3 (19kJ/m?). A higher impact strength have the BriMo specimens of
set of parameters 9 (27 k.J/m?). BriMo specimens of sets of parameters 1 (38 k.J/m?)
and 8 (41 kJ/m?) have an impact strength about 3.5 — 3.7 times the impact strength
of VeroWhite Plus and about 7.6 — 8.2 times of TangoBlack Plus. The highest impact
strength was measured in case of the BriMo specimens built with the set of parameters
6 (50 kJ/m?).

The impact strengths of BriMo specimens manufactured using the sets of parameters
10 to 16 are having a volume ratio of 46:54 of the two materials A and B and are listed
in Table 4.8. These impact strengths are compared to the mono-materials specimens’
impact strengths made of VeroWhite Plus and TangoBlack Plus (see Figure 4.31). The
specimens of set of parameters 15 have the same impact strength as specimens of sets
of parameters 5 and 7 (17 k.J/m?) although the material distribution of VeroWhite
Plus and TangoBlack Plus is different. BriMo specimens manufactured with the set
of parameters 16 have an impact strength of 27 k.J/m? and BriMo specimens of set
of parameters 13 33 k.JJ/m?. BriMo specimens of set of parameters 10 have an impact
strength of 57 kJ/m? which is 11.4 times the impact strength of TangoBlack Plus
and 5.2 times the impact strength of VeroWhite Plus. Specimens with the sets of
parameters 11 and 14 have with 62 k.J/m? an even higher impact strength. The highest
impact strength have specimens of set of parameters 12. With 82 kJ/m? the impact
strength could be raised by a factor of 7.5 compared to VeroWhite Plus and by a
factor of 16.4 compared to TangoBlack Plus. Overall the impact strengths measured at
BriMo specimens of the sets of parameters 10 to 16 (17 kJ/m? to 82 kJ/m?) are higher
than those of the BriMo specimens manufactured with the sets of parameters 1 to 9
(11 kJ/m? to 50 kJ/m?).

Figure 4.32 depicts fragments of two BriMo specimens manufactured with set of
parameters 3. The fracture surface of a BriMo impact bending test specimen of set of
parameters 3 in the tension zone is visible in the SEM image in Figure 4.33. The crack
propagation zone of that specimen can be seen in Figure 4.33.

Photos of separated BriMo specimens with set of parameters 4 after impact bending
test can be considered in Figure 4.34. SEM images of a BriMo specimen with set of
parameters 4 can be investigated in the SEM image in Figures 4.35.

BriMo specimens manufactured with set of parameters 14 fractured in a different
manner. Some specimens have not fractured on a macroscale whereas others fractured
partially. An overview about the varying fracture behaviour is given in the stereomicro-
scope images depicted in Figure 4.36. On the left hand side the samples are displayed in
ground view on the right hand side their corresponding tension zone is displayed with
factor 20 of magnification. Sample 5 (above) has the longest path of crack emphasized
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by a red line. Sample 2 (middle) has a shorter path of crack. In the region where the
path of crack ends the mortar shows micro-cracks highlighted by arrows pointing on
them. Sample 9 (below) has no continuous crack but a lot of micro-cracks.
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Figure 4.30: Impact strengths of brick-mortar-specimens with volume distribution of
Material A : Material B = 50 : 50.

The measured impact strengths vary for the investigated specimens greatly although
the sets of parameters differ only slightly. It is proven that the detailed geometry of
brick and mortar influences the fracture behaviour and impact strength of the BriMo
specimens. Only a slight change in brick length or brick height or mortar length or
mortar height can have an enormous effect on impact strength.

Considering the results of impact strength of the brick-mortar-samples with a volume
ratio (material A: material B) of 50:50 it is striking that the impact strength varies
decisively with values from 11 k.J/m? to 50 k.JJ/m?. As all investigated specimens with a
set of parameters 1 to 9 have the same volume ratio (except set of parameters 8 slightly
differing) it is proven that the geometry of the brick-mortar structure influences the
impact strength. Comparing the measured impact strengths of the samples fabricated

Table 4.7: Overview about the measured impact strengths of the investigated sets of
parameters of a volume ratio of material A to material B of 50:50.
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Set of b | lm | hy | hm | tp| tm | Impact Strength
Parameters [kJ/m?]
1 1.0 1.0 1.0 1.0 1.0 ] 1.0 38
2 05105 1.0 1.0 1.0 1.0 16
3 0510508075101 1.0 19
4 0.5105 1.2 1.2 1.0 1.0 11
5) 1.0]10]08 075|101 1.0 17
6 1010|112 |1.15| 1.0 1.0 50
7 201] 1.0 1.2 141101 1.0 17
8 1.0 04|04 0410404 41
9 20104 |04 0410404 27
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Table 4.8: Overview about the measured impact strengths of the investigated sets of
parameters of a volume ratio of material A to material B of 46:54.

Set of | | hy| hm| tp| tm | impact strength
Parameters [kJ/m?]
10 051010 10|10/ 1.0 57
11 1.0[1.0] 10135 |10 1.0 62
12 1.0 | 2.0 | 1.0 1.0 | 1.0 | 1.0 82
13 1.0 | 1.0 | 0.8 1.0 | 1.0 | 1.0 33
14 0511012 1.15|1.0]| 1.0 62
15 20| 10|08 | 1.15] 1.0 1.0 17
16 0.225 0509 | 0504105 27
i [ Impact Strength
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Figure 4.31: Impact strengths of brick-mortar-specimens with volume distribution of
Material A : Material B = 46 : 54.

with the sets of parameters 10 to 16 which all have a volume ratio of material A to
material B of 46:54 the same picture emerges. There are specimens with very low
impact strength (set of parameters 15 with 17 k.J/m?) and specimens with pretty high
impact strength of 82 kJ/m? (set of parameters 12).

As the samples of the two investigated volume ratios lie within a similar range it is
obvious that the influence of the volume ratio on the impact strength is not as high as
the influence of the geometry of the bricks and mortar. The key in tuning material
properties of such two-material composites therefore lies in the topological arrangement
of the two materials on the micro scale.

Considering the samples with low impact strength it is striking that all ten of the
tested specimens separated. The path of crack could not be deflected as it goes straight
through both materials. This can be observed in the photos depicted in Figure 4.32 and
Figure 4.34. Both types of specimens had a very low measured impact strength. The
BriMo specimens with the set of parameters 4 has an impact strength of only 11 k.J/m?
and those with a set of parameters 3 have an impact strength of only 19 k.J/m?. The
photos show separated parts of specimens after impact bending test. It is obvious
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Figure 4.32: Photos of separated brick-mortar specimens manufactured with the set of
parameters 3.

that the crack goes straight through the specimens using the shortest distance as the
crack always chooses the energetically most favorable path. The crack initiating in
the tension zone propagates straight through both materials of the composite. The
SEM-images in Figure 4.33 illustrate the tension zone where the crack is initiated. In
the SEM-image with factor of magnification 20 there are several fatal cracks visible.
Most of the paths of crack are located in the same plane. The fracture surface with
factor of magnification 500 shows no sign of ductility. The BriMo specimens separate in
a brittle manner, independent of the set of parameters. The brittleness of the compliant
phase of the mortar material can be assumed. Although the material has a high strain
at break and an elastomer-like behaviour it is a brittle acrylic photosensitive resin.

In the SEM-image the fracture surface of the same specimen is highlighted (compare
Figure 4.33). Again there are fatal cracks as well as a brittle fracture behaviour
visible. In the crack propagation zone a step in the fracture surface is visible. Hence in
that specimen the crack changes the plain while propagating through the specimen.
Obviously, it was easier and cost less energy. Consequently, there must have been a hard
structure deflecting the crack. As it is depicted in the photos of the separated specimens
in Figure 4.32 there are specimens where the crack goes straight through the specimen
within one plain and there are specimens where the crack goes straight through the
specimen but changing the plain in the middle of the sample width. Considering the
SEM-images of the crack initiation zone in Figure 4.35 a similar phenomenon can be
observed. That crack goes straight through the sample. In contrast to the SEM-image
of the specimens fabricated with the set of parameters 3, the fracture surface indicates
that the crack had to skip in another plain. But as the SEM-image is pretty sharp and
focused almost everywhere but at the line in the middle the level of the fracture plains
must be very similar. The crack propagation zone of the specimen can be considered in
Figure 4.35.

If the specimens of a set of parameters leading to high impact strengths are considered,
a completely different fracture behaviour can be observed. In Figure 4.36 three of the ten
investigated specimens fabricated with the set of parameters 14 are photographed after
having undergone impact bending tests. None of the specimens separated completely.
With all ten specimens the crack has its origin in the mortar structure and propagates
within the mortar structure. Hence it is deflected remarkably. On the left hand side
the specimens are depicted whereas their tension zone is obvious on the right hand
side. The specimen at the top has the longest path of crack. Hence its tension zone
has an enormous defect. The sample in the middle is characterized by a shorter path
of crack. Considering the specimen in the area where the primary crack stops, several
secondary micro-cracks can be observed in the mortar structures in the neighbourhood
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Figure 4.33: SEM images of the fracture surface of a brick-mortar specimen manufac-
tured with the set of parameters 3 in the crack initiation zone at tension zone (left) and
in the crack propagation zone at compression zone (right). Factor of magnification from
left to right: 20, 100 and 500.

of the primary crack. On the tension zone of the specimen several micro-cracks can be
seen in the neighbouring mortar structures of the primary crack as well. The specimen
below shows a deflection but no real primary crack. The tension zone of the sample
shows a lot of mirco-cracks within the mortar structures. With the geometry of the set
of parameters 14 a high impact strength of 62 k.J/m? could be measured. As discussed,
the reason for that high impact strength lies in the deflection of the primary crack by
the mortar structure surrounding the brittle bricks. The geometry of brick and mortar
as well as the stiffness mismatch of the brick and mortar material [128] forced the crack
to use the longer path through the compliant phase which led to the dissipation of a
bulk of the energy.

It is striking that the sets of parameters do not differ in the width of the bricks
(ty) and the width of the mortar (¢,,). As the results of the impact strength of the
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Figure 4.34: Photos of separated brick-mortar specimens manufactured with the set of
parameters 4.

investigated sets of parameters indicate the lengths of brick (I;) and mortar (I,,) are
the parameters influencing the impact strength the most. Thus samples with the
sets of parameters 7 and 8 differ only in the length of the brick. Set of parameters
8 has double the brick length than set of parameters 7. They only differ slightly
regarding volume fraction of the two materials A and B as set of parameters 7 leads to
a volume distribution of 50:50 whereas set of parameters 8 to a volume distribution of
material A and B of 51:49. Nevertheless, their impact strength is different. Samples
fabricated with the set of parameters 7 and thus with half brick length are more impact
resistant (41 kJ/m?) than those fabricated with the set of parameters 8 (27 k.J/m?).
Consequently, brick length plays an important role in crack deflection. Figure 4.37
depicts a model of the BriMo specimens. The directions of the geometrical parameters
length (direction of I and [,,,), width (¢, and t,,) and height (hy and h,,) are visualized
by arrows as well. As in this research impact strength is investigated by impact bending
tests in the edgewise direction (see Figure 3.3) the geometrical parameters ly, l,,, hp
and h,, of the BriMo specimens mostly influence the path of the crack whereas t; and
t,, have hardly an influence on crack propagation.

Another proof of the important role the length of brick and mortar play, can be found
in a comparison of the results gained for the sets of parameters 13 and 15. Impact
strength measured for the set of parameters 13 is almost twice the impact strength
measured for the set of parameters 15 although the geometry of brick and mortar is
very similar and they have the same volume ratio. But set of parameters 15 uses double
brick length as set of parameters 13. The same volume ratio is realized by slightly
adapting the height of mortar (h,,).

Comparing the sets of parameters 13 and 12 a higher impact strength can be found
for the set of parameters 12 (82 k.J/m?) than for the set of parameters 13 (33 k.J/m?).
The sets differ in length of mortar (I,,) (set of parameters 13 has half the mortar length
of 12) and height of the mortar (h,,) (mortar height of the set of parameters 13 is 20%
less than that of 13).

Considering Figure 4.37 it is a clear result that the most important parameters
tuning impact strength in case of this research are ly, l,,, hy and h,,. Those parameters
have a higher influence on impact strength than volume distribution of material A
and B. This correlates well with the observation Dimas et al. made that the path of
crack results in a trade-off between minimum crack deflection angle and the path of
least stiffness [82,83,136]. If the brick length is too small it is easier for the crack
to propagate straight through brick and mortar without being deflected. The same
phenomenon occurs when the mortar length is too small. Then the mortar area is
not enough to attract the crack propagating through the compliant matrix. If the
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Figure 4.35: SEM images of the fracture surface of a brick-mortar specimen manufac-
tured with the set of parameters 4 in the crack initiaton zone at tension zone (left) and
in the crack propagation zone at compression zone (right). Factor of magnification from
left to right: 20, 100 and 500. Using the factors of magnification 100 and 500 the inter-
faces between the two materials (VeroWhite Plus and TangoBlack Plus) is investigated.

brick length is too high it costs too much energy for the crack to circumvent the bricks.
Analogously, the height of brick and mortar has to be chosen not too small but not too
long as well.

