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Abstract

Additive manufacturing has attracted great interest in recent years as it shows
several advantages over conventional manufacturing techniques. It enables com-
plex parts, reduction of material consumption, individualization, customization,
integrated functionality, integrated assembly and economical low volume pro-
duction as well as the rapid production of prototypes, tools, jigs and fixtures.
Despite this potential, many applications are still limited to rapid prototyping.
Additive manufacturing is often still prone to imperfections as a robust set of
printing parameters is difficult to determine for such a complex process. Hence,
extensive post-processing and quality control are required. This study shows two
applications of additive manufacturing that go beyond rapid prototyping using
structural and functional materials. First, lightweight design with lattice struc-
tures is discussed. Second, functional integration is considered with an electrically
conductive material that is suited for sensing.

Lattice structures show potential in lightweight design as their mechanical prop-
erties can be scaled by the volume fraction of the cells according to the local
requirements given by the load paths. In order to use lattice structures in design
of structural parts, the mechanical properties and manufacturing imperfections
need to be characterized and assessed with respect to performance. Two different
materials are considered that are processed with different additive manufactur-
ing techniques: a structural material with the metal alloy Ti-6Al-4V printed by
selective laser melting and a low density material with a methacrylate photopoly-
mer printed by stereolithography. Manufacturing imperfections, different volume
fractions, building directions and load cases are analyzed for the lattice struc-
tures. 3D digital image correlation reveals local strain concentrations and allows
to determine true strains and subsequently true stresses. Basic mechanical tests
are performed on bulk material to determine the variation of the material proper-
ties that are required to calibrate material models for finite element simulations.
Finite element simulations of lattice structure models are conducted allowing a
better temporal and local resolution of the progressive damage. Depending on
the volume fraction, different failure modes can be seen that are captured and ex-
plained by finite element simulations. This allows to avoid stress concentrations
or undesired buckling in future designs. The evaluation of different load cases
is mandatory as a significant difference in tensile and compressive properties is
observed. A reliable design process is developed where probabilistic effects of
the variation of geometry deviations and material properties need to be captured
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with finite element simulations. In order to identify the probability distribution
of material properties like strength and fracture strain that are governed by lo-
cal phenomena, a new model is proposed. It outperforms standard approaches
with the central moments. Finally, simulations of lattice structures are compared
to computationally inexpensive simulations of unit cells with periodic boundary
conditions.

Further applications of additive manufacturing and lattice structures arise in
process engineering. Here, they can be utilized as structured packings in reac-
tors to enhance mixing of different phases. Additional process monitoring by
integrated sensing can be realized with multi-material 3D printing. Of the four
major additive manufacturing techniques only fused filament fabrication offers a
facile way to implement this by using several printheads. However, the employ-
ment of fused filament fabrication is currently restricted by the anisotropy of the
mechanical properties at a low level. These result from limited inter- and in-
tralayer diffusion and entanglement of the usually thermoplastic polymer chains.
In this study, a thermosetting polymer for fused filament fabrication printing is
developed. The formulation is based on a solid epoxy resin, allowing it to be
processed in filament form. A latent curing agent ensures a suitable shelf life,
prevents the formulation from curing within the hotend and enables cross-linking
over the layers during post-curing. Tensile tests and micrographs of the fracture
surfaces prove the mechanical isotropy of the solid epoxy formulation. In addi-
tion, the material formulation is modified with single-walled carbon nanotubes
to add electrical conductivity and allow functional 3D printing. The electrical
conductivity can be adjusted by the filler content, which is low compared to com-
mercial materials due to the favorable high aspect ratio of the nanoparticles. Yet,
an electrical anisotropy and a higher percolation threshold compared to estab-
lished epoxy based nanocomposites is observed. Proof of concept studies show
that the functionalized material can be used for temperature and strain sensing
applications.
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Kurzfassung

Die additive Fertigung hat in den letzten Jahren großes Interesse geweckt, da
sie einige Vorteile gegenüber herkömmlichen Fertigungsverfahren aufweist. Sie
ermöglicht komplexe Teile, eine Verringerung des Materialverbrauchs, Individua-
lisierung, kundenspezifische Anpassungen, integrierte Funktionalität, integrierte
Montage und wirtschaftliche Kleinserienfertigung sowie die schnelle Herstellung
von Prototypen, Werkzeugen, Vorrichtungen und Halterungen. Trotz des Poten-
zials sind viele Anwendungen immer noch auf das Rapid Prototyping beschränkt.
Oftmals ist die additive Fertigung noch anfällig für Imperfektionen, da es schwie-
rig ist robuste Druckparameter für einen derart komplexen Prozess zu bestimmen.
Dies zieht eine umfangreiche Nachbearbeitung und Qualitätskontrolle nach sich.
In dieser wissenschaftlichen Studie werden zwei Anwendungen der additiven Fer-
tigung vorgestellt, die über das Rapid Prototyping hinausgehen und dabei struk-
turelle und funktionelle Materialien verwenden. Zuerst wird der Leichtbau mit
Gitterstrukturen diskutiert. Zweitens wird die Funktionsintegration mit einem
elektrisch leitfähigen Material betrachtet, das sich für die Sensorik eignet.

Gitterstrukturen haben ein großes Potenzial für den Leichtbau, da ihre me-
chanischen Eigenschaften durch den Volumenanteil der Zellen skaliert werden
können, sodass sie den durch die Lastpfade gegebenen lokalen Anforderungen
entsprechen. Um Gitterstrukturen bei der Konstruktion von Strukturbauteilen
nutzen zu können, müssen die mechanischen Eigenschaften und Herstellungsfeh-
ler charakterisiert sowie hinsichtlich der Leistungsfähigkeit bewertet werden. Es
werden zwei verschiedene Materialien betrachtet, die mit unterschiedlichen addi-
tiven Fertigungstechniken verarbeitet werden: ein Strukturmaterial mit der Me-
talllegierung Ti-6Al-4V, das durch selektives Laserschmelzen gedruckt wird, und
ein Material geringer Dichte mit einem Methacrylat-Photopolymer, das durch
Stereolithographie gedruckt wird. Für die Gitterstrukturen werden Herstellungs-
fehler, unterschiedliche Volumenanteile, Baurichtungen und Lastfälle analysiert.
Digitale 3D-Bildkorrelation zeigt lokale Dehnungskonzentrationen und ermög-
licht die Bestimmung von wahren Dehnungen sowie nachfolgend wahren Span-
nungen. Grundlegende mechanische Tests an Vollmaterial werden durchgeführt,
um die Variation der Materialeigenschaften zu bestimmen, die zur Kalibrierung
von Materialmodellen für Finite-Elemente-Simulationen erforderlich sind. Es wer-
den Finite-Elemente-Simulationen von Gitterstrukturmodellen gemacht, die eine
bessere zeitliche und örtliche Auflösung der fortschreitenden Schädigung ermög-
lichen. Je nach Volumenanteil werden verschiedene Versagensarten beobachtet,

vii



Kurzfassung

die durch Finite-Elemente-Simulationen erfasst und erklärt werden können. Dies
erlaubt es, Spannungskonzentrationen oder unerwünschtes Knicken in zukünfti-
gen Konstruktionen zu vermeiden. Die Untersuchung verschiedener Lastfälle ist
zwingend erforderlich, da ein signifikanter Unterschied in den Zug- und Druckei-
genschaften zu beobachten ist. Es wird ein zuverlässiger Entwurfsprozess entwi-
ckelt, bei dem probabilistische Effekte der Variation von Geometrieabweichungen
und Materialeigenschaften mit Finite-Elemente-Simulationen erfasst werden müs-
sen. Zur Ermittlung der Wahrscheinlichkeitsverteilung von Materialeigenschaften
wie Festigkeit und Bruchdehnung, die durch lokale Phänomene bestimmt wer-
den, wird ein neues Modell vorgeschlagen. Dieses übertrifft Standardansätze mit
zentralen Momenten. Schließlich werden Simulationen von Gitterstrukturen mit
vom Rechenaufwand günstigen Simulationen von Einheitszellen mit periodischen
Randbedingungen verglichen.

Weitere Anwendungen der additiven Fertigung und der Gitterstrukturen erge-
ben sich in der Verfahrenstechnik. Hier können sie als strukturierte Packungen
in Reaktoren eingesetzt werden, um die Durchmischung verschiedener Phasen
zu verbessern. Eine zusätzliche Prozessüberwachung durch integrierte Sensorik
kann mittels Multimaterial-3D-Druck realisiert werden. Von den vier wichtigsten
additiven Fertigungsverfahren bietet nur die Schmelzschichtung (englisch: fused
filament fabrication) eine einfache Möglichkeit, dies umzusetzen, indem mehrere
Druckköpfe eingesetzt werden. Der Einsatz von Schmelzschichtung wird jedoch
derzeit durch die Anisotropie der mechanischen Eigenschaften auf niedrigem Ni-
veau eingeschränkt. Diese ergibt sich aus der begrenzten Diffusion und Verschlau-
fung zwischen und innerhalb der Schichten der meist thermoplastischen Polymer-
ketten. In dieser wissenschaftlichen Studie wird ein duroplastisches Polymer für
die Schmelzschichtung entwickelt. Die Formulierung basiert auf einem Feststoff-
Epoxidharz, das die Verarbeitung in Form von Filamenten ermöglicht. Ein laten-
ter Härter gewährleistet eine angemessene Lagerbeständigkeit, verhindert die Aus-
härtung innerhalb des Druckkopfes und ermöglicht während der Nachhärtung eine
Vernetzung über die Schichten hinaus. Zugversuche und Mikroskopaufnahmen der
Bruchflächen belegen die mechanische Isotropie der Feststoff-Epoxidformulierung.
Darüber hinaus wird die Materialformulierung mit einwandigen Kohlenstoffnano-
röhren (englisch: single-walled carbon nanotubes) modifiziert, um eine elektrische
Leitfähigkeit zu ermöglichen und einen funktionellen 3D-Druck zu erlauben. Die
elektrische Leitfähigkeit kann über den Füllstoffgehalt eingestellt werden. Die-
ser ist im Vergleich zu kommerziellen Materialien niedrig aufgrund des günsti-
gen hohen Aspektverhältnisses der Nanopartikel. Dennoch wird eine elektrische
Anisotropie und eine höhere Perkolationsschwelle im Vergleich zu etablierten Na-
nokompositen auf Basis von Epoxidharz beobachtet. Machbarkeitsstudien zeigen,
dass das funktionalisierte Material für Temperatur- und Dehnungssensoren ver-
wendet werden kann.
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1 Introduction

In this chapter, an introduction to additive manufacturing (AM) is given. Ad-
vantages and disadvantages are discussed and the major three-dimensional (3D)
printing techniques are described. Furthermore, current challenges of AM are
identified. Based on that, the aim and objectives of this study are defined. Fi-
nally, the structure of this dissertation is illustrated.

1.1 Additive Manufacturing

AM or 3D printing is a manufacturing process where the desired component
geometry is reached by joining volume elements of material. The process is usually
implemented in the form of successively adding layers of material [1, 2]. It can
be associated with a phase transition of the material for instance from liquid or
powder to a solid state [3]. Within the scope of DIN 8580 it can be assigned to
the group of primary shaping processes [4]. In general, seven basic categories of
AM processes are distinguished: (i) binder jetting, (ii) directed energy deposition,
(iii) material extrusion, (iv) material jetting, (v) powder bed fusion, (vi) sheet
lamination and (vii) vat photopolymerization [5].

The basic concept of AM is that components can be manufactured directly from
the model data without any restrictions or intermediate steps [1, 2]. The general
workflow however comprises several steps. It starts with the pre-processing. First,
a 3D computer aided design (CAD) volume model of the component needs to be
created. Then, this model is converted into a standard triangulation language
(STL) file consisting of the triangulated surface of the model. This file is im-
ported to the slicer software, where the printing job is prepared. The preparation
consists of positioning and orientation of the components, addition of support
structures at overhangs, setting of appropriate printing parameters and the slic-
ing of the model in layers. These information can be translated into a file format
like G-code that can be interpreted by the printer. Afterwards, the build process
is performed where the component is generated by consecutively adding material
in layers. This is followed by the post-processing. After printing, larger amounts
of excess material need to be removed. Then, the components are taken out of
the printer and separated from the build platform. Depending on the process
and the later application of the component, further steps might be necessary.
Post-curing can be used to increase the cross-linking density of polymers. Heat
treatments such as stress relief annealing (before removal from build platform) or

1



1 Introduction

hot isostatic pressing (HIP) can be employed to alter the microstructure of met-
als. Support structures need to be removed. To ensure a high product quality
and to identify manufacturing defects, computed tomography (CT) scans are re-
quired. Machining might be necessary for functional surfaces that rely on certain
tolerances. Finally, a surface treatment can be applied such as grinding, sand
blasting, mechanical, electrical or chemical polishing, pickling or coating. The
workflow is presented in Fig. 1.1.

Figure 1.1: Workflow of AM.

While AM offers some advantages over conventional manufacturing techniques
such as machining, casting, molding or forming, it also exhibits disadvantages.
These features are listed in the following:

Advantages

• Complex geometries almost without any restrictions
• Individualization and customization
• Reduction of material waste

2



1.1 Additive Manufacturing

• No tools needed and thus also no tool wear
• Shorter development cycles due to easier manufacturing of prototypes
• Short production time compared to development of a process with tools
• No storage cost for spare parts by manufacturing on demand
• Simultaneous manufacturing of different parts in one process
• Mobile spare part production in remote locations
• Reduced dependence on suppliers

Disadvantages

• Long production time
• Small building space
• Low surface quality due to staircase effect
• Support structures deteriorate surface quality
• Limited accuracy due to resolution of the process and thermal residual

stresses leading to distortion
• Material properties often lower than for bulk material
• High material cost
• Extensive post-processing
• Limited robustness and reliability of the process
• Certification issues

The advantages of AM can be exploited in applications such as complex and
lightweight components, individualization and customization, integrated func-
tionality, integrated assembly and economic low volume production as well as
the rapid production of prototypes, tools, jigs and fixtures [1, 2]. The four most
widespread techniques are fused filament fabrication (FFF), stereolithography
(SLA), selective laser sintering (SLS) and selective laser melting (SLM) [6]. In
the following, these processes are shortly introduced with their advantages and
disadvantages.

FFF can be assigned to the group of material extrusion processes. The material
is provided in the form of a filament. It is continuously conveyed to the heated
nozzle by a feeder. Here it is liquefied and then deposited on the build platform.
After each layer, the offset between printhead and build platform is increased.

3
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The build platform and the chamber can be heated to achieve better adhesion of
the prints and to avoid excessive distortions such as warping. A schematic of the
FFF process is presented in Fig. 1.2. In general, most thermoplastic polymers can
be processed, ranging from standard thermoplastics such as polylactic acid (PLA)
or acrylonitrile butadiene styrene (ABS) over engineering thermoplastics such as
polyamide (PA) or polycarbonate (PC) to high-performance thermoplastics such
as polyetherimide (PEI) or polyether ether ketone (PEEK). The polymer fila-
ments can also be modified with additives such as fibers, electrically or thermally
conductive particles, flame retardants or color pigments. Advantages and disad-
vantages of FFF are listed below:

Advantages

• Inexpensive printer
• High build rate
• Inexpensive material
• Large variety of materials
• Feedstock is a solid material yielding a clean process without safety

precautions
• Multi-material printing is possible
• Continuous fiber reinforcement is possible

Disadvantages

• Reduced inter- and intralayer strength due to limited diffusion and
entanglement of the polymer chains

• Anisotropic material properties
• Limited resolution
• Rough surface
• Support structures are necessary at overhangs
• Warping (can be reduced with a heated build platform and chamber)

SLA belongs to the category of vat photopolymerization processes. A liquid
resin is used as printing material, which is supplied in the form of a resin bath.
The resin usually consists of monomers, oligomers and photoinitiators. The resin
is cured locally with an ultraviolet (UV) laser at the cross-section of the part

4



1.1 Additive Manufacturing

Figure 1.2: Schematic of the FFF printing process.

within each layer. Curing can take place either at the resin surface in the regular
configuration or at the bottom of the resin bath in the inverted configuration. In
the former case, the build platform is lowered in the resin bath after each layer.
In the latter case, the build platform raises out of the resin bath and the parts are
printed upside down. In both cases liquid resin is supplied after each layer from
the resin tank and a wiper ensures a constant top level. The green part needs
to be post-cured in a UV oven to ensure full cross-linking. Figure 1.3 shows a
schematic of the inverted SLA process. The photopolymerization can be initiated
either by free radicals or by cations. In the former case mostly (meth)acrylates
are used as monomers and oligomers, while in the latter case usually epoxies are
of interest [7, 8]. Acrylate photopolymers have high reaction rates and the reac-
tion stops almost immediately when the light source is removed. However, they
show a high level of shrinkage up to 20 % that results in dimensional inaccuracies
and warping. Contrary, the ring-open reaction of epoxy photopolymers shows low
shrinkage of only 1 % to 2 %. Yet, the reaction rates are too low and uncontrolled
dark polymerization continues after removal of the light source. Thus, also epoxy
formulations usually contain acrylate resins to increase the reaction rates [2, 9].
Advantages and disadvantages of SLA are listed below:

Advantages

• Covalent interlayer bonding due to post-curing
• Isotropic material properties
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• High resolution
• Better surface quality than other major AM techniques

Disadvantages

• Post-curing is necessary
• Photopolymer is expensive and hazardous
• Liquid resin requires elaborate handling
• Prone to contamination of resin bath
• Multi-material printing is difficult
• Support structures are necessary at overhangs
• Material inclusions in internal hollow spaces
• Warping during post-curing due to uneven exposure to UV radiation
• Final parts can still be sensitive to UV exposure
• UV curing characteristics are focus of material development so that

mechanical and thermal properties cannot be prioritized
• Modification with additives is restricted by transparency required for

UV curing

Figure 1.3: Schematic of the inverted SLA printing process.
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1.1 Additive Manufacturing

SLM is a powder bed fusion process. The material is supplied in the form of
a metal powder with a typical size of 20 µm to 100 µm. In each layer a laser is
utilized to melt the powder locally at the cross-section of the part. After each
layer, the build platform is lowered in the powder bed and a new layer of powder
is transferred on top from the feed chamber by a coater. To avoid oxidation of the
material, the process is usually carried out under an inert gas atmosphere such
as nitrogen. As the process temperatures for melting a metal are significantly
higher than for polymers, support structures are also used for heat transfer to
the build platform. A schematic of the SLM process is depicted in Fig. 1.4.
Typical materials are aluminum alloys, cobalt alloys, copper alloys, iron alloys,
nickel alloys and titanium alloys. Advantages and disadvantages of SLM are listed
below:

Advantages

• Structural parts possible
• Metallic interlayer bonding due to remelting of lower layers
• Isotropic material properties
• Large variety of materials

Disadvantages

• Expensive printer and process
• Powder material is expensive
• Powder material requires elaborate handling (storage, transfer, recy-

cling)
• Thermal residual stresses lead to warping due to high processing tem-

peratures
• Medium surface quality
• Multi-material printing is difficult
• Material inclusions in internal hollow spaces
• Support structures are necessary at overhangs and for heat transfer
• Expensive post-processing (wire eroding from build platform, stress

release annealing, support structure removal)
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Figure 1.4: Schematic of the SLM printing process.

SLS is very similar to SLM except that a thermoplastic polymer powder is
processed. In general, amorphous and semi-crystalline polymers can be used as
feedstock. However, amorphous thermoplastics soften over a wide temperature
range and have a higher viscosity. The former makes it more difficult to liquefy the
desired amount of material while the latter results in low sintering rates yielding
a higher porosity for the printed parts [10]. In contrast, for some semi-crystalline
thermoplastics the supercooling window can be exploited where the crystalliza-
tion temperature during cooling is below the melting temperature during heating.
When the build chamber is heated to this temperature range, the material re-
mains liquid after melting. This allows for diffusion and entanglement of the
polymer chains over the layers. Moreover, uncontrolled crystallization accompa-
nied with uneven shrinkage is avoided when the whole print with the surrounding
powder is cooled below the crystallization temperature at the end of the process.
The desire for a wide supercooling window and an efficient powder production
currently limits the material choice basically to PA with approximately 90 % of
the industrial consumption [11, 12]. Compared to metals, the polymer powders
are self supporting and the melting temperatures are lower. Advantages and
disadvantages of SLS are listed below:

Advantages

• Diffusion and entanglement of polymer chains as build chamber is
heated to supercooling window

• Isotropic material properties
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• Little warping due to cooling of the entire part at the end of the process
• No support structures necessary

Disadvantages

• Expensive printer and process
• Material choice is limited
• Powder material is expensive
• Powder material requires elaborate handling (storage, transfer, recy-

cling)
• Medium surface quality
• Multi-material printing is difficult
• Material inclusions in internal hollow spaces
• Long cooling time after print job due to low thermal conductivity

1.2 Aim and Objectives

Due to its advantages AM has been booming over the last decade since the expi-
ration of the patent for FFF in 2009. It is established for prototyping and indi-
vidualized complex parts, however, application for series production is low [13].
Rapid prototyping is especially beneficial as it helps in the early stages of product
development where most of the cost of the product life cycle is determined [14, 15].
Despite its potential, the concerns restraint its further deployment. Often AM is
still prone to imperfections since a stable set of printing parameters is difficult
to determine for such a complex process. Hence, extensive post-processing and
quality control are required. This can also be seen in the popular science Gartner
hype cycle for emerging technologies where 3D printing appeared in 2007 as a
technology trigger [16], reached the peak of inflated expectations in 2012 [17] and
fell in the trough of disillusionment in 2015 [18] until it completely disappeared
afterwards [19]. The AM users especially seek more reliability and new materi-
als [13, 20]. Hence, this study focuses on these aspects. It shows two applications
of AM that go beyond rapid prototyping where its advantages are exploited:
(i) lightweight design with lattice structures and (ii) functional integration with
an electrically conductive material that is suited for sensing.

In (i) the reliability is of utmost importance as it is a structural application.
Thus, two different materials are considered that are processed with different
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AM techniques to be able to draw conclusions beyond particular cases. On the
one hand, a structural material, the metal alloy Ti-6Al-4V printed with SLM, is
investigated. On the other hand, a polymer, a methacrylate resin printed with
SLA, is examined. The idea to use lattice structures in lightweight design has a
biomimetics background. By definition “biomimetics combine biology and tech-
nology with the goal of solving technical problems through the abstraction, trans-
fer, and application of knowledge gained from biological research” [21]. The basic
motivation behind biomimetics is that biological structures have been optimized
over millions or even billions of years by evolution and have proven to withstand
the requirements of the environment. Therefore, it is assumed that they might
also be useful in technological developments and that a lot of iterations in the
design process can be saved [22, 23]. The process of biomimetics comprises three
steps. First, a functional analysis of the biological system is performed. Then,
the biological system is abstracted to a model. Finally, the model is transferred
and applied to develop a technological solution or product without utilization of
the biological system. Two approaches of the biomimetics process need to be
distinguished. In a technology pull, a technological challenge is the starting point
of the development and biological principles are analyzed that provide a solution
or an improvement for an existing product. It is a top-down process. In a biology
push, interesting features of a biological system are the origin of the development
and they are transferred to a technological product. It is a bottom-up process [24,
25]. Examples of biomimetic developments are products such as velcro and lotus
effect paints and methods such as evolutionary optimization algorithms and arti-
ficial neural networks. As biomimetic designs often result in complex geometries,
the advantages of AM in this regard can be fully exploited [26]. The biological
system that is considered as a model for cellular structures is trabecular bone.
Figure 1.5 shows trabecular bone in the distal part of a femur. The femur has to
withstand very complex loading situations with compression, tension, bending,
torsion and impact while being as light as possible. This is realized by the rods of
the trabecular bone that follow a trajectory along the various load paths [27]. It
can be transferred to lattice structures in lightweight design where the mechani-
cal properties can be scaled by the volume fraction of the unit cells according to
the local requirements given by the load paths. Cellular structures are usually
classified as open- or closed-cell and periodic or stochastic. Lattice structures can
be described as open-cell periodic [28]. In the case of metal AM they are best
suited for lightweight design as closed-cell periodic structures cannot be manu-
factured by SLM without material inclusions. A reliable application of lattice
structures in lightweight design requires different load cases to be considered and
imperfections to be analyzed. Moreover, the failure behavior needs to be investi-
gated and simulation methods have to be developed that allow a stress analysis in
the design process. Finally, probabilistic effects of imperfections (geometric and
material) need to be considered due to the current instabilities of AM processes.
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With regard to reliability in structural components, the filigree lattice structures
push the limits of AM techniques and are therefore chosen as an extreme case.
Cellular structures can also be used in various applications such as energy absorp-
tion, gas and fluid handling, heat exchangers, thermal insulation, sound control,
filters, flame retardance, vibration control, catalytic surfaces, electrical handling,
medical implants and buoyancy [28]. As many of these applications are relevant
for the field of process engineering, they are also discussed in combination with
AM.

Figure 1.5: Trabecular bone in the distal part of a femur as a biological inspira-
tion for cellular structures in a biomimetic design process.

In (ii) the focus is on the development of a new material. Functional inte-
gration can either be reached by design or by a combination of materials. The
latter requires multi-material printing, which limits the choice of AM processes
basically to FFF. Moreover, FFF is the only polymer AM process that allows
continuous fiber reinforcement by direct integration into the filament. Hence, it
is the only one that is suitable for structural applications. Therefore, a new ma-
terial is required that solves the anisotropy issue at a low level that is currently
limiting a further utilization. The basic idea to overcome this challenge is to
use a solid thermoset epoxy resin that can be supplied in the form of a filament.
A latent curing agent is needed as a second key constituent of the material for-
mulation allowing a reasonable shelf life and cross-linking over the layers during
the post-curing process. In addition, the new material can be modified with car-
bon nanoparticles to incorporate electrical conductivity and make it suitable for
functional applications such as temperature and strain sensing.
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The overall aim of this study is formulated in the following research hypothesis.

Research hypothesis

AM of structural and functional materials has potential beyond rapid
prototyping in lightweight design applications with lattice structures as
well as in functional applications by multi-material printing.

In order to achieve the aim and to confirm the research hypothesis, the following
objectives in the form of working hypotheses are elaborated. Working hypotheses
1 to 4 are concerned with the first application of AM beyond rapid prototyping,
namely lightweight design with lattice structures. Working hypotheses 3 to 7 cover
the second application with a new material development for functional integration
with an electrically conductive material.

Working hypotheses

1. Additively manufactured lattice structures show potential in light-
weight design applications.

2. The evaluation of different load cases is mandatory for the characteri-
zation of lattice materials in structural design.

3. The progressive damage behavior of lattice structures can be captured
in computationally efficient finite element simulations.

4. A probabilistic analysis of lattice structures incorporating geometrical
and material uncertainties is necessary for the robust design of struc-
tural components due to insufficient technical maturity of the additive
manufacturing process.

5. A solid epoxy thermoset filament based 3D printing material can solve
the anisotropy limitations at a low strength level of the current FFF
process.

6. Single-walled carbon nanotubes (SWCNTs) can be used as a filler for
a functionalized solid epoxy thermoset formulation in the FFF process
to incorporate electrical conductivity.

7. The functionalized solid epoxy thermoset filament can be used for 3D
printed temperature and strain sensing applications.

A graphical overview of the main content of this study is illustrated in Fig. 1.6.
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Figure 1.6: Graphical overview of the main content of this study.
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1.3 Structure of this Dissertation

In Chapter 2, the first application beyond rapid prototyping is presented: lattice
structures for lightweight design. At the beginning, the state of the art is summa-
rized. Then, the characteristics of the utilized structural materials are described.
This is followed by the experimental and numerical methods for the investigation
of lattice structures. Furthermore, the results with regard to imperfections in the
printing process and a reliable stress design procedure are discussed. Afterwards,
conclusions on the use of additively manufactured lattice structures in mechanical
applications are drawn. Parts of this chapter were previously published in [29,
30].

Chapter 3 deals with applications of AM in process engineering. Here, further
utilizations of lattice structures are discussed. Also potentials for structure inte-
grated sensing are considered, which leads to the desire for new materials. Parts
of this chapter were previously published in [31].

This is followed by Chapter 4, where the second application beyond rapid pro-
totyping is presented: functional integration with an electrically conductive ma-
terial and the required material development. First, a recap of the state of the
art is given. Moreover, the constituents of the new functional material formula-
tion are introduced. Afterwards, the experimental methods utilized to study the
properties of the novel material are described. Then, the results with regard to
the geometrical, thermal, mechanical, electrical and combined characteristics are
discussed. Subsequently, conclusions on the performance of the newly developed
material are drawn. Parts of this chapter were previously published in [32].

Finally, conclusions with regard to the research hypothesis are drawn in Chap-
ter 5 and an outlook is given in Chapter 6.

A CRediT author statement is provided in each of the publications [29–32]
describing the contributions of the individual authors.
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2 Additively Manufactured Lattice Structures

This chapter assesses the first application of additive manufacturing (AM) be-
yond rapid prototyping: lattice structures for lightweight design. The state of
the art concerning lattice structures, especially fabricated by AM, is presented
in Section 2.1. In Section 2.2 the utilized materials and methods are described.
First, the three-dimensional (3D) printed materials, the metal alloy Ti-6Al-4V
and the methacrylate photopolymer are introduced and the sample preparation
is described. This is followed by an explanation of the experimental methods
with microscopy, differential scanning calorimetry (DSC) and mechanical testing.
Afterwards, simplified analytical formulas for the prediction of lattice properties
are given and random fields as well as variography are discussed. Then, a new
model to determine the probability distributions of material properties governed
by local phenomena is developed and the finite element method (FEM) modeling
approaches are shown. While several steps are similar for both materials and
their respective manufacturing processes, for each one a different focus is set. For
selective laser melting (SLM) printed Ti-6Al-4V lattice structures the focus is on
the influence of different load cases, volume fractions and building directions as
well as computationally more efficient homogenized FEM simulations. For stere-
olithography (SLA) printed methacrylate photopolymer the focus is on a more
advanced material model that captures the tension-compression asymmetry and
on the probabilistic influence of geometry and material variations. The results are
presented and discussed in Section 2.3 starting with the quality control of poros-
ity, microstructure, curing degree and the geometrical accuracy. The mechanical
properties of AM fabricated bulk material and lattice structures are shown. Cor-
relation lengths of the parameters are described with variography and probability
distributions are determined with the newly proposed model. Then, additional
knowledge gained from a comparison of FEM simulations with bulk and lattice
experiments is presented. Afterwards, a computationally efficient homogenization
approach with lattice unit cells is illustrated. Finally, conclusions on additively
manufactured lattice structures are drawn in Section 2.4.

2.1 State of the Art

Cellular structures have already been studied extensively in the past [33–35]. Yet,
the progress in AM over the past decade has further increased their popularity as
AM enables the generation of arbitrary complex structures and by that abolishes
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prior manufacturing restrictions. Especially the symbiosis of AM with topology
optimization makes cell structures even more interesting [36, 37]. One of the few
remaining constraints is the resolution of the prints where filigree cellular struc-
tures push the limits. Tailoring unit cells according to the specified requirements
by topology optimization takes full advantage of AM [38]. Lattice structures
consisting of many unit cells can be seen as metamaterials and are attractive in
many applications such as heat conduction [39–41], medical engineering [42, 43],
chemical reactors [44–46] or structural design [47] to mention a few.

With regard to the latter, lightweight design has become increasingly impor-
tant, as it leads to energy savings in the transport sector and thus has ecological
as well as economic benefits. Ashby [48] differentiates between two types of cellu-
lar materials: bending-dominated and stretch-dominated. While the former are
more suited for energy absorbing applications as plastic joints allow for higher
deformation, the latter are better for lightweight structural applications due to
their higher stiffness and initial collapse strength. As the literature is already
vast on lattice structures for energy absorption, in this study a unit cell suited
for lightweight structural applications is analyzed. Sigmund [49] reported that
closed-wall unit cells perform best with regard to stiffness under triaxial load-
ing, however, these are not suited for many 3D printing applications as material
can get entrapped. The surplus material does not support the mechanical be-
havior but increases weight. Hence, it is not favorable in lightweight design.
This is valid for all processes with a powder bed (for instance selective laser sin-
tering (SLS) and SLM) or a resin bath (for example SLA), which are three of
the four major techniques in AM. Metals are preferable over unreinforced poly-
mers in lightweight design, due to higher specific stiffness and strength. Thus, in
this study the structural material Ti-6Al-4V, manufactured by SLM, is consid-
ered. Titanium alloys are especially suited for AM because of the difficulties in
processing with conventional manufacturing techniques such as machining [50].
Beyond that, when the focus is on low weight and mechanical properties are of
secondary importance, polymers are advantageous. Therefore, also SLA man-
ufactured methacrylate photopolymer is utilized. An optimized open-wall unit
cell with regard to stiffness under triaxial loading is composed of struts along
the edges of a cube and thus called “cubic” [49, 51]. In addition, a non-uniform
parameterization of the individual struts is possible leading to an anisotropic unit
cell that shows improvements with regard to compliance minimization in some
situations [52]. The cubic unit cell is therefore analyzed in this study. According
to Maxwell’s criterion the cubic cell is not statically and kinematically determined
and thus a candidate for a bending-dominated unit cell [48, 53]. However, Mazur
et al. [54] state that the loading direction plays a significant role. Because the
struts are aligned with the loading, there is stretch-dominated behavior.

As pointed out by Maconachie et al. [55], mechanical testing of lattice structures
under compressive load is well established [56–61], however, tensile tests are rarely
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found. This might be reasonable for energy absorbing applications, however, for
structural lightweight design the tensile performance is equally important and
needs to be tested. A reason for this lack of testing could be the more complicated
load introduction, often leading to earlier failure due to a jump in stiffness [62].
To the author’s knowledge tensile tests were only performed in few studies and
either no comparison of the homogenized mechanical properties was done despite
the availability of compressive data [63, 64], or only bending-dominated unit cells
were analyzed, which are not desired in structural lightweight design [65]. A com-
parison of tensile and compressive experiments was only performed in one study
with a reasonable unit cell for lightweight structural applications [66] and here a
direct comparison is only done in terms of failure strain. Hence, one purpose of
this study is to investigate the difference of the homogenized mechanical prop-
erties in tension and compression for a stretch-dominated unit cell and to gain
further insights into the different failure modes depending on the load case.