As Dimas et al. have already stated the vertical portion of the compliant phase
absorbs the bulk portion of the longitudinal strain whilst the horizontal portion of the
softer matrix binds the system through shear strain action [82]. Hence in this research
the height of the mortar (h,,) absorbs the bulk portion of the longitudinal strain
whereas the length of the mortar (I,,) binds the system through shear strain. In case
of the herewith investigated sets of parameters which led to high impact strength this
deformation mechanism is activated by minor crack propagation (see Figure 4.36). The
experimental and computational research of Dimas et al. has shown that such specimens
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Figure 4.36: Different fracture behaviour of brick-mortar samples with volume ratio of
material A to material B of 46:54 and the same set of parameters (set of parameters 14)
after impact bending test.

do not fail at the interfaces. In this research the investigated BriMo specimens do not
fail at the interfaces as well. The high impact resistance of the BriMo specimens, e.g.
parameters 14, can be explained by a continuous transfer of longitudinal strain in the
soft matrix. Due to the high stiffness mismatch of the brittle brick and the soft mortar
material it is ensured that the crack propagates solely through the soft matrix material.
The phenomenon that the crack-tip is blunted in the region of low stiffness and the soft
matrix delocalizes the loading was descirbed by Dimas et al. [82,83,136]. The crack
propagates in a stable fashion through the system, allowing the BriMo specimens to
sustain increased deformation and significant loading throughout large portions of the
fracture process [82]. For those sets of parameters (6, 11, 12 and 14) it is energetically
favorable for cracks to propagate through the more compliant matrix. Hence the path
of crack is deflected and the dissipation of more energy is possible. Unfortunately,
the research has shown that an inappropriate choice of length and height of brick and
mortar results in a path of crack propagating through both materials without being
really deflected. This phenomenon can be understood in Figure 4.38. An appropriate



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M You

4.1 Material tests 98

choice of geometrical parameters of the brick-mortar pattern leads to crack deflection
as the crack propagates solely through the compliant mortar material. The result is
a high impact strength. In contrast to that, an inappropriate choice of geomterical
parameters cannot deflect the path beneficially. Such a choice of parameters leads to
specimens of low impact strength.

To sum up, in this research it was possible to 3D-print brick-mortar specimens at
high resolution. Only by changing the geometry of the brick-mortar pattern the impact
strength could be significantly influenced. Several sets of parameters describing the
length, width and height of brick and mortar were investigated. One group of set of
parameters led to a volume distribution of material A and material B of 50:50 whereas
the other group of BriMo specimens had 46 vol.-% of material A and 54 vol.-% of
material B. Using a 50:50-distribution of material A and B impact strengths between
16 kJ/m? and 50 k.J/m? were possible whereas specimens characterized by a 46:54-
distribution had impact strengths between 17 kJ/m? and 82k.J/m?. This research
proves that volume ratio plays an ancillary role in tuning the impact strength. Of course,
an optimum interface is necessary. In this research a very stable interface between the
two material was obtained only by 3D-Printing without any additional process. The
most important geometrical factors influencing the path of crack and hence the impact
strength were found to be length of brick (), length of mortar (l,,), height of brick
(hp), and height of mortar (h,,). For BriMo specimens with high impact strength a
deflection of the path of crack could be observed. The path of crack propagated solely
through the compliant phase. In case of BriMo specimens which had low values for
impact strength no deflection of the path of crack was observed. The crack propagated
straight through both materials and caused fatal failure of the specimens. As Barthelat
stated the material selection of the bricks plays an important role [137]. According
to Fratzl, Dimas and Sen et al. the two composite materials should differ regarding
their stiffness [80-83,128,136]. A high stiffness mismatch helps the crack to propagate
through the compliant matrix which has the advantage that the crack has to choose
the longer path which leads to the dissipation of more energy [128]. In this research
this was respected as the two materials processable by the AM technology with the
highest stiffness mismatch were chosen.

Figure 4.37: Illustration of the geometrical parameters Iy, l,,, hy, hm, tp and t,,.
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Figure 4.38: In a) Optimum choice of geometrical parameters of the brick-mortar
pattern resulting in crack deflection. In b) [,,, is chosen too low, c) h,, is too low, d) h,,
is too high, e) I, is too low and f) [, is too high. All of these result that the crack is not
deflected.

4.1.2.3 Comparison of Brick-Mortar and Bi-Material voxel compounds

Comparing the measured results for impact strengths of the BriMo samples to the
impacts strength of the BMVC-specimens it is striking that higher impact strengths are
obtained using the chess pattern than the brick-mortar pattern. In case of the BriMo
specimens the highest measured impact strength was measured using set of parameters
12. This impact strength is similar to the highest impact strengths measured using
the chess pattern with voxel edge lengths between 250 ym and 450 um. Nevertheless,
the highest impact strength was observed for BMVC-specimens with 400 um voxel
edge length (90.8 kJ/m?). As already discussed in case of the BMVC-specimens the
design criterion is not to exceed the critical edge length which is calculated based on
the critical crack length for photosensitive resins and the fact that the crack propagates
along the diagonal of the fracture surface solely through the stiff material.

With BriMo specimens the key for increasing impact strength is deflecting the path
of the crack resulting in the highest dissipation of energy possible. Hence impact
strength can be increased. Unfortunately, not all geometrical parameters of length of
brick (Ip), length of mortar (I,,), height of brick (hy), height of mortar (h,,), width of
brick (¢,) and width of mortar (¢,,) lead to a path of crack going solely through the
compliant phase, material B. Sets of parameters which were not able to deflect the path
of crack had a very low impact strength (11 k.JJ/m? to 38 kJ/m?). For those sets of
parameters which led to a deflection of the path of crack, higher impact strengths could
be obtained. Nevertheless, these are below the highest impact strengths measured for
BMVC-specimens.

The reason for that fact might lie in the properties of the compliant material B
processable by Objet500 Connex. As already discussed in section 4.1.2.1.1 the key of
high impact strengths lies in linear elastic fracture mechanics. These state that each
fabrication process leads to tiny cracks. Fatal failure of a specimen occurs if these tiny
cracks exceed the critical crack length. This critical crack length depends on the shape
of the crack, the stress at the crack tip and the material specific critical stress intensity
factor. Materials with a high critical stress intensity factor are able to tolerate longer
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cracks than those with a low critical stress intensity factor.

Designing materials according to a chess pattern did not cause deflection of the crack.
The energetically most favorable path to propagate through the BMVC-specimen was
the diagonal of the fracture surface through the stiffer material A. Using voxels with
a voxel edge length below the critical voxel edge length allowed the design of impact
resistant composite samples. Comparing impact strength of those BMVC-specimens
to the impact strength of homogeneous monomaterial specimens made of material A
shows that impact strength could be increased by a factor of 8 to 9.

Comparing BriMo specimens to BMVC specimens it can be stated that using a
brick-mortar pattern the design of similarly impact resistant specimens was possible
as well if an appropriate set of parameters was chosen. In impact resistant BriMo
specimens the path of crack could be deflected. Hence increasing impact strength could
be realized by dissipation of more energy due to crack deflection. In those specimens
the most energetically favorable path of crack was through the compliant material B.
Unfortunately, material B is also a brittle photosensitive resin characterized by a low
critical stress intensity factor. Hence a crack originating from fabrication process can
easily lead to fatal failure if the critical crack length is exceeded. Due to a low critical
stress intensity factor the critical crack length the material is able to tolerate is small
as well (see Equation (4.8)). The stiffness mismatch of the materials is only one key. A
stiffness mismatch ensures that the crack propagates through the compliant phase. But
if this compliant phase is not able to tolerate cracks due to a low critical stress intensity
factor (fracture toughness) this is then only a slight advantage. Hence the chess pattern
samples were more impact resistant although the crack propagated solely through the
brittle material. To further boost impact strengths by voxel-based 3D-printing, more
ductile materials are necessary which can be processed by an AM technology which is
able to process two materials with different properties at high resolution.

Comparing impact strengths of BriMo specimens to the impact strengths obtained
by arranging the materials according to a chess pattern with appropriate voxel edge
length below critical voxel edge length the impact strengths are lower. Using a 46:54-
distribution of material A and B higher impact strengths were measured with values
between 17 kJ/m? and 82 kJ/m?. As in this research impact strength was measured
according to Charpy in the edgewise direction (compare Figure 3.3) the parameters
length of brick (1), length of mortar (I,,), height of brick (hy) and height of mortar
(hm) were the most important parameters. The choice of them decides whether the
crack is deflected by propagating solely through the compliant material or whether it
is energetically more favorable to propagate straight through both materials without
being deflected. As deflection of the path of crack results in energy conversion the set
of parameters leading to crack deflection are more favorable. Consequently, using an
appropriate set of parameters AM parts can be fabricated with high impact strength.

Unfortunately, today there are restrictions regarding material properties of the
materials available on the AM market. As nowadays Objet500 Connex is the only
commercialized system able to process two materials with differing elastic properties
at high resolution this research was restricted in the materials. The acrylate-based
photosensitive resins of Objet are not resistant against high temperatures as Swetly
et al. have already investigated [129]. Furthermore, they are very brittle materials
characterized by a low critical stress intensity factor. As known from linear elastic
fracture mechanics the critical stress intensity factor influences the tolerable crack
lengths and hence impact strength [129]. Consequently, AM materials with higher
material specific critical stress intensity factor are needed which can be processed with
high resolution. That could prepare the path to tailoring materials.
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4.2 Tests of functional parts

4.2.1 Measurement of stiffness

As it had to be investigated whether a prognosis on series centre consoles’ and instru-
mental panels’ behaviour can be performed based on AM/ MBRM parts (= pre-series
functional parts) it was investigated if the correlation between stiffness and Young’s
modulus is also valid for these complex assemblies of the automotive interior. The
results of the stiffness measurements which were performed on stiffness compartments
and decorative parts incorporated in an instrument panel as described in chapter 3.2.1
are reported and discussed in the following.

4.2.1.1 Stiffness of the storage compartment

In Figures 4.39 to 4.42 the measured results for stiffness at measurement point MP 1,
MP 2, MP 3 and MP 4 are illustrated along the Young’s modulus ratio. In these Figures
for each material the black bars represent the Young’s modulus ratio. For the Young’s
modulus ratio the value for PSFP material’s Young’s modulus was normalized to the
series material’s Young’s modulus. The stiffness ratios are calculated analogously and
displayed by the blue (horizontally striped), grey (chequered) and light blue (diagonally
stiped) bars. The various types of bars represent the different types of assemblies
investigated:

o The blue bars (horizontally striped) represent the first assembly according to
section 3.2.1.2.3: Series lid as well as series case got replaced by the PSFP case
and lid.

o The grey bars (chequered) represent the second assembly according to section
3.2.1.2.3: Series case got replaced by the PSFP case and combined with series lid.

o The light blue bars (diagonally striped) represent the third assembly according
to section 3.2.1.2.3: Series lid got replaced by the PSFP lid and combined with
series case.

Hence the stiffness ratios can be compared to the Young’s modulus ratio in order to
investigate whether Young’s modulus ratio indicates the stiffness ratio. Comparing
the results for stiffness and Young’s modulus of the PSFP parts it can be stated: The
closer the bars are to 1, the more the stiffness/ Young’s modulus approximates the
property of the series compartment/ material.

Considering the black bars in Figures 4.39 to 4.42 the difference in Young’s modulus
of the investigated AM/ MBRM and series materials can be seen easily.

For the bending Young’s modulus a series similar Young’s modulus of the VM
material PX223 can be recognized. Thus the black bar differs only slightly from 1 for
PX223. The materials NM27H, Duraform EX and PA2221 have a Young’s modulus
which is below the series Young’s modulus. The FDM material Ultem and the SLA
material Somos Next have a Young’s modulus which is higher than the series modulus
of elasticity. As there is a correlation between stiffness and Young’s modulus (see
chapter 3.2.1) it is expected that the blue, grey and light blue stiffness bars have the
same level as the black Young’s modulus bars have.

In Figure 4.39 the four bars plotted for materials NM27H, as well as PX223 have a
series similar level and differ all only slightly from 1. In case of the AM material Somos
Next and Ultem the black bar has the highest level followed from the light blue and
the grey bar whereas the blue bar has the lowest level. In case of Duraform EX and
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Figure 4.39: Ratios of measured stiffness values at MP 1 compared to ratios of values
for Young’s modulus for the storage compartment.

B Assembly 1 (case=PSFP, lid=PSFP)
B Assembly 2 (case=series, lid=PSFP)
14 Assembly 3 (case=PSFP, lid=series)
1.2 Young's Modulus Ratio

1.0

0.8

0.6

0.4

0.2

LS A AN S AN AN

]
g
2
7
2
2
7
%

DS AAARSAAAN S AN
LA AN AN AN
NN

0.0
PAZ2221 Duraform EX Ultern Somos Mext PX223 MM27TH

Materials

Ratios of Stiffness and Young's Modulus [-]

Figure 4.40: Ratios of measured stiffness values at MP2 compared to ratios of values
for Young’s modulus for the storage compartment.

PA2221 the blue and the grey bar have a similar height and the lowest level whereas
the light blue bar has the highest level.

As MP 1 is located on the case (compare Figure 3.13, Figure 3.14 and Figure 3.15) it
is assumed that the lid has nearly no influence on the stiffness measured at MP 1. Thus
in case of the mixed assembly with series case and PSFP lid the stiffness of the series
case at MP 1 was measured (light blue bars). If the stiffness of this mixed assembly
has the same level as the stiffness of the series assembly at MP 1 the light blue bars
must have a ratio of 1 in Figure 4.39. Hence in order to prove this a stiffness ratio of 1
is needed and the light blue bars in Figure 4.39 must have a level similar to 1.

As for PA2221, PX223 and NM27H this fact could be proven. In case of Duraform EX,
Ultem and Somos Next there is a visible difference between the light blue (Duraform
EX: 0.91, Ultem: 1.17, Somos Next: 0.96) and the black bar (Duraform EX: 0.68,
Ultem: 0.88, Somos Next: 1.15).
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Figure 4.41: Ratios of measured stiffness values at MP3 compared to ratios of values
for Young’s modulus for the storage compartment.
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Figure 4.42: Ratios of measured stiffness values at MP4 compared to ratios of values
for Young’s modulus for the storage compartment.

This difference is assumed to be caused on the one hand by the tolerances of the
method of the stiffness measurement which is visible at the difference of the levels
of the grey and the blue bar. For the FDM material Ultem the difference between
the light blue (0.88) and the black bar (1.17) is about 20% in Figure 4.39 and the
most striking. The reason might lie in the microstructure of the parts. As FDM
processes endless cylindrical thermoplastic filaments according to a certain delineation
strategy, the specific texture of the FDM parts influences the mechanical properties
significantly. As already investigated by Swetly et al. [15,16] the material properties
of FDM parts are limited by the FDM process where the thermoplastic filaments are
not fully fused together and the material properties are prone to effects of anisotropy
and inhomogeneity caused by voids and pores (see also chapter 4.1.1.4). Thus the
different architecture strategy used for the fabrication of the bending test samples and
the storage compartment’s parts results in different mechanical properties.
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For Duraform EX the difference between light blue and black bar is 7%. These
tolerances might be an effect of anisotropy the AM materials imply. As it is known
the material properties of AM materials depend on the build orientation. Hence
the standard deviation of the bending Young’s modulus for Duraform EX is 12.1%,
for Ultem 2.1%, for Somos Next 1.9% and for PA2221 it is 6.5%. The difference
between stiffness and Young’s modulus can be explained by this dependence. In case
of three-point bending tests the three build orientations X00Y00Z00, X45Y00Z00 and
X90Y00Z00 were accurately investigated. The case of the storage compartment on
driver’s side were orientated according to the bottom surface. As the compartment’s
case has a conical geometry there is an incline at the top of the case. Thus the build
orientation of the compartment differs from that of the bending test samples. This
orientation was used although the differences in the build orientations were known since
in code of praxis it is not useful to have to think about an exact build orientation of
each part in the interior’s validation by PSFP. Hence in this thesis it was tried to give
a general overview about the ability to predict stiffness values on the basis of standard
Young’s modulus values.

By analogy, as the values for stiffness measured at MP 1 should not be influenced
by the lid’s stiffness the same stiffness ratios are expected for the first (assembly of
PSFP case and PSFP lid) and second assembly (assembly of PSFP case and PSFP
lid) was expected. Hence the blue bars (assembly of PSFP case and PSFP lid) and
the grey bars (assembly of PSFP case and series lid) should have the same level in
Figure 4.39. This is fulfilled within certain tolerances. In case of PX223 the grey and
the blue bars have almost the same level: The grey bar has a ratio of 1.05 whereas the
blue bar obtains a ratio of 1.04. In case of Ultem the difference is larger: The blue bar
represents a ratio of 0.72 and the grey bar a ratio of 0.87. Again this deviation can be
justified on the hand, by variances in the manufacturing processes, on the other hand,
the variances the stiffness measurement imply. For example, the stiffness measured
at the three investigated storage compartments of the first assembly (case= PSFP,
lid= PSFP) deviated 7.2% of the mean value, of the second assembly (case=PSFP,
lid=series) 4.1% and of the third assembly (case=series, lid=PSFP) 10% in case of
Ultem X00Y00Z00.

In Figure 4.40 the stiffness values measured at MP2 are illustrated along the ratio of
Young’s modulus. The light blue, grey and blue bars of all the materials have a similar
level. In case of PA2221, Somos Next, PX223 and NM27H even the black bar has a
similar level as the blue, grey and light blue bars. In case of Ultem the ratio of Young’s
modulus is higher than that of the stiffness ratios. In contrast to that, the standardized
Young’s modulus of Duraform EX is lower than the standardized stiffness.

In case of MP2 the lid can be considered as a long bending beam only mounted at
the beam’s ends. Hence the stiffness values measured at MP2 are lower than those
measured at MP 1, MP3 and MP4. This is a natural result as one imagines a bending
beam mounted at its ends. The longer the bending beam is the more it is able to show
displacement. In case of MP2 all the bars obtain a similar level as stiffness measured
at MP 2 is very low, no matter which material is considered. Hence all the PSFP
materials are appropriate to display the series stiffness. The blue, grey and light blue
bars show a similar stiffness ratio independent of the fact if case and/or lid got replaced
by PSFP.

In Figures 4.41 and 4.42 the results obtained at measurement points MP3 and MP4
are visualized. As the location of MP 3 and MP4 are positioned symmetrically the
overall picture of both figures is the same which is the expected result. The levels of
the bars vary significantly. In case of PA2221 all the four bars have a similar level
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in Figure 4.41 and Figure 4.42. In case of Somos Next and PX223 the light blue bar
representing the assembly with PSFP case and series lid has the highest level at MP3
and MP4 (Figure 4.41 and Figure 4.42). For Duraform EX and Ultem this can also be
observed at MP3 (Figure 4.41). In case of MP4 the levels of the four bars of Ultem
and Duraform EX are similar. NM27H obtains very high stiffness values at MP3 and
MP4 for an assembly where lid and case are replaced by PSFP. Thus the blue bar has
the highest level and surmounts all the other bars.

At MP3 and MP4 the measured stiffness is highly influenced by the interaction
of the lid and the case. As it is visible in Figure 3.14 the lid is retained in opened
position at the case by a kind of flange. Thus the stiffness of the lid itself as well as
the stiffness of the flange play an important role at MP3 and MP4. Furthermore, the
manufacturing tolerance at the pin-joint might influence the stiffness measurement.
Hence the more complex the interaction of an assembly at the measurement point is,
the more a prognosis based on a comparison of Young’s modulus becomes difficult. For
PA2221 the four bars illustrated in Figure 4.41 and Figure 4.42 are of a similar level
and balance between 0.97 and 1.06 for MP3 and 0.79 to 0.94 in case of MP4. In case
of Duraform EX (0.98 — 1.25 for MP3 and 0.97 — 1.11 for MP4) the ratios are similar
within a certain tolerance. For Somos Next the stiffness ratios are independent of the
type of assembly. Thus the blue, grey and light blue bars differ and no tendency can be
detected. In case of Ultem (1.25 — 1.53 for MP3 and 1.06 — 1.26 for MP4) and PX223
(1.02 — 1.41 for MP3 and 1.03 — 1.36 for MP4) some deviations can be observed as well
as in case of NM27H. The PSFP compartment of NM27H consisting of a PSFP lid
and a PSFP case shows a stiffness ratio which is striking (2.02 for MP3 and 2.42 for
MP4). The reason that the stiffness of the series compartment cannot be reached by
most of the PSFP materials can be explained in the difficulties these technologies have
to realize the details of an injection moulding geometry. In case of MP 3 and MP4
these details carry weight in the measured stiffness values. As these details are not well
displayed in the PSEFP parts the stiffness values vary from series stiffness.

One might criticize that this is an unfair comparison as the investigated geometry
is optimized for injection moulding. Some tiny structures can hardly be realized by
AM/ MBRM processes with low resolution, e.g. FDM. Nevertheless, the question this
research should answer is if AM/ MBRM parts can be used in an early stage of the
automotive development when series parts are not yet available for a prognosis of the
behaviour of later series parts with the aim to facilitate the development process of the
automotive interior. In automotive series interior injection moulding is the preferred
fabrication process from today’s point of view. Hence the investigated geometries are
optimized for injection moulding.

To sum up the results gained from stiffness measurement at the storage compartment
under the precondition of same geometries of AM/ MBRM and series parts a prognosis of
stiffness measurement was possible with a reliability of 96.0% to 99.3% if an appropriate
material was chosen (series similar Young’s modulus).

4.2.1.2 Stiffness of the decorative part in the instrument panel

In Figures 4.43 to 4.46 the results of the stiffness measurement for decorative parts
incorporated in a series instrument panel are visualized. The investigated build orien-
tation X00Y00Z0O is abbreviated by "X00’ and X90Y00Z00 by 'X90’ in Figures 4.43
to 4.46. The measured stiffness ratios of the measurement points MP 1, MP 2, MP
3 and MP 4 are plotted as a bar chart along the ratio of measured values of Young’s
modulus. The blue bars (horizontally striped) represent the ratio of the stiffness values
at the corresponding measurement point whereas the black bars represent the Young’s
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4.2 Tests of functional parts 106

modulus ratios. For each measurement point one figure illustrates the results. As the
measured properties of the AM materials are equaling series property the more the bar
approaches 1.

As can be observed in Figures 4.43 to 4.46, Young’s modulus differs decisively from
series material for some AM/ MBRM materials. The Young’s modulus of Duraform
EX X00Y00Z00 is only about 0.57 times the Young’s modulus of the series material.
For Duraform EX X90Y00Z00 it is even only one third of the series Young’s modulus.
NM27H and PA2221 have a Young’s modulus which is only about 0.6 of the series
Young’s modulus. Somos Next and Ultem have the highest Young’s modulus of the
investigated AM/ MBRM materials. Their Young’s modulus is between 0.8 and 0.85 of
the series material’s Young’s modulus. To sum up, the Young’s modulus of the AM/
MBRM materials differs from series material’s Young’s modulus. Hence it has to be
investigated if the stiffness of AM/ MBRM parts differs from series part as well.
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Figure 4.43: Ratios of measured stiffness values at MP 1 compared to ratios of values
for Young’s modulus for the decorative panel.
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Figure 4.44: Ratios of measured stiffness values at MP 2 compared to ratios of values
for Young’s modulus for the decorative panel.
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Figure 4.45: Ratios of measured stiffness values at MP 3 compared to ratios of values
for Young’s modulus for the decorative panel.
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Figure 4.46: Ratios of measured stiffness values at MP 4 compared to ratios of values
for Young’s modulus for the decorative panel.

Considering the values of the measured stiffness the picture which is yielded is
completely different. The stiffness levels of the bars are close to 1 for MP 1, MP 2
and MP 4. This means that the investigated PSFP assemblies have a stiffness which
is similar to the series assembly’s stiffness independent of the material the decorative
part is made of.

In case of MP 1 the range of the stiffness ratios is between 0.88 and 1.07 whereas
Young’s modulus ratios vary from 0.36 (Duraform EX X90Y00Z00) to 0.84 (Ultem
X00Y00Z00). The PSFP assembly which differs the most of the series part’s stiffness at
MP 1 is PX223 (0.88). The PSFP assembly which is closest to series part is Duraform
EX X90Y00Z00 (0.96).

In case of MP 2 the stiffness ratios differ from 0.92 to 1.09. The PSFP assembly
of PX223 has the highest stiffness with a ratio of 1.09. PA2221 X90Y00Z00 has the
lowest stiffness (0.92). Nevertheless, all the investigated PSFP assemblies represent the
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stiffness of the series decorative part very well.

For MP 4 again the stiffness of the PSFP assembly match the stiffness of the series
assembly very well as the ratios lie between 0.91 and 1.14. Ultem X00Y00Z00 has a
stiffness ratio of 1.01. Somos Next X90Y00Z00 has a ratio of 0.99. Consequently, these
two materials represent series assembly’s stiffness at MP 4 best. The decorative part
made of NM27H varies most from the series decorative part regarding stiffness at MP
2 as the stiffness ratio is only 0.91. The stiffness ratio of Ultem X90Y00Z00 to series
decorative part is 0.93. The other stiffness ratios are between 0.94 and 0.97. Overall,
all the PSFP assemblies have series similar stiffness at MP4 although the values for
Young’s modulus of the PSFP materials differ from series material.