In order to gain a deeper understanding of the local deformations, digital image
correlation (DIC) was successfully used for lattice structure examinations [43, 56,
63, 67–70]. So far, only two-dimensional (2D) DIC was carried out and sometimes
not the individual struts but a more diffuse surface was captured. Only for one
publication it remains unclear whether 2D or 3D measurements were utilized [66]
despite the advantages of 3D measurements. They allow also to investigate struts
that are not in one plane and they are less prone to misalignment, tilt and vi-
brations. Therefore, in this study 3D DIC measurements of lattice structures are
conducted.

Even more insights into the deformation, progressive damage and failure pro-
cess can be gained by the FEM, allowing for a higher temporal and local resolution
of the stresses and strains. As yet, different unit cells were analyzed with respect
to stress concentrations using linear elastic material models [54, 56, 60, 61]. Also
the nonlinear material behavior of lattice structures has been investigated in sev-
eral studies with elastoplastic models using different definitions of the plastic flow
such as von Mises [71–74], Johnson-Cook [75], Gurson-Tvergaard-Needleman [76]
or Hill [77]. In contrast, studies with material models capturing progressive dam-
age are rare [76, 78, 79] and only analyzed compressive tests until now, despite
the fact that the FEM is especially valuable in understanding failure mechanisms.
Regarding the FEM analysis of tensile tests, only one study on stochastic foams
is found considering the elastoplastic behavior [80]. Thus, in this study an elasto-
plastic material model including progressive damage is used and a comparison of
tension and compression tests of SLM fabricated Ti-6Al-4V lattice structures is
performed. This is essential for lightweight structural applications. Beyond that,
a tension-compression asymmetry was not considered in the plasticity models for
lattice structures so far, despite the fact that AM is prone to imperfections such
as pores, which are dependent on the process parameters [81]. These pores are
more severe under tensile loading due to higher stress concentrations resulting
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in earlier failure [66]. This is even more critical for polymer materials where the
strength differential is naturally inherent even without defects. This might ex-
plain the differences in the plastic regime of experiments and simulations Ling
et al. [73] found. They calibrated the material model with bulk tensile tests and
used it in compressive lattice simulations. To account for the tension-compression
asymmetry of the SLA fabricated methacrylate photopolymer, a Drucker-Prager
yield surface is utilized in this study.

In filigree lattice structures imperfections leave uncertainties in the design, es-
pecially when the limits are pushed to small volume fractions. The traditional
approach of using safety factors is not desirable in structural lightweight design.
Two competing aims need to be satisfied: (i) the safety factor has to be as high as
possible to be sure that the structures can withstand the load and (ii) the safety
factor should be as small as possible to save weight. As safety factors only depend
on past experience, this leaves engineers with a dilemma. In such cases, probabilis-
tic analysis is an approach for more rational decisions [82]. The stochastic FEM is
one of the methods frequently used in the past [83]. In this study, the Monte-Carlo
simulation framework is applied, where several realizations of the design with ran-
dom stochastically varying input parameters are analyzed in terms of their varying
resulting performance. Generally, the stochastic variation of material properties,
geometry and loads can be analyzed [84]. Kriegesmann et al. [85] successfully
applied probabilistic methods on structures with geometric and loading imperfec-
tions. Also for lattice structures stochastic effects have been analyzed for a shape
optimized unit cell [86]. On the structural level, only few investigations regarding
geometry imperfections and varying material properties allow a comparison of
simulated with experimentally observed stochastic distributions [87, 88]. In order
to incorporate stochastic variations of the geometry in a lattice structure model,
different approaches can be found in the literature. Scanning electron microscopy
(SEM) images were analyzed and imperfections of the struts were represented in
models by stacked beams with different cross-section diameters [89] or by stacked
intersecting spheres [90]. In other studies computed tomography (CT) scans of
cellular materials were captured and then directly used as models [72, 91]. As this
is usually computationally expensive, Lozanovski et al. [74] developed a modeling
approach with elliptical cross-sections joined by a loft operation. Input param-
eters were gathered from slices of CT images and then applied to the model
for individual struts and complete lattices. They also determined varying effec-
tive strut properties and applied them on straight beam elements in full lattice
models [92]. Moreover, geometrical imperfections were modeled by introducing
buckling eigenmodes [93]. Also with regard to material property variations differ-
ent implementations can be found. For honeycomb structures the elastic modulus
was varied together with the sheet thickness based on assumed coefficients of vari-
ation [94]. Furthermore, a stochastic approach for the elastic properties as well
as the geometry was used for foams [95]. In this case, a spatial correlation was

18



2.2 Materials and Methods

analyzed and applied with random fields. Yet, studies capturing variations in the
nonlinear part of the material model (plasticity and failure) are rather rare even
outside the field of cellular materials. Ning et al. [96] implemented a probabilistic
FEM for elastoplastic materials but did not validate it with experiments. Amani
et al. [76] used the porosity gained from CT scans to vary the plastic material
properties of their Gurson-Tvergaard-Needleman model, which needs the porosity
as an input. However, they only directly transferred the CT data to the FEM
model in one deterministic case without considering several realizations to capture
the scatter. Clouston and Lam [97] worked on strand-based wood composites and
captured the variation in plastic properties. They included a size effect for the
strength when evaluating different specimen volumes. Good results were obtained
in validations with experiments under different load cases. Yet, including the size
effect in the probability distributions of the plastic properties adds geometric in-
fluences to the material, making it impossible to distinguish the individual effects.
This shows the challenge in probabilistic analysis of material properties that are
governed by localization phenomena like plasticity. However, modeling these phe-
nomena is crucial for a robust design. The linear elastic regime can be considered
relatively safe anyway, but especially the nonlinear behavior afterwards needs to
be analyzed. Hence, an aim of this study is to implement a probabilistic analysis
capturing geometrical imperfections as well as variations of the material prop-
erties also beyond the linear elastic limit. This is carried out for the polymer
lattice structures. A new model is proposed on how to determine the probability
distribution of local mechanical properties like strength and fracture strain.

Due to the complex geometry of lattice structures, FEM simulations of full
structures with continuum elements are computationally relatively expensive. In
order to reduce the computational cost, studies with beam elements were exe-
cuted [58, 92, 93, 98]. This comes with reduced resolution of local strains and
especially the intersections/nodes need special treatment due to material accu-
mulations. A different approach to reduce computational cost is to use unit cells
with periodic boundary conditions (PBCs). This is commonly done for the in-
verse homogenization problem in topology optimization [49] but only with linear
elastic bulk material properties. Only Gavazzoni et al. [99] used PBCs for lattice
structures with elastoplasticity and were able to predict homogenized stiffness
and yield point well whereas they had deviations in the plastic regime. In this
study, unit cell simulations with PBCs are carried out with a material model also
including progressive damage for SLM manufactured Ti-6Al-4V.

2.2 Materials and Methods

In this section, information about titanium and its alloy Ti-6Al-4V as well as
methacrylate photopolymers as feedstock materials for AM is given. Then, the
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sample preparation is presented, followed by the experimental approach for the
characterization of the bulk materials and lattice structures with microscopy, DSC
and mechanical testing. Subsequently, analytical formulas for the prediction of
lattice structure strength and buckling are described. Afterwards, the use of var-
iography to generate parameters for random fields of varying specimen properties
is introduced. A new model to estimate the probability distribution of local me-
chanical properties such as strength and fracture strain is proposed. Finally, the
FEM models are explained.

2.2.1 Titanium and its Alloy Ti-6Al-4V
Titanium and its alloys stand out due to their high specific strength and good
corrosion resistance even at elevated temperatures. The specific strength is only
surpassed by carbon fiber reinforced polymers (CFRPs), which are however lim-
ited to lower operation temperatures [100, 101]. Titanium features an allotropic
phase transformation. It shows a hexagonal close-packed (hcp) crystal structure
(α phase) below and a body-centered cubic (bcc) crystal structure (β phase)
above the β transus temperature of 882 ◦C. This crystal structure influences the
plastic deformation behavior. While the α phase has only four independent slip
systems, the β phase of titanium has twelve slip systems, which allows homoge-
neous plastic deformation according to the von Mises criterion. Additionally, the
plastic deformation of the β phase is energetically favorable due to the shorter
minimum slip path despite the slightly higher packing density of the α phase slip
planes [100].

The mechanical properties of titanium can be influenced by alloying, which
changes the β transus temperature. Alloying elements are classified into neu-
tral, α and β stabilizers. The resulting titanium alloys are then categorized as
α, α + β and β alloys [101]. The most prominent alloy is Ti-6Al-4V (mate-
rial number 3.7165), categorized as α + β, because of its balanced properties in
terms of strength, ductility and toughness [100]. The chemical composition re-
quirements according to ASTM B 348 [102] and the β transus temperature [101]
of Ti-6Al-4V and its extra low interstitial (ELI) elements version are shown in
Tab. 2.1. The main alloying elements in Ti-6Al-4V are aluminum and vanadium.
Aluminum is an α stabilizer and increases the strength by substitutional solid so-
lution strengthening. In addition, the strength is further enhanced by interstitial
solid solution strengthening with oxygen that also acts as an α stabilizer. On the
other hand, vanadium is used as a β stabilizer allowing to maintain a β phase at
room temperature, resulting in higher ductility [101].

An additional increase in strength and also in ductility of α + β alloys can
be reached by grain boundary strengthening. Different processing routes and
especially cooling rates influence the microstructure. Three different types of
microstructures can be obtained: (i) fully lamellar, (ii) bi-modal and (iii) fully
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Table 2.1: Chemical composition requirements (in wt%) and β transus temper-
ature (in ◦C) of Ti-6Al-4V and Ti-6Al-4V ELI.

Element Ti-6Al-4V Ti-6Al-4V ELI
Aluminum 5.5–6.75 5.5–6.5
Vanadium 3.5–4.5 3.5–4.5
Carbon ≤ 0.08 ≤ 0.08
Oxygen ≤ 0.2 ≤ 0.13
Nitrogen ≤ 0.05 ≤ 0.03
Hydrogen ≤ 0.015 ≤ 0.0125
Iron ≤ 0.4 ≤ 0.25
Others, each ≤ 0.1 ≤ 0.1
Others, total ≤ 0.4 ≤ 0.4
β transus temperature 995 975

equiaxed. The latter two require a recrystallization process after cold working.
Yet, large deformations of the material after AM are not desired as the geometry
is already final. Hence, the focus is on fully lamellar microstructures in the
following. At low cooling rates from the β phase into the α + β phase, the α
phase nucleates at the prior β grain boundaries forming a layer. Subsequently, α
lamellae with the same Burgers relationship grow into the β grains in a parallel
fashion yielding α colonies. The α lamellae are separated by the remaining β
phase. At slow cooling rates, the α lamellae grow until they meet other α colonies
and can thus span half of the prior β grains. With increasing cooling rates, α
colonies also nucleate at other α colonies leading to a Widmanstätten structure.
Hence, the α colonies and also the thickness of the individual α lamellae gets
smaller leading to the previously mentioned grain boundary strengthening. Very
high cooling rates result in fine α′ martensite accompanied by a further increase
in strength [101]. Figure 2.1 illustrates the three characteristic microstructures of
fully lamellar Ti-6Al-4V depending on the cooling rate obtained by light optical
microscopy. The α′ martensite is typical for the SLM process as the heat input
is local, the volume of the melt is small and the pre-heating of the build chamber
is low, yielding cooling rates of 1000 ◦C s−1 to 108 ◦C s−1 [50]. The α′ martensite
can be transformed to a fine lamellar α + β microstructure by annealing in the
temperature region of 700 ◦C to 850 ◦C [101]. Finally, also the size of the prior
β grains influences the mechanical properties with an increasing strength and
ductility for a decreasing grain size [50, 101].

The advantages of titanium are especially exploited in the aerospace and chem-
ical industry as well as the biomedical field where its biocompatibility and bioad-
hesion are desired in addition. Despite the outstanding properties a wide use of
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(a) α colony. (b) Widmanstätten struc-
ture.

(c) α′ martensite.

Figure 2.1: Characteristic microstructures of fully lamellar Ti-6Al-4V depending
on the cooling rate.

titanium and its alloys is hindered due to their relatively high cost compared to
other structural materials [101]. In aerospace applications lightweight design is
especially important. With conventional subtractive manufacturing techniques
such as machining, the buy-to-fly ratio (ratio of the the raw material mass to
the final part mass) for typical components is between 10:1 and 20:1 while it can
be up to 40:1 [103], which means up to 98 % material waste [104]. Moreover,
titanium has a low thermal conductivity reducing the transfer of heat generated
at the interface between tool and part. Hence, the tool wear is high so that slow
cutting speeds and heavy cutting depths are required [101]. Consequently, the
use of AM techniques is of uttermost interest in the production of titanium parts
since resources can be saved and the difficulties of machining, leading to high tool
costs and long lead times, can be circumvented [50]. Furthermore, topology opti-
mized parts can be produced that are not possible with traditional manufacturing
techniques yielding additional lightweight potential. Moreover, AM is attractive
for biomedical applications as it enables a high degree of individualization. In
summary, industries relying on titanium and its alloys can benefit greatly from
AM.

2.2.2 Methacrylate Photopolymers

In general, chain polymerization is a chemical reaction where unsaturated mono-
mers add to a growing chain to form large macromolecules: polymers. The reac-
tive double bonds are saturated when links are formed. The chain polymerization
reaction is characterized by three steps: chain initiation, chain propagation and
chain termination [105]. In the SLA process, photopolymers are utilized. Most
photopolymers consist of at least three parts: (i) photoinitiators, (ii) oligomers
and (iii) monomers. The photoinitiator is required to obtain an initiating radi-
cal. The monomers and oligomers are usually not sensitive to the available light
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because of their absorption capabilities [106]. Oligomers reduce the shrinkage
compared to monomers [107] and usually dominate the physical and chemical
properties of the resulting polymer with their backbone [7, 106]. Smaller mon-
omers are used to adjust the viscosity for easier processing. Moreover, they in-
crease the reaction rate due to their higher mobility. This is especially important
at later stages when the movement of larger chains is limited, which results in a
higher curing degree [8, 106]. In the case of the methacrylate photopolymer resin
used in this study (Clear, Formlabs Inc., Somerville, MA, USA), the constituents
are the photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO),
the oligomer urethandimethacryate (di-2-methacryloxyethyl 2,2,4-trimethylhexa-
methylenedicarbamate) (UDMA) and a methacrylate monomer, which is propri-
etary [108]. The molecular structures of the constituents are presented in Fig. 2.2.

(a) TPO. (b) Methacrylate monomer.

(c) UDMA.

Figure 2.2: Constituents of the methacrylate photopolymer resin.

In the case of methacrylate photopolymers, a free-radical polymerization takes
place. The reaction relies on the photochemical effect, where a group of atoms
(chromophores, e.g. the aromatic carbonyl group in TPO) in a molecule absorbs
light. Subsequently, electrons reach an excited state of higher energy. The dif-
ference in energy between the ground state and the excited state of the electrons
has to correspond to the energy Ephoton of the absorbed photon that is given by

Ephoton = hPf , (2.1)

where hP is Planck’s constant and f is the frequency of the light [7]. The deacti-
vation of the excited state can lead to rapid bond cleavage when the dissociation
energy of the bond is lower than the energy from the excited state [106, 109].
This is the case for the C-P bond adjacent to the benzoyl group of TPO [7, 106,
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109]. Cleavage of the photoinitiator PI resulting in the formation of two free rad-
icals FR is the starting point of the chain initiation. The decomposition of the
photoinitiator is shown schematically in Fig. 2.3.

Figure 2.3: Scheme of the decomposition of the photoinitiator to form free rad-
icals.

The decomposition of the utilized photoinitiator TPO is illustrated in Fig. 2.4
yielding a benzoyl and a phosphinoyl radical. The phosphinoyl radicals add more
efficiently to unsaturated acrylate bonds than the benzoyl radicals due to their
pyramidal structure featuring little steric constraints in the addition to double
bonds [106, 109]. For many other photoinitiators the benzoyl radical is the major
initiating species [2].

Figure 2.4: Decomposition of TPO to form a benzoyl and a phosphinoyl radical.

After the decomposition of the photoinitiator, a free-radical addition upon a
monomer takes place forming the starting point of a polymer chain and shifting
the active center of the radical to the monomer. Exemplarily, this is depicted
for a benzoyl radical upon a methacrylate monomer in Fig. 2.5a. The benzoyl
radical attacks the π-bond of the vinyl group of the methacrylate monomer and
forms a σ-bond at the β-carbon while the free electron is shifted to the α-carbon.
The addition at the β-carbon is driven by the steric hindrance of the methyl and
carboxyl groups close to the α-carbon. Moreover, the polar nature of the carbonyl
group pulls away the electron density of the α-carbon reducing the electron density
compared to the β-carbon [107]. The free-radical addition of the photoinitiator
radical upon the first monomer M is again shown schematically in Fig. 2.5b.

The newly formed radical is again capable of attacking another monomer yield-
ing a radical with an even longer chain. The repetition of this process is the chain
propagation. It is presented schematically in Fig. 2.6. In the case of monomers
with only one unsaturated bond linear chains develop. Two or more functional
groups can lead to cross-linked 3D polymer networks [7, 106]. In this case, the
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(a) Benzoyl radical upon methacrylate monomer.

(b) Scheme.

Figure 2.5: Free-radical addition of the photoinitiator radical upon the first
monomer.

UDMA has two terminating methacrylate groups with unsaturated bonds and
also the methacrylate monomer can have further functionalities depending on the
group R.

Figure 2.6: Scheme of the chain growth propagation.

Chain termination can be caused by three reactions of the polymer networks
PN containing a mixture of n and m monomers/oligomers. First, termination can
take place by recombination where two polymer networks merge by joining the
radicals (see Fig. 2.7a). In principal, this can also appear with the free radicals
from the photoinitiator in the beginning or with a free radical of a photoinitiator
and a polymer network. Second, a hydrogen can be transferred from one polymer
network to the other leading to an unsaturated double bond, which is known as
disproportionation (see Fig. 2.7b). Finally, a radical can be trapped within a
polymer network as the mobility is reduced when the viscosity is increasing at
later stages of the curing reaction. This results in occlusion from the reaction
(see Fig. 2.7c) [2, 7, 110].

The mobility of the constituents of the resin along the curing reaction leads
to characteristic kinetic features. When the polymer chains grow and the viscos-
ity increases abruptly at the gel point, the mobility of the polymer chains with
active radicals is reduced drastically. This limits chain termination reactions.
However, the diffusion of the smaller monomers is still possible, which leads to
the auto-acceleration effect where the polymerization rate increases. When the
vitrification point is reached, also the mobility of the monomers is reduced. The
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(a) Recombination.

(b) Disproportionation.

(c) Occlusion.

Figure 2.7: Scheme of chain termination mechanisms.

polymerization rate drops dramatically, which is called auto-deceleration. In ad-
dition, it has to be taken into account that diffusion is a temperature dependent
process where higher temperatures lead to more mobility [7, 107].

Applications of acrylate and methacrylate polymers range from coatings and
adhesives over poly(methyl methacrylate) (PMMA) as an alternative to glass to
dentistry where they are used to fill cavities and for full denture base fabrication [2,
107]. Especially in the field of dentistry the advantages of AM processes can be
fully exploited due to the required geometrical complexity and high degree of
individualization.

Having introduced the materials utilized for additively manufactured lattice
structures in this study, the next sections deal with the experimental approach.

2.2.3 Sample Preparation

The metal specimens are manufactured in the SLM process (Concept M2 cusing
Dual-Laser, Concept Laser GmbH, Lichtenfels, Germany and SLM500HL, SLM
Solutions Group AG, Lübeck, Germany). The process parameters of both ma-
chines were optimized with regard to minimum porosity and yield similar results.
A Ti-6Al-4V powder (TEKMAT Ti64-53/20, TEKNA Advanced Materials Inc.,
Quebec, Canada) is processed, where 95 wt% has a diameter of 20 µm to 53 µm
and which meets the requirements of ASTM B 348 Grade 23 [102] corresponding
to Ti-6Al-4V ELI (see Section 2.2.1). A layer thickness of 30 µm is applied. After
the SLM process, the specimens are stress release annealed at 710 ◦C as residual
stresses can effect the integrity of the parts [111]. Finally, they are wire-eroded
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from the build platform. For the characterization of the bulk material properties,
tensile test specimens according to DIN 50125 Type B [112] with a diameter of
6 mm and a measuring length of 30 mm are used. In order to avoid effects of
surface roughness, the specimens are printed with an overmeasure of 2 mm in
diameter and machined to the desired geometry by turning.

The analyzed cubic unit cells of the metal lattice structures have a dimension of
6 mm × 6 mm × 6 mm and consist of three orthogonal struts with fillets to reduce
stress concentrations (see Fig. 2.8a). Volume fractions of 6 %, 13 % and 20 % are
considered. The morphological characteristics of the lattice unit cells in computer
aided design (CAD) are shown in Tab. 2.2.

Table 2.2: Morphological characteristics of the metal unit cells as specified in
CAD.

Volume fraction Strut diameter Fillet radius
6 % 0.89 mm 0.89 mm
13 % 1.4 mm 1.4 mm
20 % 1.8 mm 1.5 mm

The metal lattice structure specimens are composed of periodically repeated
unit cells (five-by-five over the cross-section, eight over the length) to obtain
homogenized mechanical properties. The unit cell repetitions are chosen in such
a way that the influence of a size effect is small. According to Andrews et al. [113],
the size effect vanishes with a ratio of five to eight of the specimen size to the
unit cell size, depending on whether a closed or open cell foam is considered
and whether the stiffness or the strength is analyzed. In contrast to foams, the
lattice structures in this study are periodic so the results might not be perfectly
transferable. To reduce computational time in the numerical model, a ratio of
five is chosen for the cross-section. A ratio of 1.5 to two of specimen length to
width is recommended for compressive tests of cellular structures according to
DIN 50134 [114] yielding the minimum of eight repetitions over the length. For
compressive tests, the load introduction is realized by a rectangular base plate.
For tensile tests, a clamping area with a fillet is added as well as a pyramid in
the first rows of the lattice structure to reduce the stiffness jump from the bulk
base plate to the lattice structure. The tensile load introduction is presented in
Fig. 2.8b. The standard process parameters of the bulk material are used and
no specific optimization for lattice structures is conducted. In order to analyze
the influence of the building orientation [115], tensile specimens are printed in
loading direction (Z) and perpendicular to it (XY ). Compressive specimens are
only analyzed for aligned building and loading direction (Z) (see Fig. 2.8b). The
lattice structure specimens are sand blasted to remove excess powder.
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(a) Cubic unit cell. (b) Tensile and compressive specimens.

Figure 2.8: Cubic unit cell and metal lattice structure specimens for tensile testing
with aligned (Ten Z) and perpendicular (Ten XY ) building and load-
ing direction as well as specimens for compressive testing (Com Z).
Also the pyramid for the load introduction of the tensile specimens is
depicted.

To analyze the stochastic variation of dimensional accuracy and the mechanical
properties, specimens are manufactured in an SLA process with a 3D printer
(Form 2, Formlabs Inc., Somerville, MA, USA) and a methacrylate photopolymer
resin (Clear, Formlabs Inc., Somerville, MA, USA). After printing, excess resin
is removed in an isopropanol bath. Post-curing is performed in a ultraviolet
(UV) radiation oven (Form Cure, Formlabs Inc., Somerville, MA, USA) at 60 ◦C
for 4 h. Afterwards, support structures are removed and the contact points are
polished with sandpaper. To characterize the bulk material properties, three
different specimens are analyzed. Tensile properties are evaluated with dog-bone
specimens of type 1BB with a thickness of 3 mm according to DIN EN ISO 527-
2 [116]. Compressive tests are performed with rectangular block specimens of
type B after DIN EN ISO 604 [117]. The critical strain energy release rate is
investigated with single-edge-notch bending (SENB) specimens with dimensions
of 40 mm×8 mm×4 mm in agreement with ASTM D5045 [118]. A notch of 4 mm
is introduced by a precision saw (Brillant 220, ATM Qness GmbH, Mammelzen,
Germany) with a 150 µm diamond cut-off wheel followed by initiating the natural
crack with a razor blade in a sawing motion. All specimens for the material
characterization are printed with a layer height of 100 µm.

The cubic unit cells (see Fig. 2.8a) of the polymer lattice structures have a
dimension of 4 mm × 4 mm × 4 mm. The unit cells are periodically repeated five-
by-five times over the cross-section and six times over the length to form the
lattice structure specimens. The repetitions over the length are further reduced

28



2.2 Materials and Methods

compared to the metal lattice structures as additional rows are used for the load
introduction. The minimum of six repetitions is chosen to still allow an oblique
fracture while keeping the specimens small to reduce computational time in the
numerical model. The load introduction is realized by a clamping area connected
to a base plate with a fillet. Moreover, two rows of cells with a gradient in volume
fraction are added in between to reduce the stiffness jump from the bulk clamp-
ing area to the lattice structure. This serves as an alternative to the pyramid to
prevent early failure [119]. The gradient in volume fraction is realized by an in-
creasing strut diameter towards the base plate. The morphological characteristics
of the unit cells with a gradient and in the middle section of the lattice structure
specimens, as specified in CAD, are summarized in Tab. 2.3. The diameter of
the strut towards the base plate dbp, the diameter of the strut towards the unit
cells duc in the middle section, the diameter of the horizontal struts dh, the fillet
radius rf and the resulting volume fraction Vf are given. The lattice structure
specimen with the gradient in volume fraction at the load introduction is pre-
sented in Fig. 2.9. As the lattice geometry is more complex, a higher resolution
of the layer height with 25 µm is used. Preliminary experiments with different
layer thicknesses only showed minor differences that were within the reproducibil-
ity of the printing process of such a low-cost SLA printer. The lattice structure
specimens are built as indicated in Fig. 2.9, so that building direction and loading
direction coincide.

Table 2.3: Morphological characteristics of the polymer unit cells as specified in
CAD.

Unit cell dbp / mm duc / mm dh / mm rf / mm Vf / %
1st gradient 3.2 2.15 2.68 0.39 65
2nd gradient 2.15 1.1 1.63 0.91 33
Middle section 1.1 1.1 1.1 1.32 20

2.2.4 Microscopy

In order to get an impression of the porosity and the microstructure of the ad-
ditively manufactured Ti-6Al-4V (see Section 2.2.1), exemplary specimens of the
bulk material and the lattice structure are cut in half along the building di-
rection (Z) by a precision saw (Brillant 220, ATM Qness GmbH, Mammelzen,
Germany). Subsequently, they are ground and polished (Saphir 550, ATM Qness
GmbH, Mammelzen, Germany). Afterwards, the porosity is captured with digital
microscopy (VHX-6000, Keyence Deutschland GmbH, Neu-Isenburg, Germany)
and the microstructure is obtained from SEM using the backscattered electron
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Figure 2.9: Polymer lattice structure specimen for tensile testing. Also the gra-
dient in volume fraction at the load introduction is depicted.

detector (Phenom XL Desktop SEM, Thermo Fisher Scientific, Eindhoven, The
Netherlands).

The dimensional accuracy of the struts of metal and polymer lattice structures
is analyzed with digital microscopy. The smallest diameter of the struts in loading
direction is the decisive feature with regard to mechanical properties. Further-
more, also the diameter of the struts perpendicular to the loading direction is
important for the transverse contraction behavior. For the metal lattice struc-
tures the strut diameters are measured in micrographs of the outer unit cells of
three specimens for each volume fraction. Due to the high cost of the metal spec-
imens, they are not cut to evaluate the strut dimensions in the inner part of the
lattice because additional specimens would be required for mechanical testing. It
is assumed that the outer cells are representative. Instead of analyzing both build-
ing directions separately for the tensile tests, the strut diameter is determined in
building direction and perpendicular to it for the Z specimens as illustrated in
Fig. 2.10. In building direction (Z) the vertical diameter dv is measured in the
middle of the strut (35 measurements per specimen). In layer plane (XY ), the
struts are fused directly in the powder bed without support material. This leads
to two effects: (i) adhesion of additional powder due to heat accumulation be-
cause of insufficient heat transfer to the build platform and (ii) notches where the
higher density melt sank down in the powder bed and therefore is not bonded to
the next layer. Both effects result in a rougher surface and deviations from the
desired geometry. Thus, the minimum (dh,min) and maximum horizontal diameter
dh,max are distinguished for the metal lattice structures (each 24 measurements
per specimen).
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Figure 2.10: Micrograph of a metal lattice structure specimen used for the geom-
etry characterization with indicated strut diameter measurements
in vertical building direction Z (dv) as well as in horizontal layer
plane XY (dh,min, dh,max).

Since the manufacturing costs of the polymer lattice structures are lower, also
the strut dimensions in the inner part of the lattice are explored to get additional
insights. Therefore, the load introduction is removed and the remaining lattice is
sliced in five parts by a precision saw as depicted in Fig. 2.11. Then, a micrograph
of each slice is taken and the vertical dv and horizontal diameters dh of the struts
are evaluated. As the surface of the horizontal struts of the polymer lattice
structures is smooth, both diameters are measured in the middle of the strut. The
cut horizontal struts show a non-circular cross-section with material adhesions in
the horizontal direction. These stem from insufficient removal of excess resin
since the isopropanol flow during washing is only in horizontal direction. Flow in
the vertical direction is prevented by the solid base plates. The excess resin has
a different appearance (color and opacity) indicating that it is not fully cured.
Hence, it is not considered to be load bearing. The excess resin is not considered
in the diameter measurements by taking the measurement perpendicular to it. A
total of six specimens is analyzed, yielding 150 vertical and 144 horizontal strut
diameter measurements.

2.2.5 Differential Scanning Calorimetry

Zguris [120] suggests post-curing of the SLA manufactured methacrylate pho-
topolymer at 60 ◦C for 1 h in a UV oven. However, it remains unclear why this
conclusion is drawn as the strength of the material still increases for curing longer
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Figure 2.11: Cutting of the polymer lattice structure specimens and micrograph
analysis for the geometry characterization by strut diameter mea-
surements. The diameter of vertical struts dv in loading direction
and horizontal struts dh perpendicular to it are highlighted.

than 1 h. An own preliminary study showed that stiffness and strength reach a
plateau after approximately 4 h. For quality control of the curing degree of the
methacrylate photopolymer specimens, a thermal analysis is performed by DSC
(DSC 204 F1 Phoenix, NETZSCH-Gerätebau GmbH, Selb, Germany). An ex-
emplary sample of approximately 15 mg is cut from the specimens and analyzed
from −20 ◦C to 230 ◦C with a rate of 20 K min−1 under nitrogen atmosphere. A
dog-bone specimen is tested (i) as printed without post-curing, (ii) post-cured
only in the oven at 60 ◦C for 2 h and (iii) post-cured only by UV radiation for 2 h
as references to investigate the different influences of the the curing mechanisms.
Moreover, (iv) a dog-bone specimen and (v) a lattice structure, both post-cured
in a UV oven at 60 ◦C for 4 h, are examined. Incomplete curing is visible by
residual reaction enthalpy occurring during heating the sample.

2.2.6 Mechanical Testing

For the Ti-6Al-4V material characterization 57 uniaxial tensile tests according to
DIN EN ISO 6892-1 [121] are performed on a universal testing machine (1484,
Zwick, Ulm, Germany) with a strain rate of 0.000 07 s−1 for the elastic mod-
ulus and 0.000 25 s−1 for yield stress, tensile strength and elongation at break.
Contacting strain measurements are conducted with an extensometer with sensor
arms. Ball and socket joints are utilized at the clamping to guarantee uniaxial
loading.

In order to determine the variation of the methacrylate photopolymer mate-
rial properties, uniaxial tensile tests according to DIN EN ISO 527-1 [122] are
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performed on a universal testing machine (Z2.5, ZwickRoell GmbH & Co. KG,
Ulm, Germany) with a crosshead speed of 0.25 mm min−1. Nine specimens are
tested and clamped by screw grips. As polymers often show a tension-compression
asymmetry [123], also uniaxial compressive tests conforming with DIN EN ISO
604 [117] are executed. A universal testing machine (Z010, ZwickRoell GmbH
& Co. KG, Ulm, Germany) with a crosshead speed of 1 mm min−1 is utilized to
evaluate 15 specimens. Polypropylene (PP) films are placed between the dies and
specimens to avoid bulging due to friction during the experiment. The critical
strain energy release rate can be used to capture progressive damage in FEM
simulations. Therefore, SENB tests in agreement with ASTM D5045 [118] are
conducted on a universal testing machine (Z2.5, ZwickRoell GmbH & Co. KG,
Ulm, Germany) where the specimens are supported by rollers with a diameter of
6 mm and a spacing of 32 mm. A crosshead speed of 10 mm min−1 is used to test
ten specimens. In order to determine the initial crack length, the fracture surface
of the SENB specimens is captured by light optical microscopy (BX51, Olympus
Deutschland GmbH, Hamburg, Germany) subsequent to the mechanical tests.

The mechanical characterization of the metal lattice structure specimens is car-
ried out on a universal testing machine (Z400, ZwickRoell GmbH & Co. KG, Ulm,
Germany) with a strain rate of 0.000 25 s−1. For tensile tests wedge clamping jaws
are utilized and seven specimens with Z orientation as well as four specimens with
XY orientation are tested for each volume fraction. Compressive tests are per-
formed between dies and eight specimens are analyzed for each volume fraction.
To avoid bulging of the specimens, also here PP films are placed between the dies
and the specimens.

The polymer lattice structures are mechanically characterized under tension on
a universal testing machine (Z2.5, ZwickRoell GmbH & Co. KG, Ulm, Germany)
with a crosshead speed of 1 mm min−1 and a clamping with screw grips. The
analysis consists of 19 specimens. As the performance of lattice structures is often
evaluated against bulk material with regard to the weight savings, homogenized
properties are desirable. The force F carried by a cross-section Ahom of the volume
enclosing all unit cells is used to obtain the homogenized engineering stress σhom
of the metal and polymer lattice structure specimens as depicted in Fig. 2.12.