As the values for Young’s modulus of the here investigated PSFP materials differ
significantly from series material’s Young’s modulus it can be summarized that Young’s
modulus has no effect on the stiffness values measured at MP 1, MP 2 and MP 4.
Consequently, Equation 3.9 is not true for MP 1, MP 2 and MP 4 saying that the closer
the Young’s modulus ratio is to one the closer the stiffness ratio is to 1.

At MP 3 Duraform EX X90Y00Z00 has a Young’s modulus ratio of 0.36 and a
stiffness ratio of 0.73. The ratios of Duraform EX X00Y00Z00 with a Young’s modulus
ratio of 0.57 and a stiffness ratio of 0.79 are also significantly lower than 1. PSFP
assemblies of NM27H, PA2221 X00Y00Z00 and PA2221 X90Y00Z00 have a stiffness
ratio between 0.78 and 0.82. Hence the stiffness values differ from series assembly as
the ratios for the Young’s modulus do (0.65 for PA2221 X00Y00Z00 0.59 for PA2221
X90Y00Z00 and 0.64 for NM27H).

In case of MP3 the stiffness ratios lie between 0.73 and 1.06. The stiffness ratio of
Somos Next X00Y00Z00 and X90Y00Z00 are with values of 1.06 and 1.05 very close to 1.
Hence the decorative part of Somos Next represents the stiffness of the series decorative
part at MP 3 very well. Between the stiffness of the series decorative part and the
other PSFP decorative parts the gap is larger. The PSFP assembly representing the
series decorative part second best is the assembly with a decorative part made of Ultem
having a stiffness ratio of 0.86 — 0.88. There is a gap between the PSFP assemblies of
Duraform EX (0.73 to 0.79), NM27H (0.82) and PA2221 (0.78 to 0.80) and the series
assembly as the ratio is only 0.78. Overall, considering the results for MP3 in Figure
4.45 Equation 3.9 is true. The stiffness ratios measured at AM/ MBRM decorative
parts are equal to the ratio of Young’s modulus. Thus decorative parts of materials
whose values for Young’s modulus differ significantly from the Young’s modulus of
series materials have a stiffness ratio decisively differing from one.

Considering the geometry of the decorative part in detail in Figure 3.17 the reason
for these shortcomings can be found. As it can be seen in Figure 3.20 the decorative
part is clipped in the instrument panel by appropriate clipses at four retainers. The
measurement points MP 1, MP 2 and MP 4 are positioned exactly above three of
the four retainers where the decorative part is fixated on the instrument panel by
appropriate clips (see also Figure 3.17). Hence the decorative part is mounted on the
instrument panel. Imagining a bending beam it is not able to show any displacement
sufficiently close to the mounting. Hence close to the retainers the decorative part
itself shows hardly a displacement. The displacement measured at MP 1, MP 2 and
MP 4 is the displacement of the decorative part’s environment. This environment is
the series instrument panel as the PSFP decorative parts are incorporated in a series
instrument panel (see Figure 3.19). Hence the material specific Young’s modulus of the
decorative part has no influence on the displacement at MP 1, MP 2 and MP 4 and
the stiffness at MP 1, MP 2 and MP 4 is only affected by the stiffness of the decorative
part’s environment which is the series instrument panel. This is illustrated by the



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M vou

4.2 Tests of functional parts 109

schematic in Figure 4.47. As the PSFP decorative parts investigated in this research
are all incorporated in the same instrument panel which is a series instrument panel the
stiffness measured at the PSFP decorative panels is the stiffness of the series instrument
panel at MP 1, MP 2 and MP 4. Hence it is a natural result that the stiffness ratios of
all PSFP decorative parts are close to one in Figures 4.39, 4.40 and 4.42 independent
of the Young’s modulus ratio.

Considering Figure 4.45 which illustrates the stiffness and Young’s modulus ratio
of the investigated PSFP materials, this explanation is confirmed. MP 3 is located
pretty far away from the four retainers fixating the decorative part on the instrument
panel. Again imagining a bending beam mounted at its ends the bending line is
highly influenced by the material specific Young’s modulus. The further away from the
mounting the more important is the role of the Young’s modulus. Hence the PSFP
materials which have a Young’s modulus differing from the series material’s Young’s
modulus have a stiffness differing from the series decorative part’s stiffness. Vice versa,
materials which have a Young’s modulus ratio close to 1 have a stiffness ratio close to 1
as well. For example, Ultem X00Y00Z00 and Ultem X90Y00Z00 have a stiffness ratio
of 0.88 and 0.86 and a Young’s modulus ratio of 0.84 and 0.83. In contrast to that,
the Young’s modulus ratios of PA2221 X00Y00Z00 and PA2221 X90Y00Z00 are with
values of 0.65 and 0.59 far away from one, as are their stiffness ratios (0.80 and 0.78).

Comparing the ratios of Young’s modulus to the stiffness ratios at MP 3 the stiffness
ratios of all the investigated materials are closer to 1 than the Young’s modulus ratios.
The reason is that at MP 3 the stiffness is a complex interaction between the stiffness
of the decorative part influence by the decorative part’s geometry and the Young’s
modulus of its material but also by the instrument panel’s stiffness. Hence the stiffness
ratios are more series similar at MP 3 than the pure Young’s modulus ratios.

To sum up, the stiffness of the series decorative part can be predicted based on
the stiffness of an AM/ MBRM decorative part with very high reliability: At MP 1
Duraform EX X90Y00Z00 (prognosis reliability 96%) matches the stiffness of the series
decorative part best and PX223 worst (prognosis reliabiltity 88%). For MP 2 again
Somos Next X90Y00Z00 offers the most reliable prognosis with 99% reliability and
PX223 the worst with 92% prognosis reliability. At MP 3 the prognosis reliability differs
remarkably. Duraform EX X90Y00Z00 matches the stiffness comparably bad (reliability
75%) whereas Somos Next X00Y00Z00 allows a pretty reliable stiffness prognosis at
MP 3 (reliability of 94%). At MP 4 the reliability varies from 91% (NM27H) to 99%
(Somos Next X00Y00Z00).

MP 2

decorative part

instrument panel

Figure 4.47: Schematic of the interaction of decorative part and instrument panel in
case of the stiffness measurement.
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4.2.2 Pendulum impact test

In this chapter the results of the pendulum impact tests are described. The first
pendulum impact test performed on two-sided clamped polymer sheets is compared to
the results of the impact bending test. As the energy inserted into polymer sheets in
this first experiment was too high and causes material collapse of the most polymer
sheets the energy is reduced in the second experiment. Here the polymer sheets were
tested in a flat position on two layers of a specific foam. This experiment offers first
information about the capability of AM/ MBRM parts to replace series parts of the
automotive interior for performing a pendulum impact test in an early stage of the
development when not all series parts are available. As a further step a real part of
the automotive interior, the decorative panel, incorporated in a series instrument panel
was tested in order to figure out the behaviour of the most promising AM/ MBRM
materials in case of an absolute realistic pendulum impact test.

4.2.2.1 Pendulum impact test on two-sided clamped polymer sheets

In this chapter the results of pendulum impact tests performed on two-sided clamped
polymer sheets are discussed. First of all, the investigated materials are compared
regarding the measured values for delay and energy conversion measured during pen-
dulum impact tests. Furthermore, a correlation between Charpy impact strength and
those values measured at pendulum impact test is looked for. In order to figure out
whether the materials are ductile or brittle the fracture surfaces are considered using
scanning electron microscopy. This gives valuable information about the tendency of
materials to split which is important to know as automotive parts of the interior may
not split when an occupant’s head strikes the parts due to a crash scenario.

4.2.2.1.1 Maximum acceleration and energy conversion Based on the three specimens
which were investigated for each material and build orientation the mean values of the
measured maximum delay (amq,) and energy conversion were calculated and listed in
Table 4.9. As already mentioned in chapter 3 the build orientations of AM polymer
sheets X00Y00Z00, X45Y00Z00 and X90Y00Z00 were abbreviated by X00, X45 and
X90.

Additionally, the mean values for a,q, are illustrated in Figure 4.48 and the mean
values for the energy conversion are illustrated in Figure 4.49.

The values for maximum delay vary decisively between 5.1 g (Duraform EX X90Y00Z00)
to 144.7 g (Duraform EX X00Y00Z00) for AM materials. In case of the AM mate-
rials it is striking that the capability of the materials to delay the pendulum is the
best with optimal build orientation X00Y00Z00 and the lowest with build orientation
X90Y00Z00. Thus for the SLS materials the measured maximum delay decreases from
X00Y00Z00 (PA2200: 75.3 g and Duraform EX 144.7 g) to X45Y00Z00 (PA2200: 28.9¢
and Duraform EX: 43.8 g) and X90Y00Z00 (PA2200: 20.6 g and Duraform EX: 5.1 g).
This correlates well with the observation that the impact strength of the AM materials
is the highest in build orientation X00Y00Z00 and the lowest with build orientation
X90Y00Z00.

The energy conversion of AM parts decreases from build orientation X00Y00Z00 to
X90Y00Z00 as maximum delay does. PA2200 converts 30.7 J if it is built in orientation
X00Y00Z00, 15.6 J if it is built in X45Y00Z00-orientation and 11.7 J if it is built in
X90Y00Z00-orientation. Again Duraform EX X00Y00Z00 has the highest value of the
AM/ MBRM materials with an energy conversion of 81.0.J. The Duraform EX-parts
built in build orientation X45Y00Z00 (25.0 J) and X90Y00Z00 (4.5 J) are not able to
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Table 4.9: Overview about separated or split polymer sheets in case of pendulum

impact test on two-sided clamped polymer sheets.

Type of Material Number | Measured | Measured | Charpy
& Build Orientation || separated | Maximum Energy Impact
in case of Samples Delay | Conversion | Strength
AM Materials ] ] [J] | [kJ/m?]
Duraform EX X00 2 144.7 81.0 207.3
Duraform EX X45 3 43.8 25.0 8.5
Duraform EX X90 3 5.1 4.5 4.5
PA2200 X00 3 75.3 30.7 38.0
PA2200 X45 3 28.9 15.6 24.8
PA2200 X90 3 20.6 11.7 21.0
Ultem X00 3 53.8 43.0 49.8
Ultem X45 3 16.7 19.1 21.9
Ultem X90 3 17.0 18.5 10.7
3602/3905 3 45.2 37.8 59.2
PX223 3 84.4 47.4 50.9
PX226 3 75.2 50.3 63.1
NM27H 3 88.9 47.8 297.2
PC-ABS 1 0 198 100.7 267.2
PC-ABS 2 0 200 100 266.3
PC-ABS 3 0 189.3 100.3 241.4
ABS 0 176.0 113.3 214.5
PC-ABS GF20 3 30 33.3 25.2
PP TV 1 0 126.8 118.7 172.6
PP TV 2 3 56.6 32.6 54.5
PP TV 3 0 112.2 122.4 148.8

wrench as much energy from the pendulum. Ultem converts 18.5J to 43.0 J depending
on build orientation.

Duraform EX stands out with its anisotropy as Duraform EX X00Y00Z00 is able to
delay the pendulum decisively whereas Duraform EX X45Y00Z00 and Duraform EX
X90Y00Z00 delay the pendulum only slightly. As already mentioned in chapter 4.1.1.4
the reason for this anisotropy can be found in the layer-based manufacturing principle
of AM. Tt is caused by insufficient layer bonding which is visible in the SEM-images
in Figure 4.17. The layer-based manufacturing principle can be easily understood
considering fracture surface of the Duraform EX X00Y00Z00 polymer sheet (see Figure
4.50). This is an explanation for the completely different effect the build orientations
of Duraform EX parts have on the pendulum.

The SLS material Duraform EX built lying in the xy-plane showed the same problem
that was observed for the impact bending test samples in chapter 4.1.1.4. The layers
can be easily differentiated as the powder particles are well sintered within one layer
(see Figure 4.50). Unfortunately, the bonding of neighbouring layers is imperfect
and has a lot of defects. In Figure 4.50 the image with factor of magnification 100
uncover imperfect bonding of the powder particle within one layer as well. Pores and
unsintered powder particles can be easily detected. Considering the image with factor
of magnification 500 in Figure 4.50 the material did not fracture in a ductile manner
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Figure 4.48: Comparison of measured absolute values of the maximum acceleration of
the pendulum impact test on two-sided clamped polymer sheets.
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Figure 4.49: Comparison of measured absolute values of energy conversation of the
pendulum impact test on two-sided clamped polymer sheets.
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as the yield lines indicate a brittle fracture behaviour. Considering parts made of the
same material (Duraform EX) in a different build orientation (X90Y00Z00) the image
with factor of magnification 500 shows a brittle fracture behaviour as well (compare
Figure 4.51).