Strain measurements for all lattice structure specimens, for six metal bulk
tensile specimens and for all polymer bulk tensile and compressive specimens are
performed with 3D DIC (Aramis 4M, GOM GmbH, Braunschweig, Germany).
For this purpose, the specimens are coated with white aerosol paint. After drying,
a speckle pattern with black aerosol paint is applied. DIC measurements allow to
determine the engineering strain on the tensile and compressive bulk specimens
by continuously tracking the distance change between two points, very similar to
classical measurements with an extensometer. In that case, the initial measuring
distance is chosen to 30 mm for the metal specimens according to DIN 50125 [112].
For the polymer specimens it is chosen to 10 mm according to the standards DIN
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Figure 2.12: Determination of the homogenized engineering stress for the lattice
structures (exemplarily shown for a polymer lattice structure).

EN ISO 527-2 [116] and DIN EN ISO 604 [117]. Moreover, DIC measurements
allow to evaluate the macroscopic homogenized strain of the lattice structures
in a similar way without the influence of the load introduction geometry. Here,
the homogenized engineering strain εhom is captured by continuously tracking the
distance change ∆L between two points on the lattice structures with an initial
distance L0 (see Fig. 2.13). The unit cells in the middle part of the specimen are
considered, where no influence of the pyramid or gradient in volume fraction is
present.

An even bigger advantage of DIC measurements is that they allow to measure
the whole strain field. Hence, higher local strains at the necking of the tensile
bulk specimens and in the individual struts of the lattice structure specimens
can be visualized. The DIC software (Aramis 2016, GOM GmbH, Braunschweig,
Germany) allows the evaluation at a single point of the true strain field. However,
these single point measurements often show highly oscillating results, when facets
are not recognized well. This is interpreted by the software as artificially large
distortions. Instead, to determine the true strain of the tensile bulk specimens,
the changing distance L between two points in the necking region, with an initial
distance L0 of approximately 1 mm, is monitored. The initial distance is chosen
in such a way that the highest homogeneous strain in the necking is captured.
The true strain εtrue is then calculated by integration with

εtrue =
∫︂ L

L0

1
L

dL = ln
(︂
L

L0

)︂
. (2.2)
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Figure 2.13: Determination of the homogenized engineering strain for the lattice
structures (exemplarily shown for a polymer lattice structure).

Moreover, the transverse contraction in the necking area of the tensile bulk spec-
imens can be studied by DIC measurements without previously knowing its lo-
cation as a larger measurement volume can be observed. The transverse strain
is recorded by the distance change between two points spanning the width of
the specimen in the necking region. Assuming that the material is isotropic,
this gives insights in the change in cross-sectional area and thus allows to de-
termine the true stress. True stresses and strains are essential for the material
model in the numerical analysis as finite deformations are considered. All of the
methacrylate photopolymer bulk tensile specimens are investigated with DIC as
the variation of the material properties determined from true strains and stresses
shall be captured in the material model. Only six Ti-6Al-4V bulk tensile speci-
mens are examined with DIC since one representative curve is used for material
model calibration.

After the description of the experimental procedure, the applied analytical and
numerical modeling approaches for lattice structures are presented subsequently.

2.2.7 Analytical Formulas for Cubic Lattice Strength and Buckling
Simple analytical formulas can help to predict an approximate failure of cubic
lattice structures faster than with FEM simulations. An estimate of the homog-
enized strength σm,hom can be calculated by

σm,hom = A

Ahom
σm,eng =

nstruts
π
4 d

2

Ahom
σm,eng , (2.3)

where A is the smallest cross-sectional area of a lattice specimen, Ahom is the
cross-sectional area of the volume enclosing all unit cells (see Fig. 2.12), σm,eng is
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the nominal tensile strength, nstruts is the number of struts in the smallest cross-
section of a lattice specimen and d is the average minimum strut diameter (dv in
the case of structures with aligned building and loading direction and dh,min in
the case of structures with perpendicular building and loading direction).

In order to evaluate whether microbuckling of individual struts occurs in com-
pression, an estimate with Euler’s critical buckling load Fcrit can be made. Load-
ing case 4 with fixed clamping at both ends is assumed as the thicker intersections
of the struts prevent rotations. The critical load is given by

Fcrit = π2EengIcirc

(0.5l)2 , (2.4)

with Eeng being the nominal elastic modulus of the bulk material, l being the
unsupported length of the strut and Icirc being the area moment of inertia of a
circle

Icirc = π

64d
4
v . (2.5)

2.2.8 Random Fields and Variography
The variation of properties such as geometry or material parameters is often
spatially correlated. The properties at two different spatial points are usually
more similar, the closer the points are. The reason for this is the manufacturing
process. For instance in the case of the SLA printed methacrylate photopolymer,
when there is shadowing in the post-curing process with the UV oven, then not
only one tiny spot is affected, but also the regions around this spot see less curing
energy due to partial shadowing. Hence, random fields are used to model a
spatial correlation between the varying properties in the FEM simulations [124].
A constant trend of the properties, a similar distribution at all spatial points and
no directional dependence is assumed, thus resulting in a stationary, homogeneous
and isotropic random field. Such a field for a property x can be generated from an
uncorrelated random field by the inverse of the Mahalanobis transformation [125]
with

x = Σ
1
2 z + µx , (2.6)

where z is a vector of uncorrelated random numbers with zero mean and a stan-
dard deviation of one. The vector µx contains the mean of x and Σ is the
covariance matrix of x. Assuming a stationary random field with variance σ2

x,
the entries of the covariance matrix

Σ = r(∆ξ)σ2
x (2.7)

can be calculated from the spatial autocorrelation function r depending on the
distance of two points ∆ξ. The square root of the covariance matrix can be
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calculated via spectral decomposition

Σ
1
2 = QD

1
2 , (2.8)

with Q being a matrix containing the eigenvectors of Σ and D being a diagonal
matrix with the eigenvalues of Σ [87]. To save computational time, only eigen-
values that are at least a tenth of the largest eigenvalue are considered. The
procedure is similar to the discrete Karhunen–Loève transformation [126].

For determining the appropriate autocorrelation function, a method widely
spread in geostatistics is used: variography [127]. A measure for the difference
of the property x at two spatial points with a certain separation distance is
determined by the empirical Matheron semivariance

γ(h± δ) = 1
2N(h± δ)

∑︂
i,j∈N(h±δ)

(x(ξi) − x(ξj))2 , (2.9)

where h is the separation distance usually used as a discrete distance within a
certain tolerance δ where measurements are grouped, N is the number of point
pairs with separation distance h and ξi as well as ξj are spatial points [128].
Afterwards, a mathematical function to describe the spatial relation is fitted
through the variogram. For instance, the spherical model is given by

γ(h) =

{︄
c0 + c

(︂
3h
2r

− 1
2

(︁
h
r

)︁3
)︂

for 0 < h ≤ r ,

c0 + c for h > r ,
(2.10)

with c0 being the nugget, c + c0 being the sill and r being the range. The sill is
often not easy to recognize because it is reached asymptotically [129]. Hence, the
distance where 0.95 of the sill is reached is used as the correlation length lc. For
higher separation distances, there is only a small further increase in difference of
the property x. To construct the variograms SciKit GStat is employed [130].

2.2.9 Local Probability Density Function Model
Determining the stochastic distributions of the mechanical properties for prob-
abilistic FEM models is straightforward for properties that are affected by the
whole specimen such as the stiffness. The distributions can be derived from the
central moments and the histograms of the experimental results, which is called
the “standard approach” in the following. However, for properties that are domi-
nated by local events like the true strength and local fracture strain, the standard
approach is not sufficient. The experiment only shows the weakest part of the
specimen or in other words the volume with the biggest flaw, which was already
found by Weibull [131]. Testing the remaining parts of the specimens for a second
time would lead to a higher strength as the decisive defect in those sections of
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the specimen is smaller than in the initial specimen [132]. This also means that
the larger the tested volume, the weaker the experimental outcome as the prob-
ability to have a critical flaw is higher [133]. Assuming to have the distribution
of the property from the sections with the biggest flaw over the whole specimen
would lead to an artificially poor performance of the FEM model. However, a
reasonable probability distribution is required to model the material variations of
the methacrylate photopolymer specimens. Hence, a new method is proposed to
determine the probability distribution of true strength and local fracture strain
for the methacrylate photopolymer specimens, which is called “local probability
density function (PDF) model” hereafter. It is based on the assumption that the
specimens consist of sections that have different material properties depending
on the flaws within them as depicted in Fig. 2.14a. The flaws are not consid-
ered directly but in a continuum mechanical sense as a homogeneous lower value
of the property at that section. The basic idea is to find the probability p of
the property x to be below (x ≤ xexp,min) and especially above (x ≥ xexp,max)
the experimental results. Knowing these, a PDF f(x) can be determined. The
procedure is illustrated in Fig. 2.14b.

(a) Specimen sections. (b) Probability distribution model.

Figure 2.14: A dog-bone specimen assumed to consist of sections with different
material properties and procedure to determine a model for the
probability distribution of local weakest link properties.

First, the part on the left-hand side of the experimental results in the PDF is
estimated. From all tested specimens with a specified number of sections only
one has the minimal determined property or less. The probability p of a property
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x being below the lowest experimentally measured property xexp,min is given by

p(x ≤ xexp,min) = 1
nspecnsec

, (2.11)

where nspec is the number of specimens tested and nsec is the number of sections
per specimen with homogeneous properties. To estimate the part on the right-
hand side of the experimental results in the PDF, a tree diagram helps to visualize
the derivation (see Fig. 2.15). Only for one of the tested specimens all the sections
are greater or equal to the highest experimental result. The probability p of a
property x being above the highest experimentally measured property xexp,max
can be calculated by

p(x ≥ xexp,max)nsec = 1
nspec

⇔ p(x ≥ xexp,max) = exp
(︃

1
nsec

ln
(︃

1
nspec

)︃)︃
. (2.12)

Figure 2.15: Tree diagram for the probability of a specimen consisting only of
sections with the property x being above the highest experimentally
measured result xexp,max, visualizing the derivation of Eq. (2.12).

To strengthen this hypothesis the limiting cases are considered. When an
infinite number of specimens is tested, the possibility is close to zero for higher
values of the property than found in the experiments

lim
nspec→∞

p(x ≥ xexp,max) = 0 . (2.13)

Testing infinitely long specimens means that there is an infinite number of sections
with the property being above the highest value found in the experiments

lim
nsec→∞

p(x ≥ xexp,max) = 1 . (2.14)
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In other words, the more specimens are tested, the better the boundaries of the
distribution are known. The longer the specimens are, the less is known about
the part on the right-hand side of the maximum value that was measured.

Having two fixed points on the PDF, a normal distribution can be fitted by
solving a nonlinear system of equations with the unknowns µx and σx⎡⎢⎢⎣

xexp,min∫︁
−∞

f(x;µx, σx) dx− p(x ≤ xexp,min)
∞∫︁

xexp,max

f(x;µx, σx) dx− p(x ≥ xexp,max)

⎤⎥⎥⎦ =
[︃

0
0

]︃
, (2.15)

where f(x;µx, σx) is the PDF of the experimental property x depending on the
parameters mean µx and standard deviation σx. A normal distribution is used,
since the real distribution is unknown and according to the central limit theorem,
adding up independent identically distributed random effects, the overall effect
tends to the normal distribution for a large number of samples. However, any
other distribution with two parameters defining the shape can analogously be
applied.

2.2.10 Finite Element Modeling
FEM simulations are performed with the commercial FEM code Abaqus 6.14 for
the metal models and Abaqus 2019 for the polymer models. Finite deformations
are considered in all models. Elastoplasticity with continuum damage is employed
for both material models in order to capture the progressive failure of the lattice
structures. Abaqus’ built-in von Mises plasticity model is used for Ti-6Al-4V in
which the yield function Φ is given by

Φ = σvM − σy ≤ 0 , (2.16)

where σy is the yield stress and σvM is the von Mises equivalent stress given by

σvM =
√︃

3
2(dev(σ) : dev(σ)) . (2.17)

Here, dev(σ) is the deviator of the Cauchy stress tensor

dev(σ) = σ + phyd1 , (2.18)

with phyd being the hydrostatic pressure and 1 being the identity tensor. Associ-
ated flow is used and the hardening law is obtained by a multilinear curve of the
yield stress depending on the plastic strain from the uniaxial tensile experiments
of the bulk material.
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In order to account for the differences of tensile and compressive strength of
the methacrylate photopolymer, an asymmetric elastoplasticity material model is
utilized. A Drucker-Prager model [134, 135] is suggested by Morelle et al. [136] as
good engineering practice without the need for coding a user defined subroutine
for the modeling of thermosetting polymers. Hence, Abaqus’ built-in hyperbolic
Drucker-Prager plasticity model is used, where the yield function Φ is given by

Φ =
√︁

(d′
0 − pt0 tan(βf))2 + σ2

vM − phyd tan(βf) − d′ ≤ 0 , (2.19)

where βf is the friction angle (that is the asymptotic slope in the meridional
plane), pt0 is the initial hydrostatic tensile strength, d′ is the hardening parameter
and d′

0 is the initial value of the hardening parameter. The hardening parameter
is obtained by

d′(σyt) =
√︂

(d′
0 − pt0 tan(βf))2 + σ2

yt + σyt

3 , (2.20)

where σyt is a multilinear curve of the yield stress depending on the plastic strain
from the uniaxial tensile experiments of the bulk material. For polymers, gener-
ally nonassociated flow is assumed [123]. The flow potential is given by

Ψflow =
√︁

(ϵσyt0 tan(ψ))2 + σ2
vM − phyd tan(ψ) , (2.21)

with σyt0 being the initial tensile yield stress, ψ being the dilatation angle and ϵ
being the eccentricity, a parameter determining the bending of the flow potential.

Damage is initiated with Abaqus’ built-in ductile criterion for both, Ti-6Al-4V
and the methacrylate photopolymer. Although it is intended for metals it has
been previously applied successfully for a thermosetting polymer by Chevalier et
al. [137]. When the accumulated equivalent plastic strain ε̄p reaches the plastic
strain at the onset of damage ε̄p,D, the stress carrying capability of the element
is reduced linearly

σD = (1 −D)σ , (2.22)

where σD is the stress tensor of a damaged element and D ∈ [0, 0.95] is the damage
variable. An energy-based damage evolution is chosen to avoid mesh dependency.
The accumulated equivalent plastic strain at failure ε̄p,f is determined from the
critical energy release rate

GIc =
∫︂ ε̄p,f

ε̄p,D

Leleσy dε̄p , (2.23)

with Lele being the characteristic element length. Due to instabilities caused by
progressive damage an implicit dynamic time integration method with a backward
Euler operator is used, allowing improved convergence behavior [123]. As symme-
try of the material Jacobian is lost when the ductile damage evolution model is
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utilized, an unsymmetric equation solver is applied [123]. Viscous regularization
is employed to further overcome convergence difficulties [123].

The Ti-6Al-4V material model is calibrated with a representative true stress-
strain curve obtained from DIC measurements of uniaxial tensile tests on bulk
material (see Section 2.2.6). A fine tuning of the material model is performed
with a simulation of the bulk material tensile test where a slight variation of the
true fracture strain and the true tensile strength is carried out. By this, the
necking behavior is adjusted. All three translational degrees of freedom are fixed
at one end of the bulk specimen model and a tensile displacement is applied at the
other end. For the discretization of all specimen FEM models, Abaqus’ C3D10
tetrahedral 3D continuum elements with quadratic shape functions are utilized.
These allow to resolve complex 3D stress fields and are able to capture complex
geometries, which is required for the lattice structures. For consistency, they are
also applied for metal and polymer bulk tensile specimen models. The metal bulk
tensile specimen model is shown in Fig. 2.16a.

The methacrylate photopolymer material model is calibrated with the average
true stress-strain curve obtained from DIC measurements of uniaxial tensile tests
on dog-bone specimens (see Section 2.2.6). Although polymers show a slight
nonlinearity at very small deformations, it is assumed that they behave linear
elastic until plastic flow occurs, when 70 % of the yield stress (defined by the
horizontal tangent in the stress-strain curve in polymer standards [117, 122]) is
reached. Viscous effects are not included as only the quasi-static behavior is
analyzed. This reduces computational time and the deviations are small. The
tension-compression asymmetry is adjusted with 70 % of the compressive yield
stress analogously. Displacement controlled, single element tests on hexahedrons
under uniaxial tension and compression are carried out to verify the material
model.

Then, methacrylate photopolymer dog-bone specimen models are simulated to
validate the probability distribution of the material properties. All three transla-
tional degrees of freedom are fixed at one end of the dog-bone model and a tensile
displacement is applied at the other end. The elastic modulus as a global material
property is homogeneous over the whole specimen model but varies stochastically
between the realizations. Local material properties like strength and fracture
strain are assigned by random fields in the narrow parallel part of the specimen
model. The variation of the strength is realized by shifting the hardening law
(see Eq. (2.20)) to higher or lower stresses. The individual sections with homoge-
neous material properties are chosen to be approximately 1 mm × 1 mm × 1 mm
corresponding to the length of the homogeneous necking area in the DIC mea-
surements (see Section 2.2.6). Basically, these sections are defined by slicing up
the specimen model in cubes and then assigning the same material properties to
all elements within one of these cubes. Figure 2.16b illustrates the individual
material sections of the methacrylate photopolymer dog-bone specimen model
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by different colors. Probability distributions of the material properties with the
standard approach are compared with the local PDF model.

(a) Metal bulk tensile specimen. (b) Polymer dog-bone.

Figure 2.16: FEM models of the bulk material tensile test specimens for metal
(Ti-6Al-4V) and polymer (methacrylate photopolymer). Individual
material sections of the polymer dog-bone model are highlighted by
different colors.

Finally, lattice structure specimen models are simulated in order to get further
insights into the deformation as well as progressive damage and failure behavior.
For the polymer lattice structures also the probability distribution of the combi-
nation of varying geometrical and material properties is validated. The geometry
of the lattice structures is generated with a Python script, allowing for the auto-
matic construction of parametric models. For polymer lattice structures random
fields are utilized to assign individual vertical and horizontal strut diameters on
the CAD geometry level. The probability distribution of material properties for
the unit cells in the middle with no gradient in volume fraction is realized analo-
gously to the polymer dog-bone specimen models. In order to save computational
time, symmetry is used for the simulation of the lattice structures. For the tensile
metal lattice structures an eighth of the specimen is modeled, using symmetry
in all three Cartesian coordinate directions. For the compressive metal and the
tensile polymer lattice structures half of the specimen is modeled and symmetry
is only applied in the plane normal to the loading direction. Symmetry in the
other two planes is lost when buckling occurs in case of the compressive metal
lattice structures. Strictly speaking, for the tensile polymer lattice structures
symmetry is lost due to the stochastic variation of the properties. However, by
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the approach of using one symmetry plane at least entire loaded cross-sections are
modeled while limiting the computational cost. The deformation is displacement
controlled at the end of the load introduction for all lattice structure models.
Figure 2.17a and Fig. 2.17b depict tensile and compressive metal lattice structure
models. A realization of a tensile polymer lattice structure model with individual
material sections indicated by different colors is presented in Fig. 2.17c. Realiza-
tions with a stochastic variation of only the geometry, only the material and both
combined are investigated to get insight in their individual influence.

To further reduce computational time, also tensile and compressive tests on
metal unit cell models with PBCs are performed. The methacrylate photopolymer
is not considered here as the stochastic variation of a lattice structure model
(having approximately 750 000 elements and 1 150 000 nodes) cannot be captured
by one unit cell. The model size for the metal lattice structures and the periodic
unit cells is presented for comparison in Tab. 2.4. The utilization of periodic unit
cells results in a significant reduction of the model size. For instance, the 6 %
volume fraction unit cell model has less than 2 % of the nodes of the compressive
lattice structure model. In addition, the unit cell simulations with PBCs allow to
assess whether the utilized specimens in the experiments are suitable to determine
homogenized mechanical properties of the lattice structures or if undesired effects
of the load introduction influence the results.

Table 2.4: Comparison of the model size for metal lattice structures and periodic
unit cells.

Model Volume fraction Elements Nodes
6 % 496 038 785 982
13 % 346 283 540 731Lattice structure tensile
20 % 255 058 397 468
6 % 1 315 320 2 106 087
13 % 921 786 1 451 546Lattice structure compressive
20 % 658 712 1 032 485
6 % 23 923 36 628
13 % 49 101 71 807Unit cell periodic
20 % 12 087 18 498

2.3 Results and Discussion

This section discusses the results of the study on additively manufactured lattice
structures. First, findings of the quality control of porosity and microstructure
for Ti-6Al-4V, the curing degree of the methacrylate photopolymer and the geo-
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(a) Tensile metal lattice. (b) Compressive metal lattice.

(c) Tensile polymer lattice.

Figure 2.17: FEM models of the lattice structure specimens for metal (Ti-6Al-4V)
and polymer (methacrylate photopolymer). The clamping area of the
tensile specimens is not shown. Individual material sections of the
tensile polymer lattice structure model are highlighted by different
colors.
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metrical accuracy of lattice structures from both materials are presented. Then,
the experimentally determined mechanical properties of the bulk material and
lattice structure specimens are shown and discussed with regard to influences of
load case, volume fraction, building direction and probabilistic effects. Moreover,
the outcome of the procedure to determine the correlation length by variography
is depicted and the stochastic variations stemming from the local PDF model are
demonstrated. Afterwards, the comparison of FEM simulations and experiments
is discussed on the level of the bulk specimens concerning the material model
calibration and on the global level of the lattice structure specimens regarding
the progressive damage and failure. Finally, a computationally more efficient ap-
proach of unit cell simulations with PBCs for homogenization is illustrated also
giving insights into the effect of the load introduction.

2.3.1 Quality Control: Porosity, Microstructure and Curing Degree
The results for the quality control of the AM process are presented in the fol-
lowing. For SLM manufactured Ti-6Al-4V, the porosity and microstructure is
investigated. Figure 2.18 presents micrographs of bulk material and an exem-
plary lattice structure, showing their porosity and microstructure. In both, bulk
material and lattice structure, pores are present. With regard to the microstruc-
ture, both SEM images show a combination of α′ martensite and very fine α+ β
phase inside prior β grains. The α′ martensite develops because of the rapid cool-
ing rates during the SLM process (see Section 2.2.1), while some of it transforms
to a fine α + β phase during the stress release annealing [138–140]. A change
in microstructure due to heat treatment has also been observed in studies on
other SLM alloys [141]. The prior β grains have a columnar shape in building
direction. As heat conduction is mostly downward to the build platform, so is
their solidification. While heat transfer to the neighboring sides within the bulk
material occurs, this is not possible with lattice structures. The thin struts are
surrounded by powder that does not have a good heat conductivity and acts like
an insulator. Hence, the lattice structures show thinner prior β grains [67, 142,
143].

For SLA manufactured methacrylate photopolymer, the quality of the speci-
mens is analyzed in terms of the curing degree, respectively the residual reaction
enthalpy. The results of the thermal analysis by DSC are displayed in Fig. 2.19
with the specific heat flow depending on the temperature. The as printed dog-
bone specimen with no post-curing shows two residual reaction enthalpy peaks:
one at a temperature of approximately 80 ◦C and one at 165 ◦C. Comparing the
only oven post-cured sample with the only UV radiation post-cured, it gets evi-
dent that both curing mechanisms, temperature and UV radiation, are necessary
for complete curing. The first peak vanishes almost completely by oven curing,
the second peak vanishes by UV curing. UV radiation is required for the de-
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(a) Bulk material. (b) Lattice structure.

Figure 2.18: Micrographs showing the porosity and microstructure of Ti-6Al-4V
bulk material and lattice structure.

composition of remaining photoinitiator molecules to form free radicals. Higher
temperatures are essential for the mobility of the molecules to avoid occlusion
(see Section 2.2.2). For the sample from the dog-bone specimen and that from
within the lattice structure, which are both post-cured in the UV oven for 4 h,
almost no residual reaction enthalpy is left and the curves match well. They have
a similar curing degree and are fully cured. Higher curing temperatures are not
recommended since the heat deflection temperature is reached [120].
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Figure 2.19: First heating segment of DSC measurements showing the specific
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2.3.2 Geometry Characterization

The results of the geometry characterization of the metal lattice structures are
presented in Fig. 2.20. The strut diameter depending on the volume fraction,
building direction and loading type is shown as well as a desired reference di-
ameter from the CAD files. For tensile as well as compressive specimens, the
strut diameter dv in building direction (Z) is slightly smaller than the desired
CAD diameter. The variation is relatively small (sample coefficient of variation v
smaller than 3 %). For tensile specimens, minimum dh,min and maximum diame-
ter dh,max of the struts in layer plane (XY ) show a higher variation. Especially,
the minimum diameter for lower volume fractions has a significant number of
outliers to the lower end. The smaller the diameter, the more volume of the
strut is built in the first layer on the powder bed and the narrower the layer.
This yields increased probability of notches as the higher density melt can sink
down in the powder bed not being fused to the next layer. The average minimum
diameter of the struts in layer plane matches the CAD diameter approximately,
while the maximum diameter is significantly higher. This can be explained by
the powder adhesions that result from fusing directly on the powder bed, which
yields significant deviations from the desired diameter (see Section 2.2.4).
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Figure 2.20: Strut diameter of the metal lattice structures depending on the
volume fraction, building direction and loading type. The desired
diameter from the CAD files is given as a reference with dashed
lines.
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Figure 2.21 shows the results of the geometry measurements of the polymer
lattice structures. The smallest strut diameter depending on the strut orienta-
tion is shown together with the desired reference diameter from the CAD files.
Despite the different manufacturing process and material, the findings are similar
to the metal lattice structures. The diameter dv of the vertical struts is slightly
smaller than the desired CAD diameter. The variation is relatively small (sample
coefficient of variation v approximately 2 %). The diameter dh of the horizontal
struts is significantly larger than the desired CAD diameter and shows a higher
variation. Furthermore, there are more outliers, especially towards the larger di-
ameters. This can be explained by the fact that the horizontal struts are printed
without a support structure as an overhang. Since the 3D printer Form 2 is an
inverted SLA printer, the material at the bottom of the resin bath is cured. At an
overhang, also the material on top of the current layer gets residual energy from
the UV laser depending on the curing depth. Thus, it is at least partially cured
and leads to an increased strut diameter. As a result for modeling the geometrical
variation of the strut diameters, two individual random fields are necessary, ac-
counting for the differences in vertical and horizontal diameters. For the vertical
struts, a mean of 1.049 mm and a standard deviation of 0.023 mm is used, while
for the horizontal struts, a mean of 1.271 mm and a standard deviation 0.04 mm
is applied.
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Figure 2.21: Strut diameter depending on the strut orientation. The dashed
black line is the desired diameter from the CAD files.
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2.3.3 Mechanical Properties of Bulk Material

The results of the mechanical characterization of the bulk Ti-6Al-4V are shown in
Tab. 2.5 including mean µ, sample standard deviation s and sample coefficient of
variation v. All results presented in the table are nominal/engineering properties
as they are determined with a contacting extensometer. The variation is relatively
small for elastic modulus and especially for yield stress and tensile strength. How-
ever, the variation of the elongation at break is relatively high. This cannot be
explained by surface roughness since the specimens were machined to the final
geometry by turning. A reason for this could be pores within the bulk material
(see Section 2.3.1) as there was no hot isostatic pressing (HIP) employed in the
post-processing.

Table 2.5: Results of the mechanical characterization of the bulk Ti-6Al-4V with
the mean µ, sample standard deviation s and sample coefficient of
variation v.

Parameter µ s v

Elastic modulus Eeng 116.12 GPa 11.72 GPa 10.09 %
Yield stress σy,eng 1058.84 MPa 13.80 MPa 1.30 %
Tensile strength σm,eng 1107.30 MPa 12.56 MPa 1.13 %
Elongation at break εf,eng 7.80 % 2.91 % 37.25 %

In order to calibrate the material model for the FEM simulations of the metal
lattice structures, further properties are necessary. Since necking occurred in
the experiments, true stresses and strains cannot be calculated from the nominal
values. They are obtained from a DIC measurement where local strains can be
observed in the necking region as described in Section 2.2.6. A bulk specimen
representative of the overall set of experiments is analyzed. Slightly higher true
tensile strength and true fracture strain are determined compared to the nom-
inal/engineering properties. Table 2.6 provides the further parameters for the
calibration of the material model along with the sources.

Table 2.6: Additional mechanical properties for the Ti-6Al-4V material model.

Parameter Value Source
True tensile strength σm 1214 MPa DIC
True fracture strain εf 0.1163 DIC
Poisson’s ratio ν 0.34 [144]
Critical energy release rate GIc 7.34 J mm−2 [145]
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The results of the mechanical characterization of the methacrylate photopoly-
mer bulk material are summarized in Tab. 2.7 with the mean value µ, sample
standard deviation s and sample coefficient of variation v. All values of the tensile
and compressive tests are presented in terms of nominal/engineering properties.
The tension-compression asymmetry is very pronounced with the compressive
yield stress being 67 % higher than the tensile yield stress. This underlines the
necessity that a material model, such as the Drucker-Prager model, considers this
behavior. For the compressive specimens only the yield stress is used in this in-
vestigation. For higher deformations significant bulging of the specimens occurs
despite the use of PP films to reduce friction. Hence, the deformation is not uni-
form anymore and a deduction of further properties would be erroneous. In the
context of this study, this is not critical as the polymer lattice structures are also
primarily loaded in tension and a compressive failure is not expected. Also the
Drucker-Prager material model only needs the strength differential as an input
from the compressive test.

Table 2.7: Results of the mechanical characterization of the methacrylate pho-
topolymer with the number of specimens nspec, mean µ, sample stan-
dard deviation s and sample coefficient of variation v.

Experiment nspec Parameter µ s v

Tension 9 Elastic modulus Eeng 2200.62 MPa 39.37 MPa 1.79 %
Yield stress σyt,eng 61.65 MPa 0.95 MPa 1.54 %
Elongation at break εf,eng 13.24 % 2.79 % 21.07 %

Compression 15 Yield stress σyc,eng 102.92 MPa 2.38 MPa 2.31 %
SENB 10 Critical energy release rate GIc 0.13 N mm−1 0.02 N mm−1 15.38 %

Necking also occurs during the tensile testing of the methacrylate photopoly-
mer dog-bone specimens. Therefore, true stresses and strains for material model
calibration are obtained from DIC measurements in the necking region in the
same way as for the Ti-6Al-4V specimens (see Section 2.2.6). However, in this
case all specimens are considered as the material model is varied on that basis in
the numerical models. Thus, a more in-depth analysis is carried out in the fol-
lowing. Figure 2.22 shows the true stress-strain curves of the dog-bone specimens
together with the averaged curve. After an almost linear elastic regime, a signif-
icant nonlinearity can be observed beyond a strain of 0.02. This is assumed to
be the point where plasticity begins within the material model. From a strain of
about 0.06 a rather constant stress level is reached followed by a further increase
until fracture of the specimen. This can be attributed to large collective molec-
ular movements and subsequent alignment of the molecular network until chain
scission [136]. As the level of the constant stress is characteristic for each speci-
men it is called plateau stress σpl in the following and taken at a strain of 0.08.
When comparing the true strength σm and true fracture strain εf to their nominal
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counterparts, both are significantly higher. This highlights the importance of the
evaluation of local stresses and strains for material modeling. The points for the
multilinear curve of the yield stress for the hardening law (see Eq. (2.20)) are
obtained from the averaged true stress-strain curve. The averaged curve is ex-
trapolated for higher values in order to represent an appropriate hardening until
the stochastically varying fracture strain is reached.
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Figure 2.22: True stress-strain curves of the dog-bone specimens measured with
DIC at the location of the necking. The averaged curve is extrap-
olated for higher values.

In order to get more insight into the probability distributions of the character-
istic true mechanical properties of the methacrylate photopolymer, Kolmogorov-
Smirnov tests are carried out. The null hypothesis is that the distribution of the
properties follows a normal distribution. A significance level of α = 0.05 is cho-
sen. Table 2.8 summarizes the outcome of the Kolmogorov-Smirnov tests. As the
p-values are all far higher than the significance level, the null hypothesis cannot
be rejected. The properties are assumed to be normally distributed.

Table 2.8: Kolmogorov-Smirnov tests to check if the characteristic true mechan-
ical properties of the methacrylate photopolymer follow a normal dis-
tribution.

E σpl σm εf

p-value 0.9483 0.9997 0.9204 0.9901
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To further explore whether there is a correlation between the characteristic
true mechanical properties of the methacrylate photopolymer, they are analyzed
in a scatter matrix plot in Fig. 2.23, where the empirical cumulative distribution
functions are shown on the diagonal. The results seem to be randomly distributed
over the charts with no linear or nonlinear trend visible at a first glance. Only
for strength and fracture strain, a linear trend can be recognized. Hence, from
the scatter plots, all variables seem to be independent except for strength and
fracture strain.

To have a further measure for the independence of the true mechanical proper-
ties of the methacrylate photopolymer, the Pearson correlation coefficient is cal-
culated. The findings are presented in Tab. 2.9 together with the corresponding
p-values. The null hypothesis is that the properties are not correlated. Applying
a significance level of α = 0.05 for strength and fracture strain, the null hypothe-
sis is rejected. Thus, they are assumed to depend on each other. Having a look at
Fig. 2.22 this makes sense: when a high strain is reached, the polymer network is
in a state of better alignment, thus leading to a higher strength because the poly-
mer chains are stretched and there is less chain movement remaining. Therefore,
the stress increases progressively for higher strains, which results in a positive
correlation. Moreover, also for plateau stress σpl and strength σm the p-value is
just below the significance level, also with a slight positive correlation. For all
other combinations the null hypothesis cannot be rejected. The properties are
assumed to be uncorrelated. Thus, three properties are varied stochastically in
the numerical models to perform a probabilistic analysis of the methacrylate pho-
topolymer material properties: (i) the elastic modulus E, (ii) the plateau stress
σpl and (iii) the fracture strain εf . The latter two are applied with random fields
as they are local properties. The variation in strength is captured implicitly since
the whole hardening law is scaled up and down with the plateau stress (see Sec-
tion 2.2.10) and depending on the fracture strain, the strength is reached earlier
or later on that curve.