Although polyamide is known to be a thermoplastic with ductile properties the
SEM-images indicate that Duraform EX which is a polyamide 11 and PA2200 which is
a polyamide 12 fracture in a brittle manner. Again an evidence for the influence of
the fabrication process on the ductility of the parts. Hence the other investigated SLS
material, PA2200, built in X00Y00Z00, shows brittle fracture behaviour as well (see
Figure 4.52). Pores and defects are also visible as well.

Considering the fracture surface of the Ultem X00Y00Z0O sheet the observation
made in chapter 4.1.1.4 can be confirmed as well (compare Figure 4.53). The FDM
parts’ SEM images make the process characteristics of FDM obvious. Strings of a
thermoplastic material are heatened up to a temperature above glass transition and
below melting temperature. Hence the material becomes viscous but is not completely
fused. Then the viscous strings are aligned and due to cooling at room temperature the
polymer strings stick together. The thermoplastic cylindrical filaments are arranged
in a viscous state according to a certain delineation strategy. The cylindrical strings
cannot be stacked compactly. Hence the FDM parts are not very dense and exhibit
pores as already mentioned in chapter 4.1.1.4 (see also Figure 4.18). At magnification
100 (Figure 4.53) the imperfect connection between the material strings becomes visible.
Furthermore, stacking thermoplastic cylinders implies a notch effect reducing impact
resistance of the FDM parts. In order to get an idea about the ductility of the material
a factor of magnification 500 is needed. As it is visible in Figure 4.53 the material
fractured in a ductile manner as distortion wedges can be observed [138, p.140]. This
is an expected result as FDM processes thermoplastic materials which are known to
be ductile, e.g. thermoplastic polyetherimide, ABS or PC-ABS. To sum up, FDM
materials are ductile materials why one might come to the false conclusion FDM parts
are impact resistant and ductile. However, the FDM parts cannot resist high impacts
and fracture in a brittle manner as their microstructure is defective.

The values for maximum delay and energy conversion of MBRM materials are higher
than those of AM materials despite Duraform EX X00Y00Z00 (3602/3905: 45.2 g,
PX223: 84.4¢g, PX226: 75.2¢g and NM27H: 88.9¢). 3602/3905 can convert 37.8.J,
PX223 47.4 J and PX226 50.3 J.

Considering the fracture surface of the sheets made of the Vacuum Moulding material
PX223, with a factor of magnification 20 in Figure 4.54 it is obvious that the crack has
no preferred propagation direction. In the image with a factor of magnification 100
there are spherulites visible. The fracture surface is characterized by several incipient
cracks where the brittle fracture progresses radially. A further magnification (factor of
magnification 500) shows that there are ductile areas between the grain boundaries of
the spherulites. The spherulites themselves show a brittle fracture behaviour.

Both Vacuum Moulding materials, PX223 and PX226, have an overall brittle be-
haviour as both are polyurethanes characterized by a high degree of cross-linking which
is typical for thermosetting plastics (see Figures 4.54 and 4.55). Hence these materials,
on the one hand, are not able to delay the pendulum remarkably and on the other hand,
they split during the test. This can be explained by their brittleness which is confirmed
by the SEM-images. Nevertheless, the fracture surfaces of the two materials show
completely different characteristics. PX226 (see Figure 4.55) has brittle fracture lines
on its surface whereas PX223’s fracture surface (compare Figure 4.54) is dominated by
spherulites which themselves show brittle fracture behaviour as well. In areas between
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Figure 4.50: SEM images of the fracture surface of Duraform EX X00Y00Z00 after
having performed a pendulum impact test on two-sided clamped polymer sheets. Factor
of magnification from left to right: 20, 100 and 500.
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Figure 4.51: SEM images of the fracture surface of Duraform EX X90Y00Z00 after
having performed a pendulum impact test on two-sided clamped polymer sheets. Factor
of magnification from left to right: 20, 100 and 500.
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Figure 4.52: SEM images of the fracture surface of PA2200 X00Y00Z00 after having

performed a pendulum impact test on two-sided clamped polymer sheets. Factor of
magnification from left to right: 20, 100 and 500.
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Figure 4.53: SEM images of the fracture surface of Ultem X00Y00Z00 after having
performed a pendulum impact test on two-sided clamped polymer sheets. Factor of
magnification from left to right: 20, 100 and 500.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You

4.2 Tests of functional parts 118

the grain boundaries of two spherulites the material shows ductile characteristics.

In contrast to PX223, the other Vacuum Moulding material PX226 is very homogenous
and no spherulites are visible in the SEM images (compare Figures 4.54 and 4.55).
Near the origin of the fracture brittle lines of fracture can be observed.

Surprisingly, the very impact resistant material NM27H (Charpy impact strength
of 297.2 kJ/m?) has the highest impact strength of all AM/ MBRM materials. Its
Charpy impact strength is 5 to 10 times higher than the impact strength of the other
AM/MBRM materials except Duraform EX X00Y00Z00. Nevertheless, the levels of
(maz and energy conversion are only slightly higher than those of other AM/ MBRM
materials. The reason can be found in the fracture surfaces of the NylonMold material
NM27H which are depicted in Figure 4.56.

The magnification in the area near the origin of the fracture makes brittle material
behaviour obvious. As the SEM-images of the polymer sheets of the NylonMold material
NM27H illustrate NM27H is not a ductile material. If the material specific strain at
break is exceeded the material collapses by splitting. This correlates well with the
movie of the pendulum impact test which was recorded with a high speed camera (see
Figure 4.57). According to Equation 4.7 in chapter 4.1.2.1.1 the material fails when
the critical stress intensity factor is exceeded:

K > Kcritical (47)

Assuming a shape factor of 1 the critical crack length which may not be exceeded is:

K2
(;;zfl;al (48)

lcm’tical =
Hence increasing the stress leads to a decrease in the critical crack length which the
part is able to tolerate. Obviously, this critical crack length was exceeded and the
NM27H polymer sheets collapsed.

In conclusion, the investigation confirms the theory. Materials with low impact
resistance are not able to wrench a large amount of energy from the pendulum and to
delay the pendulum significantly.

Hence series materials can be distinguished in two groups. The brittle series materials
which are in this research PPTV 2 and the glass-fibre reinforced ABS-PC GF20 and
the impact resistant materials, e.g. PC-ABS, ABS, PPTV1 and PPTV3. The impact
resistant materials are able to delay the pendulum remarkably and convert a large
amount of energy whereas the not impact resistant materials have no delaying effect
on the pendulum and are only able to convert a comparably low amount of energy.
The investigated series PC-ABS materials can convert about 100.J. ABS can convert
113.3 J whereas the brittle glass fibre reinforced PC-ABS GF20 converts only 33.3 J.
Two of the investigated modified polypropylenes can convert a similar amount of energy
(PP TV 1: 118.7.J and PP TV 3: 122.4J). The third modified polypropylene (PP TV
2) can only convert 32.6 J. Series PC-ABS GF20 has a value of 30 g. One material of
the investigated PP TV-materials has a value of 126.8 g, another 112.2 g and the third
investigated PP TV only 56.6 g. As illustrated in Figure 4.48 the measured maximum
delay (amqz) in case of ABS is 189.3 g, for PC-ABS 1 198 g, for PC-ABS 2 200 g, for
PC-ABS 3 189.3 ¢, for PP TV1 126.8 g, for PP TV 3 112.2¢g and for ABS 176.0g.
Analogously, the amount of energy conversion of these materials is very high with values
from 100 to 122.4 (see 4.49). In contrast to that, the brittle series materials, PC-ABS
GF20 (33.3J) and PP TV 2 (32.6 J) wrench a comparably small amount of energy
from the pendulum. PC-ABS GF20 delays the pendulum 30 g and PP TV 2 56.6 ¢.
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Figure 4.54: SEM images of the fracture surface of PX223 after having performed a
pendulum impact test on two-sided clamped polymer sheets. Factor of magnification
from left to right: 20, 100 and 500.
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Figure 4.55: SEM images of the fracture surface of PX226 after having performed a
pendulum impact test on two-sided clamped polymer sheets. Factor of magnification
from left to right: 20, 100 and 500.
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4.2 Tests of functional parts 121

Figure 4.56: SEM images of the fracture surface of NM27H after having performed a
pendulum impact test on two-sided clamped polymer sheets. Factor of magnification
from left to right: 20, 100 and 500.
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4.2.2.1.2 Fracture behaviour of polymer sheets Table 4.9 displays the number of polymer
sheets which separated or even split during the test. Since of each material three
specimens were tested, a maximum of three specimens could have fractured.

As it can be seen of all investigated build orientations the AM specimens made of
PA2200 and Ultem split. For all AM specimens an anisotropy can be observed as
already mentioned above. This anisotropy cannot only be seen in the values of a,,q.
and energy conversion but also in the fracture behaviour. In case of Duraform EX the
anisotropy is significant: All the three specimens of Duraform EX manufactured in
build orientation X45Y00Z00 and X90Y00Z00 split. But only two of three specimens
manufactured in build orientation X00Y00Z00 separated.

As expected impact strength is an indicator for fracture behaviour. Thus all AM ma-
terials but one polymer sheet of Duraform EX in optimal build orientation (X00Y00Z00)
separated. Additionally, all the investigated not really impact resistant MBRM speci-
mens separated. The RIM material 3602/3906 has an impact strength of 59.2 k.J/m?
and the Vacuum Moulding materials PX223 of 50.9 k.J/m? and PX 226 of 63.1 kJ/m?.
In contrast to that, all the investigated specimens made of series PC-ABS and ABS
having an impact strength of more than 210 k.J/m? did not fracture. Vice versa, the
brittle, glass fibre reinforced series PC-ABS GF20 had three fractured specimens. One
PP TV-material (PP TV 2) behaved brittle as well as all three investigated specimens
fractured. In contrast to that, two types of PP TV (PP TV 1 and PP TV 3) showed a
good impact resistant behaviour: None of the three specimens separated. This correlates
well with the impact strengths. PP TV 1 has an impact strength of 172.6 k.J/m?, PP
TV 2 of 54.5kJ/m? and PP TV 3 of 148.8 k.J/m>.

Hence this experiment correlates well with theory and has proven that there is a
connection between impact strength measured by Charpy impact bending test and the
fracture behaviour.

Surprising is that the polymer sheets of MBRM material NM27H split although
NM27H has a remarkably high impact strength. Considering the movie of the pendulum
impact test of NM27H which was recorded by high speed cameras it is visible that the
material was able to resist a high impact a long period of time as the beams the polymer
sheet is fixed to falter extremely and the material is able to deform significantly. But
when a certain displacement (= stress) was gained the material collapsed and split
probably due to internal stresses implied by the fabrication process. This phenomenon
can be considered in the snapshot depicted in Figure 4.57.

| NM- 27-H-1 . NM- 27-H-1 ‘

Vor

)
Figure 4.57: Snapshots of the pendulum impact test in case of a NM27H sheet. Before
the material collapses (left) and after the material collapses (right).
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This assumptation can be explained by linear elastic fracture mechanics. As the
SEM images in Figure 4.56 illustrate NM27H is a brittle material. Hence the fracture
criteria of Griffith has to be considered (see Equation 4.7). If the critical crack length
according to Equation 4.8 is exceeded the material collapses. Obviously, this led to
failure of the NM27H polymer sheets.

4.2.2.1.3 Correlation between delay and impact strength In terms of practical applica-
tions it is interesting to know whether a prognosis can be made on the behaviour of
AM/ MBRM parts during highly dynamic tests based on material properties which
can be determined with comparably low effort. As Charpy’s impact bending test [125]
has similarities to pendulum impact test the measured Charpy’s impact strength was
compared to the maximum acceleration determined by pendulum impact tests [120].
In Figure 4.58 the determined Charpy impact strengths were compared to the abso-
lute values of the maximum acceleration determined by the pendulum impact test
for two-sided clamped polymer sheets. The values of series materials are visualized
by grey diamonds whereas the values of the AM/ MBRM material are illustrated
as blue squares. As NM27H is an exception it is marked as a red circle. The AM/
MBRM materials were interpolated linearly. The outlier NM27H was excluded of that
interpolation. This interpolation is printed as a blue line in Figure 4.58. The incline
of the equation which describes the linear interpolation of the AM/ MBRM material
is 0.6397. The correlation coefficient is 0.8856 for the AM/ MBRM materials. The
series materials were interpolated using a linear fit as well. The interpolation function
of series materials’ properties is plotted as a grey line in Figure 4.58. The correlation
coeflicient of the series materials is 0.995. The incline of the interpolation is 0.7076.

As the correlation coefficient for series materials is very close to 1 a high correlation
between impact strength measured using Charpy impact bending test and maximum
delay measured by pendulum impact test could be proven. With a value of 0.85113 the
correlation coefficient of the interpolation of the AM/ MBRM materials’ values is not
as close to 1. This indicates that there is a tendency of correlation but it is not proven
from statistical point of view. To prove that more data would be necessary.

Furthermore, the inclines of the two interpolations plotted in Figure 4.58 are with
values of 0.6397 for AM/ MBRM materials and 0.7076 for series materials similar but
not equal. Hence there is only a tendency that there might be a correlation between
impact strength of Charpy impact bending test and maximum delay of pendulum
impact tests.

As series materials correlation coefficient is 0.995 the expected correlation can be
proven for series materials. For AM/ MBRM material the correlation coefficient is only
0.8856. Hence there is a deviation. The reason for the deviation in correlation probably
lies in the fact that parts’ properties are influenced on the one hand by the properties
of the materials and on the other hand by the microstructure of the parts gained by
the fabrication process. In case of AM the process strategy significantly influences the
part’s properties.

For example, the properties of FDM parts depends on the concrete delineation strategy.
The cylindrical strings are arranged according to a certain delineation strategy. This
delineation strategy determines which pattern is chosen to print the area (see Figure 4.19
in chapter 4.1.1.4). As the cylindrical strings are not completely molten but positioned
in a viscous state and the cylindrical strings cannot be stacked very densely. Due to
their round cross section the strings are only punctually connected. The punctual
connections are not as stable. As the delineation strategy to build impact bending
test samples completely differs from that of polymer sheets, the mechanical properties
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Figure 4.58: Comparison of the Charpy impact strength and the absolute value of the
maximum acceleration determined by the pendulum impact test of two-sided clamped
polymer sheets for several series injection moulding materials and AM/ MBRM materi-
als.

differ. This results in the deviation from correlation. Furthermore, the delineation of
cylindrical thermoplastic strings implies a notch effect reducing impact resistance of
the parts (compare chapter 4.1.1.4).

Moreover, the layer-based AM processes often lead to an anisotropy of AM parts
(see chapter 4.1.1.4). Especially, in SLS parts the powder particles within one layer are
well fused but the bonding between neighbouring layers is defective (see Figure 4.17
and 4.50).

In case of SLS the choice of process parameters like laser energy, hatch distance, laser
speed, scan strategy etc. influences the mechanical properties of SLS parts significantly.
Reducing laser scanning speed leads to reduced part density, reducing hatch distance
to reduced particle bonding and therefore to a decrease in tensile properties [139].
Additionally, an increase in layer thickness is connected with a decrease in tensile
properties, e.g. strain at break, Young’s modulus and tensile strength [139]. As Gibson
and Shi found out an increase in laser power leads to an increase in strength and
density of SLS parts [140]. Besides the physical properties such as density, strength
and degradation the geometry of SLS parts (e.g. shrinkage, growth, curling, poor edge
definition) is affected by the quantity and timing of energy [141]. Short hatch lines result
in serious shrinkage and less homogeneity [142]. This affects the reproducibility of AM
parts’ properties, of course. Furthermore, in case of SLS the distance to neighboured
parts within the building space affects SLS part’s quality, e.g. surface quality [143]. As
a consequence reproducibility of SLS processes is affected.

In contrast to that, all the investigated series parts are fabricated by injection
moulding. Of course, mould flow has also an influence on material properties. But
its influence is not that obvious. Investigated injection moulding parts have a very
homogenous microstructure free of voids or pores as well as a very low surface roughness
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(see chapter 4.1.1.1). Moreover, the injection moulding process is comparably stable.
When the optimum process parameters are found leading to high quality parts the
injection moulding process can be well reproduced. The consequence are isotropic
material properties which are easily to reproduce.

To sum up, the AM parts’ properties are decisively influenced by process parameters
and several circumstances during fabrication. This might explain the worse correlation
between impact strength measured at Charpy’s impact strength and maximum delay
of pendulum impact test in case AM parts than in case of series parts which are all
injection moulding parts.

4.2.2.2 Pendulum impact test on polymer sheets on two layers of foam

In this chapter the results of the pendulum impact tests performed on polymer sheets
positioned on two layers of foam can be found.

The values, a4, and the asz,s-value, as well as the splitting behaviour which are
most important for the automobile’s development are considered. Furthermore, the
energy conversion got determined.

For each material and build orientation the mean value of the three tested specimens
for amaz, asms and energy conversion were calculated and standardized to the values of
the series injection moulding PC-ABS. Hence a ratio of 1 indicates that the material
behaves comparable to series PC-ABS regarding this value. The results are listed in
Table 4.10. In this table again build orientation X00Y00Z00’ is abbreviated by X00’,
'X45Y00Z00° by 'X45” and "X90Y00Z00 by "X90".

The ratio of the as;,s-value of AM/ MBRM materials is visualized in Figure 4.59
and for series materials in Figure 4.60. The ratio of agy,s of all the investigated AM/
MBRM materials has values between 0.98 (PA2200 X90Y00Z00) and 1.17 (Duraform
EX X90Y00Z00) which are on a level similar to series PC-ABS as the values rarely
differ from 1. The SLA material Somos Next has a ratio of as,s from 0.99 (X00Y00Z00)
to 1.06 (X90Y00Z00), Duraform EX from 1.08 (X00Y00Z00) to 1.17 (X90Y00Z00).
PA2200 varies from 0.98 (X90Y00Z00) to 1.08 (X00Y00Z00), PA2221 varies from
1.02 (X90Y00Z00) to 1.07 (X00Y00Z00) and Ultem from 1.04 (X00Y00Z00) to 1.11
(X90Y00Z00). In case of the MBRM materials the ratio has values from 1.01 (PX226
and NM27H) to 1.04 (3602/3905). Duraform EX X90Y00Z00 differs with a ratio of
1.17 most from 1.

Considering the series materials in Figure 4.60 the ratio of asy,,s differs between 0.92
(PA6) to 0.98 (PA6 GF15). Hence all the investigated series materials have values
similar to series material PC-ABS regarding as,s.

Regarding energy conversion a similar picture emerges (compare Figure 4.61 for AM/
MBRM materials and Figure 4.62 for series materials). Somos Next has a ratio of energy
conversion between 0.94 (X45Y00Z00) and 0.96 (X00Y00Z00), Duraform EX between
0.93 (X00Y00Z00 and X45Y00Z00) and 1.05 (X90Y00Z00). PA2200 has values between
0.99 (X45Y00Z00) and 1.10 (X00Y00Z00), PA2221 between 0.94 (X45Y00Z00) and 0.97
(X90Y00Z00) whereas Ultem varies between 0.96 (X00Y00Z00) and 1.04 (X90Y00Z00).
The MBRM materials rarely differ with values between 0.96 (3602/3905, PX223 and
NM27H) and 0.97 (PX226). The series materials differ between 1.01 (ABS) and 1.07
(PC-ABS GF20). Hence the values differ from 0.93 (Duraform EX X00Y00Z00 and
X45Y00Z00) to 1.10 (PA2200 X00Y00Z00) for AM/ MBRM materials and from 1.01
(ABS) to 1.07 (PC-ABS GF20) for series materials (compare Table 4.10).

In contrast to the ratios of energy conversion and the as,,s-values which slightly
differ from 1, the a,q.-ratio of the AM materials deviates a lot from 1 (see Figure 4.63).
Hence there are materials which have a low value for a4, €.g. Ultem X45Y00Z00 (0.60)
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Table 4.10: Overview about the results of the pendulum impact tests at AM/ MBRM
sheets on two sheets of foam.

Type of Material Ratio | Ratio Ratio of Number
of of Energy of

a3ms | Qmaz | Conversion | Separated

Sheets

§ § § [

Somos Next X00 0.99 1.04 0.96 0
Somos Next X45 1.04 1.06 0.94 0
Somos Next X90 1.06 1.07 0.95 0
Duraform EX X00 1.08 1.10 0.93 0
Duraform EX X45 1.09 1.11 0.93 0
Duraform EX X90 1.17 0.58 1.05 3
PA2200 X00 1.08 0.67 1.10 3
PA2200 X45 0.99 0.99 0.99 1
PA2200 X90 0.98 0.83 1.06 2
PA2221 X00 1.07 1.08 0.96 0
PA2221 X45 1.05 1.07 0.94 0
PA2221 X90 1.02 1.04 0.97 0
Ultem X00 1.04 1.05 0.96 0
Ultem X45 1.08 0.60 1.03 3
Ultem X90 1.11 0.69 1.04 3
3602/3905 1.04 1.05 0.96 0
PX223 1.02 1.03 0.96 0
PX226 1.01 1.02 0.97 0
NM27H 1.01 1.03 0.96 0
ABS 0.97 | 0.98 1.01 0
PC-ABS GF20 0.96 | 0.85 1.07 3
PP TV 0.95 0.96 1.04 0
PA6 0.92 1.01 1.02 0
PA6 GF15 0.98 1.03 1.02 0

and Duraform EX X90Y00Z00 (0.58). Somos Next deviates only slightly from 1.04 to
1.07 as does PA2221 (from 1.04 to 1.08). But Ultem differs from 0.60 (X45Y00Z00) to
1.05 (X00Y00Z00), PA2200 from 0.67 (X00Y00Z00) to 0.99 (X45Y00Z00) and Duraform
EX from 0.58 (X90Y00Z00) to 1.11 (X45Y00Z00). The MBRM materials have a ratio
of amaz between 1.02 (PX226) and 1.05 (3602/3905).

In contrast to that, the investigated series materials do not significantly differ from
series injection moulding PC-ABS as the ratio of @y, lies between 0.85 (PC-ABS
GF20) and 1.03 (PA6 GF15) (see Figure 4.64). PC-ABS GF20 is the series material
which differs with 0.85 more from 1 than all the other series materials. They have a
ratio from 0.96 to 1.03.

Considering the ratio of amq, of the AM/ MBRM materials in Figure 4.63 it is
obvious that there are materials fitting very well to series PC-ABS as the ratio is close
to 1. For example, Somos Next and PA2221 in all investigated build orientations are
with a ratio between 1.04 and 1.07 similar to series PC-ABS. Duraform EX X00Y00Z00
and Duraform EX X45Y00Z00 are with values of 1.10 and 1.11 close to series PC-ABS,
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Figure 4.59: Ratio of the measured ag,,s-value of the investigated AM/ MBRM parts,
standardized to series PC-ABS, measured during the pendulum impact test of polymer
sheets on two sheets of foam.
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Figure 4.60: Ratio of the measured as,,s-value of the investigated series injection
moulding materials, standardized to series PC-ABS, measured during the pendulum
impact test of polymer sheets on two sheets of foam.

too. Ultem has in build orientation X00Y00Z00 (1.05) a value close to 1 but in build
orientation X45Y00Z00 (0.60) and X90Y00Z00 (0.69) a value decisively differing from
1. The MBRM materials have a ratio of between 1.01 to 1.05. The same phenomenon
is found by the series materials. The values of a,,q, for ABS, PP TV, PA 6 and PA 6
GF15 differ between 0.96 and 1.03. For PC-ABS the value is with 0.92 a little lower
than 1.

The measured values for a,,q, depend on the environment the tested part is connected
to. In this experiment this environment are the two layers of foam positioned on a rigid
platform. As all the materials are positioned on the same type of foam the a,,q.-value
for all the materials which did not fracture has a similar level and thus the value is
similar to series PC-ABS. Hence the ratio must be close to 1. In case of the materials
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Figure 4.61: Ratio of the measured value of energy conversion of the investigated

AM/ MBRM materials, standardized to series PC-ABS, measured during the pendulum
impact test of polymer sheets on two sheets of foam.

A

s
=
1

= =
o o
I 1

=
I
1

Ratio of Energy Conversion
=
X

0.0
PC-ABS GF20  ABS PP TV PAG PAS GF15

Materials

Figure 4.62: Ratio of the measured value of energy conversion of the investigated
series injection moulding materials, standardized to series PC-ABS, measured during the
pendulum impact test of polymer sheets on two sheets of foam.

which separated, the measured values for a4, vary from 1. Duraform EX X90Y00Z00
has a ratio of only 0.58, PA2200 X00Y00Z00 of 0.67 and PA2200 X90Y00Z00 of 0.83,
Ultem X45Y00Z00 of 0.60 and Ultem X90Y00Z00 of 0.69.

The explanation can be found as follows: Firstly, as the specimens separated the
polymer sheets were not able to wrench much energy from the pendulum which leads
to a low value of delay. Secondly, the separated specimens fractured into sharp-edged
fragments and injured the foam structure why the delaying effect of the foam was
reduced and the foam could not delay as usual.