Table 2.9: Pearson correlation coefficient (and p-value) to check the correlation
between the methacrylate photopolymer material properties derived
from true strains and stresses.

σpl σm εf

E −0.0826 (0.8326) −0.2383 (0.5369) −0.2726 (0.4779)
σpl 0.6908 (0.0394) 0.1801 (0.6429)
σm 0.7664 (0.0160)

The identification of additional properties is needed to apply the hyperbolic
Drucker-Prager material model for the methacrylate photopolymer FEM simu-
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Figure 2.23: Scatter matrix plot to check correlation of the experimentally de-
termined methacrylate photopolymer material properties derived
from true strains and stresses. Empirical cumulative distribution
functions are shown on the diagonal.
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lations. These properties are presented in Tab. 2.10. Some of them are derived
from the mechanical experiments on bulk material. The Poisson’s ratio is calcu-
lated from comparisons of the true longitudinal and transverse strains taken from
tensile tests in the linear elastic regime. The friction angle and initial hydrostatic
tensile strength are determined with Eq. (2.19) based on the strength differential
of the yield stress. The dilatation angle is chosen to be relatively small because
there is no large volume change detected from the comparison of longitudinal
and transverse strain in the plastic regime. In addition, for even smaller dilata-
tion angles, convergence issues occur. Finally, the density is identified by the
Archimedes’ principle and the eccentricity is left at the default.

Table 2.10: Further properties for the methacrylate photopolymer material
model.

Parameter Value

Density ρ 1.17 g cm−3

Poisson’s ratio ν 0.4
Friction angle βf 30◦

Initial hydrostatic tensile strength pt0 44 MPa
Dilatation angle ψ 10◦

Eccentricity ϵ 0.1

2.3.4 Mechanical Properties of Lattice Structures

In the following, the results of the static mechanical characterization of the lat-
tice structures are discussed. Homogenized properties are obtained as described
in Section 2.2.6. First, a detailed analysis of the metal lattice structures is pre-
sented considering the influence of several factors from design, manufacturing
and loading. The investigation of the polymer lattice structures is kept short
as no additional influences are considered and the focus is on the probabilistic
distribution of the homogenized mechanical properties.

Figure 2.24 shows the homogenized elastic modulus depending on the volume
fraction, loading type and building direction for the metal lattice structures. It
gets evident that stiffness increases with increasing volume fraction. The stiffness
in the tensile test is slightly higher for the XY specimens. This can be explained
by powder adhesion on the bottom surface of the struts in the loading direction
due to the overhang during the SLM process. This provides additional material
in the loading direction and thus leads to an increased stiffness, which is a global
property. With regard to stiffness, there is no significant difference between tensile
and compressive loading.
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Figure 2.24: Homogenized elastic modulus of the metal lattice structures de-
pending on volume fraction, loading type and building direction.

The homogenized strength of the metal lattice structures in the experiments
depending on volume fraction, loading type and building direction is illustrated
in Fig. 2.25. Additionally, a strength estimate (see Eq. (2.3)) based on the bulk
Ti-6Al-4V tensile strength of Tab. 2.5 as well as the idealized CAD dimensions
and the measured dimensions of the struts is shown. For the Z specimens the
average vertical strut diameter dv is used. For the XY specimens the average
minimum horizontal strut diameter dh,min is used as strength is a property local
to a plane of struts that has to carry the load. A general trend is that the
strength increases with volume fraction. A distinction has to be made for the
tensile test specimens depending on the loading direction. For experiments with
6 % volume fraction, the XY specimens have a reduced strength compared to
the Z specimens. At 13 % and 20 % volume fraction a reverse behavior can be
observed. This can again be explained by the struts in the loading direction that
are printed directly in the powder bed due to the overhang. There are two effects
with regard to strength: (i) more load carrying material is available due to powder
adhesions at the bottom surface of the struts and (ii) the notches due to poorly
bonded powder and the irregularity of the adhesions lead to stress concentrations.
Since the struts of the 6 % cells are significantly thinner, the surface has a greater
influence. Therefore, the notch effect is dominant leading to earlier failure with
a reduced or completely without a plastic regime. The influence of the surface
is smaller for 13 % and 20 % specimens, which is why the additional material
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leads to increased strength. A comparison with the estimated tensile strength
by the measured dimensions shows good agreement considering the simplicity of
the method, especially for specimens with a volume fraction of 13 % and below.
The deviation of the 6 % XY specimens can be explained by outliers in the
minimal measured diameter leading to earlier failure (see Fig. 2.20). For the 20 %
specimens, the estimated ratio between XY and Z specimens matches, however,
the strength is slightly higher in the experiments. A reason for this could be the
different microstructure of the lattice specimens featuring thinner prior β grains
compared to the bulk Ti-6Al-4V material. In addition, the heat accumulation
in lattice structures is small compared to bulk material. This results in higher
cooling rates, potentially yielding a smaller width of α/α′ lamellae [139, 142,
143, 146]. Such a grain refinement (see Section 2.2.1) leads to increased strength
and ductility [100, 101]. Studies that model the microstructure of SLM metals
could help in further understanding the influence of the process [147]. When
comparing the compressive with the tensile specimens for a volume fraction of
13 % and 20 %, a higher strength is noticeable. This can be explained by pores
in the material that are less severe in compression as the local tensile stress
concentration at the pore is much lower [66, 81]. On the contrary, this is not the
case for the 6 % specimens. Here, microscopic buckling of the individual struts
takes place before the final material failure, whereas a shear failure is observed
for the higher volume fractions. The buckling of the individual struts yields a
reduced macroscopic homogenized strength.

An estimate to evaluate if buckling of the compressive metal lattice structures
due to the slenderness of the struts is possible can be made using Eq. (2.4). As
there is a rounding at the crossing points of the struts, the unsupported length
is not clearly determinable. Instead, the two possible extrema as well as their
average are used to have a range within which buckling starts to occur: (i) the
completely straight length of the strut without the rounding lshort and (ii) the
complete length of the strut between two of the perpendicular struts llong. The
estimates of the critical buckling load depending on the volume fraction and the
average maximum forces in the experiments are compared in Fig. 2.26. It can
be seen that the 6 % specimens are a candidate for buckling as the experimental
maximum force is higher than the critical buckling load determined with the
average unsupported length lavg. This corresponds well with the experimental
findings. The 13 % specimens are at the lower boundary of the estimated buckling
load. Since no buckling occurred in the experiments, llong is too conservative.
The 20 % specimens are not prone to buckling. Here, sudden shear failure occurs
through one horizontal plane of the lattice cells.

To analyze the unit cell type and to be able to compare it to other unit cells,
the normalized elastic modulus and strength depending on volume fraction for
tensile metal lattice structure specimens with Z orientation are shown in Fig. 2.27
together with power law fits based on the Gibson-Ashby model [33]. From the
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Figure 2.25: Homogenized strength of the metal lattice structures depending on
volume fraction, loading type and building direction. Comparative
strength estimates are calculated with Eq. (2.3) based on the bulk
material strength of Tab. 2.5 as well as the idealized CAD dimen-
sions and the measured dimensions in Fig. 2.20.

Figure 2.26: Estimate of microscopic buckling load of the individual struts based
on Euler’s critical load for the compressive metal lattice structures.
The average maximum forces from the experiments are displayed
for comparison.
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exponents (1.253 and 1.291), which are close to 1, it can be seen that the analyzed
cubic unit cell is stretch-dominated and thus more suited for lightweight structural
than energy absorbing applications [48]. A comparison of the obtained fitting
parameters to those mentioned for cubic cells in the summary of Maconachie et
al. [55] shows good agreement, especially with regard to the strength. Compared
to the parameters of other unit cells, the superior performance of the cubic cell
for lightweight applications can be observed because of the exponent close to 1
and the high linear factor.
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Figure 2.27: Normalized elastic modulus and strength depending on volume
fraction for tensile metal lattice structures with building orienta-
tion Z as well as Gibson-Ashby power law fits.

Figure 2.28 presents the homogenized fracture strain depending on volume
fraction, loading type and building direction for the metal lattice structures. An
increasing strain with increasing volume fraction can be observed. A possible
explanation for this result is that the surface defects are relatively smaller when
the volume fraction increases and are thus less severe. Moreover, the data shows
that theXY oriented specimens in the tensile test are worse than the Z specimens.
This can again be explained by the notch effect of the irregular powder adhesion
and poorly bonded powder to load carrying struts at the overhang. Since damage
is a local event and always begins at the weakest strut, the notch is the dominant
factor here. After the first failure of a strut, the redistribution of the load leads to
stress concentrations in the surrounding struts and thus to earlier damage. The
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compression tests show a significantly increased fracture strain compared to the
tensile tests at a volume fraction of 13 % and 20 %. This can again be explained
by the pores inside the material that have a lower stress concentration factor in
compression and are initiation points for failure in tension. It has to be noted
that for a significant number of the tensile lattice specimens with Z orientation,
the damage occurs in the cell plane directly above the pyramid.
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Figure 2.28: Homogenized fracture strain depending on volume fraction, loading
type and building direction for the metal lattice structures.

Working hypothesis 2

The evaluation of different load cases is mandatory for the characteriza-
tion of lattice materials in structural design.

This working hypothesis can be fully confirmed. Due to the instabilities
of AM processes, imperfections such as pores can occur, especially when
post-processing is simplified without for instance HIP. Pores have a higher
stress concentration factor in tension than in compression, thus leading to
an earlier failure. While compressive testing might be sufficient for energy
absorption applications, in structural design especially tensile load cases
are important to prevent an overestimation of the mechanical properties
of lattice structures.
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The results of the experimental characterization of the polymer lattice struc-
tures in terms of homogenized properties are displayed in Tab. 2.11 with mean
µ and sample standard deviation s. Also for the polymer lattice structures, a
strength estimate with Eq. (2.3) is performed based on the bulk methacrylate
photopolymer tensile strength of Tab. 2.7 as well as the idealized CAD dimensions
and the measured dimensions in Fig. 2.21. The average vertical strut diameter
dv is utilized as building and loading direction are aligned. The estimated ho-
mogenized strength of 3.66 MPa, based on the CAD strut diameter of 1.1 mm, is
slightly higher than the experimentally determined one. An explanation could be
the lower measured average vertical strut diameter of 1.049 mm. However, when
the homogenized strength estimation is based on the measured strut diameter,
a significantly lower value of 3.33 MPa is predicted. This suggests that the bulk
methacrylate photopolymer material properties might be slightly different com-
pared to the lattice ones. A reason could be a size effect or a different cross-linking
density, which depends on the reaction kinetics of the radical photopolymeriza-
tion under the influence of the process parameters (see Section 2.2.2). This will
be further discussed in Section 2.3.8.

Table 2.11: Experimentally determined homogenized mechanical properties of
the polymer lattice structures.

Parameter µ s

Homogenized elastic modulus Ehom / MPa 214.60 6.94
Homogenized strength σm,hom / MPa 3.59 0.16
Homogenized fracture strain εf,hom / % 3.18 0.75

2.3.5 Correlation Length

In order to determine the correlation length for the random fields of material
properties and geometry deviations for the probabilistic FEM models of the SLA
manufactured methacrylate photopolymer, variography is utilized. With regard
to the material properties, it is assumed that strength and fracture strain vary
on a similar length scale as they are both localized properties. With the DIC
measurements of the bulk tensile polymer specimens, the true strain field can be
captured. It is extracted at uniformly spaced discrete points and then the point
pairs are compared to generate the variogram. Figure 2.29 illustrates the process
for a representative dog-bone specimen and shows the semivariance depending
on the separation distance of the points. Moreover, a fit of the spherical model
from Eq. (2.10) to the empirical semivariance is depicted. A correlation length of
lc = 3.5 mm for the methacrylate photopolymer material properties is extracted
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from the variogram. For higher separation distances, there is only a small change
in the semivariance.

Figure 2.29: Determining the correlation length of the local material properties
from a variogram of the true strain of a polymer dog-bone speci-
men. The point pairs are extracted from DIC measurements. The
red bars show the number of point pairs at each separation dis-
tance, the blue dots depict the empirical semivariance determined
with Eq. (2.9) and the green line is a fit of the spherical model
according to Eq. (2.10).

A typical realization of a random field of the plateau stress for a polymer lattice
structure model with this correlation length is displayed in Fig. 2.30. The plateau
stress in terms of standard deviations from the mean is depicted depending on
the spatial location within the lattice.

The correlation length for the variation of the strut diameters is identified from
the micrographs of the polymer lattice structure slices. By stacking the slices
on top of each other, the specimens are recreated. This results in a 3D field
of the extracted strut diameters. The point pairs are then again compared to
generate the variogram. The procedure together with the semivariance depending
on the separation distance for the horizontal strut diameters of an exemplary
polymer lattice structure is shown in Fig. 2.31. Again, a fit of the spherical model
from Eq. (2.10) to the empirical semivariance is carried out. Here, a correlation
length of lc = 8 mm is obtained from the variogram for the variation of the strut
diameters. There is only small change in the semivariance for higher separation
distances.
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Figure 2.30: Typical random field showing the plateau stress in terms of stan-
dard deviations from the mean for a polymer lattice structure
model.

Figure 2.31: Determining the correlation length of the strut diameters of the
polymer lattice structures from a variogram. The point pairs are
extracted from diameter measurements in stacked micrographs of
the lattice structure specimen slices. The red bars show the number
of point pairs at each separation distance, the blue dots depict the
empirical semivariance determined with Eq. (2.9) and the green
line is a fit of the spherical model according to Eq. (2.10).
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2.3.6 Probability Distribution of Local Mechanical Properties

The identification of the probability distribution of the methacrylate photopoly-
mer material properties dominated by local effects poses a challenge for modeling.
It is assumed that local defects most likely stem from the manufacturing process.
Possible reasons for local defects are manifold and some are listed in the following:
(i) bubbles in the resin bath, (ii) printing not perfectly in the focus of the fixed
UV laser due to different positions on the build platform, (iii) partial shadow-
ing and curing depth during post-curing, (iv) higher laser absorption of the resin
bath in areas where the bottom of the bath degraded because of multiple previ-
ous exposures, (v) notches due to the removal of the support structures. Only
the volume with the biggest flaw of the specimen is captured by experiments.
Hence, a new method, the local PDF model (see Section 2.2.9) is developed and
compared to the standard approach where the probability distribution is derived
from the central moments of the experimental measurements directly. It is as-
sumed that a polymer dog-bone specimen consists of ten sections with individual
homogeneous material properties as the length of the homogeneous necking area
in the DIC measurements is approximately 1 mm (see Section 2.2.6) and the par-
allel measuring length is 10 mm. The PDFs for both approaches (local PDF
model and standard approach with central moments) are presented in Fig. 2.32a
and Fig. 2.32b for the plateau stress σpl and the plastic failure strain εp,f of the
methacrylate photopolymer respectively. These are the inputs for the random
fields in the FEM models. Three standard deviations are shown. For the stan-
dard approach, most of the PDF is within the range of the experimental results
leaving only small tails outside of it. In case of the local PDF model, a large part
of the body of the PDF is outside the range of the experimental results. The mean
is shifted to higher values and the curve is flattened leading to a higher standard
deviation. The shift to the right for the local PDF model is a result of the length
of the polymer dog-bone specimens since there are many sections with a higher
property than the ones determined in the experiments. The flattening stems from
the relatively small number of specimens tested. This leaves a lot of uncertainty
of how much higher the property of the other sections can be, compared to the
ones identified by the experiments.

A closer look on the PDFs for the plateau stress σpl and the plastic failure strain
εp,f of the methacrylate photopolymer determined with the local PDF model is
displayed in Fig. 2.32c and Fig. 2.32d where the mean and twice the standard
deviation are indicated. For the plastic failure strain, negative values could occur
in the realizations, which is not possible in reality. Thus, a boundary avoiding
very low failure strains is applied at µεp,f − 2σεp,f leaving a truncated normal
distribution.
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Figure 2.32: Comparison of the probability distributions for the local properties
plateau stress σpl and plastic failure strain εp,f of the methacry-
late photopolymer with the standard approach and the local PDF
model as well as further insights in the distributions with the pro-
posed local PDF model.
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2.3.7 Comparison of Experiments and Numerical Modeling for Bulk
Material

Figure 2.33 presents the engineering stress-strain curve of the FEM simulation
of the bulk Ti-6Al-4V tensile test for the calibration of the material model. A
comparison to the representative experiment is performed, which was analyzed by
DIC in order to determine the true stress-strain curve required for the material
model (see Section 2.2.10 and Section 2.3.3). Good agreement is found so that the
fine-tuning of the necking behavior on the basis of the DIC data can be considered
successful.
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Figure 2.33: Comparison of the engineering stress-strain curves for a represen-
tative experiment and the FEM simulation of the bulk Ti-6Al-4V
tensile test.

Also the material model for the methacrylate photopolymer needs to be verified
first. This is crucial in order to evaluate whether the proposed probabilistic
approach is able to capture the experimentally determined stochastic variation
of the lattice structure properties at a later stage. Especially, the ability to
represent the tension-compression asymmetry of the methacrylate photopolymer
and therefore the material behavior under different load conditions has to be
analyzed. Figure 2.34a displays the initial hyperbolic yield surface obtained with
the parameters identified in Section 2.3.3. The equivalent von Mises stress at the
yield point is shown depending on the hydrostatic pressure. For an increasing
hydrostatic pressure, the yield stress also increases. Both, the desired initial yield
stress under tension σyt0 and compression σyc0, are met perfectly.
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One element FEM simulations are discussed in the following to examine the
differences in the mechanical response to uniaxial tensile and compressive loading.
The experimental averages are compared to the one element FEM simulations in
terms of the true stress-strain curve in Fig. 2.34b. In the case of tensile loading,
the stress-strain response coincides over the whole range: from the elastic regime,
yield point and hardening to the fracture strain. Also the difference between the
onset of plastic flow in tension and compression is captured well with 67 % as
found in Section 2.3.2. The compressive curves are only considered up to the
yield point since afterwards significant bulging occurs in the experiment. Thus,
the stress state is not uniaxial anymore, preventing a comparison. The slight
differences between the compressive curves up to that point can also stem from
little bulging before the yield point. Since the true cross-section is evaluated
in the middle of the compressive specimen, bulging leads to underestimation
of the stress. Yet, higher compressive stresses do not occur in the structural
simulations of the polymer lattice as the loading is predominantly tensile. Hence,
the methacrylate photopolymer material model is considered to be calibrated well
and able to exhibit the desired mechanical behavior.
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(a) Initial hyperbolic yield surface. (b) Comparison of experimental average
and material model in one element
FEM simulations.

Figure 2.34: Initial hyperbolic yield surface and comparison of the true stress-
strain curves of the experimental average and the calibrated material
model of the methacrylate photopolymer in FEM simulations. The
compressive curve is not shown completely as the calibration is only
for the yield point. However, higher stresses than shown are not
present in the simulations later on since the load cases are predomi-
nantly tensile.
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A validation of the spatial correlation and the probability distributions of the
methacrylate photopolymer mechanical properties is carried out on the level of
dog-bones. The results in terms of the material properties determined from true
strains and stresses are shown in Fig. 2.35 with the mean and sample standard
deviation. The experimental results are compared with ten realizations of FEM
models with probability distributions for the local properties derived from the
standard approach (FEM standard) and the local PDF model (FEM local). The
true properties in the FEM simulations are captured in a similar way as in the
experiments by tracking the distance change between two points in longitudinal
and transversal direction in the region of the necking (see Section 2.2.6). With
regard to the true elastic modulus, the results are in accordance with each other.
The elastic modulus is a global property, hence it is applied exactly the same in
both FEM models. Therefore, a difference is not expected. Concerning the true
plateau stress and especially the true strength, the FEM standard simulations
slightly underestimate and the FEM local simulations slightly overestimate the
properties compared to the experiments. In the case of the true strength, the
standard deviation of the FEM local simulations is in a similar range as in the
experiments, while it is smaller in the FEM standard simulations. The difference
of the FEM local simulations can be explained when having a look at the PDF in
Section 2.3.6. The number of specimens tested in the experiments together with
their length results in a large standard deviation and a higher mean. Since the
realizations of the FEM models have a rather small volume where the material
properties are varied, the larger mean dominates. Despite the higher standard
deviation, not that many low values occur. Testing more specimens in the exper-
iments would reduce the uncertainty in the local PDF approach, thus leading to
a smaller part of the body of the PDF being on the right-hand side of the exper-
imentally determined properties. Having a look at the true fracture strain, very
similar results are obtained with the FEM local simulations and experiments.
In contrast, the FEM standard simulations show significantly smaller fracture
strains and also a smaller standard deviation. Here, the inability of the standard
approach to capture the probability distribution of the local property gets clearly
evident. The probability distribution is obtained based on the property of the
worst section of the specimens in the experiments and then distributed over the
whole model in the simulation. This results in realizations with artificially low
properties. In summary, the FEM simulations with local PDF model show only
small deviations from the experiments in strength and capture the fracture strain
of the methacrylate photopolymer very well. Hence, the newly proposed model
outperforms the standard approach and is used in the following for the polymer
lattice structures. With regard to the progression of the plastic deformation, the
necking and the fracture, the region with the lowest plateau stress in the random
field of a model is decisive. Here, the localization takes place. The fracture strain
of the specimen models then depends on the plastic failure strain of that section.
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Figure 2.35: Comparison of the true mechanical properties for experiments and
probabilistic FEM simulations of methacrylate photopolymer dog-
bones.
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2.3.8 Comparison of Experiments and Numerical Modeling for Lattice
Structures

A deeper insight into the quasi-static mechanical behavior and failure of the lattice
structure specimens is gained from the DIC measurements and the FEM simula-
tions. Figure 2.36 shows the comparison of the absolute homogenized stress-strain
curves of the tensile and compressive loading in experiment and simulation for
metal lattice structures with different volume fractions. For the simulations, ide-
alized CAD geometries of the metal lattice structures are used. Thus, only spec-
imens with aligned building and loading direction are compared to reduce the
influence of powder adhesion and notch effects. The lattice structure specimens
are more prone to early failure because of surface defects from the SLM process
compared to the bulk specimens that are subsequently machined by turning and
used for the Ti-6Al-4V material model calibration. Therefore, a representative
experimental lattice structure curve with the highest fracture strain is displayed
for the comparison. The stiffness in tension and compression is captured well by
the simulations. Also the yield point and strength of the tensile samples can be
well represented for all volume fractions. Only slight deviations occur that can
be explained by the smaller diameter of the struts in the experiments (see Sec-
tion 2.3.2). Concerning the fracture strain, two opposing effects occur that cannot
be captured by the simulation: (i) a changed microstructure of the smaller struts
of the lattice structure (thinner prior β grains, potentially smaller width of α/α′

lamellae) compared to the sample made of bulk Ti-6Al-4V for calibration, which
leads to increased strength and fracture strain (see Section 2.2.1) and (ii) the
influence of the notches and surface roughness of the SLM manufactured lattice
structure specimens that were not machined by turning in contrast to the bulk
material specimens. For the 6 % specimens, the influence of the surface dominates
as the struts are very thin. Therefore, the simulation overestimates the fracture
strain. In the case of the 20 % specimens, the microstructure effect dominates.
Thus, the simulation underestimates the fracture strain. In comparison to ten-
sile metal lattice structure models, a higher homogenized strength and fracture
strain is also found in the simulations of the compressive ones. This results from
a transverse expansion compared to a contraction in tension. However, the strong
difference in strength and fracture strain cannot be captured. The effect of pores
being less severe in compression because of a lower local stress concentration is
not included in the material model since the calibration is only done with tensile
tests. An asymmetric plasticity model as for the methacrylate photopolymer (see
Eq. (2.19)) could resolve this. The 6 % compressive specimens are represented
well in the simulations because they exhibit the early onset of buckling. Very
similar deformation modes can be observed compared to DIC measurements (see
Fig. 2.37). Also the sudden shear failure mode of the higher volume fraction
compressive specimens is captured in the simulations as shown in Fig. 2.38.
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Figure 2.36: Comparison of the absolute homogenized engineering stress-strain
curves for experiments and FEM simulations of tensile and com-
pressive metal lattice structure specimens with aligned building
and loading direction and different volume fractions.

Regarding the fracture strain of the metal lattice structures, the FEM simu-
lations surprisingly show an inverse behavior compared to the experiments: the
fracture strain increases with decreasing volume fraction (except for the 6 % com-
pressive specimen model where buckling occurs). An explanation can be given
based on Fig. 2.39 where contour plots of the von Mises equivalent stress for dif-
ferent volume fractions in tensile tests just before fracture are presented. It can
be seen that the stress is more evenly distributed in the 6 % model compared to
higher volume fractions. Due to more material at the intersection of the struts for
higher volume fractions, the loading paths are bending outwards there to use the
whole material. Continuing to the thinner struts at the end of the unit cells, they
need to bend inside yielding a stress concentration in the middle of the struts.
This results in earlier failure.

For the polymer lattice structures probabilistic effects are examined with FEM
simulations. A variation of the material properties is conducted. Having seen
the ability of the newly proposed local PDF model to capture the probability
distribution of the mechanical properties for bulk methacrylate photopolymer
dog-bones, a transfer to the more complex lattice structures is carried out. Also
the variation in geometrical accuracy is investigated because it plays a role for the
more complex lattice structures. Figure 2.40 shows a comparison of the homog-
enized stress-strain curves of the polymer lattice structures for experiments as
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2 Additively Manufactured Lattice Structures

Figure 2.37: Sequence of contour plots of the true local strain in loading direc-
tion for a compressive metal lattice structure specimen with 6 %
volume fraction for DIC and FEM showing buckling.

(a) Vf = 13 %. (b) Vf = 20 %.

Figure 2.38: Contour plots of the true local strain in loading direction for com-
pressive metal lattice structure models with higher volume fraction
showing shear damage.
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Figure 2.39: Contour plots of the von Mises equivalent stress just before fracture
showing unequal stress distribution for higher volume fractions of
the metal lattice structures.

well as for 20 realizations of FEM models with a stochastic variation of material
properties and geometry. Additionally, the homogenized stress-strain response of
an FEM model is displayed, where all varying properties are set to the mean µ.
When comparing the FEM simulations with the experiments, the general trend
is represented well. Also a significant amount of the variation can be described.
However, the homogenized stiffness in the simulations seems to be slightly un-
derestimated and the homogenized strength and fracture strain are at the lower
half of the experimentally determined distributions. Since the homogenized elas-
tic modulus is too low, the material properties can be slightly different in the
lattice structure experiments compared to the bulk methacrylate photopolymer
as already supposed in Section 2.3.4. A size effect could be responsible, as the
individual struts have a smaller volume than the bulk dog-bones. It can as well
be a result of the cross-linking density of the methacrylate photopolymer since
it develops by a radical reaction mechanism as explained in Section 2.2.2. Thus,
the resulting termination speed of the reaction by radical recombination depends
on the process parameters. Higher concentrations of radicals due to higher UV
intensity can lead to earlier termination [148]. Also depending on the polymer
network that has already developed during curing and the ambient temperature,
the chain mobility and thus further progress of the reaction is limited [149]. De-
spite being fully cured as shown by DSC measurements in Section 2.3.1, this can
lead to different networks. For instance, the unequal specimen volumes can lead
to different heating rates within the post-curing process. Different UV intensities
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can occur due to partial shadowing or depending on the curing depth for struc-
tures with different volumes. Interestingly, the FEM model with mean properties
shows the highest strength and fracture strain. All other FEM simulations are
below the mean model. Similar to the dog-bones but with the opposite effect,
this can be explained by the local PDF model for the material properties of the
methacrylate photopolymer. The volume of the lattice structure specimen mod-
els, where the material properties are varied, is large compared to the volume of
the dog-bones. Hence, the large standard deviation of the local PDF model due
to the limited number of experiments for the calibration dominates. This leads to
low values of the property occurring in the larger volume of almost every lattice
structure realization. Since the biggest flaw determines the overall behavior of
the specimen model for the local mechanical properties, this leads to an inferior
performance of most of the realizations compared to the mean FEM model.
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Figure 2.40: Comparison of the homogenized stress-strain curves of experiments
and FEM simulations of polymer lattice structures incorporating
stochastic variations of geometry and material. An FEM simula-
tion with the mean µ for all varied parameters is added.

To get deeper insights in the behavior of the polymer lattice structures, the
homogenized mechanical properties of the lattice structures are presented in
Fig. 2.41 with the mean and the sample standard deviation. The experimental
results are separated batch-wise according to each SLA printing process where
five lattice structure specimens are manufactured together. However, a certain
amount of specimens was not generated correctly so the batches comprise different
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numbers of analyzed specimens: three specimens for batch 1 and 3; four speci-
mens for batch 4 and 5; and five specimens for batch 2, respectively. In addition,
an advantage of the FEM modeling is exploited: the automatic model generation
not only allows to analyze the probabilistic effects of geometry deviations and
material properties (Geo+Mat) together, but can also separate the influence of
geometry deviations (Geo) and material properties (Mat) from each other. When
the probabilistic variation of the geometry deviations is explored, the material
is kept constant at the mean and vice versa. For both cases, ten realizations of
the model are analyzed. Regarding the experiments, significant differences be-
tween the individual batches can be found. For example, the homogenized elastic
modulus of batch 3 is significantly lower and the standard deviation of batch 4
is very small compared to the others. In contrast, the standard deviation of the
homogenized fracture strain of batch 4 is extremely high, as it includes the three
specimen models with the highest strains in the experiments. Differences between
the batches indicate that there are additional influences during the polymer spec-
imen preparation that were not considered beforehand. Further effects could be
the age of the resin and the resin bath, time between printing and post-curing,
time between post-curing and testing as well as moisture absorption. Also the
position of the specimen in the SLA printer can influence the mechanical prop-
erties because the distance of the fixed UV source is different for the center and
the border of the build platform yielding issues with the laser focus.

Concerning the polymer lattice FEM simulations, it can be seen that for a
global property like the homogenized elastic modulus the effects of the variation
of geometry deviations and material properties are similar. They superimpose
when combined leading to a higher standard deviation. The standard deviation
is similar compared to the experimental one, although it is on a lower level. For
local properties like homogenized strength and fracture strain, one of the influ-
ences dominates. In case of the homogenized strength, the geometry deviations
dominate as the biggest flaw. The Geo realizations have a similar mean and stan-
dard deviation as the combined models. For the homogenized fracture strain, the
variation in material properties dominates leading to earlier failure. This yields
a similar mean and standard deviation of the Mat realizations and the combined
models.

Working hypothesis 4

A probabilistic analysis of lattice structures incorporating geometrical
and material uncertainties is necessary for the robust design of structural
components due to insufficient technical maturity of the additive manu-
facturing process.
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This working hypothesis can be confirmed. AM processes are still prone to
geometrical imperfections and varying material properties especially when
the limits are pushed with complex lattice structures. These uncertainties
can be captured with probabilistic FEM analyses that allow to predict a
distribution of the resulting structural mechanical properties. The ability
to consider individual effects in numerical models can help to identify the
most prominent deficiencies of AM processes and by this ameliorate the
reliability.

Having a closer look at the tensile metal and polymer lattice structure spec-
imens, the DIC measurements and FEM simulations provide additional insight
into the damage progression of the statically tested specimens. Figure 2.42 exem-
plarily shows the contour plots of the true tensile strain in the DIC measurements
and FEM simulations for metal lattice structures with a volume fraction of 20 %
at characteristic points of the test (in the elastic regime, at the yield point and
at the tensile strength). For the FEM simulations, the structures are mirrored
at the vertical axis to have a more similar optical impression compared to the
DIC measurements. Local strain concentrations at the minimum diameter of the
struts can be clearly seen in the 3D DIC measurements that resolve individual
struts. Although DIC and FEM match, it gets evident that the true strain in the
struts visible at the outside is significantly lower than that reached in the bulk
Ti-6Al-4V samples (see Tab. 2.6).

FEM simulations offer the possibility of a higher spatial resolution, since also
cells in the inside of the model can be analyzed. The contour plots of the von
Mises stress during damage progression for a tensile metal lattice structure model
with 13 % volume fraction are illustrated in Fig. 2.43. Elements with a damage
variable D > 0.67 are suppressed for a better visualization of the failure. Due
to the slight stiffness jump at the top of the pyramid, there is a stress concen-
tration (and therefore also a higher strain that is comparable to that of the bulk
Ti-6Al-4V material) at the strut above. This leads to necking and afterwards to
early failure. The consecutive stress redistribution causes all surrounding struts
of the plane to fail. This explains that a significantly large number of the ex-
perimental tensile metal lattice specimens failed directly above the pyramid as
described in Section 2.3.4. Therefore, the simulations also show that there is
still potential for improvement at the load introduction when the homogenized
properties of the unit cells need to be determined.

Very similar observations can be made for the polymer lattice structures. Con-
tour plots of the true tensile strain in loading direction of DIC measurements and
FEM simulations are illustrated in Fig. 2.44 at the instance, when the homoge-
nized strength is reached. In case of the FEM simulation, the model is mirrored
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(a) Elastic modulus.

(b) Strength.

(c) Fracture strain.

Figure 2.41: Comparison of the homogenized mechanical properties for experi-
ments and simulations of polymer lattice structures. Experiments
are also shown batch-wise. For FEM simulations the variation of
geometry and material are shown separately, as well as in combi-
nation.
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Figure 2.42: Comparison of the DIC and FEM contour plots of the true lo-
cal strain in loading direction for a tensile metal lattice structure
specimen with 20 % volume fraction at characteristic points of the
test (elastic modulus Ehom, yield stress σy,hom and tensile strength
σm,hom).
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Figure 2.43: Contour plots of the von Mises stress for a tensile metal lattice
structure model with 13 % volume fraction showing the damage
progression through the struts at one cross-section.
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at the horizontal symmetry plane to have a more similar optical impression. DIC
and FEM are in good agreement with local strain concentrations visible at the
smallest diameter of the struts in loading direction. Especially for the FEM sim-
ulation, slight differences between the strains in the individual struts are visible
owing to the geometry and material variations with random fields. However, also
here a discrepancy between the true strains reached by the bulk methacrylate
photopolymer dog-bone specimens (see Fig. 2.22) and in the individual struts
on the outside of the lattice structures can be noticed. FEM simulations can
give further insights as also the inner cells can be inspected. Due to the random
nature of the geometry and material variations, the initially failing strut can be
anywhere in the lattice structure and is not necessarily at the outside that would
also be visible by DIC. At this strut similar fracture strains compared to the
dog-bone specimens can be found. Yet, they are usually at the lower end of the
distribution as the higher lattice specimen model volume increases the probability
of a weak section. This also leads to lower overall strains as the load transfer from
the already damaged struts to surrounding ones results in a successive failure of
the lattice structure.