Investigating the ratios of energy conversion in Figure 4.61 and the important as,s-
value in Figure 4.59 for AM/ MBRM materials and for series materials in Figure 4.62
and Figure 4.60 it is obvious that all the ratios of the investigated energy conversion and
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Figure 4.63: Ratio of the measured a,q,-value of the investigated AM/ MBRM ma-
terials, standardized to series PC-ABS, measured during the pendulum impact test of
polymer sheets on two sheets of foam.
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Figure 4.64: Ratio of the measured maximum delay (am,q.) of the investigated series
injection moulding materials, standardized to series PC-ABS, measured during the
pendulum impact test of polymer sheets on two sheets of foam.

the agm,s-value standardized to PC-ABS are similar to 1. The ratio of energy conversion
of series materials differs between 1.02 (PA6 and PAGF15) and 1.07 (PC-ABS GF20).
The ratios for energy conversion of AM/ MBRM materials are between 0.93 (Duraform
EX X00Y00Z00 and X45Y00Z00) and 1.10 (PA2200 X45Y00Z00). The ratio of the
agms-value is between 0.98 (PA2200 X90Y00Z00) and 1.17 (Duraform EX X90Y00Z00)
in case of AM and MBRM materials. For series material the as,,s-value varies from
0.92 (PA6) to 0.98 (PA6 GF15 and PC-ABS GF20). Hence the two values are mainly
dependent on the energy absorbing and hence the delaying behaviour of the two layers
of foam.
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4.2 Tests of functional parts 130

4.2.2.3 Pendulum impact test on the instrument panel’s decorative part

This chapter depicts the results gained from pendulum impact tests on decorative parts
incorporated in a series instrument panel.

4.2.2.3.1 Potential of AM/ MBRM decorative parts In Table 4.11 the results of the
pendulum impact tests performed on AM/ MBRM decorative parts incorporated in a
series instrument panel are depicted. The build orientation "X00Y00Z00’ is abbreviated
by 'X00". The values for am, and as;,s of the investigated AM/ MBRM materials
are standardized to series decorative part. If the ratio is close to 1, the AM/ MBRM
decorative part has a similar delaying effect on the pendulum as the series decorative
part has. If the ratio is lower than 1, the material has a less delaying influence on the
pendulum than the series decorative part. As series decorative parts’ as,s-value do not
exceed 80 g, which due to internal safety factors is much lower than the value of 80 ¢
goverened by legislation, the ratio of the AM/ MBRM decorative part may be larger
than 1 to be still positively evaluated. Of course, besides the fact that the asg,,s-value
may not exceed the limit value as already mentioned, the material may not split for
occupant’s safety reasons in order to be evaluated as ’acceptable’. If one or even both
of the following two conditions are not fulfilled the result of the test is evaluted as 'not
acceptable’.

1. The value of as;,s may not exceed the limit value.

2. The part may not fracture into sharp-edged fragments or even split to ensure the
occupant’s safety in case of a crash scenario.

None of the investigated materials has an as,,s-value which is higher than the maximum
limit value of 80 g goverend by legislation. Somos Next X00Y00Z00 has ratios between
0.76 and 0.82 and thus a ratio lower than 1 which is definitely uncritical. Unfortunately,
the decorative parts made of Somos Next X00Y00Z00 split during the test and therefore
cannot be evaluated as acceptable. Duraform EX X00Y00Z00 has values of ag;,s which
are below 1 as well. As none of the decorative parts of Duraform EX separated during
the test all the three tests performed on these parts can be evaluated as acceptable. In
case of NM27H two specimens were acceptable as the measured ag,,s-value was below
the critical value and the decorative parts did not separate or split. In contrast to that,
one specimen split during the test why this test has to be evaluated as not acceptable.

The aq.-values were uncritical as well as the ratios differed only slightly from the
agms-value. Thus Somos Next X00Y00Z00 had values for the ratio of a,,., between
0.83 and 0.92, the values of Duraform EX X00Y00Z00 varied from 0.85 to 1.05.

All in all, the ratios of ., were between 0.83 and 1.10. The measured values are
summed up in Table 4.11. In Table 4.11 the evaluation ’acceptable’ is abbreviated with
"Acc) and 'not acceptable’ with 'Not Acc..

For pendulum impact tests performed on the decorative part which is incorporated
in a series instrument panel the ag,,s-ratios were calculated based on the ag,s-values
of the AM/ MBRM materials divided by the as,,s-value of the series material. The
investigated materials can be separated in two groups regarding the measured as,,s-ratio.
The decorative parts which did not separate and those which separated. The decorative
parts which did not separate have a as,,s-ratio which is close to 1. Hence the ag;,s-values
of the investigated AM/ MBRM decorative parts are similar to the series decorative
part. The AM decorative parts which separated have a ag,,s-value significantly differing
from 1. Thus the ag;s-value of Somos Next X00Y00Z00 differs from 0.76 to 0.82 and
the agms-ratio of the separated NM27H-specimen has an ag,,s-value of 0.77. In contrast
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Table 4.11: Overview about the results of the pendulum impact tests at AM/MBRM
decorative part incorporated in a series instrument panel.

Name Number Ratio Ratio | Separation? | Evaluation
of the of the | of the Yes/ No Acc./
Material A3ms Amax Not Acc.

—value | —value

§ §
Somos Next X00 1 0.82 0.92 Y Not Acc.
Somos Next X00 2 0.76 0.86 Y Not Acc.
Somos Next X00 3 0.80 0.83 Y Not Acc.
Duraform EX X00 1 0.97 1.05 N Acc.
Duraform EX X00 2 0.94 0.92 N Acc.
Duraform EX X00 3 0.88 0.85 N Acc.
NM27H 1 1.06 1.10 N Acc.
NM27H 2 0.77 0.89 Y Not Acc.
NM27H 3 1.09 1.06 N Acc.

to that, the non-separated NM27H-specimens have an as;,s-value of 1.06 and 1.09 and
the Duraform EX-specimens which did not separate of 0.88 to 0.97.

This can be explained by the fact that the energy the pendulum inserts is absorbed by
the whole assembly, in this case by the decorative part and mainly the series instrument
panel. If the decorative part cannot deal with these high impacts as its material is
not impact resistant enough it fractures. If it fractures an amount of energy which
is inserted by the panel is converted by separation of the decorative panel. Due to
separation of the decorative panel the pendulum is not that much delayed. This results
in lower values for a,,q; and the characteristic ag,,s-value. In contrast to that, materials
which are impact resistant avoid separation of the decorative part. If the decorative
part does not separate by the impact the energy is deflected to the instrument panel.
The instrument panel reacts by deformation which allows the absorption of a large
amount of energy. Hence it is a natural result that the pendulum is delayed more by
decorative parts which do not separate than by decorative parts which separate.

Comparing the results of the pendulum impact test to the results of the impact
bending test it becomes obvious that those two materials which had a really high
impact strength, NM27H and Duraform EX X00Y00Z00, were the only materials which
were able to resist the high impact during the pendulum impact test (compare Figure
4.13 and Figure 4.16 to the Table 4.11) as they did not fracture. Hence the impact
strength obviously indicates the capability of materials to resist highly dynamic tests of
the interior’s validation, e.g. pendulum impact test. The materials with a low impact
strength split or fracture in a sharp-edged manner during those high impacts.

Unfortunately, NylonMold is a manufacturing technology which leads to badly
reproducible parts. Some parts obviously have internal stresses as they split in case
of highly dynamic loads. These stresses seem to be inserted by the moulding process.
Flow marks seem to be the reason for that.

If the reliabilty of a prognosis of the as;s-value based on AM/ MBRM parts is
considered it can be summed up that a pretty reliable prognosis of the important
asms-value can be made in an early stage when series parts are not yet available. For
Duraform EX the measured as,,s-value matches the series decorative part’s as,,s-value
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with a reliability of 87% to 97%. The NM27H-specimens which did not split fit to series
parts even better: The reliability of a prognosis of the agms-value of a series decorative
part based on the asz,s-value measured at a NM27H-panel constitutes 91% to 95%.

As the measured as;,s-values are predominantely influenced by the capability of
the instrument panel to absorb energy, attaching parts which have a covering and/or
decorative function can be replaced by an appropriate AM/ MBRM part (series similar
impact strength) in order to make a prognosis with a reliability of 87% to 97% of the
series part’s behaviour in an early stage of development when the series part is not yet
available. This is a really valuable result for the validation of the automotive interior
and might facilitate the development process decisively.

4.2.2.3.2 Fractography of decorative parts The fracture surfaces of the investigated
decorative parts which separated during the test were investigated by scanning electron
microscopy.

In Figure 4.65 the fracture surface of the decorative part of Somos Next X00Y00Z00
is depicted. The area near the origin of the crack shows the layers of the layer-based
fabrication process. These layers measure about 200 um. The factor of magnification
500 makes a slight ductility of the material visible. The pores are upcoming secondary
cracks. Considering the SEM-image of the area where the crack has already propagated
through the sample several fracture planes can be observed. The rupture surface features
indicate almost no ductility. This correlates well with the fractography performed on
impact bending specimens in a previous section (see chapter 4.1.1.4). As the polymer
sheets of Somos Next X00 did not separate during the pendulum impact test on polymer
sheets on two layers of foam (see chapter 4.2.2.1) there was the hope that the material
is able to withstand the pendulum impact also in the geometry of a decorative part.
Unfortunately, its impact resistance is not enough and the material is too brittle.
Hence it fractured in case of pendulum impact tests of decorative parts. As it was
already discussed in chapter 4.1.1.4 Somos Next is not as brittle as it is expected for a
photosensitive resin. As the SEM-image with factor of magnification of 500 depicts in
Figure 4.65 there is a slight ductility. Nevertheless, this is not enough for that high
impacts which come up in crash scenarios and have to be tolerated by parts of the
automotive interior.

From the SEM-image with the factor of magnification 100 in Figure 4.66 of the crack
initiation zone of a NM27H decorative part it can be observed that several fracture
planes and secondary cracks can be observed in the crack initiation zone. The SEM-
image with the factor of magnification 500 confirms the observations made in chapter
4.2.2.1 that NM27H is a brittle material with no signs of ductile fracture behaviour. In
the crack propagation zone as well there are several secondary crack paths visible (see
SEM-images with factor of magnification 100 in the crack propagation zone in Figure
4.66). Again in the SEM-image with factor of magnification 500 the brittle fracture
behaviour is obvious. No signs of ductility can be found.
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Figure 4.65: SEM images of the fracture surface of the Somos Next X00Y00Z00 deco-
rative part in the crack initiation zone (left) and the crack propagation zone (right) after
pendulum impact test. Factor of magnification from left to right: 20, 100 and 500.
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Figure 4.66: SEM images of the fracture surface of a NM27H decorative part in the
crack initiation zone (left) and the crack propagation zone (right) after pendulum im-
pact test. Factor of magnification from left to right: 20, 100 and 500.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

M You

5 Conclusion and outlook

5.1 Summary of findings

The material comparison has shown that there are material properties in which AM/
MBRM materials are similar to series materials.

Tensile strengths of all investigated series materials (PP TV, PA6, PC-ABS and
PC-ABS GF15) except for the enormous high tensile strength of PA6 GF15 can be
matched by AM/ MBRM materials in all investigated temperature ranges (LT, RT,
HT). Regarding Young’s modulus there are also many series materials which can be
represented by AM/ MBRM materials. The glass fibre reinforced series materials, PA6
GF15 and PC-ABS GF20, have no counterparts at room and high temperature as most
AM/ MBRM materials are not glass fibre reinforced. Even the glass fibre reinforced
MBRM materials NM27H GF15 cannot reach such a high Young’s modulus. In order
to be able to represent glass fibre reinforced series materials having high values for
Young’s modulus and tensile strength AM/ MBRM materials with effective glass fibre
reinforcement are needed.

As most series materials have a low strain at break at low temperatures they can be
well represented by AM/ MBRM materials in that temperature range. As PC-ABS has
a very high strain at break at RT and HT, this series material cannot be matched by
any AM/ MBRM materials regarding strain at break at RT and HT. PA6 and PP TV
do not yield at high temperature. Hence they have a remarkably high strain at break
which cannot be reached by AM/ MBRM materials.

Considering impact strength only NM27H and Duraform EX in optimal build orien-
tation have a high impact strength. Thus it is difficult to match the impact resistant
series materials ABS, PC-ABS and PA6 by AM/ MBRM materials. Hence on the
market a variety of impact resistant materials with high strain at break comparable to
injection moulding series PC-ABS are missing.

In order to close the gap in impact strength between series PC-ABS and AM/ MBRM
materials, this thesis proposes a method to increase impact strength by combining
a stiff, hard material (VeroWhite Plus for this instance) and an elastomer-like, soft
material (TangoBlack Plus) on a microscale level in a voxel-based manner according
to a certain architecture. Arranging the voxels of both materials according to a chess
pattern it was possible to quantify the influence of voxel edge length on the impact
strength as well as on the fracture behaviour of thus generated BMVC. These results
were confirmed by fracture analysis using SEM-images. Compared to its basic raw
materials the bi-material voxel compound had 800% to 900% of the impact strength of
the pure material A. This is a 300% to 400% increase compared to most AM materials.
Nevertheless, this increase in impact strength is accompanied by reduced heat reflection
temperature. The glass transition of all the BMVC samples was below the pure material
VeroWhite Plus. The BMVC with the highest impact strength was the BMVC with
voxel edge length of 400 um. It was observed that above a certain critical voxel edge
length, the longer the voxel edge length is, the lower is the impact strength. Based on
fracture mechanical considerations the critical crack length was calculated (Iriticar =
630 um) and thus the critical voxel edge length (acpiticar = 445 pm) could be determined.

135
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This analytical calculation could be proven by experimental results using impact
bending tests . Furthermore, this research contains results of tensile tests of the
investigated BMVC. Strains at break of BMVC samples were between the values of
mono-material samples made of pure TangoBlack Plus and pure VeroWhite Plus. Again
the BMVC with voxel edge length of 400 um had the highest value for strain at break
and tensile strength.

Unfortunately, there were some problems with realizing BMVC parts with voxel edge
lengths less than 250 um due to the high data volumes the STL files had. Although a
lot of effort was undertaken in order to reduce these data volumes, it would have been
difficult to 3D-print BMVC parts with larger geometry. Thus the method proposed
hereby is restricted to small specimens. It would be appreciable if more research effort
is done on the ability to process higher data volumes with the technology or to reduce
data volumes of STL-files. Of course, more technologies on the AM market which are
able to process two types of materials with different elastic properties at high resolution
would be beneficial.

Another challenging task is to offer materials processable by such multimaterial
AM processes which have a high heat resistance. A high glass transition would be
interesting for the automotive industry as well as for many other industries. As the
critical crack length depends on the material specific critical stress intensity factor
(K eriticar) materials with a high value of K pjticqr would be desirable. The combination of
materials might be the key to tune material properties according to various applications
and could open doors for a new generation of manufacturing in the future.

Investigating a second architecture in this thesis, VeroWhite Plus and TangoBlack
Plus were arranged according to a brick-mortar pattern. The hard and stiff material
represents the bricks and is embedded in a soft, deformable matrix, the mortar. In-
vestigating several sets of parameters and their influence on impact strength it could
be proven that the path of crack could be influenced beneficially using an appropriate
set of parameters. Inappropriate sets of parameters were not able to deflect the path
of crack and hence did not increase impact strength. Appropriate sets of parameters
were able to deflect the path of crack and hence increase impact strength. The optimal
set of paramters led to an impact strength of 82 k.J/m? which is slightly lower than
the highest impact strength measured at BMVC specimens characterized by a chess
pattern (91 kJ/m?). The investigation has shown that the volume ratio has not a high
influence on impact strength as the microarchitecture has.

Investigating whether the stiffness of series parts can be predicted based on the
stiffness of AM/ MBRM parts, it could be proven that a prognosis is possible if the
ratio of Young’s modulus of the AM/ MBRM material to the one of series material is
respected. Under the precondition of the same geometry of series and AM/ MBRM
parts the Young’s modulus indicates whether the stiffness of the AM/ MBRM part is
similar to the stiffness of the series part. If the ratio of Young’s modulus of the AM/
MBRM materials to the Young’s modulus of series material is close to 1 the stiffness
of the AM/ MBRM part matches the series part very well. This could be proven for
a small assembly, a storage compartment on the driver’s side consisting of a lid and
case, and a complex assembly, a decorative part incorporated in a series instrument
panel. The reliability of a prognosis on series decorative part’s stiffness based on an
appropriate AM/ MBRM decorative part was 92% in case of measurement point 1 (MP
1), 97% in case of MP 2, 94% at MP 3 and 99% at MP 4.

As the investigated parts’ geometries were optimized for injection moulding, it was
sometimes difficult to realize the tiny structures by AM and MBRM technologies. Of
course, stiffness of series parts can only be predicted by the stiffness of AM/ MBRM
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parts based on a similar Young’s modulus of the materials if the geometry is the
same. Nowadays, AM/ MBRM technologies have a limited resolution which makes it
impossible to realize really tiny structures which can be processed e.g. by injection
moulding. Hence it would be appreciable if there were more AM/ MBRM technologies
which allow the manufacturing of parts with very high resolution.

The pendulum impact tests performed on two-sided clamped sheets have shown that
there is a linear correlation between Charpy impact strength and a4, measured during
the pendulum impact test. Hence the impact strength gives valuable information about
the capability of an AM/ MBRM material to delay the pendulum in pendulum tests. In
order to ensure that an AM/ MBRM material is able to resist the high loads implied by
the pendulum without separation, a high impact strength is necessary. For a prognosis
on the result of pendulum impact tests performed on the instrument panel to which
AM/ MBRM parts are attached, the test is not appropriate as too high energies are
exerted.

The second experiment which was a pendulum impact test performed on polymer
sheets stored on two layers of a specific foam has shown that the ag,,s-value and the
amount of energy conversion of AM/ MBRM materials had values comparable to series
PC-ABS. Hence the foam influences these values decisively. The values of a4, showed
that the materials could be classified in two groups: The first group were polymer
sheets which separated during the test and the second group were polymer sheets which
did not separate. The values of a4, measured for polymer sheets which separated
were lower than those for polymer sheets which did not separate. For polymer sheets
which separated during the test the ratio of a4, was lower than 1 as the separated
sheets are not able to delay the pendulum that much. Furthermore, the sharp-edged
fragments destroyed the foam. As a consequence the foam was not able to delay the
pendulum that much. As the loads implied to the polymer sheets positioned on two
layers of the specific foam were similar to loads implied to a part incorporated in a
series instrument panel, this second pendulum impact test gives an idea about the
fracture behaviour of materials in case of a real pendulum impact test performed on a
complete instrument panel.

In order to qualify AM/ MBRM materials for the pendulum impact tests pursuing
the aim to be able to make a prognosis on series part’s behaviour based on the behaviour
of AM/ MBRM parts, a third pendulum impact test was performed. In this experiment
pendulum impact tests were performed on AM/ MBRM decorative panels incorporated
in a complete instrument panel. The only AM/ MBRM materials which did not separate
during the test were the two materials which had an enormous impact strength that was
comparable to series PC-ABS. These materials were the NylonMold material NM27H
and the SLS material Duraform EX. Unfortunately, Duraform EX-parts significantly
depend on the build orientation. Hence the build orientation has to be respected before
planning pendulum impact tests for a prognosis of series parts’ behaviour. In case
of NM27H flow marks might lead to internal stresses which sometimes cause fatal
failure. Furthermore, its critical crack length may not be exceeded as it is a brittle
material. Nevertheless, if this is taken into account these materials are appropriate for
manufacturing prototypes which have to be tested in a pendulum impact test. This
thesis has proven that a prognosis for a pendulum impact test can be made based on
AM/ MBRM parts incorporated in a series instrument panel if the replaced parts have
only a covering and/or decorative function and the chosen AM/ MBRM material did not
separate during the test. Pendulum impact tests on decorative parts made of NM27H
incorporated in a series panel allow a prognosis of the important as,,s-value of series
decorative part with a reliability of 91% to 95%. Pendulum impact tests performed on
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Duraform EX X00Y00Z00 decorative parts allow a prognosis of the as.,s-value of series
decorative part with a reliability of 87% to 97%.

Moreover, this experiment has proven that there are AM/ MBRM materials which
are able to resist highly dynamic loads. This is important for the validation of several
crash scenarios in an early stage of the automobile’s development.

5.2 Relevancy of the results

As the material comparison has shown it is difficult to find AM/ MBRM materials
which match series materials in all thermomechanical properties. But most series
material properties can be represented by some AM/ MBRM materials regarding
certain material properties. Hence it always has to be figured out which material
properties are important for the concrete application.

For the validation of the automotive interior several validation tests exist and not all
material properties are relevant for each test.

As this thesis has shown, the relevant material property for stiffness measurement
is Young’s modulus at RT. Of course, stiffness is influenced by Young’s modulus and
geometry. Consequently, an AM/ MBRM technology has to be chosen with respect to
its resolution. For example, if the part geometry contains tiny structures FDM might
not be the right choice due to its limited resolution. Under the precondition of the
same geometry of AM/ MBRM part and series part the stiffness can be predicted with
very high reliability if an appropriate AM/ MBRM material (series similar Young’s
modulus) is chosen.

This is an important result facilitating the development process of the automotive
interior. Of course, finite element simulation is able to predict the stiffness with high
reliability as well. But it is only able to predict a quantitative value. Unfortunately, it
is not able to give an idea what that means in hardware. Hence in an early stage of
development when series parts are not yet available the information is missing what
these stiffness values really mean to the customer. Consequently, it is a great result to
be able to manufacture prototype hardware in an early stage which has series stiffness.
In future, such stiffness realistic prototypes can also give an idea about mounting forces.
Of course, each automobile is manufactured in line. As workers have to do the same
procedure several hours a day it is important to keep mounting forces low. This has to
be respected in the development process. Stiffness realistic prototypes might help to
get an idea about mounting forces in an early stage of development.

Furthermore, this research has shown that there are AM/ MBRM materials which
are able to resist highly dynamic loads. This is an important result as in future crash
tests can be performed in an early stage when series interior parts are not yet available
using AM/ MBRM interior’s parts. In addition to finite element simulation hardware
tests help to get an idea of the dummy movement in an early stage of development.

Not to forget, this thesis has shown that pendulum impact tests which are governed
by legislation can be performed in an early stage of development. The key is using
impact resistant AM/ MBRM materials which have a series similar impact strength.
The resulting curves of delay over time are absolutely comparable to those gained by
series parts. Hence interior concepts can be validated in an early stage of development
when series parts are not yet available. It has not to be waited for the first series parts
to get an idea about the result in impact pendulum tests.

All this helps saving time and money in the development process. Concepts can be
validated earlier in a stage when series injection moulding tools are not yet fabricated.
Hence expensive changes of series injection moulding tools can be avoided. Due to
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hardware validation in an early stage of development a fully developed concept is
available in an earlier stage as it is available today.

As this research has found out it is possible to improve impact strength by voxel-based
3D-printing. This is a valuable result for AM research as this investigation has shown
that the advantages of AM could be used for tailoring AM parts according to someone’s
need. This might be the start of a new generation of manufacturing.

5.3 Outlook

As this thesis has shown there are several AM/ MBRM materials matching most series
materials regarding tensile strength and Young’s modulus. Unfortunately, this research
has shown that there are only a few AM/ MBRM materials which are impact resistant.
Hence impact resistant series materials such as PC-ABS can hardly be represented
regarding their behaviour in case of highly dynamic impacts.

Today’s AM/ MBRM materials are not ductile as their strains at break are low. On
the one hand, series materials with high strains at break can hardly be matched. On the
other hand, a minimum of ductility of parts is always needed. If parts should be used
in the validation of the automotive interior they have to be mounted and demounted
several times. Certainly, mounting and demounting may not cause failure of the parts.

Furthermore, there are only a few AM/ MBRM materials which can deal with high
temperatures at 85°C. Interior parts are exposed to a wide temperature range and
have to keep their thermomechanical properties within a range of —30°C to 85°C.

Regarding these thermomechanical properties there is a gap between AM/ MBRM
and series materials which has to be closed in order to make AM/ MBRM more
appealing for industrial applications.

As this research has shown AM can also be used for tailoring material properties
by voxel-based 3D-printing. Today, there is only one AM technology which is able
to process two materials of different stiffness within one layer with high resolution.
Unfortunately, this technology is limited to materials with low thermomechanical
properties. It would be beneficial if there were more AM technologies which are able to
process two materials of different stiffness within one layer with high resolution. Of
course, it would be favorable if these processable materials had good thermomechanical
properties.

As today’s AM systems can only process STL-files with comparably low data volume
there is a need in systems which are able to process higher data volumes of STL-files.
This could allow tailoring AM parts according to customer’s need. Consequently, it
could open doors for a new generation of manufacturing.

As SLS parts are very anisotropic process parameters and strategies has to be
optimized in order to be able to utilize the whole potential of SLS materials. For
example, Duraform EX is a material having a great impact strength making Duraform
EX parts very interesting for several automotive applications. But its anisotropy limits
the fields of application.

Furthermore, properties of FDM parts might be improved by processing thinner
thermoplastic filaments. In order to be able to process a denser microstructure thermo-
plastic filaments with a rectangular cross section might lead to better thermomechanical
properties of FDM parts than filaments with circular cross section. As the delineation
strategy has a significant influence on the material properties more research should
be done in that field. Delineation also influences the reproducibility of FDM parts.
Consequently, for industrial applications it is a key to ensure same properties for FDM
parts no matter of which geometry.
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