(a) Experiments. (b) Simulations.

Figure 2.44: Comparison of the DIC and FEM contour plots of the true local
strain in loading direction for a polymer lattice structure specimen
at a homogenized strain of εhom = 0.023 appearing approximately
at the strength σm,hom of the specimen.

FEM simulations also allow to study these failure mechanisms of the polymer
lattice structures after the plastic regime. Figure 2.45 shows the damage progres-
sion in frames of a slow motion video of the experiment and a contour plot of the
damage variable in an exemplary FEM simulation. Due to the probabilistic vari-
ation of geometry and material properties, a stochastic failure pattern develops.
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The fracture jumps between different planes of the lattice. Hence, experiments
and FEM simulations also match well in the last part of the material test. The
stochastic nature of the failure pattern further indicates that the gradient at the
load introduction serves its purpose and prevents an early failure due to a stiffness
jump as for the metal lattice structures and as observed in other studies [62, 65].
Thus, it delivers reliable results in tensile tests of the homogenized mechanical
properties of lattice structures.

(a) Experiment.

(b) Simulation.

Figure 2.45: Stochastic damage of the polymer lattice structures visible in slow
motion video frames of the experiments and in a contour plot of
the damage variable in FEM simulations.
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2.3.9 Homogenization of Unit Cells

Finally, a comparison of FEM simulations of the metal lattice structure models
and unit cells with PBCs is conducted. This allows to further evaluate the load in-
troductions and to determine homogenized mechanical properties of the unit cells
without the influence of a load introduction. Figure 2.46 shows a comparison of
the absolute homogenized engineering stress-strain curves of FEM simulations of
metal lattice structure models and unit cells with PBCs for different volume frac-
tions under tension and compression. Elastic modulus and strength are matching
in most of the cases. However, especially in the tensile loading case, the unit cells
with PBCs show a significantly higher fracture strain and also a slightly higher
strength. This can be attributed to the fact that there is no early failure due to
a stress concentration at the transition from the pyramidal load introduction to
the lattice structure. Also for simulations of unit cells with PBCs similar trends
can be observed as for the lattice structure simulations: (i) higher strength and
failure strain for compressive compared to tensile tests because of transverse ex-
pansion and (ii) increasing failure strain for decreasing volume fraction since the
load distribution at the smallest cross-section of the struts is more even. The only
significant difference is that for the compressive unit cell with a volume fraction
of 6 % a shear damage instead of buckling occurred leading to a massive increase
in failure strain.
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Figure 2.46: Comparison of FEM simulations of metal lattice structure models
and unit cells with PBCs depending on volume fraction and load
case.
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The contour plots of the true local strain in loading direction for FEM analysis
of metal unit cells with PBCs are illustrated in Fig. 2.47 exemplarily for a volume
fraction of 13 %. Images just before and after damage occurs are provided to show
the failure modes. In tension damage evolves after necking whereas in compression
shear damage occurs.

(a) Tension.

(b) Compression.

Figure 2.47: Contour plots of the true local strain in loading direction for an
FEM analysis of metal unit cells with PBCs and a volume fraction
of Vf = 13 %. In tension damage evolves after necking, in compres-
sion shear damage occurs.
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Working hypothesis 3

The progressive damage behavior of lattice structures can be captured in
computationally efficient finite element simulations.

This working hypothesis can be confirmed. Full lattice structure FEM
simulations are able to capture the whole range of a mechanical loading.
Reversible elastic deformation, plastic yielding and different failure mech-
anisms depending on the load case and the volume fraction are in good
agreement with experiments. Unit cell simulations with PBCs allow huge
savings in computational cost while still delivering reliable results. In
addition, they can contribute to a better understanding of further effects
such as the load introduction. Deviations for compressive metal lattice
structures stem from pores that occur due to manufacturing instabilities.
These could either be eliminated by a more elaborate post-processing with
HIP and CT quality control or captured with an asymmetric plasticity
model.

2.4 Conclusion on Additively Manufactured Lattice Structures

In this chapter, a mechanical characterization of additively manufactured lattice
structures is performed. SLM fabricated Ti-6Al-4V and SLA fabricated methacry-
late photopolymer are considered. Different building directions, load cases and
volume fractions are analyzed for Ti-6Al-4V. The probabilistic effects of the
variation of geometry deviations and material properties are investigated for a
methacrylate photopolymer. The geometrical accuracy of the lattice struts is ex-
tracted from micrographs. 3D DIC measurements are used to get further insights
about local strain concentrations and for the determination of material properties
obtained from true strains and stresses for the material model calibrations. The
correlation length of probabilistic effects is determined with variography. In order
to identify the probability distribution of local material properties like strength
and fracture strain, a new model is developed. FEM simulations of lattice struc-
ture models are conducted allowing a better time and local resolution of the
progressive damage. Additionally, FEM simulations of unit cells with PBCs are
carried out as a computationally more efficient alternative to full lattice structure
simulations and for an evaluation of the influence of the load introduction on the
determined homogenized mechanical properties.

The experiments on SLM manufactured metal lattice structures have shown
a significant difference in tensile and compressive strength. Hence, it is essen-
tial to analyze both load cases for stretch-dominated lattice structures applied in
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lightweight structural applications. Performing only compressive experiments as
frequently in the literature leads to a considerable overestimation of the strength
and to uncertainties in the design process. Pores, which are often inherent in the
SLM process when no HIP is performed as a post-processing step, are more severe
in tension because of a higher local stress concentration leading to earlier fail-
ure. This also holds for polymer lattice structures where the tension-compression
asymmetry is naturally inherent even without defects.

Even more valuable are insights gained from FEM simulations with material
models including progressive damage. Models of lattice structures allow a higher
temporal and local resolution than DIC measurements as also hidden struts in
the inside of the structure can be analyzed. Hence, they help in understanding
the failure process. Build-in material models of commercial FEM codes such as
Abaqus are successfully used to predict failure modes of lattice structures such as
necking in tension or shear and buckling in compression. Moreover, the probabil-
ity distribution of the mechanical properties of lattice structures can be estimated
with FEM simulations incorporating stochastic variations of geometry deviations
and material properties. Good agreement is found over the whole stress-strain
response and the failure progression for the SLA manufactured polymer lattice
structures.

With regard to the probability distribution of material properties, global ones
like the elastic modulus and properties like strength and fracture strain, which
are governed by local effects such as necking, need to be distinguished. While the
probability distribution of the elastic modulus can be identified from the central
moments of the experimental results of the bulk material characterization spec-
imens, this is not possible for the local properties. Here, the experiments only
show the weakest part of the specimens. Distributing these properties over the
whole specimen leads to an underestimation in the FEM models. Hence, a new
approach, the local PDF model, is developed. It proves to be able to determine the
probability distribution of local properties for the SLA printed methacrylate pho-
topolymer well and outperforms the standard approach with the central moments.
Slight deviations found during the validation of the model can be explained by
the relatively small number of experiments to characterize the material properties.
The local PDF model accounts for this by a large standard deviation and a higher
mean. This can result in a slight overestimation of the mechanical properties in
specimen models with a small volume, while the opposite effect, a slight under-
estimation, occurs for specimen models with a larger volume. Hence, in future
studies a higher number of experiments would be preferable. However, this also
shows a feature of the model: the size effect is implicitly integrated. Small devia-
tions can further stem from the SLA manufacturing process. The age of the resin
and the resin tank, time between printing and post-curing, time between post-
curing and testing as well as moisture absorption and the position of the specimen
in the printer might further influence the resulting mechanical properties.
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For the characteristic true mechanical properties of the SLA printed methacry-
late photopolymer tensile tests (elastic modulus, plateau stress, strength and frac-
ture strain) a hypothetical normal distribution cannot be rejected. Thus, they
are assumed to follow a normal distribution. An obvious correlation is found for
strength and failure strain. Hence, the probabilistic material models are varied
in three properties: elastic modulus, plateau stress and fracture strain. A further
finding of the polymer material characterization is the strong tension-compression
asymmetry of the methacrylate photopolymer. This is captured well by a hyper-
bolic Drucker-Prager material model in the FEM simulations. In future works,
also compressive tests on other 3D printed bulk materials (for instance also the
Ti-6Al-4V utilized in this study) should be considered. In combination with the
commonly performed tensile tests they enable the calibration of a material model
capturing the tension-compression asymmetry resulting from pores that are cur-
rently present in many AM processes. This would allow for a better representation
of all load cases necessary for structural design.

In addition, FEM simulations of unit cells with PBCs are established as a
computationally inexpensive alternative to determine the homogenized mechani-
cal properties of SLM printed metal lattice structures including failure processes.
FEM simulations of unit cells with PBCs in comparison to the lattice structure
simulations also show that a non-optimal load introduction leads to earlier fail-
ure. A pyramidal load introduction, as for the tensile metal lattice structures,
therefore results in an underestimation of the homogenized mechanical proper-
ties. Contrary, the gradient in unit cell volume fraction of the polymer lattice
structures results in a stochastic failure pattern, indicating that it prevents an
early failure due to a stiffness jump. This highlights the importance of the load
introduction for lattice structures not only for coupon tests in research facilities
but also in the application for larger structural parts.

Further information about local strain concentrations are also gained for the
first time from 3D DIC measurements with a resolution of individual struts. They
help in identifying critical areas of lattice structures and can be used to improve
future designs. DIC measurements also enable the resolution of local phenomena
like necking and therefore permit to determine material properties based on true
strains and stresses in tensile tests.

Moreover, variography is found to be a valuable tool to determine the corre-
lation length of varying properties. The correlation length allows to determine
random fields of the properties for the models. Especially in combination with
DIC measurements, the strain fields can be easily evaluated.

With regard to the analysis of the geometry deviations, the vertical struts are
slightly smaller than the desired diameter for both, SLM manufactured Ti-6Al-4V
and SLA manufactured methacrylate photopolymer. The horizontal struts of the
polymer lattice have a smooth surface and are significantly larger. This is a
result of the inverted SLA printing process leading to at least partial curing
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of additional material at free standing overhangs. The horizontal struts of the
metal lattice show surface defects such as powder adhesion and notches from
the SLM manufacturing process as they are built directly on the powder bed.
They result from adhesion of surrounding powder due to insufficient heat transfer
or incorrect fusion because of sinking of the higher density melt. Therefore,
the minimum and maximum horizontal diameters of the metal lattice structure
struts need to be distinguished. While the minimum horizontal strut diameters
approximately match the desired CAD diameters, the maximum horizontal strut
diameters are again significantly larger. These imperfections have an influence
on the homogenized mechanical properties. For global properties like stiffness,
powder adhesion is beneficial, for local properties like fracture strain it leads to
earlier failure due to stress concentrations at the rougher surface. Also depending
on the volume fraction, the influence differs for the metal lattice structures. For
small volume fractions, the influence of a rougher surface is relatively larger than
for higher volume fractions leading to less strength. Moreover, deformation modes
change depending on the volume fraction of the metal lattice structures. For
instance, microscopic buckling of individual struts under compression occurs at
very low volume fractions, while sudden shear failure is observed for higher volume
fractions. These aspects need to be considered when designing parts with lattice
structures.

In addition, a quality control by DSC measurements shows the necessity of tem-
perature and UV radiation in the post-curing process of the SLA manufactured
methacrylate photopolymer. Although the measurements indicate that material
characterization and lattice structure specimens are both fully cured, a slightly
different polymer network can still be present due to the difference in the progres-
sion of the radical reaction mechanism. This can explain the remaining differences
in the elastic modulus for the lattice structures between experiments and FEM
simulations.

Finally, the evaluation of the homogenized lattice strength and buckling of
individual struts with analytical formulas are helpful as a quick estimate in the
design process. However, a different microstructure or polymer network of the
smaller struts compared to the bulk specimens and the amount of defects can
lead to slightly varying properties.

This chapter highlights the necessity to investigate different load cases and in-
corporate probabilistic effects into the design procedure in order to manufacture
reliable lattice structures. This applies especially to lightweight design, where
high safety factors are not tolerable. It is crucial for manufacturing processes like
3D printing, which are more prone to exhibit imperfections. FEM simulations are
advantageous as they allow to distinguish the influence of the variation of individ-
ual effects and can help to get deeper insights into the damage progression. The
presented approach can be applied to other unit cell types, AM processes and/or
materials. Therefore, guidelines for a design engineer to evaluate the potential of
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lattice structures for lightweight purposes from a robust design perspective with
the proposed modeling approach are summarized in the following:

• Determine the probability distributions and correlation lengths of the rele-
vant input parameters with simple experiments: material properties (espe-
cially accounting for a tension-compression asymmetry), geometry, loads

• Generate an FEM model incorporating the varying parameters by random
fields

• Validate the model with regard to the simple experiments on the input
parameters

• Determine the probability distribution of the performance of the structural
components subject to all varying input parameters

• Perform a (weak) validation of the performance of the structural compo-
nents by a small number of experiments (especially accounting for different
load cases)

• Analyze the influence of individual input parameters on the performance of
the structure with the model

• Evaluate whether improvements regarding the robustness of the most influ-
ential input parameters are possible to enhance the reliability of the perfor-
mance of the structure

• Compare the probability to be below a certain performance level and the
weight savings for lattice structures to conventionally manufactured light-
weight components

This procedure could be applied in a multi-scale homogenization framework to
determine the effective properties of lattice structures on a micro-scale, which are
required for accurate computationally more efficient simulations with nonlinear
material models on larger scales.

Some further remarks need to be made here. It can be seen that the proposed
design approach with additively manufactured lattice structures is quite tedious.
Especially the imperfections due to the current immaturity of AM processes make
a reliable design more complicated. Hence, there is some catch-up potential for
3D printer manufacturer and material developer. In addition, it has been recently
shown that an optimization with regard to stiffness with isotropic unit cell lattice
structures is not beneficial in single point loading scenarios. In more complex
loading scenarios such as distributed forces and with anisotropic unit cells (such
as the cubic unit cell with different diameters of the individual struts) improve-
ments can be achieved with lattice structures over conventional stiffness based
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topology optimization with bulk material. However, manufacturing restrictions
such as compatibility of unit cells as well as minimum and maximum dimensions
of struts can limit the gains [52]. The use of lattice structures with regard to stiff-
ness optimization can be more beneficial when the unit cells can be individually
oriented by rotations instead of an alignment of the whole lattice along specific
global axes [150]. Yet, this further complicates the design. Therefore other ap-
plications than optimization with regard to stiffness might be more suited for the
use of lattice structures fabricated by AM. For instance, additively manufactured
cellular structures can have advantages in other structural mechanics applications
such as an optimization with regard to an improved buckling load [151]. Closing,
there are several other applications where the benefits of cellular structures in
combination with the design freedom of AM can be exploited as pointed out in
Section 1.2. Since many of them are relevant for process engineering, this is dis-
cussed in the following chapter. After confirming working hypotheses 2 to 4, the
superordinate working hypothesis 1 on lightweight design with lattice structures
can be assessed.

Working hypothesis 1

Additively manufactured lattice structures show potential in lightweight
design applications.

This working hypothesis can only be confirmed to some extend. A de-
sign process is developed for lattice structures in lightweight applications
comprising of an experimental characterization of imperfections and me-
chanical properties under different load cases as well as a numerical char-
acterization of the failure behavior under probabilistic influences. How-
ever, the procedure is cumbersome and there are other applications where
the benefits of lattice structures can be exploited more. Many of them
also benefit from the mechanical properties that lattice structures pro-
vide. The proposed design process helps to use the mechanical features
of lattice structures to full capacity in all applications.
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Having seen that the benefits of additively manufactured lattice structures in
lightweight design are limited compared to the efforts for a reliable design, there
is a need to look for further fields where the previously developed methods can
be applied. Process engineering is very promising as many of the applications of
lattice structures are relevant here. Process engineering focuses on the conversion
of substances. The processes are carried out in chemical, physical or biochemical
reactors. The aim is usually to gain a high yield and selectivity with a minimal
cost of energy and raw materials. For some of those processes, for instance the
production of bulk chemicals with more than 10 000 t/a, the consumption of re-
sources (substances and energy) is so high that even improvements of less than
1 % can reduce the cost by several millions [152]. Thus, even slight optimizations
have a large potential and are economically and ecologically beneficial.

The main adjustment parameters of chemical reactions are concentrations, tem-
perature and pressure [153]. A homogeneous distribution of the substance concen-
trations and the temperature is often desirable to have a well defined process and
a high reactive surface area between the substances. This applies especially to
multi-phase systems and also to non-reactive separation processes such as extrac-
tion and absorption. However, in continuously operating plug flow reactors, even
with a turbulent flow, very high reactor lengths are required for good mixing of
multiple phases. A better homogenization of the substances can be achieved with
static mixers or structured packings [152]. They separate, deflect and recombine
partial flows to realize a good distributive mixing. Yet, the energy that is required
for mixing leads to a pressure drop. The aim is to maximize the distribution of
the substances while the pressure drop is minimized.

In this regard, lattice structures produced by additive manufacturing (AM),
referred to as periodic open cellular structures (POCSs), are very promising for
process intensification. The unit cell topology can be adjusted according to the
desired flow properties almost without any manufacturing restrictions. It was
shown that POCSs outperform state-of-the-art packings in terms of a homoge-
neous distribution of the substances [154, 155]. Moreover, several studies ana-
lyzed the pressure drop for different unit cell types, cell sizes, volume fractions
and orientations in single- and multi-phase flow [44, 156–158].

Another challenge is heat transfer especially for highly exothermic or endother-
mic reactions in fixed-bed reactors. The often low thermal conductivity of the
packed bed can lead to temperature differences that influence the chemical reac-
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tion or even to hot-spots, which can result in undesirable byproducts and safety
risks. Also here, POCSs can be beneficial to increase heat transfer, particularly
when they are manufactured out of metals with high thermal conductivity [159].
The heat transfer was investigated in several studies depending on different unit
cell types, cell sizes, volume fractions and orientations showing a higher heat
transfer than in commercially available solutions [39, 157, 159]. In addition, it
was found that a coupling of the POCS to the reactor wall is advantageous for
heat transfer [39, 159]. With AM the wall coupling can be easily realized by
integrated functionality in a monolithic printing approach. When a wall coupling
is performed, then the POCS can also be utilized as a mechanical support for the
reactor wall to withstand the pressure in the reactor, thus allowing to reduce the
wall thickness.

While the large and rough surface of lattice structures produced by AM is
a hindrance in structural mechanical applications as it is a potential starting
point for cracks especially in fatigue, it is a huge upside in POCSs for process
engineering applications where it can be used as a catalyst support. Studies
successfully deployed this concept in chemical reactors for the hydrogenation of
ethene [160] and the oxidation of carbon monoxide [161] as well as in bioreactors
for the decarboxylation of ferulic acid with immobilized enzymes [162]. An even
higher surface area can be achieved when carbon nanoparticles are utilized as a
catalyst support. As shown by Sherbi et al. [163], a RuCu catalyst supported
on multi-walled carbon nanotubes (MWCNTs) is promising in the hydrogenation
of glycerol to 1,2-propanediol. To additionally employ the benefits of POCSs in
mixing of the substances in a reactor as well as its own high surface area, carbon
nanotubes (CNTs) can be grown on the surface of additively manufactured metal
lattice structures by a chemical vapor deposition (CVD) process, which is subject
of current research [164]. A Ti-6Al-4V lattice structure with CNTs on its surface
is presented in Fig. 3.1.

Figure 3.1: Additively manufactured Ti-6Al-4V lattice structure with CNTs as
a catalyst support on its surface. Images courtesy of Hristiana
Velichkova, Institute of Polymers and Composites, Hamburg Uni-
versity of Technology.
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One more task of process engineering is the control of the reactors [152]. On the
one hand, the reaction conditions need continuous adjustments for the reactor to
operate in an optimal state and thus yield a high conversion and selectivity. On
the other hand, safety shutdowns need to be implemented for a secure operation of
reactors. In a recent study, two interwoven POCSs with a defined offset were used
to adjust the flow of the reactive substances by shifting of the POCSs yielding a
changed offset [46]. This shows the application of lattice structures as actuators
in control. The interpenetrating nature of the POCSs is only possible by AM.

With contributions of this study, further concepts for the control of reactors
were developed where the advantages of AM can be exploited. First, a “smart”
reactor was developed. The reactor allows self-contained process control by a
valve. The valve is made of a stimuli-responsive hydrogel with a lower criti-
cal solution temperature (LCST) type behavior. The hydrogel is a copolymer
of N -isopropylacrylamide (NIPAM) and methyl methacrylate (MMA), which is
temperature-responsive. It has a hydrophobic backbone and polar functional
groups. At low temperatures the polar groups can form hydrogen bonds resulting
in a preferential interaction with water. The large amount of water uptake by
the hydrogel leads to an ordered coil structure of the polymer chains, which is
very volume filling. Thereby, the flow is blocked meaning that the valve is closed.
Above a certain higher temperature (for NIPAM around 32 ◦C), the hydrogen
bonds break up and the hydrophobic backbone leads to a dominantly repulsive
interaction with water. Thus, the polymer coil changes conformation to a globuli
shaped state to reduce surface with water [165]. The water is expelled resulting
in shrinking of the hydrogel and hence an opening of the valve. This transition
is reversible. Compressive mechanical tests of the hydrogels show the need for
MMA to increase its robustness due to a more rigid network. The hydrogel can
be integrated into complex reactor geometries by synthesis within the reactor in
a template mold. The water-soluble template can be removed once the polymer-
ization of the hydrogel is finished. This requires multi-material three-dimensional
(3D) printing making fused filament fabrication (FFF) the method of choice. To
trigger the hydrogel valve, the reactor inlet is realized by helical windings around
the valve allowing heat transfer of an exothermic reaction. The production of such
complex reactor geometries is facilitated by AM. The functionality of the hydro-
gel valve is demonstrated in an exothermic emulsion copolymerization. When
the initiator feed is stopped, the polymerization is disrupted. This leads to a
temperature drop, so that the product outlet is closed and the unreacted sub-
stances are guided to the waste outlet. The concept of the “smart” reactor for
outlet control by a stimuli-responsive hydrogel valve is depicted in Fig. 3.2. Hu
et al. [166] extended this approach to stimuli-responsive hydrogel POCSs using
digital light processing for the fabrication of such complex geometries. Here, the
mass transfer in a multi-phase flow is controlled by the expanded or collapsed
state of the hydrogel POCSs. They also show that a change in pH can be used as
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a trigger for the phase transition apart from temperature. In addition, AM can
help to realize “smart” reactors in terms of flexibility. Reactors can be designed
in a modular approach where individual sections can be replaced either by differ-
ent ones according to the desired reaction or by improved ones that optimize the
reaction. These sections can be produced by rapid manufacturing [167].

Figure 3.2: Concept of a “smart” reactor for self-contained outlet control by a
stimuli-responsive hydrogel valve. Image from Hu et al. [31].

Having seen that actuation in reactors to adjust the process can be realized by
additively manufactured interpenetrating POCSs or integrated hydrogel valves,
another aspect of control is the measurement of the process state by sensors to
monitor the reaction. Therefore, a second concept of a reactor with integrated
sensing is developed. When POCSs are utilized in reactors for improved heat
and mass transfer or as a catalyst support, they yield a promising opportunity to
integrate sensors as they cover a large volume of the reactor. This allows a simul-
taneous local and temporal resolution of measurements. AM enables integrated
sensing by the selective placement of functional materials such as CNT modified
polymer nanocomposites within the lattice structure. Again, multi-material 3D
printing is required making FFF the method of choice. CNT modified polymer
nanocomposites can be employed in various applications such as strain [168–170],
temperature [171–173] and gas sensing [174–176]. Strain sensing relies on the
piezoresistive effect. The change in nanoparticle distance due to elongation of the
composite leads to a resistance change. Temperature sensing is based on several
effects that can also counteract each other. On the one hand, the thermal ex-
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pansion of the polymer results in a change in nanoparticle distance similar to the
case of strain sensing. On the other hand, the temperature also influences the in-
trinsic conductivity of the constituents and the tunnel effect. The thermoresistive
and piezoresistive behavior of CNT modified polymer nanocomposites is further
discussed in Chapter 4. Gas sensing relies on the oxidative/reductive property of
the gases. The electron-withdrawing or -donating nature causes a change in the
amount of defect electrons in the system, which influences the electrical conduc-
tivity of the nanocomposite [177]. Hence, CNT modified polymer nanocomposites
are able to monitor all three main parameters of chemical reactions: pressure (in
terms of strain), temperature and concentrations (in terms of gas). Furthermore,
a locally resolving sensor system enables a tremendous opportunity to get more
insights in the reaction process and can unveil potential optimizations without
disturbing the flow. The concept of the reactor containing a POCS with inte-
grated sensing is illustrated in Fig. 3.3.

Figure 3.3: Concept of a locally resolving sensor system by functional integra-
tion in a POCS realized by multi-material printing with a selec-
tively placed functional material such as a CNT modified polymer
nanocomposite.

Both newly developed reactor concepts depend on FFF multi-material print-
ing. However, the use of FFF printed structures is currently limited due to the
anisotropy issue at a low level. High pressures in reactors require structural in-
tegrity. In addition, watertightness can be an issue for FFF printed parts, which
is not acceptable in reactors that contain fluids. This highlights the necessity to
develop new materials for FFF that solve the anisotropy issue and can be func-
tionalized for integrated sensing applications. It leads to the second application
of AM beyond rapid prototyping in this study.
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This chapter is attributed to the second application of additive manufacturing
(AM) beyond rapid prototyping: functional integration with an electrically con-
ductive material. Functional integration by a combination of materials requires
the possibility of multi-material three-dimensional (3D) printing. Hence, the fo-
cus is on a material development for fused filament fabrication (FFF) as it is the
only one of the popular AM techniques that allows a facile implementation of
multi-material printing. The state of the art regarding FFF printing in general
and of functional materials in particular is presented in Section 4.1. In Sec-
tion 4.2 the utilized materials and methods are described. First, insights into
epoxies and carbon nanotubes (CNTs) are given, which are the matrix and filler
of the functional nanocomposite for FFF 3D printing. The utilized commercial
materials are presented, electrical functionalization is explained and peculiarities
of the filament production and sample preparation are elucidated. The measure-
ments for thermal, rheological, geometrical, mechanical, fractographic and elec-
trical characterization are described. The results are presented and discussed in
Section 4.3 starting with the thermal properties and the post-curing cycle devel-
opment. Then, dimensional stability, mechanical properties and fracture surfaces
are discussed. Afterwards, electrical properties as well as temperature and strain
sensing applications are illustrated. Finally, conclusions on functional material
printing are drawn in Section 4.4.

4.1 State of the Art

FFF, also known as fused deposition modeling (FDM), is the most widely used
AM process [6] and offers several advantages compared to other established tech-
niques utilizing polymers. First, the FFF process offers a very simple way to
implement multi-material 3D printing by using several printheads. This makes it
the inevitable choice for applications where functional integration is implemented
by a combination of materials. Furthermore, the filament is available in solid
form, which facilitates handling. Contrary, the liquid ultraviolet (UV) radiation
sensitive and often harmful resin (due to cytotoxicity of photoinitiators [178]) in
stereolithography (SLA) and the fine powder in selective laser sintering (SLS)
require elaborate safety precautions and storage conditions. In addition, a wide
range of thermoplastic materials can be used in FFF, while the process limits the
material choice to mostly acrylates in SLA and polyamide (PA) in SLS [178, 179].
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Compared to SLA, materials can be functionalized by additives such as particles
without the restriction of transparency for UV curing. Finally, the acquisition
costs for FFF printers are low. Despite these advantages, the FFF process is
mainly used for prototyping, simple jigs and fixtures as well as hobby applica-
tions. The current deficiency of FFF printing stems from the solidification of
the material directly after deposition. This limits diffusion and entanglement
of the polymer chains between the layers and between the infill lines within a
layer and results in weak interfacial bonding [180]. The anisotropy in mechanical
properties at a low level has been shown in several studies considering different
materials, load cases, printing parameters and environmental conditions. Dizon
et al. summarized the major aspects in a review article [179].

In order to circumvent or at least reduce the mechanical anisotropy issue, dif-
ferent approaches are attempted in the literature. First, an optimization of the
printing parameters can be performed. For this purpose, the printing speed, noz-
zle and build platform temperature as well as layer width and height were varied
in such a way that the strongest layer bonding is achieved [181]. In addition, the
component needs to be oriented in the build space so that the main load path
is not perpendicular to the layer interfaces [182]. However, this optimization has
to be performed individually for each different component and it restricts the
design freedom, which is one of the most persuading features of AM. In other
approaches, the material and the fabrication process are modified. CNTs were
included in the filament and subsequently excited by microwave irradiation [183].
Thus, heat is introduced into the printed component, which facilitates the dif-
fusion of the polymer chains and improves the adhesion of the layers. Hart et
al. [184, 185] applied a thermal annealing to amorphous thermoplastics above the
glass transition temperature and semi-crystalline thermoplastics above the melt-
ing temperature in a specimen specific mold to increase the interlayer fracture
toughness. Schaffer et al. [186] used gamma radiation to achieve cross-linking
across the layers of a copolymer blend. Radiation creates radicals enabling cross-
linking. Pretreatment of the individual layers, using plasma, can also improve
interlayer bonding [187]. Another method to enhance bonding between the layers
is to locally introduce thermal energy by a laser to the previous layer just before
depositing the filament [188, 189]. This also allows diffusion across the layers due
to the heating. All these possibilities have in common that they require expensive
additional devices to improve the bonding. These are either mounted on the FFF
printers or are utilized in subsequent processing steps. Despite this effort, in some
cases no isotropy is achieved. The approach of Levenhagen and Dadmun [190]
only modifies the material. Their idea is to use a bimodal molecular weight blend.
The lower molecular weight chains have higher mobility and tend to migrate to an
interface and thus enable diffusion and entanglement across layers. They found
an increased interlayer adhesion, however, no isotropy could be reached.
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An alternative in 3D printing of polymers to achieve isotropy is the utilization
of thermosets where cross-linking can span the layer interfaces and lead to im-
proved bonding. The direct write (DW) technique uses inks consisting of liquid
resins such as polyurethane [191], epoxy [192–194] or cyanate ester [195] with
additives that introduce a shear-thinning behavior such as fumed silica nanopar-
ticles [191, 195] or nanoclay [193, 194]. Similar to FFF the material is extruded in
this case either by syringes or dispensing robots. The shear-thinning behavior al-
lows the material to pass through a fine nozzle and maintain its shape after being
deposited on the build platform when the shear forces vanish [196]. Post-curing
at elevated temperatures or with UV illumination leads to cross-linking and thus
isotropic properties. Yet, the market penetration of DW printers is significantly
less compared to FFF printers and especially in the case when dispensing robots
are used, they are more costly. Similar to DW the Diels-Alder reversible ther-
moset (DART) 3D printing technology builds on cross-linking to produce isotropic
parts [197]. The furan-maleimide Diels-Alder (fmDA) reaction enables reversible
cross-linked materials that show thermoset behavior below a certain temperature
and are meltable like thermoplastics at elevated temperatures. Although almost
isotropic material properties are reached, the process shows some limitations. As
with DW, the material is printed with a syringe and thus, it is not available in the
form of a filament. In addition, the resolution is half as good as with conventional
FFF and the thermal stability is restricted to a temperature of 80 ◦C.

In this study, for the first time a thermosetting polymer is developed that is
provided in the form of a filament and can be printed on a low-cost FFF printer.
The cross-linking in a post-curing process solves the mechanical anisotropy issue
of FFF that currently restricts the technology. The material formulation is based
on a high-molecular weight solid epoxy resin. Liquid epoxy resins with additives
can be easily added to the formulation allowing to exploit another advantage of
the FFF process: the implementation of multi-material 3D printing is straightfor-
ward via several print heads. Hence, local functional properties can be introduced
into a component [198]. In recent years, there has been considerable progress in
3D printing of polymer composites as pointed out by Wang et al. [178]. Espe-
cially, 3D printing of polymers with CNTs to incorporate electrical conductivity is
a promising field [199]. While mostly multi-walled carbon nanotubes (MWCNTs)
are used as an additive in FFF, single-walled carbon nanotubes (SWCNTs) are
rarely found as a filament modifier in the literature [200, 201] despite their su-
perior electrical properties [202, 203]. A reason for this could be that a good
dispersion is achieved for MWCNTs more easily [204]. As the nanoparticles can
be incorporated in a liquid part of the new material formulation, dispersion can
be carried out by three roll milling [205]. This is superior to the techniques
for modification of conventional thermoplastic FFF filaments where some degree
of inhomogeneity is remaining [206]. Thus, the new material formulation is ex-
emplarily functionalized with SWCNTs. However, different modifications would
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also be possible such as flame retardant additives, which enables the new material
formulation to be utilized in various applications.

The modification with electrically conductive nanoparticles also allows to em-
ploy the new material formulation in sensing applications with FFF printed de-
vices. Piezoresistive sensors that are printed in the FFF process with a thermo-
plastic polyurethane filament modified with MWCNTs already show potential,
yet with relatively high filler contents of 1 wt% to 5 wt% [207, 208]. Convention-
ally manufactured piezoresistive sensors can be found with significantly lower filler
contents of below 0.1 wt% [170]. Reducing the filler content with remaining elec-
trical properties is economically favorable as well as desirable for processability. In
addition, CNT nanocomposites can be used for temperature measurements [173].
However, this has not been shown with the FFF printing process despite the
possibilities offered by multi-material 3D printing with regard to structural in-
tegration of sensors. Therefore, in this research a proof of concept study of the
newly developed functionalized material with low SWCNT filler content in strain
and temperature sensing applications is performed.

4.2 Materials and Methods

In this section, the materials are introduced and the functionalization process
by modification with electrically conductive SWCNTs is described. Afterwards,
the filament production and its analysis with differential scanning calorimetry
(DSC) and oscillatory rheology is presented. Then, the sample preparation is ex-
plained. Finally, the characterization of the specimens is elucidated to determine
the dimensional stability during curing, the mechanical properties and failure
mechanisms as well as electrical and sensing properties.

4.2.1 Epoxy Resins
Epoxies are thermosetting polymers with versatile properties that can be tailored
by the formulation. They are used in a variety of fields ranging from automo-
tive, aerospace, marine, civil engineering, electrical and industrial to leisure [209].
Main applications are adhesives, coatings, matrix for fiber reinforced polymers
(FRPs) in structural design, flooring and insulation [210]. The most common
commercial epoxy resin is diglycidyl ether of bisphenol A (DGEBA), which is
produced by a reaction of bisphenol A with epichlorohydrin [209]. The molecular
structure of DGEBA is presented in Fig. 4.1. It is also the main constituent of the
solid epoxy formulation developed in this study. The outstanding properties of
DGEBA can be explained by its molecular structure. Epoxy shows a low shrink-
age during curing as the ring-opening reaction preserves the number and types
of chemical bonds [2] and no small molecules are liberated during curing. A high
reactivity is achieved by the terminal epoxy groups and the hydroxyl groups in

100



4.2 Materials and Methods

the middle of the molecule. Furthermore, good adhesion and compatibility with
many materials is realized with the hydroxyl groups. Moreover, aromatic rings in
the backbone lead to high heat and chemical resistance as well as durability. In
addition, aliphatic chains and ether linkages result in flexibility. Finally, epoxies
show corrosion resistance, electrical insulation and no volatiles are given off dur-
ing curing [209]. The properties can be adjusted with additives and curing agents
that change the viscosity during processing and the resulting polymer network.
Also the molecular structure of DGEBA influences the physical properties. The
number of repetitions n determines its molecular weight, which impacts the vis-
cosity and the softening point of the resin. With n between zero and one, the
resin is a liquid, while it moves to a semisolid and then a brittle solid at higher n,
which can be up to 20. With higher n, the number of epoxy groups per unit mass
decreases, leading to a reduced reactivity and cross-linking density resulting in
lower heat resistance. Contrary, the number of hydroxyl groups increases, leading
to better adhesion. Also the toughness and flexibility increase due to the lower
cross-linking density [209]. Even with similar average cross-linking density, mix-
tures of DGEBA with different bimodal molecular weight distributions influence
the environmental resistance and the mechanical properties [211].

Figure 4.1: Molecular structure of DGEBA as the main constituent of the solid
epoxy formulation.

In order to obtain a polymer network, DGEBA needs to be combined with a
curing agent having more than two reactive functional groups. One of the most
important types are nitrogen-containing curing agents such as amines that react
via polyaddition. They range from aliphatic amines, which are highly reactive
and usually liquid due to their low molecular weight, over cycloaliphatic amines
to aromatic amines that are mostly solids and react slower with epoxy groups
at elevated temperatures. This allows longer pot lives and the aromatic rings
feature good chemical resistance [210]. The reaction of a primary amine with
the epoxy group is illustrated in detail in Fig. 4.2. First, a nucleophilic attack of
the free electron pair of the amino group takes place to the methylene carbon of
the epoxy group. The methylene carbon has a reduced electron density due to
the attached oxygen atom and is less sterically hindered than the methanetriyl
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carbon. This leads to a positive charge of the nitrogen. The ring opening yields
a negative charge of the oxygen. Second, a proton of the nitrogen is transferred
to the oxygen resulting in a secondary alcohol and a secondary amine. The high
reactivity of the epoxy group compared to normal ethers stems from the ring
strain [210].

Figure 4.2: Nucleophilic attack of the free electron pair of a primary amine on
the methylene carbon of the epoxy ring and subsequent formation
of a secondary alcohol and secondary amine.

In general, four reaction mechanisms take place during the cure of amines with
epoxies [212, 213]. The additions of primary and secondary amine are shown
in Fig. 4.3a and Fig. 4.3b. Due to steric effects, the addition of primary amine
to epoxy is usually faster than the addition of secondary amine [212]. Hydroxyl
groups catalyze the addition reaction of amines to epoxies [212, 214, 215]. On the
one hand, these are present in higher molecular weight DGEBA with n greater
0. On the other hand, additional hydroxyl groups arise from the ring opening
reactions of amines with epoxies, which leads to an auto-acceleration effect with
increasing degree of curing. As presented in Fig. 4.3c also the hydroxyl groups
themselves can react with the epoxy rings by an addition to form ethers. The
etherification is significantly slower than the amine additions and usually occurs
at higher temperatures or with increasing progress of the curing [212, 213]. It can
be further catalyzed by tertiary amines [212]. A fourth reaction mechanism is
the homopolymerization displayed in Fig. 4.3d. The presence of tertiary amines
leads to a polyetherification. In this case, the tertiary amine causes a ring opening
yielding a negatively charged oxygen. This can itself react with an epoxy ring
forming a new negatively charged oxygen [210, 216]. Although the reaction of
secondary amines with epoxies results in tertiary amines, these are no effective
catalysts for etherification and homopolymerization due to steric hindering.

To reach good mechanical properties during curing, the mixing ratio of resin
and curing agent has to be balanced. In general, stoichiometric mixing ratios
are desirable leaving no unreacted molecules that could influence the surrounding
polymer network. The decisive parameter is the number of functional groups of
the molecules. Epoxies are characterized by the epoxy equivalent weight (EEW)
given by the molecular weight of the epoxy divided by the number of epoxy groups
per molecule. Amine curing agents are characterized by the amine hydrogen
equivalent weight (AHEW) given by the molecular weight of the amine divided
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(a) Reaction with primary amine.

(b) Reaction with secondary amine.

(c) Etherification.

(d) Homopolymerization.

Figure 4.3: Reaction mechanisms during curing of epoxies with amines.
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by the number of active hydrogens per molecule [209]. The stoichiometric mixing
ratio can be calculated by

AHEW
EEW = mca

mr
, (4.1)

where mca is the overall mass of the curing agent and mr is the overall mass of the
epoxy resin. When the formulation includes several different epoxy molecules and
curing agents, the characteristic functionality of the mix needs to be calculated.
In that case, the EEW is given by

EEW = mr∑︁
i

mr,i

EEWi

= 1∑︁
i

wr,i

EEWi

, (4.2)

with mr,i being the mass of the i-th epoxy resin component, EEWi being the
EEW of the i-th epoxy resin component and wr,i being the mass fraction of the
i-th epoxy resin component. Analogously, the AHEW can be determined by

AHEW = mca∑︁
i

mca,i

AHEWi

= 1∑︁
i

wca,i

AHEWi

, (4.3)

where mca,i is the mass of the i-th curing agent, AHEWi is the AHEW of the
i-th curing agent and wca,i being the mass fraction of the i-th curing agent.
Despite stoichiometric ratios being a good starting point, some fine-tuning might
be necessary depending on the application as the cross-linking density influences
the toughness and heat resistance [209]. Moreover, the functionality might be
changed when etherification and homopolymerization occur [212].

The curing process of epoxies with amines has several characteristic stages [210].
In the beginning, small epoxy and amine molecules react with each other forming
oligomers. As for many reaction systems, the reaction rate of primary amines is
faster than for secondary amines, the molecules grow linearly first [217]. Then,
branching starts and the molecular size increases further. When a branched
molecule extends throughout the whole structure, the gel point is reached. Here,
the mixture contains a gel fraction in addition to a sol fraction for the first time.
Prior to the gel point, the mixture is soluble in a solvent whereas afterwards
it takes up the solvent and swells. The gel point is usually associated with a
rapid increase in viscosity. Afterwards, a highly cross-linked 3D polymer network
develops as the sol fraction decreases. In addition to the time, also the tem-
perature plays a major role during curing as the glass transition temperature of
the resin increases. When it reaches the curing temperature, vitrification occurs
that significantly limits the mobility of molecules. As long as the glass transition
temperature is well below the curing temperature, the reaction is controlled by
the chemical kinetics. When the glass transition temperature approaches the cur-
ing temperature, the reaction becomes diffusion controlled and gets significantly

104



4.2 Materials and Methods

slower. Curing can still continue very slowly when the glass transition tempera-
ture surpasses the curing temperature so that the glass transition temperature is
further increased until curing finally stops. To ensure full reaction of all functional
groups, often a post-curing at elevated temperatures is performed [210]. The re-
lationship of temperature and time on gelation and vitrification can be illustrated
in time-temperature-transformation (TTT) diagrams [218]. Two important fea-
tures of the curing process of epoxies with amines need to be highlighted, which
are used in the formulation of the solid epoxy resin for FFF 3D printing. First,
when the curing temperature is significantly below the glass transition tempera-
ture, than curing essentially stops. This can be exploited by solid epoxies that
are in the state of ungelled glass, yielding a long shelf life. Second, when the cur-
ing temperature is close to the glass transition temperature curing still continues
despite being slowed down. Thus, by a tailored curing temperature profile the
glass transition temperature can be increased until the state of a gelled glass is
reached. This is possible without changing to an intermediate liquid state where
dimensional stability is lost.

In addition, to realize a long shelf life of a solid epoxy filament for an FFF pro-
cess, a solid latent curing agent is required. In applications with similar demands,
such as the prepreg industry, diaminodiphenyl sulfone (DDS) and dicyandiamide
(DCD) are often used [219]. The use of DCD is especially favorable since it
is inexpensive [212] and very low concentrations are necessary due to an em-
pirical AHEW of only approximately 13 g/eq [220–222] compared to 62 g/eq for
DDS [223]. This is advantageous as less particles need to be incorporated in the
solid epoxy leading to less embrittlement in the uncured state of the filament.
The main reasons of the latency of DCD are the high melting point of 208 ◦C to
212 ◦C and the low solubility in epoxy due to the highly polar nature of DCD.
However, this also poses a challenge as it can lead to inhomogeneity of the system
due to agglomeration causing stoichiometric imbalances and larger particles that
remain unreacted. This is usually avoided by very fine milling of the DCD to par-
ticle sizes smaller 10 µm. A further challenge of DCD curing is the high reaction
temperature of over 150 ◦C. Together with the highly exothermic reaction, this
can lead to heat build up yielding a degradation of the material. Yet, the cur-
ing temperature can be reduced by the addition of accelerators such as tertiary
amines or substituted ureas [212]. The molecular structures of the the curing
agent DCD and the utilized uron based accelerator UR 500, which is a toluene
diisocyanate (TDI) derivative with isocyanates blocked by dimethylamine, are
displayed in Fig. 4.4.

Although the curing mechanism of DCD was analyzed in several studies in the
past, the detailed mechanism is not completely understood due to its complex
nature [212, 224]. The initial reaction mechanism is the addition of the primary
and secondary amines [209, 210]. Also etherification [212] and homopolymeriza-
tion [209, 210] can appear in the presence of tertiary amines. In addition to the
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(a) DCD. (b) UR 500.

Figure 4.4: Molecular structures of the curing agent and accelerator of the solid
epoxy formulation developed in this study.

reactions displayed in Fig. 4.3 further mechanisms are proposed. These include
the reaction of the cyano group of DCD with hydroxyl groups of higher molecular
weight DGEBA and from the ring opening reactions [209, 210, 221, 224, 225]
as well as the formation of heterocyclic systems [212, 226]. The complex and
numerous reaction mechanisms explain the low empirical AHEW of DCD.

The reaction mechanism of the uron based accelerator is illustrated in Fig. 4.5.
In a first step, deblocking of the isocyanate groups occurs as presented in Fig. 4.5a.
Deblocking occurs under heat at increased temperatures T [227] and a synergistic
effect with DCD is assumed that activates deblocking in situ [209, 210]. Both
products of the decomposition, the TDI and the dimethylamine, are capable of
reactions with epoxy. As shown in Fig. 4.5b dimethylamine reacts with epoxy to
form a tertiary amine. In contrast to the tertiary amines resulting from the amine
curing, these are less sterically hindered so that they can act as an accelerator for
the reaction of DCD with epoxy. The isocyanate groups of TDI can react with
epoxy groups to form oxazolidinones as displayed in Fig. 4.5c. Since TDI has two
functional groups additional linkages in the polymer network are formed [210, 220,
224, 227]. Disadvantages of the uron based accelerator are a reduced latency [209,
212] and dangling chains in the polymer network as dimethylamine acts as a chain
termination agent. This yields a reduced glass transition temperature [220].

Despite the increased chain length of higher molecular weight DGEBA com-
pared to liquid resins, the chain length is still small compared to thermoplastics.
Commercially available 3D printing filaments such as polylactic acid (PLA) can
have an approximate weight average molar mass of 220 000 g mol−1 [190]. Hence,
in the uncured state solid epoxies are brittle due to insufficient entanglement of
the polymer chains. Polyetheramines can be used as additional curing agents
yielding an increased flexibility by incorporating longer chains in the polymer
network that reduce the cross-linking density [210]. In addition, the polyether
chains are flexible themselves as they are rather linear and the ether linkages re-
quire less rotational energy than predominant carbon chains. However, this also
reduces the glass transition temperature. Figure 4.6 shows a polyoxypropylene
functionally terminated with primary amines. Compared to other aliphatic amine
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(a) Deblocking of isocynate groups in UR 500.

(b) Reaction of dimethylamine with epoxy.

(c) Reaction of isocyanate groups of TDI with epoxy.

Figure 4.5: Reaction mechanisms of UR 500 with epoxies.

curing agents the reactivity is reduced as the amino group is sterically hindered
by the neighboring methyl group [228]. The utilized polyetheramine has n = 32
repetitions of the oxypropylene unit.

Figure 4.6: Molecular structure of a polyetheramine.

4.2.2 Carbon Nanotubes
Compared to other material classes like metals or ceramics, polymers have a low
density and can be formed and molded at lower temperatures into very complex
shapes. Contrary, mechanical properties such as stiffness and strength, thermal
stability, as well as electrical and heat conductivity are low. While this is desir-
able in some applications, it can be a drawback in others. Therefore, polymers
are often modified with additives. Especially nanoparticles with one dimension
smaller 100 nm are attractive because of the high specific surface area that allows
for interactions at the interface and the reduced distance between particles at
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similar filler content [229]. Since their rediscovery in 1991 by Iijima et al. [230]
CNTs have received increased attention because of their high aspect ratio and
outstanding properties. CNTs can be thought of as graphene sheets that are
rolled up as hollow cylinders. They have a diameter in the range of nanometers
and a length up to several millimeters. CNTs are composed almost entirely out
of carbon atoms forming sp2-hybridized bonds that lead to an ordered hexago-
nal structure. They can consist of only one atomic layer and are hence called
SWCNTs or they can consist of several concentrically stacked layers and are then
called MWCNTs [231]. A section of an SWCNT is illustrated schematically in
Fig. 4.7.

Figure 4.7: Schematic illustration of a section of an SWCNT showing the hexag-
onal arrangement of the carbon atoms.

CNTs have outstanding mechanical properties such as an elastic modulus of
1.28 TPa, which is in the order of diamond [232] and a tensile strength of up to
63 GPa [233] or even 150 GPa [234], which is orders of magnitude higher than that
of conventional structural materials such as steel. In addition, they can withstand
large bending deformations without damage [234]. Although the incorporation of
CNTs in a polymer matrix showed a promising increase in stiffness and fracture
toughness even for low filler contents [205], the improvement is far below expec-
tations from rule of mixtures for higher filler contents [235]. Frequently reported
issues are: (i) dispersion quality, (ii) interfacial shear strength, (iii) alignment and
(iv) waviness [235, 236]. Overcoming these issues is part of current research.

In addition to their mechanical properties, CNTs also offer exceptional thermal
properties. They are thermally stable up to 2800 ◦C in vacuum [231] and a thermal
conductivity of 3000 W m−1 K−1 was measured [237]. Theoretical studies predict
even higher values of up to 6600 W m−1 K−1, which is more than twice as high
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as that of diamond [238]. However, these high thermal conductivities cannot be
transferred to polymer composites as the phonon mobility is restricted at the
interface [235].

Probably the most interesting features of CNTs are their electrical properties.
An electrical conductivity of 2 × 107 S m−1 was measured, which is similar to
that of copper and a current carrying capacity of 6 × 104 A mm−2 was observed,
which is orders of magnitude higher [239]. This might enable to overcome the
limitations in the silicon-based production of electronic devices [240, 241]. The
superior electrical properties of CNTs can be explained by the electronic structure
of graphene, which is a zero-gap semiconductor [242]. Depending on the direction
of the chiral vector, the CNTs can be either metallic or semiconducting. The
chiral vector is the hypothetical roll-up vector connecting two carbon atoms of the
graphene sheet so that the head of the vector touches its tail in the tubular CNT
shape. The chiral vector can be decomposed into two vectors in the directions
of the zigzag carbon bonds of the graphene sheet. The number of steps n and
m along the base vectors leads to the typical (n,m) nomenclature [231]. The
resulting configurations are called zigzag (n, 0), armchair (n, n) or chiral. Zigzag
CNTs are always semiconducting and armchair CNTs are always metallic. Chiral
CNTs can be quasi-metallic when the difference of n and m is a multiple of three
or semiconducting in all other cases. This is an important characteristic when
analyzing the temperature dependent resistivity of CNTs as metallic conductors
have a positive temperature coefficient (PTC) and semiconductors have a negative
temperature coefficient (NTC).

In general, there are three electrical conduction mechanisms that need to be
considered in nanocomposites: (i) the intrinsic conductance of the nanoparticle,
(ii) the conductance at a direct particle contact and (iii) the conductance between
close particles by quantum tunneling [243]. In contrast to thermal conductivity,
the excellent electrical conductivity of CNTs can be transferred to polymer com-
posites exploiting the quantum mechanical phenomenon of the tunnel effect. With
a small probability electrons can propagate through a potential barrier of certain
height and width such as a thin insulating polymer film in a composite. According
to Simmons [244] the electrical tunnel current density J at low applied voltage
can be calculated by

J = 3
√

2meφ

2sfilm

(︂
e

hP

)︂2
V exp

(︂
−4πsfilm

hP

√︁
2meφ

)︂
, (4.4)

with me being the electron rest mass, φ being the height of the potential barrier,
sfilm being the thickness of the insulating film, e being the elementary charge, hP
being the Planck constant and V being the voltage across the film. From Eq. (4.4)
it can be seen that the tunnel current density strongly depends on the thickness
of the insulating film with a higher thickness leading to a smaller current density.
This can be exploited in the form of a piezoresistive effect in sensing applications.
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In addition, the tunnel current density also depends on the temperature with
higher temperatures leading to a higher current density [245].

On a macroscopic scale, an electrical conductivity of a polymer nanocompos-
ite is reached when a particle network forms throughout the component. Hence,
the number of conductive paths and the number of particles per path become a
factor [246]. The overall electrical conductivity depends on the filler content and
usually shows a steep increase at a certain concentration that is known as the
percolation threshold. When the filler content increases, the distance between
the conductive nanoparticles decreases so that they form larger and larger clus-
ters that finally span the whole component. A further increase in filler content
increases the number of conductive paths and the redundancy of the network.
Above the percolation threshold, the conductance at a direct particle contact has
a dominant role [247]. The electrical conductivity can be predicted with sta-
tistical percolation theory [248]. In addition to the filler content also the size
and geometry of the filler influence the percolation threshold. With decreasing
particle size, the number of particles increases at the same filler content leading
to a smaller distance between the particles and thus an increased tunnel cur-
rent. A high aspect ratio (ratio between largest and smallest dimension) results
in a smaller number of particle contacts that are necessary to form a conductive
path and a higher probability of particle contacts yielding a higher redundancy
of the conductive network [229, 249]. Therefore, CNTs are an ideal candidate for
electrical conductivity functionalization. Due to their high aspect ratio, which is
typically in the range of 1000, a statistical percolation threshold of 0.1 wt% is pre-
dicted [250] in contrast to 16 wt% for spherical particles [251]. The small amount
of CNT content to reach electrical conductivity has three advantages: (i) there
is no degradation of the mechanical properties due to high filler loadings [249],
(ii) further additives can be used that allow for instance an adjustment of the
viscosity, flame retardancy or coloring [202] and (iii) the final component cost
might be reduced. Hence, many scientific studies regarding the electrical conduc-
tivity of CNT polymer composites were already carried out and were summarized
by Bauhofer and Kovacs [250]. SWCNTs are especially suited for electrical con-
ductivity modification as their aspect ratio is even higher due to their smaller
diameters. The technology established by OCSiAl in 2014 allows industrial scale
production volumes of SWCNTs at low cost making them more attractive than
before [252]. Furthermore, their SWCNTs gained a registration, evaluation, au-
thorisation and restriction of chemicals (REACH) certification in 2016 allowing
the use in a wide range of industries [253, 254].

In addition to the previously mentioned advantages, experiments showed even
smaller percolation thresholds for carbon nanoparticles [251, 255]. Sandler et
al. [256] found a percolation threshold of 0.0025 wt% for MWCNTs, which is
significantly below the predicted values from statistical percolation theory. It
was deduced that two percolation thresholds coexist in polymer nanocomposites

110



4.2 Materials and Methods

due to different network forming mechanisms: (i) the higher statistical percolation
threshold where particles get close enough to form a conductive network due to
filler loading and (ii) the lower kinetic percolation threshold where a conductive
network develops due to aggregation of the particles [257]. To explain the kinetic
percolation threshold of CNTs, colloid science needs to be considered [256, 258].

Colloids usually consist of a discontinuous phase that is uniformly distributed
in a finely divided state in a continuous phase. The discontinuous phase has one
dimension in the range of 1 nm to 1 µm [259]. Within the scope of this study, the
discontinuous phase are particles and the continuous phase is a solvent, however,
in principle also other combinations in the state of matter are possible. The di-
mensions of the particles lead to a high surface-to-volume ratio. As the molecules
at the interface of the particle to the solvent have different properties than in
the bulk phases, their contributions to the system behavior need to be consid-
ered. Here, effects of surface chemistry become crucial [259]. To understand the
circumstances at which a conductive network of nanoparticles forms throughout
the polymer, the attractive and repulsive forces between the particles need to be
considered. In general there are four forces each [260]. The attractive forces are:
(i) electrostatic forces between positively and negatively charged particles, (ii) van
der Waals forces, (iii) chemical and physical adsorption forces where a molecule
with multiple functional groups bridges several particles and (iv) interface forces
during coalescence of particles with a solvation shell that is immiscible with the
dispersant and allows bridging of particles. The repulsive forces are: (i) elec-
trostatic forces between like-charged particles, (ii) Born repulsion, (iii) entropic
repulsion where hindrance of the mobility of molecules adsorbed to the particle’s
surface leads to a loss in entropy at close contact and (iv) short range lyosphere
repulsion where a lyosphere shell of the dispersant needs to be desorbed to allow
coagulation of the particles. The most important forces are the attractive van der
Waals forces and the repulsive electrostatic Coulomb forces between like-charged
particles.

The stability of colloidal dispersions can be analyzed with Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory combining these two main factors [261, 262].
While the van der Waals potential for individual molecules is inversely propor-
tional to the sixth power of the distance, for particles the forces between all
pairs of molecules in the particles need to be summed up [263]. This leads to an
inverse proportionality of the potential between two parallel half-spaces to the
squared distance for small ranges and to the cubed distance for greater ranges
due to a retardation effect [259, 264]. In the case of a close approach of two
spherical particles, the potential is inversely proportional to the distance. The
surface charges of the particles, which are required for the repulsive electrostatic
forces, can arise by a variety of mechanisms: (i) ionization of surface groups,
(ii) preferential solution of one species of ions from sparingly soluble crystals,
(iii) isomorphous substitution where an ion of a particle is replaced by one with
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a different charge, (iv) charged crystal surfaces at fracture planes and (v) adsorp-
tion of surfactant ions [259, 265]. In the case of CNTs, there are only few reactive
surface groups as they mainly consist of carbon. However, catalytic impurity
atoms from production and surface oxides from storage can be found [266]. In
organic dispersants such as epoxy resin, the interaction can be described as an
acid-base equilibrium [267]. A proton transfer of the reactive surface groups to
adsorbed dispersant molecules with subsequent desorption of the proton-carrying
dispersant molecules leaves a negatively charged surface as in mechanism (i) [268].
The charged surface attracts counterions resulting in the formation of an electri-
cal double layer. According to the Stern model it consists of an inner layer of ions
that adhere to the particle’s surface. Here, the potential drops linearly from the
surface potential Ψ0 to the Stern potential Ψδ at the outer outer Helmholtz plane,
which is defined at the center of the adhered ions. The inner layer is followed by a
diffuse layer where the ion concentration decreases with increasing distance. Here,
the potential drops further exponentially [265, 269]. The characteristic distance
at which the Stern potential has dropped to 1/e is given by the Debye length 1/κ
and can be calculated by

κ =

√︃
e2

∑︁
i
niz2

i

εrε0kBT
=

√︃
2NAe2I

εrε0kBT
, (4.5)

where e is the elementary charge, ni is the number density of ion i, zi is the charge
number of ion i, εr is the relative permittivity, ε0 is the vacuum permittivity,
kB is the Boltzmann constant, T is the thermodynamic temperature, NA is the
Avogadro constant and I is the ionic strength. The ionic strength is defined by

I = 1
2

∑︂
i

ciz
2
i , (4.6)

with ci being the molar concentration of ion i. The Debye length is also referred
to as the diffuse layer thickness [259, 265]. It can be seen that the Debye length
depends on the charge number of the ions as well as the molar concentration.
The lower the charge number and the molar concentration of the ions, the higher
the thickness of the diffuse layer and hence the more far-reaching is the repulsive
electrostatic potential [265, 269]. Another characteristic of the electrical double
layer is the electrostatic potential. However, it is not possible to measure it
directly. Instead, the electrokinetic potential ζ is determined. It is the potential
at the shear plane between the effective solid-liquid interface, which develops when
a charged particle is moved in the dispersant. In that case, the adhered ions and
also a part of the diffuse layer form an envelop that remains in contact with the
particle so that the interface is not directly at the surface. The zeta potential can
be experimentally determined with electrokinetic experiments such as streaming
current and streaming potential measurements, electro-osmotic, electrophoretic
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or electroacoustic investigations. It is often assumed that the zeta potential is
approximately equal to the Stern potential. The higher the zeta potential, the
higher the repulsive potential [264, 265]. The electrical double layer with its
characteristic attributes according to the Stern model is displayed in Fig. 4.8.

Figure 4.8: Electrical double layer according to the Stern model (following [265,
269]). The blue line shows the potential Ψ depending on the distance
from the particle h.

According to DLVO theory the attractive van der Waals potential Va and the
repulsive electrostatic Coulomb potential Vr can be combined by linear addition
to form the total interaction potential

Vtot = Va + Vr . (4.7)

This leads to the typical curve displayed in Fig. 4.9a that can be used to explain
the stability of colloidal dispersions. At short and large distances the attractive
potential dominates, while at intermediate distances the repulsive potential can
dominate depending on the electrical double layer. In the secondary minimum,
the particles are loosely coagulated and the potential barrier can prevent the sys-
tem from further approach and the formation of aggregates. However, due to
Brownian motion and diffusion some particles can still overcome the potential
barrier. Hence, higher temperatures can lead to aggregation as the kinetic energy
of the particles and thus the Brownian motion increase [259, 269]. In addition,
the stability of a colloidal dispersion is strongly dependent on the height of the
potential barrier and thus on the charge number and molar concentration of the
ions in the dispersant as shown in Fig. 4.9b. At low ion concentrations, the po-
tential barrier is high and the system stable so that no coagulation occurs (cyan
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line). At slightly higher ion concentrations, the typical shape with a primary and
a secondary minimum occurs with the previously mentioned properties (green
line). The loose coagulation in the secondary minimum is reversible and can be
eliminated for instance by shear forces. With further increasing ion concentra-
tion, at some point the height of the potential barrier is at Vtot = 0 J and the
critical coagulation concentration (CCC) is reached (red line). Finally, at high
ion concentrations the attractive potential dominates at all particle distances and
rapid aggregation takes place so that the system is unstable (blue line) [260, 265,
269, 270].

Particle distance h

0

P
ot

en
ti

al
V

Primary
minimum

Secondary
minimum

Potential
barrier

Vtot

Va

Vr

(a) Additive combination of attractive
and repulsive potential.

Particle distance h

0

T
ot

al
in

te
ra

ct
io

n
p

ot
en

ti
al
V

to
t

Unstable
CCC
Reversible
Stable

(b) Various shapes of the total interaction
potential.

Figure 4.9: Additive combination of the attractive van der Waals potential Va and
the repulsive electrostatic Coulomb potential Vr yielding the total in-
teraction potential Vtot according to DLVO theory. Different shapes
of the total interaction potential depend on the electrical double layer
(following [270]).

The previously mentioned influences on overcoming the potential barrier and
thus the formation of conductive networks in colloidal dispersions according to
DLVO theory have been analyzed for CNTs in epoxy. Faiella et al. [271] showed
that an increased temperature during composite curing leads to faster network
formation. First, the Brownian motion of particles is favored leading to periki-
netic coagulation. In addition, the viscosity of the epoxy resin is reduced, which
increases the mobility of the particles. Inam and Peijs [272] found that the pres-
ence of the curing agent yields faster aggregation as the ion concentration is in-
creased. This reduces the repulsive potential barrier. Moreover, Kovacs et al. [257]
state that the introduction of shear forces influences the particle aggregation and
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conductive network formation. The process of orthokinetic coagulation can be
described with a stability diagram. In a system that is initially loosely coagu-
lated in the secondary minimum, low shear forces eliminate the coagulation and
stabilize the system. Higher shear forces allow to overcome the potential barrier
and lead to the formation of aggregates in the primary minimum. At very high
shear forces these aggregates are broken up and the system is stable again with
separated particles [258, 273, 274]. These considerations have to be taken into
account when analyzing the electrical conductivity of CNT modified epoxies.

4.2.3 Utilized Commercial Materials

To realize a thermoset filament that can be printed with a standard, low-cost
FFF printer, a solid epoxy resin (Epilox A 50-02, LEUNA-Harze GmbH, Le-
una, Germany) is used as the main constituent. As solid epoxies are brittle, a
polyetheramine (Jeffamine D-2000, Huntsman Corporation, The Woodlands, TX,
USA) is added as a curing agent for the production of a prepolymer. To ensure
long shelf life, latent solid DCD is employed as the main curing agent. It is added
in the form of a paste (IsoQure DCD LER 50, Isochem Kautschuk-GmbH, Unden-
heim, Germany) with liquid epoxy resin to facilitate mixing and avoid agglomer-
ates. To reduce the curing temperature, a solid uron based accelerator (IsoQure
UR 500 LER 50, Isochem Kautschuk-GmbH, Undenheim, Germany) is utilized,
also in the form of a paste with liquid epoxy resin. For electrical functionaliza-
tion SWCNTs (TUBALL, OCSiAl Europe S.a.r.l, Leudelange, Luxembourg) are
used in the form of a masterbatch dispersed (see Section 4.2.4 for details) in liq-
uid epoxy resin (EPIKOTE Resin MGS RIMR 135, Hexion Inc., Columbus, OH,
USA). In addition, a pre-dispersed concentrate of SWCNTs (TUBALL MATRIX
301, OCSiAl Europe S.a.r.l, Leudelange, Luxembourg) is employed. A summary
of the EEW and AHEW of the constituents of the newly developed material for-
mulation is presented in Tab. 4.1. They are needed to determine stoichiometric
mixing ratios with Eq. (4.1) to Eq. (4.3). To benchmark the newly developed
material, a comparison with commercial thermoplastic filaments is carried out.
A PLA filament (PrimaValue PLA, PrimaCreator, Malmö, Sweden) is analyzed
for a comparison of the mechanical properties. Two further filaments are con-
sidered for a comparison of the electrical properties: (i) carbon black (CB) filled
PLA filament (Conductive PLA, Protoplant Inc., Vancouver, WA, USA) and
(ii) MWCNT filled acrylonitrile butadiene styrene (ABS) filament (3DXSTAT
ESD-ABS, 3DXTECH, Grand Rapids, MI, USA) [275]. The PLA/CB filament
has a CB content smaller than 21.43 wt% [276] and the ABS/MWCNT filament
has a carbon additives content of less than 10 wt% [277].
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Table 4.1: Summary of the EEW and AHEW of the utilized commercial ma-
terials.

Material EEW AHEW Source
Epilox A 50-02 475 g/eq [278]
Liquid epoxy resin1 189 g/eq [279]
EPIKOTE Resin MGS RIMR 135 176 g/eq [280]
Jeffamine D-2000 514 g/eq [228]
IsoQure DCD 13 g/eq [220–222]
1 The exact chemistry of the liquid epoxy utilized in the pastes with DCD and

the uron based accelerator remains unclear, so a standard epoxy (EPON Resin
828, Hexion Inc., Columbus, OH, USA) is assumed.

4.2.4 Functionalization
For electrical functionalization SWCNTs are dispersed in liquid epoxy resin by
a three roll mill (120E-250, EXAKT Advanced Technologies GmbH, Norderst-
edt, Germany) that allows to apply the required higher shear forces to break up
aggregates (see Section 4.2.2). A masterbatch with a concentration of 2 wt% is
produced. A dispersion in the solid epoxy resin would be desirable, however, its
viscosity is too high for the three roll milling process. Three roll milling leads
to superior dispersion qualities compared to ultrasonication [281] due to the high
shear amplitudes that are necessary to separate the agglomerates [282]. In addi-
tion, three roll milling avoids fracture [205], while ultrasonication can damage the
SWCNTs yielding a reduction in length [271]. The rollers are heated to a temper-
ature of 25 ◦C and a seven step process with decreasing gaps is applied [283]. The
process parameters are listed in Tab. 4.2 with gap widths and rotational speeds
ωcyc.

Table 4.2: Parameters of the three roll milling process.

Step Gap 1 Gap 2 ωcyc,1 ωcyc,2 ωcyc,3

1 120 µm 40 µm 33 rpm 100 rpm 300 rpm
2 40 µm 13 µm 33 rpm 100 rpm 300 rpm
3 - 7 13 µm 5 µm 33 rpm 100 rpm 300 rpm

4.2.5 Filament Production
To reduce pores, the solid epoxy resin is degassed in a vacuum oven (VO400,
Memmert GmbH & Co. KG, Schwabach, Germany) at a temperature of 100 ◦C
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and a pressure of 10 mbar before further processing. Since the solid epoxy resin
is too brittle to be used as a filament in the FFF process, a prepolymer with
the polyetheramine curing agent is prepared. The solid epoxy resin is heated to
a temperature of 100 ◦C in an oven (UF30plus, Memmert GmbH & Co. KG,
Schwabach, Germany) to reach a liquid state and the polyetheramine is added
substoichiometrically with a mass fraction of 6:19 of polyetheramine:solid epoxy
(the proper stoichiometry is a mass fraction of 13:12). The utilized mixing ratio
was determined in preliminary rheology measurements to obtain a formulation
where the gel point is just not reached (see Appendix A.1). Thus, longer and
flexible prepolymer molecules are gained while the mixing with further compo-
nents is still possible as full curing is avoided (see Section 4.2.1). After stirring
with a spatula for premixing, the material is homogenized in a dual asymmetric
centrifuge (Speedmixer DAC 150.1 FVZ, Hauschild GmbH & Co. KG, Hamm,
Germany). The prepolymer is cured at a temperature of 80 ◦C for 2.5 h. Then,
the prepolymer is added to solid epoxy resin with a mass fraction of 3:17 of
prepolymer:solid epoxy. In case of the functionalized filament, the SWCNT mas-
terbatch is added according to the desired final SWCNT concentration. For a
final SWCNT content of 0.05 wt%, 0.075 wt% and 0.1 wt% the in-house master-
batch (see Section 4.2.4) is used, where an exceptional dispersion quality is known
from previous works [284]. However, with an increasing amount of masterbatch
also the amount of liquid epoxy in the filament increases yielding a filament that
loses structural integrity. Significantly higher filler concentrations in the master-
batch are difficult to reach with the process described in Section 4.2.4. Hence,
the commercial pre-dispersed concentrate of SWCNTs with 10 wt% is used for a
final SWCNT content of 0.2 wt%. Furthermore, a stoichiometric amount of the
DCD paste is added. The components are heated to a temperature of 120 ◦C,
premixed with a spatula and homogenized in a dual asymmetric centrifuge. In a
last mixing step, the uron based accelerator paste is added with a mass fraction of
1:2 of uron based accelerator paste:DCD paste. A final homogenization is again
carried out with a dual asymmetric centrifuge. Then, the material is filled in a
syringe, reheated again and extruded as a filament with a slightly larger than
desired diameter. To reach the final diameter of 1.75±0.10 mm for FFF printing,
the filament is rolled on a heating plate with a spatula at a temperature of ap-
proximately 50 ◦C. Filaments with a length of 5 cm to 12 cm are produced. The
steps of the filament production process are illustrated in Fig. 4.10. This kind of
filament production process is used instead of a professional extrusion as it allows
flexible adjustments of the material formulations with small amounts of material
and without cleaning of the extruder.
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Figure 4.10: Filament production process for the solid epoxy formulation.

4.2.6 Differential Scanning Calorimetry

A thermal analysis of the newly developed solid epoxy formulation is performed
by DSC (DSC 204 F1 Phoenix, NETZSCH-Gerätebau GmbH, Selb, Germany).
All measurements are carried out with a rate of 10 K min−1 under nitrogen atmo-
sphere. Representative samples with a mass of approximately 15 mg are cut from
the specimens. The uncured material formulation is investigated from tempera-
tures of −50 ◦C to 250 ◦C. On the one hand, the glass transition temperature Tg
is determined where softening starts. On the other hand, the onset temperature
of the exothermal curing peak Tc,on is analyzed, which acts as a limit for the pro-
cessing temperature. Moreover, the shelf life of the uncured material is examined
by determining the specific residual reaction enthalpy of the curing peak. For this
purpose, the material is stored at room temperature Tr = 23 ◦C and in a freezer
at a temperature of −28 ◦C. Measurements are performed after 1 week, 1 month,
3 months and 6 months. In addition, the thermal stability of cured dog-bones
of the unmodified solid epoxy formulation and the one with 0.2 wt% SWCNT
modification is investigated in terms of the glass transition temperature. The
shelf life and thermal stability measurements are conducted from temperatures of
23 ◦C to 250 ◦C. For comparison of the thermal stability, also the PLA filament
is examined from temperatures of −20 ◦C to 230 ◦C.

4.2.7 Rheology

In oscillatory rheology, the shear stress σ12 depending on the time t is given by

σ12(t) = G′γ0 sin(ωt)⏞ ⏟⏟ ⏞
elastic part

+G′′γ0 cos(ωt)⏞ ⏟⏟ ⏞
viscous part

, (4.8)
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where γ0 is the shear strain amplitude, ω is the angular frequency, G′ is the
storage modulus and G′′ is the loss modulus [285]. For visco-elastic materials, a
phase shift δ between strain and stress can be observed and the loss factor tan(δ)
is determined with

tan(δ) = G′′

G′ . (4.9)

It can be used to characterize whether the material behavior is predominantly
solid (G′ > G′′) or fluid (G′ < G′′) [286]. At tan(δ) = 1, the solid to fluid crossover
point is reached. To ensure dimensional stability during curing, a predominantly
solid behavior is necessary. Oscillatory measurements with a rheometer (ARES
RDA-III 28, TA Instruments, New Castle, PA, USA) are carried out in parallel
plate configuration. A plate diameter of 40 mm and a gap size of 0.5 mm is used.
Time sweeps are performed at increasing temperature levels with a frequency
of 1 Hz and a strain amplitude of 1 %. The measurement parameters are inside
the linear visco-elastic region determined from preliminary experiments. The
temperature is increased in such a way that the material remains below the solid
to liquid crossover point. As curing progresses, the glass transition temperature
increases allowing higher curing temperatures subsequently until the material is
fully cured (see Section 4.2.1).

4.2.8 Sample Preparation
To characterize the solid epoxy formulation, specimens are prepared with an FFF
3D printer (Ender-5 Pro, Shenzhen Creality 3D Technology Co., Ltd, Shenzhen,
China). As the filament is not available on spools due to the production process,
the printing process needs to be adjusted. The bowden tube is removed at the
feeder and filament pieces are filled in the bowden tube. Then, the bowden tube
is reattached to the feeder and a thermoplastic filament on a spool is used to
push the solid epoxy forward to the hotend by the feeder. The adjusted printing
process is shown in Fig. 4.11. A 0.4 mm diameter nozzle is used. The build plat-
form is not heated and printing is performed on a paper sheet that provides good
adhesion during printing and is easy to peel off afterwards. All solid epoxy spec-
imens are post-cured in an oven according to a temperature program developed
by rheology measurements as presented in Section 4.2.7, ensuring dimensional
stability. The temperature is held at 40 ◦C for 72 h, at 45 ◦C for 72 h, at 55 ◦C for
36 h, at 70 ◦C for 6 h, at 100 ◦C for 1 h and at 140 ◦C for 80 min. The tempera-
ture ramps in between are conducted with a rate of 1 K min−1. The temperature
program is very conservative in terms of the time spans at the individual tem-
perature steps as the current filament production method is very cumbersome. A
loss of specimens is not acceptable. The benchmark thermoplastic filaments for
comparison of the mechanical and electrical properties are printed in a regular
setup on a heated glass build platform. For the ABS/MWCNT material, adhe-
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sive (PrimaFIX, PrimaCreator, Malmö, Sweden) is applied on the glass plate.
All prints are carried out with a layer height of 0.2 mm, a line width of 0.4 mm,
a line distance of 0.4 mm and 100 % infill density. Printing and build platform
temperatures as well as printing speeds are presented in Tab. 4.3.

Figure 4.11: FFF printing process with the solid epoxy formulation.

Table 4.3: Printing Tp and build platform Tbp temperatures as well as printing
vp and initial layer vp,ini speeds for the different materials.

Material Tp Tbp vp vp,ini

Solid epoxy 120 ◦C 23 ◦C 20 mm s−1 10 mm s−1

Solid epoxy/SWCNT 0.05 wt% 110 ◦C 23 ◦C 20 mm s−1 10 mm s−1

Solid epoxy/SWCNT 0.075 wt% 100 ◦C 23 ◦C 20 mm s−1 10 mm s−1

Solid epoxy/SWCNT 0.1 wt% 80 ◦C 23 ◦C 20 mm s−1 10 mm s−1

Solid epoxy/SWCNT 0.2 wt% 95 ◦C 23 ◦C 20 mm s−1 10 mm s−1

PLA 220 ◦C 60 ◦C 80 mm s−1 20 mm s−1

PLA/CB 215 ◦C 60 ◦C 35 mm s−1 20 mm s−1

ABS/MWCNT 230 ◦C 105 ◦C 50 mm s−1 20 mm s−1

In order to evaluate the mechanical anisotropy, tensile dog-bone specimens of
type 1BB are printed with a thickness of 2 mm according to DIN EN ISO 527-
2 [116]. The specimens are oriented either with a 0◦ or a 90◦ infill. To avoid
premature failure due to a rough surface, one wall line is printed around the in-
fill. Strictly speaking, further experiments with intermediate infill directions and
also specimens successively tilted to the upright are necessary to ensure isotropy.
However, it is assumed that infills parallel and perpendicular to the loading di-
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rection are the extreme cases and no mechanical values outside their range are
expected for other orientations. The different infill orientations to analyze the
anisotropy are schematically shown in Fig. 4.12. In addition, 0◦ dog-bones with
the functionalized solid epoxy formulation are printed to evaluate the thermo- and
piezoresistive behavior of the newly developed material. For a characterization of
the electrical volume conductivity, cubes having a volume of 5 mm×5 mm×5 mm
are printed with the functionalized solid epoxy formulation consisting only of 0◦

infill (along the X-axis). Photographs of the 3D printed and post-cured mechan-
ical, electrical and sensing specimens are shown in Appendix A.3.

Figure 4.12: Different orientations of the infill to analyze the mechanical
anisotropy of 3D printed dog-bones.

Also bulk material specimens of the solid epoxy formulation are produced to
compare the 3D printed material to conventional manufacturing techniques. Dog-
bones with the non-functionalized solid epoxy formulation are used as a mechan-
ical reference. Cubes of the functionalized solid epoxy formulation with 0.1 wt%
SWCNT content are utilized as an electrical reference. For this purpose, the ma-
terial is casted in an aluminum cup after the last mixing step with the accelerator
and cured in an oven at a temperature of 140 ◦C for 80 min. After demolding, the
plates are face milled (EuroMod 30, isel Germany AG, Eichenzell, Germany) to
the desired thickness. For the mechanical characterization specimens, the surface
quality is further improved with an automatic grinder (Saphir 550, ATM Qness
GmbH, Mammelzen, Germany) using 320, 600, 1200 and 2500 grit sandpaper.
Afterwards, contour milling is carried out to obtain the dog-bone and cube spec-
imens from the plates. For the dog-bones also the contours’ surfaces are finished
by grinding with 2500 grit sandpaper.

4.2.9 Geometry Characterization

The dimensional change of the 3D printed solid epoxy formulation during post-
curing is analyzed for the dog-bone specimens depending on the infill direction.
Measurements are taken with a caliper on three specimens each before and after
post-curing. The width and thickness are measured at three points: at the two
shoulders for clamping and at the narrow parallel part in the middle. Further-
more, the length of the specimens is determined. The locations of the measure-
ments are depicted in Fig. 4.19.
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4.2.10 Mechanical Testing
The mechanical properties are characterized in uniaxial tensile tests according to
DIN EN ISO 527-1 [122]. A universal testing machine (Z2.5, ZwickRoell GmbH
& Co. KG, Ulm, Germany) is utilized to test five specimens in each configura-
tion with a crosshead speed of 0.25 mm min−1. The dog-bones are clamped by
screw grips and the strain is measured with a non-contact video extensometer
(videoXtens, ZwickRoell GmbH & Co. KG, Ulm, Germany).

4.2.11 Microscopy
In order to gain information on failure mechanisms and the homogeneity of the
material, the fracture surfaces are investigated. Micrographs are recorded with a
digital microscope (VHX-6000, Keyence Deutschland GmbH, Neu-Isenburg, Ger-
many).

4.2.12 Electrical Characterization
For the characterization of the electrical volume conductivity, the cubes are
ground with 600 grit sandpaper to remove the polymer rich surface [168]. Af-
terwards, the surface is cleaned with isopropanol and opposite sides are con-
tacted with conductive silver paint. Measurements are carried out in X-, Y -
and Z-direction with three specimens each to determine the anisotropy of elec-
trical volume conductivity. The solid epoxy formulation with 0.2 wt% SWCNTs
and the commercial reference materials PLA/CB and ABS/MWCNT are com-
pared. The electrical resistance is measured with a source measure unit (2601A
SYSTEM SourceMeter, Keithley Instruments Inc., Cleveland, OH, USA) in the
four-wire sensing setup. A voltage of 100 mV is applied to avoid Joule heating.
Moreover, the percolation curve is analyzed for the SWCNT functionalized solid
epoxy formulation with three specimens each in X-direction. For the solid epoxy
formulation with 0.05 wt% and 0.075 wt% SWCNT content a higher voltage of
5 V is applied as the measurement resolution limit is reached. Also a comparison
with the casted and milled bulk functionalized solid epoxy formulation is carried
out with three specimens to assess the influence of the manufacturing technique.

To evaluate the formation of a conductive network of SWCNTs (as discussed
in Section 4.2.2) due to attractive forces of the nanoparticles according to col-
loid theory [251, 255, 256], the electrical volume conductivity is observed during
the curing process. The functionalized solid epoxy formulation with 0.1 wt%
SWCNTs is filled in a polypropylene (PP) tube after the last mixing step with
the accelerator. The tube has a diameter of 15.8 mm and a filling height of 15 mm
is used. The material is contacted at both ends with copper electrodes that are
mounted on pistons compressing the material and holding it in place. A similar
setup was used by Meeuw et al. [283]. The electrical resistance is continuously
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measured throughout the curing process with a source measure unit in a two-wire
sensing setup at a voltage of 1 V and a frequency of 2 Hz. The wires are soldered
to the copper electrodes. The setup is placed in an oven at a temperature of
140 ◦C analogously to the casted material. Figure 4.13 shows the experimental
setup.

Figure 4.13: Experimental setup to continuously measure the conductivity of
the solid epoxy formulation with SWCNTs during curing.

4.2.13 Sensing Applications

In a proof of concept study, the thermoresistive and piezoresistive material be-
havior of the functionalized formulation is tested with a 3D printed dog-bone of
the solid epoxy formulation with 0.2 wt% SWCNTs. By exploiting the physical
nature of the material, the application as a temperature and a strain sensor is
analyzed. Just like the conductivity cubes, the dog-bone is ground with 600 grit
sandpaper to remove the polymer rich surface and the surface is cleaned with iso-
propanol afterwards. Similar to Wichmann et al. [168], the dog-bone is contacted
with two ring electrodes of conductive silver paint. They are applied with a length
of 5 mm and a spacing of 10 mm in between, corresponding to the measurement
length in DIN EN ISO 527-2 [116]. The wires are connected to the ring electrodes
by conductive silver paint. The sensing specimen is illustrated schematically in
Fig. 4.14. The electrical resistance is measured with a source measure unit in a
two-wire sensing setup at a voltage of 40 V.
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Figure 4.14: Preparation of the solid epoxy/SWCNT dog-bone specimen for the
characterization in sensing applications.

Thermoresistive Characterization

In order to investigate the temperature sensing capabilities, a temperature data
logger (SD200, Extech Instruments, Nashua, NH, USA) with a type K thermo-
couple is placed next to the specimen as a temperature reference. The resistance
is measured at room temperature (Tr = 23 ◦C), in a freezer at a temperature of
−29 ◦C and in an oven at temperatures of 40 ◦C, 60 ◦C, 80 ◦C, 100 ◦C and 120 ◦C.
The resistance is measured for 1 min at a frequency of 1 Hz. The resistance is then
averaged and plotted against the corresponding temperature. To determine the
temperature coefficient of resistance αT as a measure for the sensitivity, an ex-
ponential law is fitted to the resistance R depending on the temperature T with

R = R(T0) exp(αT (T − T0)) , (4.10)

where R(T0) is the resistance at the reference temperature T0, in this case 23 ◦C.
Furthermore, the signal-to-noise ratio is determined

SNR = µ

s
, (4.11)

with µ being the mean of the resistance during the 1 min measurement and s
being the sample standard deviation. As a measure for the response time, the
time constant τ of a first order linear time invariant system of the resistance R
depending on the time t can be determined with

R = (R2 −R1)
(︂

1 − exp
(︂

− t

τ

)︂)︂
+R1 , (4.12)
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where R2 is the resistance at the end of a step input and R1 is the resistance
at the beginning of a step input. In order to determine the time constant of the
dog-bone temperature sensor, the step input is applied by placing the specimen
being at room temperature in an oven at a temperature of 100 ◦C. The resistance
is measured over time with a frequency of 1 Hz.

Piezoresistive Characterization

The strain sensing capabilities are evaluated by a cyclic tensile test with increasing
loading steps similar to Meeuw et al. [170]. A universal testing machine with
a crosshead speed of 0.25 mm min−1 is utilized to reach forces of 40 N, 80 N,
120 N, 160 N and 200 N with subsequent unloading in between. Afterwards, a
final loading step until failure is performed. The displacement is kept constant
for 10 s at each loading direction change to capture viscous effects. The dog-bone
is clamped by screw grips and the displacement is measured by the crosshead.
To insulate the specimen from the load frame, sandpaper is placed between the
specimen and the clamps, which additionally ensures that no slipping occurs.
During the cyclic tensile test, the resistance is measured with a source measure
unit at a frequency of 2 Hz.

4.3 Results and Discussion

This section discusses the results of the study on functional material printing.
First, the thermokinetic characteristics, shelf life and thermal stability of the new
solid epoxy material for FFF printing are presented. Then, the determination
of a post-curing cycle with rheology is described and results of the dimensional
stability during curing are shown. Afterwards, the mechanical properties from
tensile tests are discussed together with failure mechanisms obtained from frac-
tography. Moreover, the electrical properties of the functionalized material are
explained. Finally, the temperature and strain sensing capabilities are presented.

4.3.1 Thermokinetic Characteristics, Shelf Life and Stability

A representative DSC measurement of the uncured solid epoxy formulation show-
ing the characteristics of the newly developed material is given in Fig. 4.15. The
uncured material has a glass transition temperature of Tg = 32.5 ◦C determined
at the inflection point. The onset temperature of the curing peak is reached at
Tc,on = 128 ◦C. However, curing already starts slowly beforehand. The important
characteristic of the solid epoxy material formulation is that the Tg is above room
temperature Tr avoiding softening before the filament is printed. In addition, the
processing temperature Tp is below Tc,on preventing significant curing during the
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short times of the mixing process and the printing. The thermokinetic behavior
is further characterized in Appendix A.2.1.

−30 10 50 90 130 170 210 250

Temperature T / ◦C

−0.55

−0.35

−0.15

0.05

0.25

0.45

S
p

ec
ifi

c
h

ea
t

fl
ow

q
/

m
W

m
g
−1

Tg = 32.54 ◦C

Tc,on = 127.96 ◦C

Tr = 23 ◦C

Tp = 120 ◦C

Figure 4.15: DSC measurement of the uncured solid epoxy formulation showing
the characteristics of the new material. The glass transition tem-
perature Tg and onset temperature of the curing peak Tc,on are set
in context with room temperature Tr and processing temperature
Tp.

In order to estimate the shelf life of the uncured solid epoxy formulation, the
specific reaction enthalpy of DSC measurements depending on the storage time
and temperature is illustrated in Fig. 4.16. When stored at room temperature,
the specific residual reaction enthalpy drops by approximately 5 % within the
first month and remains almost constant afterwards. This could be a result of
the reaction of the uron based accelerator with epoxy at lower temperatures [287].
In a freezer, the solid epoxy formulation shows no significant decrease in specific
residual reaction enthalpy in the first 6 months. Slight deviations are within the
measurement accuracy of the DSC. As no significant curing takes place under ei-
ther storage condition, the material has at least a shelf life of 6 months making it
suitable for commercial applications. A reason for the interruption of curing could
be that the glass transition temperature Tg of the uncured material formulation
is above the storage temperature. Hence, the reaction is diffusion controlled and
the mobility of the molecules is limited (see Section 4.2.1). Furthermore, the high
molecular weight solid epoxy resin has a lower number of reactive groups decreas-
ing the probability of reactions. Contrary, for liquid epoxy resins a progression
of the curing reaction can sometimes be observed.
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Figure 4.16: DSC measurements of the specific residual reaction enthalpy of
the uncured solid epoxy formulation over storage time at different
storage temperatures as an indicator for the shelf life.

Figure 4.17a depicts DSC measurements to determine the thermal stability
of the cured solid epoxy and the cured functionalized solid epoxy with 0.2 wt%
SWCNTs. The Tg at the inflection point is used as a measure for thermal sta-
bility. With 102 ◦C, the Tg of the functionalized material is slightly lower com-
pared to 111 ◦C for the non-functionalized material. This can be explained by
the matrix of the masterbatch, which is added to the formulation. The liquid
epoxy of the in-house masterbatch contains the reactive diluent 1,6-hexanediol
diglycidyl ether [215, 288], the commercial pre-dispersed SWCNT concentrate
contains ethoxylated alcohol [289]. Both are linear molecules that reduce the
rigidity of the network, yielding a lower Tg. Compared to standard liquid epoxy
resin formulations with amine curing agents, the Tg of the new solid epoxy mate-
rial formulations is slightly higher due to the DCD enabling a high cross-linking
density [210]. However, compared to high Tg epoxy systems the thermal stability
is rather low because of the lower cross-linking density due to the longer solid
epoxy molecules. To benchmark the cured solid epoxy, a DSC measurement of
the commercial PLA is shown in Fig. 4.17b. With a Tg = 62 ◦C at the inflection
point, the thermal stability is significantly lower. In addition, at a temperature
of approximately 80 ◦C cold crystallization takes place resulting in shrinkage and
subsequently warping.
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Figure 4.17: DSC measurements to determine the thermal stability by the Tg of
dog-bone specimens printed with the solid epoxy (post-cured) and
PLA. Further phase transitions are also visible for PLA.

4.3.2 Post-Curing

The loss factor over time and the corresponding temperature during the oscillatory
rheological measurement are presented in Fig. 4.18. It can be seen that the
loss factor is always below tan(δ) = 1 showing the predominantly solid behavior
of the solid epoxy formulation, resulting in dimensional stability during post-
curing. In a previous temperature ramp it was found that the solid to fluid
crossover point is reached at a temperature of 50 ◦C. Hence, the measurement
is started at a temperature of 40 ◦C to have a certain gap. During the first
51 h the loss factor is almost constant. Then, the temperature is increased to
45 ◦C and the loss factor increases to just below tan(δ) = 1. Subsequently, the
loss factor decreases over the next 40 h and is then again almost constant over
another 29 h. Afterwards, the temperature is increased to 55 ◦C so that the loss
factor increases to just below tan(δ) = 1. This is followed by a decreasing loss
factor over the next 26 h. Thereafter, the temperature is increased to 70 ◦C so
that the loss factor increases to just below tan(δ) = 1 again. Consecutively, the
loss factor decreases quickly over the next 6 h and is almost constant afterwards
for another 17 h. Finally, the temperature can be increased up to the melting
point of DCD at 210 ◦C without any further significant increase in loss factor.
The decreasing loss factor is an indicator for polymer network formation. The
uron based accelerator itself can act as a curing agent at lower temperatures
without the involvement of DCD [287]. The successive constant phases at a
given temperature can be explained by hindered mobility of the molecules when
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the current curing temperature is too far below the Tg, which increases during
the network formation (see Section 4.2.1). Thus, the temperature needs to be
increased further to continue the network formation [105, 209]. To ensure the
dimensional stability during post-curing, the temperature program used in this
study is chosen slightly more conservative as explained in Section 4.2.8. The
temperature is kept constant slightly longer for the individual stages except for
the 70 ◦C stage. Here, after the 6 h with decreasing loss modulus an additional
step at a temperature of 100 ◦C is inserted. Due to the uron based accelerator, a
temperature of 140 ◦C is sufficient for full curing (see Appendix A.2.2 for further
details). In the future, less conservative post-curing should be analyzed to achieve
shorter curing cycles. At least the time spans where the loss factor remains
constant can be eliminated as curing is not progressing significantly. This alone
would reduce the post-curing time drastically. Even further reductions of the
time spans at the individual temperature steps could be possible as long as the
loss factor stays below tan(δ) = 1, resulting in predominantly solid behavior and
leading to dimensional stability.

0 36 72 108 144 180

Time t / h

0.00

0.25

0.50

0.75

1.00

L
os

s
fa

ct
or

ta
n

(δ
)

/
-

30

75

120

165

210

T
em

p
er

at
u

re
T

/
◦ C

Figure 4.18: Loss factor over time during a temperature profile in a rheology
measurement of the solid epoxy formulation showing the predomi-
nantly solid behavior.

4.3.3 Dimensional Stability
The relative dimensional change of the 3D printed solid epoxy dog-bones during
post-curing depending on the measurement location and infill orientation is shown
in Fig. 4.19. Overall, the relative dimensional change is small with less than
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4 %. For width measurements in Y -direction, a more pronounced decrease can
be seen for the 90◦ infill specimens. For length measurements in X-direction,
a more pronounced decrease can be seen for the 0◦ infill specimens. For both
types of specimens, the thickness in Z-direction increases. A reason for this
can be relaxation processes of the polymer molecules, which are stretched and
oriented during deposition on the build platform. Hence, shrinking can be seen
in infill direction, while an expansion is observed perpendicular to it. In the
uncured state the material could be slightly anisotropic due to the stretched and
oriented polymer molecules. However, the relaxation during post-curing resolves
this issue. In addition, chemical shrinkage takes place due to the cross-linking of
the epoxy, which decreases the free volume. This leads to a slight overall decrease
in dimensions and is superimposed to the relaxation effect. It explains why the
increase in thickness is not always as high as the decrease in infill direction.

Figure 4.19: Relative dimensional change of the 3D printed solid epoxy dog-
bones during post-curing depending on measurement location and
infill orientation.

4.3.4 Mechanical Properties

In the following, the results of the static mechanical characterization of the 3D
printed solid epoxy formulation with tensile tests are discussed. The influence of
the infill direction is analyzed. It is an indicator if the new material formulation
can be a solution for the anisotropy issue at a low level in FFF printing that
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currently prevents it from being used in more challenging applications. To in-
vestigate the influence of the manufacturing technique, a comparison with casted
and milled bulk specimens is performed. As a benchmark, the 3D printed solid
epoxy formulation is compared to 3D printed commercial PLA. The results are
presented in terms of nominal/engineering properties and in the form of bar charts
with standard deviations and a scatter plot of all observations.

Figure 4.20a shows the results for the elastic modulus. Both, 3D printed solid
epoxy and PLA, show no significant difference depending on the infill direction.
The 3D printed solid epoxy specimens have a slightly lower stiffness than the bulk
ones. This can be explained by the cross-section, which is perfectly rectangular
for the casted and subsequently milled specimens, while it has slight roundings for
the 3D printed specimens (see Section 4.3.5). As the cross-section is determined
with a caliper and assumed to be rectangular, it is overestimated for the 3D
printed specimens. Overall, the PLA specimens have a higher stiffness, however,
both materials are within the commonly known range.

With regard to strength (see Fig. 4.20b) no difference can be observed for the
3D printed solid epoxy depending on the infill direction, while the strength of the
90◦ PLA specimens is significantly lower than that of the 0◦ specimens. There
is only very little diffusion and entanglement of the polymer chains between the
infill lines of the thermoplastic PLA as the material solidifies immediately after
deposition. This results in weak bonding, which is typical for FFF. Contrary,
cross-linking during the post-curing eliminates this issue for the thermosetting
solid epoxy formulation. In addition, the overall strength of the cured solid epoxy
is higher than that of PLA. Also compared to the bulk specimens, the 3D printed
solid epoxy dog-bones reach a similar strength. Slight deviations can again be
explained by the overestimated cross-section. Yet, the scatter of the 3D printed
specimens is higher. This can be a result of the filament production process
and adjusted printing process, which are more prone to manufacturing errors
than casting and milling. Variations in the filament diameter and pores can be
reduced for instance with a professional filament extrusion process.

The results for the elongation at break are depicted in Fig. 4.20c. Just as
in case of the strength, no difference is visible for the 3D printed solid epoxy
depending on the infill direction. In addition, a comparison to the bulk specimens
shows a very similar elongation at break of the 3D printed solid epoxy dog-bones.
This shows that the cross-linking during post-curing spans the interface between
the infill lines and results in isotropic mechanical properties. Slight deviations
can be explained by the more error prone simplified filament production process
and adjusted printing process compared to casting and milling. In contrast, the
elongation at break of the 90◦ PLA specimens is drastically lower compared to the
0◦ specimens. This can again be explained by the weak bonding being typical for
FFF. Overall, the 0◦ PLA specimens show a higher plastic deformation compared
to the solid epoxy specimens. For thermoplastics, polymer chain movement allows
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higher plastic deformations, while the deformation is limited for thermosets due
to cross-linking [105].

4.3.5 Fracture Surfaces
Further insights about the new solid epoxy formulation and its failure mechanisms
can be gained from the fracture surfaces presented in Fig. 4.21. It can be seen
that the fracture surface is homogeneous and the individual infill lines are not
visible anymore for both infill directions. This underlines that the material is
isotropic. When looking at the cross-section of the 3D printed dog-bones, slight
roundings at the upper edges are recognized that lead to an overestimation of the
area when assuming it to be rectangular. In comparison, the casted and milled
dog-bones show a perfectly rectangular cross-section. This might explain the
minor difference in elastic modulus and strength. For the 3D printed specimens,
large pores can be identified as the origin of the failure. A smoother region can be
observed surrounding the pore where the crack accelerates, which is additionally
shown in the magnifications. In this region parabolic markings can be seen. They
are an indicator for an interaction of the primary crack with secondary cracks
that nucleate at inhomogeneities [290, 291]. Small particles with a size less than
10 µm can be observed at the parabolic markings. The residual fracture surface
is rough. In contrast, the fracture surface of the bulk specimens is significantly
smoother. Smaller pores can be identified as the origin of the failure. Again, a
smooth region surrounding the origin can be observed with only very few parabolic
markings nucleated at pores. The residual fracture surface is slightly rougher.
The significantly rougher fracture surface of the 3D printed specimens results
from the particles. The particle size suggests that it is remaining DCD. The uron
based accelerator can act as a curing agent itself (see Section 4.2.1) and allows
curing at lower temperatures than with DCD [287]. As the post-curing cycle for
the 3D printed specimens remains for a long time at low temperatures, curing
starts without an involvement of the DCD. In the later stages of the curing cycle
with higher temperatures, a reaction with DCD takes place. Yet, this leaves some
remaining DCD. Contrary, for the casted specimens curing takes place at elevated
temperatures throughout the process so that an accelerated DCD reaction occurs
from the beginning on. Further investigations with regard to a higher final curing
temperature above the melting point of DCD are presented in Appendix A.2.2.
However, neither an improvement of the mechanical properties is observed, nor
the issue of remaining DCD can be solved.

Having a look at the fracture surfaces of the 3D printed PLA dog-bones in
Fig. 4.22, the individual wall and infill lines are clearly visible. Also pores be-
tween the lines can be seen. This inhomogeneity shows the lack of diffusion and
entanglement of the polymer chains over the interfaces between the lines. It leads
to the anisotropy issue in FFF printing. The fractography results correspond well
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Figure 4.20: Comparison of the mechanical properties of 3D printed specimens
with different infill orientations and bulk specimens for the devel-
oped solid epoxy formulation and a commercial PLA filament.
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(a) Solid epoxy with 0◦ infill.

(b) Solid epoxy with 90◦ infill.

(c) Solid epoxy casted and milled.

Figure 4.21: Fracture surfaces of the 3D printed as well as casted and milled
dog-bones with the solid epoxy formulation.
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with the mechanical results where the 90◦ specimens underperform as the inter-
faces are perpendicular to the loading direction. An origin of failure is difficult
to identify because of the inhomogeneity.

(a) PLA with 0◦ infill. (b) PLA with 90◦ infill.

Figure 4.22: Fracture surfaces of the 3D printed dog-bones with commercial
PLA filament.

Working hypothesis 5

A solid epoxy thermoset filament based 3D printing material can solve the
anisotropy limitations at a low strength level of the current FFF process.

This working hypothesis can be fully confirmed. The mechanical charac-
terization of 3D printed dog-bones shows isotropic material properties in
terms of elastic modulus, strength and elongation at break. The success-
ful cross-linking over the layers is reassured by the fact that even similar
material properties compared to casted and milled bulk specimens are
reached. Moreover, the fracture surfaces show that a homogeneous mate-
rial is obtained without the visibility of individual infill lines.

4.3.6 Electrical Properties
A comparison of the electrical volume conductivity depending on the direction
to determine the electrical anisotropy is shown in the bar chart with sample
standard deviations in Fig. 4.23. The 3D printed solid epoxy formulation with
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0.2 wt% SWCNTs and two commercial filaments with different carbon fillers are
investigated. All materials show the highest conductivity in the X-direction of
the infill lines. Lower conductivity is found in Y - and Z-direction. For the solid
epoxy/SWCNT the conductivity perpendicular to the lines is approximately four
orders of magnitude lower and similar in both directions. The ABS/MWCNT has
a similar conductivity as the solid epoxy/SWCNT in X-direction and approxi-
mately one order of magnitude lower in Y - and two orders of magnitude lower
in Z-direction. The PLA/CB has a conductivity that is approximately three or-
ders of magnitude higher than that of solid epoxy/SWCNT in X-direction. The
conductivity in Y - and Z-direction is only slightly lower. The differences can
be explained by nanoparticle morphology, filler content and manufacturing tech-
nique. The high aspect ratio over 3000 for the SWCNTs [292] allows to reach a
similar conductivity for the solid epoxy/SWCNT material in X-direction as for
the ABS/MWCNT despite having only a filler content of 0.2 wt% compared to
10 wt%. However, an even higher conductivity is reached in the PLA/CB with
a filler content of over 20 wt%. Here, the filler content is so high that also the
electrical anisotropy almost vanishes. Contrary, the electrical anisotropy of the
other two materials can be explained by the FFF technique. The material is
deposited in lines and solidifies quickly afterwards. Each interface between the
lines can be seen as a barrier for electrical conductivity since a polymer rich sur-
face is usually found in nanocomposites. Thus, the conductivity is lower in the
directions perpendicular to the infill lines. The effect is even worse for the 3D
printed solid epoxy with the extremely low filler content. This reduces the prob-
ability of conductive paths during nanoparticle network formation according to
percolation theory. Despite the cross-linking during post-curing that spans the
interface between the infill lines, the nanoparticle mobility is limited due to the
predominantly solid behavior [271] shown in Section 4.3.2.

In order to be able to adjust the electrical conductivity of the functionalized
solid epoxy formulation to the application, the percolation behavior is examined.
Figure 4.24a shows the electrical volume conductivity of the solid epoxy/SWCNT
depending on the filler content. Error bars display the sample standard deviation.
The 3D printed specimens are measured in infill direction X and a comparison
with casted and milled bulk specimens is presented. No electrical conductivity is
measured with an SWCNT content of 0.05 wt%. With increasing SWCNT content
the whole range from static dissipative to conductive can be covered where the
percolation threshold of 1 × 10−6 S m−1 [293] is reached at an SWCNT content
of approximately 0.1 wt%. This actually corresponds to the predicted statisti-
cal percolation threshold of CNT fillers [250]. A comparison of the bulk to the
3D printed specimens with a similar filler content of 0.1 wt% shows a signifi-
cantly higher conductivity of approximately five orders of magnitude for the bulk
specimens. This can be explained by two effects. First, the casted and milled
specimens consist of homogeneous bulk material with no polymer rich sections at
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Figure 4.23: Comparison of the electrical conductivity depending on the di-
rection for the 3D printed solid epoxy formulation with 0.2 wt%
SWCNTs and two commercial filaments.

the interfaces of the infill lines. This allows conductive paths to form through the
whole volume of the specimens, while they are limited to the individual infill lines
for the 3D printed specimens. Therefore, the probability to have conductive paths
is increased for the bulk specimens according to percolation theory because of a
lower length to diameter ratio [294]. The conductive paths are sensitive to inter-
ruptions. Having a larger cross-section allows redundancies in conductive paths.
Second, the different curing procedures of the 3D printed and casted specimens
influence the conductivity. In the case of the 3D printed specimens, the material
is in a predominantly solid state (see Section 4.3.2), which limits the mobility of
the SWCNTs [271]. In addition, the DCD curing agent remains in particle form
with low solubility in the early phases of the post-curing process. Therefore, the
ion concentration remains low so that repulsive electrostatic forces dominate at
intermediate distances of the total interaction potential for colloidal dispersions
according to DLVO theory (see Section 4.2.2). The potential barrier cannot be
overcome. Hence, agglomeration after thorough dispersion is suppressed. Yet,
this is essential in building electrically conductive paths during network forma-
tion when being below the statistical percolation threshold and relying on the
kinetic percolation threshold [257]. In contrast, curing of the casted material at
elevated temperatures allows the agglomeration of the SWCNTs and the forma-
tion of an electrically conductive network as depicted in Fig. 4.24b. In this case,
the electrical conductivity is shown over time during curing of the casted material
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in the oven at a temperature of 140 ◦C. During the first 10 min the conductivity
increases significantly over two orders of magnitude. A higher conductivity can
already be observed in the beginning of the measurement compared to the 3D
printed specimens. It can be explained by the time it took to close the tube
with the pistons and attach the wires to the source measure unit during which
an agglomeration can already take place. In addition, more conductive paths can
form through the larger homogeneous volume according to percolation theory.
The slightly lower final conductivity compared to the bulk cube specimens can
be explained by the different specimen dimensions. The length of the material
volume used to observe the electrical conductivity during curing is larger com-
pared to the bulk cubes. This increases the probability to have an interruption
of conductive paths.
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Figure 4.24: Electrical conductivity depending on the SWCNT content in the solid
epoxy formulation and the manufacturing process. The 3D printed
specimens are measured in infill direction X. The discrepancy be-
tween 3D printed and bulk material can be explained when looking
at the electrical conductivity over time during curing of the casted
material.

Working hypothesis 6

SWCNTs can be used as a filler for a functionalized solid epoxy thermoset
formulation in the FFF process to incorporate electrical conductivity.

138



4.3 Results and Discussion

This working hypothesis can be confirmed. Depending on the filler con-
tent, the whole range of electrical properties can be obtained from static
dissipative to conductive. Due to the functionalization with high aspect
ratio SWCNTs, significantly lower filler loadings are sufficient compared
to commercial alternatives. However, compared to nanocomposites with
liquid epoxy resins a higher percolation threshold is observed, which cor-
responds to the theoretical statistical one. This is caused by a limita-
tion of the nanoparticle mobility during curing in a predominantly solid
state. Thus, a conductive network formation is suppressed. Hence, a ki-
netic percolation threshold is not observed. In contrast to the mechanical
properties, the electrical conductivity is anisotropic. This is a result of
the polymer rich surface of the individual infill lines acting as a barrier.

4.3.7 Temperature Sensing
Exploiting the thermoresistive properties of the 3D printed nanocomposite, a
proof of concept study of the application as a temperature sensor is carried out.
A characteristic curve of the resistance depending on the temperature for the
3D printed solid epoxy formulation with 0.2 wt% SWCNT content is shown in
Fig. 4.25. The curve is bijective within the considered range. The resistance de-
creases with increasing temperature. Fitting the exponential law of Eq. (4.10) to
the experimentally determined data points yields a temperature coefficient of re-
sistance of αT = −0.0158 ◦C−1. Different effects counteract each other in case of
the resistance depending on the temperature for an SWCNT nanocomposite. De-
pending on whether the SWCNTs are in zigzag, armchair or chiral configuration,
they are either semiconducting or metallic (see Section 4.2.2). However, usually all
configurations can be found with two thirds semiconducting and one third metal-
lic [295]. The SWCNTs used in this study also consist of both types [296]. They
can be separated [297], yet such processes damage or contaminate the SWCNTs
and the efficiency is low [295]. In addition, the tunnel effect is depending on
the distance between two conducting particles and the temperature [244, 245].
A higher temperature leads to thermal expansion of the polymer matrix. This
results in an increased distance between the nanoparticles, which reduces the
tunnel current. Yet, an increased temperature also raises the energy level of the
electrons, which increases the tunnel current. The NTC suggests that the raised
energy level of the electrons is the dominant effect. Tunneling resistance plays
the dominant role in nanocomposites when the filler content is low and disper-
sion is good [298]. The relatively high resistance in the range of several GΩ can
be explained by the electrical anisotropy of the 3D printed specimens and the
contacting with ring electrodes. Due to the barrier of the polymer rich surface
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of the individual infill lines, current only flows through the outer layer. Thus,
the conductive cross-section is reduced. The measured current is close to but
still within the limits of the utilized source measure unit. However, such a high
resistance might be problematic for other data acquisition systems.
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Figure 4.25: Characteristic curve of the resistance depending on the temper-
ature for the 3D printed solid epoxy formulation with 0.2 wt%
SWCNT modification. A fit to determine the temperature coef-
ficient of resistance αT is included.

Figure 4.26a shows the signal-to-noise ratio depending on the temperature for
the 3D printed solid epoxy formulation with 0.2 wt% SWCNT content. Two fac-
tors influence the signal-to-noise ratio. First, the lower the temperature, the
higher the mean of the resistance measurement. Second, the higher the tem-
perature, the better the resolution of the source measure unit as the resistance
decreases. Hence, the standard deviation of the resistance measurement is re-
duced. Both effects lead to a higher signal-to-noise ratio and are counteracting
each other. At a temperature of −29 ◦C a high signal-to-noise ratio is observed
because the high mean of the resistance measurement dominates. From tempera-
tures of 23 ◦C to 81 ◦C the signal-to-noise ratio increases as the reduced standard
deviation of the resistance measurement dominates. Above a temperature of 81 ◦C
the signal-to-noise ratio decreases as the decreasing mean of the resistance mea-
surement dominates. With the signal-to-noise ratio always above 50 the signal
can be clearly distinguished from the noise over the whole temperature range.

For an estimate of the response time of the temperature sensing specimen,
the relative resistance change over time when placed from room temperature
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in an oven at a temperature of 100 ◦C is depicted in Fig. 4.26b. The corre-
sponding temperature measured with a thermocouple is presented as well. The
relative resistance change approaches approximately −80 % asymptotically after
an initial steep decrease due to the temperature step input to a higher level. A
time constant of τ = 19.51 s is determined with a fit of Eq. (4.12) for the solid
epoxy/SWCNT dog-bone specimen. In comparison, the commercial thermocou-
ple has a time constant that is half as big. The difference can be explained by
the poor thermal conductivity of epoxy resin and the larger volume and mass of
the solid epoxy/SWCNT sensing specimen.
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Figure 4.26: Signal-to-noise ratio depending on the temperature and time con-
stant τ when placing the 3D printed sensing specimen in an oven at
a temperature of 100 ◦C. The relative resistance change is shown
for the solid epoxy formulation with 0.2 wt% SWCNT modification
together with the temperature from a thermocouple.

4.3.8 Strain Sensing

The results of the proof of concept study for the application of the 3D printed
solid epoxy/SWCNT material as a strain sensor are shown in Fig. 4.27. Rel-
ative resistance change, displacement and force are shown over time during a
cyclic tensile test with increasing loading steps. With increasing displacement,
the resistance increases. This piezoresistive phenomenon can be explained by the
tunnel effect (see Section 4.2.2). Due to the straining of the material, the dis-
tance between the nanoparticles increases leading to a reduced tunnel current.
The plastic deformation of the dog-bone specimen indicated by the remaining
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displacement in the unloaded state is also captured by a remaining increase in
resistance. When the displacement of the previous cycle is exceeded, the rela-
tive resistance changes with a steeper slope than beforehand especially for the
later cycles. After maximum loading of a cycle, the resistance is decreasing with
a delay. These two phenomena can be explained by the complex visco-elasto-
plastic material behavior of polymers. Until the previous maximum loading is
reached, the material behaves predominantly elastic where the nanoparticle dis-
tance changes only slightly. Hence, the slope of the relative resistance change is
less steep. Afterwards, especially in the higher loading cycles the plastic behavior
leads to material flow and increases the nanoparticle distance more drastically.
Thus, the slope of the relative resistance change is steeper. At the maximum
loading of the cycles, a relaxation in the force is visible. Therefore, the polymer
network is still in motion and thus also the nanoparticle distances are still chang-
ing. This viscous effect is still present in the beginning of the unloading and leads
to a delayed response of the relative resistance change. Finally, the failure of
the functionalized dog-bone specimen is registered by a sudden loss of electrical
conductivity.
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Figure 4.27: Strain sensing with a 3D printed dog-bone specimen of the solid
epoxy formulation with 0.2 wt% SWCNT modification. The rela-
tive resistance change is shown together with the displacement and
the force depending on the time.
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Working hypothesis 7

The functionalized solid epoxy thermoset filament can be used for 3D
printed temperature and strain sensing applications.

This working hypothesis can be confirmed. The proof of concept studies
show that the SWCNT modified solid epoxy thermoset filament can be
used for functional integration by FFF 3D printing in terms of sensing.
The temperature sensing specimen has a distinct signal, is sufficiently
fast and bijective in the analyzed range. The strain sensing specimen can
trace loading and unloading in cyclic experiments and further indicates
failure by a loss of conductivity.

4.4 Conclusion on Functional Material Printing

In this chapter, a new material for FFF 3D printing is presented that solves the
mechanical anisotropy issue at a low level and is suitable for functional appli-
cations by means of a nanoparticle modification. The key constituents of the
material formulation are a solid thermoset epoxy resin and a latent curing agent
allowing a cross-linking during the post-curing process. The material formulation
is explained and thermal as well as rheological measurements are conducted to
show basic properties. The geometry changes during post-curing are investigated
to ensure dimensional stability. Static tensile tests are carried out to show the
isotropy of the 3D printed material and fracture surfaces are inspected to gain
more insights into the failure mechanisms. In addition, the new material is modi-
fied with SWCNTs to incorporate electrical conductivity and make it suitable for
functional 3D printing. The electrical properties are characterized with regard
to anisotropy, percolation and conductive network formation. To benchmark the
new material, a comparison with specimens from commercial thermoplastic fil-
aments and with casted and milled bulk specimens is performed. Finally, the
capabilities of the functionalized new material in temperature and strain sensing
applications is shown in a proof of concept study.

Tensile tests on 3D printed dog-bones of the developed solid epoxy formula-
tion with an infill in loading direction and perpendicular to it show the isotropic
nature of the new material with regard to elastic modulus, strength and elonga-
tion at break. Also compared to bulk specimens only insignificant differences can
be found. In contrast, the commercial PLA exhibits the well known anisotropy
in strength and elongation at break. The superior properties of the solid epoxy
formulation are reached by cross-linking during post-curing that spans the inter-
face between the infill lines. Contrary, diffusion and entanglement of the polymer
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chains for commercial thermoplastic filaments are limited as the material solidifies
immediately after deposition. Also the fracture surfaces underline the findings of
the mechanical experiments. A homogeneous fracture surface is observed for the
3D printed solid epoxy formulation, while the individual infill lines are still visible
for the commercial PLA. Compared to the casted and milled specimens, the 3D
printed solid epoxy specimens show slight roundings at the upper edges and larger
pores that are the origin of the failure. These can be attributed to the simplified
filament production process and adjusted printing process, which are more prone
to manufacturing errors. Variations in the filament diameter and pores should be
reduced for instance with a professional filament extrusion process in the future.
A filament extrusion process is also needed to enable a continuous FFF printing
process from a spool. In addition, the fracture surfaces of the 3D printed speci-
mens show remaining DCD particles. They are a result of the post-curing process
that starts at low temperatures where the uron based accelerator itself acts as a
curing agent and consumes functional epoxy groups. However, this neither affects
the mechanical properties nor the thermal stability.

DSC measurements of the uncured newly developed material show its charac-
teristics: the glass transition temperature is above room temperature allowing
to feed it as a solid filament to the FFF printer and the onset temperature of
the curing peak is above the processing temperature preventing significant curing
during mixing and printing. During storage of the uncured solid epoxy formu-
lation at room temperature or in the freezer no significant decrease in residual
reaction enthalpy is found within the first 6 months. With a Tg over 100 ◦C of the
post-cured solid epoxy formulation (with and without SWCNT modification), the
thermal stability outperforms the commercial PLA. A slow post-curing tempera-
ture program is developed with oscillatory rheological measurements by keeping
the material below the solid to fluid crossover point. This ensures dimensional
stability, which is shown in geometrical measurements. The relative dimensional
change due to relaxation and chemical shrinkage is below 4 %. The current post-
curing process is very conservative and should be optimized in the future to reach
more reasonable production times.

With regard to electrical volume conductivity, an anisotropic material behav-
ior is detected for the 3D printed functionalized solid epoxy formulation with
the highest conductivity found in the direction of the infill lines. The interfaces
between the infill lines can be seen as a barrier for electrical conductivity be-
cause of the polymer rich surface typically found in nanocomposites. Hence, a
lower conductivity is found perpendicular to the infill lines. The high aspect
ratio of SWCNTs as a conductive modifier allows to reach the percolation thresh-
old with only 0.1 wt% filler content in infill direction. With 0.2 wt% filler con-
tent, a similar conductivity is reached compared to commercial ABS/MWCNT
material with a carbon additives content of 10 wt%. Higher conductivities are
reached with the commercial PLA/CB material that also displays a less pro-
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nounced anisotropy. However, here a significantly higher filler content of over
20 wt% is utilized. Compared to bulk specimens of the functionalized solid epoxy
formulation, the 3D printed ones show a significantly lower electrical conductivity.
This results from the 3D printed solid epoxy being in a predominantly solid state
during post-curing. This limits the mobility of the SWCNTs and thus suppresses
agglomeration after thorough dispersion, which is essential in the formation of
a conductive network. Contrary, the curing of the casted specimens directly at
elevated temperatures in a liquid state allows this agglomeration.

The proof of concept studies show the capabilities of the newly developed elec-
trically modified material in functional 3D printed sensing applications. In tem-
perature sensing applications a bijective characteristic curve is found for the re-
sistance depending on the temperature in the analyzed range from −30 ◦C to
120 ◦C. An NTC of resistance of αT = −0.0158 ◦C−1 is observed. It can be ex-
plained by the raised energy level of the electrons due to the higher temperatures,
which increases the tunnel current. With a signal-to-noise ratio greater than 50
over the investigated temperature range, the signal can be clearly distinguished
from the noise. The time constant of approximately 20 s, determined from a step
input from room temperature to 100 ◦C, is sufficiently fast for many applications.
In strain sensing applications, the 3D printed functionalized solid epoxy is able
to follow loading and unloading cycles with increasing and decreasing resistance.
Material failure is captured by a loss of conductivity.
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In this study two applications of additive manufacturing (AM) are shown that
go beyond rapid prototyping and exploit its advantages. The applications are
chosen based on the demands of AM users seeking more reliability and new ma-
terials. As a first application, reliable lightweight design with lattice structures
is considered for two materials, which are printed by different AM techniques.
The structural material Ti-6Al-4V fabricated by selective laser melting (SLM)
and a methacrylate photopolymer fabricated by stereolithography (SLA) are in-
vestigated. The influence of different load cases, volume fractions and building
directions on the mechanical properties of the lattice structures are analyzed.
The mechanical properties of the three-dimensional (3D) printed bulk material
are explored to be able to calibrate material models for finite element method
(FEM) simulations that are essential in a structural design process. Moreover,
the variation of material properties and geometrical accuracy are examined and
also incorporated in FEM models. Digital image correlation (DIC) measurements
and FEM simulations are performed to investigate the deformation and progres-
sive damage process as well as failure modes. A probability distribution of the
homogenized mechanical properties of the lattice structures is obtained. Such
a probabilistic analysis can be used in a reliable design process, avoiding high
safety factors that interfere with lightweight design. Also computationally more
efficient FEM simulations of unit cells with periodic boundary conditions (PBCs)
are conducted in a homogenization approach. In addition, further applications of
lattice structures and AM in process engineering are presented and new concepts
are developed. This also leads to the second application of AM beyond rapid pro-
totyping where functional integration is considered. It is implemented with an
electrically conductive material that is suited for sensing. Functional integration
by a combination of materials is usually based on fused filament fabrication (FFF)
printing that is currently limited by the anisotropy issue at a low level due to in-
sufficient inter- and intralayer strength of commercial thermoplastic polymers.
Here, the demand for new materials is met. The newly developed material is
based on a thermosetting solid epoxy resin and a latent curing agent. This allows
a supply of the material in the form of a filament for use in low-cost FFF printers
as well as cross-linking in a post-curing process leading to isotropic mechanical
properties. The mechanical and thermal properties of the new material formula-
tion are analyzed. Further, it is functionalized by single-walled carbon nanotubes
(SWCNTs) to introduce electrical conductivity. The electrical properties are in-
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vestigated. Finally, the modification with nanoparticles allows the employment
as temperature and strain sensors, which is explored in proof of concept studies.

The following conclusions can be drawn from this study concerning the hy-
potheses presented in Section 1.2.

Research hypothesis

AM of structural and functional materials has potential beyond rapid
prototyping in lightweight design applications with lattice structures as
well as in functional applications by multi-material printing.

The research hypothesis can be confirmed. Despite being cumbersome,
a reliable design process is developed for lattice structures to be used
in lightweight applications. It requires a probabilistic approach and the
consideration of different load cases. In addition, other applications are
presented that can profit from additively manufactured lattice structures.
Even more promising is the newly developed solid epoxy material for-
mulation for FFF multi-material printing. It shows isotropic mechanical
properties and can be used in functional applications such as tempera-
ture and strain sensing by a modification with SWCNTs that introduces
electrical conductivity.

With regard to the additively manufactured lattice structures in lightweight
design, an evaluation of different load cases is mandatory. Manufacturing imper-
fections such as pores are often present in the currently immature AM techniques.
They yield a different material behavior in tension and compression. On the one
hand, analyzing only compressive specimens leads to an overestimation of the
strength that could result in an earlier failure than expected. On the other hand,
exploring only tensile specimens yields an underestimation of the strength so that
lightweight potential is being wasted.

Moreover, it is shown that the progressive damage behavior of lattice structures
can be captured with FEM simulations. They have a higher local and temporal
resolution than experiments and thus help to get additional insights. Here, the
choice of the material model is of importance. For 3D printed materials, a tension-
compression asymmetry can often be observed. It is either naturally inherent in
the case of polymers or stems from manufacturing imperfections such as pores.
This needs to be included in advanced material models such as Drucker-Prager
to obtain reliable numerical results. Beyond that, FEM simulations on unit cells
with PBCs are computationally less expensive while still delivering feasible re-
sults. They also contribute to a better understanding of the influence of the load
introduction.
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Furthermore, a probabilistic design process for lattice structures is developed.
It incorporates the geometrical and material uncertainties that stem from insta-
bilities of current AM processes and materials. Considering these influences is
important for a reliable lightweight design with lattice structures. This allows to
avoid high safety factors that still leave some uncertainty due to their empirical
nature and result in higher weights. Special attention needs to be paid regarding
the determination of the probability distribution of mechanical properties that
are governed by local effects such as strength and fracture strain. The proposed
local probability density function (PDF) model seems to be a promising approach
to estimate them accurately.

Finally, the potential of additively manufactured lattice structures in light-
weight design applications is left to further discussions. While advantages can
be seen especially in complex loading situations and with additional degrees of
freedom by free rotation of the unit cells, the design process is very elaborate. In
contrast, other fields could exploit the benefits of AM and lattice structures more
easily and extensively. Especially the application in process engineering could
contribute to an increasing conversion of substances and a higher selectivity in
reactors. Hence, raw material and energy can be saved, which is economically
and ecologically beneficial. To withstand the high pressures in reactors it still
makes sense to exploit the mechanical properties that lattice structures provide.
Here, the proposed design process helps to use the mechanical features of lattice
structures to full capacity.

Concerning the newly developed thermoset material for FFF printing, very
promising results are obtained. The solid epoxy basis allows to supply the material
in the form of a filament. The latent curing agent permits an appropriate shelf life
and circumvents curing during filament production or in the hotend. Yet, it allows
cross-linking over the layers in a specially developed post-curing temperature
program while dimensional stability is ensured. A mechanical characterization of
the 3D printed material shows that the anisotropy issue at a low strength level of
the current FFF process is solved. The material properties are not only isotropic,
they are in a similar range as those of casted and milled bulk material. These
findings could revolutionize FFF printing.

In addition, it is shown that the solid epoxy thermoset can be functionalized
with SWCNTs to incorporate electrical conductivity. However, the electrical
properties are anisotropic as the polymer rich surface of the infill lines acts like
a barrier for electrical conductivity. Moreover, a significantly lower electrical
conductivity than for casted bulk material and for liquid epoxies in other state of
the art nanocomposites is observed. This can be explained by the predominantly
solid state of the 3D printed material during curing that prevents the formation of
a conductive network by agglomeration. Therefore, kinetic percolation cannot be
reached and the higher statistical percolation threshold seems to be valid. Overall,
the electrical conductivity can be adjusted by the filler content and the use of
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SWCNTs still allows electrical conductivity at very low filler loadings compared
to commercial filaments.

Lastly, proof of concept studies demonstrate that the functionalized solid epoxy
thermoset filament can be used for 3D printed temperature and strain sensing
applications. The temperature sensing specimen exhibits a bijective characteristic
curve in the analyzed range and has a sufficiently high signal-to-noise ratio as
well as a sufficiently low time constant. The strain sensing specimen is capable
to follow the loading and unloading in cyclic experiments and can detect failure.
Hence, the newly developed material can be utilized for functional integration by
multi-material 3D printing.

To summarize, AM is most probably not going to be the universal manufac-
turing technique that will replace all the others. However, there are promising
applications beyond rapid prototyping where AM is clearly advantageous and thus
it will coexist along with other manufacturing technologies. As AM is relatively
young compared to traditional manufacturing techniques, the current immaturi-
ties could be overcome in the future, so that the processes are getting more reliable
and the choice of materials is getting bigger. This dissertation is a contribution
in that direction.
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This study has shown that additive manufacturing (AM) of structural and func-
tional materials has potential beyond rapid prototyping in applications with lat-
tice structures as well as in functional applications by multi-material printing.
Nevertheless, further research is necessary to gain deeper insights and several
extensions are possible to capitalize on the findings made so far.

With regard to the newly developed functional material, an upscaling of the fil-
ament production needs to be carried out by a transfer to a professional extrusion
process. This reduces pores and variations in the filament diameter. Moreover,
it enables continuous fused filament fabrication (FFF) printing of larger parts
from a spool. Several investigations are necessary for a scale up of the filament
production with an extruder:

• Differential scanning calorimetry (DSC) measurements, so that the material
does not cure during the extrusion process and jam the extruder

• Rheology measurements to find a suitable viscosity for extrusion

• Analysis of the haptics/handling of the filament, such as flexibility to be
rolled on a spool, tackiness to avoid sticking together and abrasiveness of
the feeder

• Development of an air-cooling track as water uptake could negatively influ-
ence the material properties

• Determination of extrusion parameters for a constant thickness and a round
cross-section

Slight adjustments of the material formulation might be necessary to cope with
the higher requirements of continuous printing such as smaller bending radii and
the abrasive effect of the feeder. The flexibility and toughness of the filament
could be improved by a thermoplastic additive with longer polymer chains such
as phenoxy, which is compatible with epoxies. Also an elastomer modification
such as rubber could be an option. When continuous printing is enabled, further
investigations are necessary with regard to printing and curing of tall parts as
dimensional stability is only proved for flat objects so far. Also the post-curing
needs amelioration to achieve shorter cycles. Currently, most of the time is spent
at low curing temperatures where the reactivity of the material system is low.
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This is necessary to secure dimensional stability since the initial curing degree is
low. Using higher printing temperatures or longer filament processing times could
slightly increase the initial curing degree. Hence, post-curing can start at higher
temperatures and by that save tremendous amounts of time. However, this is a
delicate topic because higher printing temperatures also increase the probability
of cured material inside the print head and clogging of the nozzle. Thus, some
fine tuning is necessary. Also the amount of remaining functional groups should
be considered, which are required for cross-linking over the interfaces. In addi-
tion, the mechanical properties of the functionalized material and a combination
of functionalized and non-functionalized material in a multi-material printing ap-
proach needs to be investigated. Especially the interfacial strength is of interest
to ensure that there are no further weaknesses in functionally integrated parts.
However, studies on structure integrated epoxy/carbon nanotube (CNT) strain
sensor films in glass fiber reinforced polymer (GFRP) showed no significant loss in
mechanical properties when the films are not fully cured and a co-curing process
with the laminate is carried out [299]. Similarly, no significant loss in the mechan-
ical properties at the interface of the multi-material print is expected because the
remaining reactive groups can form cross-links in the post-curing process. Fur-
thermore, the issue of a lower electrical conductivity of the three-dimensional
(3D) printed functionalized solid epoxy compared to casted specimens could be
addressed. Here, the predominantly solid state during post-curing suppresses the
formation of a conductive network due to limited nanoparticle mobility. In the
case of functionalized paths that are completely surrounded by non-functionalized
material this challenge could be overcome by a reduced amount of accelerator,
a slower accelerator or no accelerator at all in the functionalized material. In
that case, the functionalized material liquefies during the post-curing process al-
lowing for a conductive network formation while still being bounded and held in
shape by the solid non-functionalized material. The functionalized material can
then be cured at a higher temperature. Also the proof of concept studies with
regard to temperature and strain sensing need to be extended. The repeatability
and the influence of electrical anisotropy on the sensing capabilities have to be
investigated. In addition, the sensitivity, signal-to-noise ratio and response time
has to be analyzed for different single-walled carbon nanotube (SWCNT) filler
contents. Moreover, the influence of the visco-elasto-plastic material behavior in
strain sensing needs further examinations. Finally, the new material formulation
could be used in combination with continuous fiber reinforcements allowing 3D
printed structural polymer parts without the current weak interfaces. Applica-
tions in topology optimized lightweight design are very promising as additional
degrees of freedom with regard to fiber orientation are available compared to
conventional fiber reinforced polymer (FRP) manufacturing processes.

Concerning the lattice structure applications, especially the probabilistic analy-
sis needs further investigation as reliability is essential for AM users. More exper-
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iments could be performed to statistically support the results. Also the number
of finite element method (FEM) simulations needs to be increased for a numeri-
cal Monte-Carlo analysis. As the computational cost is extremely high, surrogate
modeling could be carried out to gain additional data. Furthermore, first-order re-
liability methods (FORMs) and second-order reliability methods (SORMs) could
be applied for a stochastic moment approximation of the joint probability density
function (PDF) of the random variables. However, the number of random vari-
ables is high as geometry and material deviations are applied as random fields.
Hence, these methods also demand a high computational effort. Computationally
more efficient calculations such as the unit cell analyses with periodic bound-
ary conditions (PBCs) could be integrated in the stochastic design process. In
addition, the newly developed local PDF model for estimating the probability
distribution of local properties such as strength and fracture strain needs further
assessment as it seems very promising. In this study, it became evident that the
stereolithography (SLA) process with the Form 2 and a photopolymer is very
sensitive to the process parameters and the environment as well as the condition
of the material and the machine leading to variations in the mechanical prop-
erties. The cause is difficult to identify due to the high number of influencing
factors. Thus, it might be interesting to apply the local PDF model to a more
stable AM process in order to analyze if the small deviations between experiments
and simulations disappear. Moreover, the application of the local PDF model in
the probabilistic analysis of other material systems and manufacturing processes
with localization phenomenas could be investigated. Currently, studies captur-
ing variations in the nonlinear part of the material model are rare despite their
importance in a reliable design process.

Finally, further applications of additively manufactured lattice structures could
be investigated. In the field of process engineering, a combination with the
newly developed material could be interesting for periodic open cellular struc-
tures (POCSs) with optimized topology for process intensification and integrated
temperature sensing for process monitoring. In the field of electronics, additively
manufactured heat sinks show potential [300], where also lattice structures could
be considered due to their large surface area.
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A Development of the Solid Epoxy Material
Formulation

In this appendix further insights into the development of the solid epoxy material
formulation are given. First, the prepolymer development is described. After-
wards, the curing of the material formulation is further analyzed. A thermoki-
netic model is constructed and the influence of the final curing temperature on the
mechanical properties is examined. Finally, photographs of the three-dimensional
(3D) printed solid epoxy specimens are presented.

A.1 Prepolymer Development

To reduce the brittleness of the uncured solid epoxy, a prepolymer is developed
that is added to the material formulation. The idea is that longer oligomer chains
could act like thermoplastic polymer chains and allow some entanglement. The
prepolymer is based on the solid epoxy resin to not add further components to
the formulation. For increased flexibility, a polyetheramine curing agent is used.
A substoichiometric curing is needed for the prepolymer to allow mixing with the
other components in further steps. On the one hand, the curing degree should
be as high as possible to have long oligomer chains. On the other hand, the gel
point should not be reached as this would not allow a homogeneous distribution
in further mixing steps. The aim is to determine the amount of polyetheramine
curing agent where the gel point is just not reached. Here, the fluid to solid
crossover point in oscillatory rheology at tan(δ) = 1 is used as the definition for
the gel point [286]. In order to find a suitable prepolymer, different formulations
with increasing amount of polyetheramine curing agent are analyzed by oscillatory
rheology. A polyetheramine content of 14 wt% to 52 wt% is investigated where
the latter corresponds to the stoichiometric amount of curing agent for the solid
epoxy resin. The preparation of the prepolymer formulations is carried out as
presented in Section 4.2.5. The prepolymer formulations are investigated with
oscillatory rheology using the same setup and parameters as in Section 4.2.7.
Time sweeps are performed at a temperature of 80 ◦C.

Figure A.1a shows an exemplary rheology measurement of the prepolymer for-
mulation with a polyetheramine content of 24 wt%. This is the prepolymer being
utilized in the material formulation for the filament in Section 4.2.5. The storage
and loss modulus as well as the loss factor are displayed depending on the time
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during the curing reaction at a temperature of 80 ◦C. Storage modulus and loss
modulus both increase with advancing time as curing of the material progresses
until an equilibrium is reached. The storage modulus approaches the loss mod-
ulus. This can also be observed by the decreasing loss factor that approaches
a value slightly higher than tan(δ) = 1 in the final equilibrium state when all
functional groups of the curing agent are consumed. After approximately 2.5 h
no significant change is observed anymore, so this is employed as the curing time
for the prepolymer in Section 4.2.5. The results of the examination of the pre-
polymer formulations by oscillatory rheology are presented in Fig. A.1b. The loss
factor in the equilibrium state at the end of the curing reaction is depicted over
the amount of polyetheramine curing agent in the formulation. With increasing
amount of polyetheramine the final loss factor decreases as the material can be
further cured. The gel point is reached with a polyetheramine content between
26 wt% and 28 wt%. To ensure that the gel point is not reached, a slightly lower
polyetheramine content of 24 wt% is employed for the prepolymer in the filament.
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Figure A.1: Results of the oscillatory rheology measurements of the prepolymer
formulations. An exemplary measurement of the finally utilized pre-
polymer formulation with a polyetheramine content of 24 wt% is
shown as well as the loss factor at the end of curing over the amount
of polyetheramine curing agent.
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A.2 Curing

This appendix section deals with the curing of the solid epoxy material formula-
tion. A thermokinetic model is constructed by Friedman analysis. The mechanical
properties depending on the final curing temperature are investigated to evaluate
whether higher curing temperatures are beneficial.

A.2.1 Thermokinetic Modeling
The curing reaction of thermosets can influence their final properties. Therefore,
the reaction kinetics need to be analyzed. A thermokinetic model allows predic-
tion of the progress of the reaction and can also be used to optimize the curing
process to achieve the desired material properties. The progress of the curing
reaction over time t can be characterized by the degree of conversion αc. It is
given by

αc(t) = ∆H(t)
∆H , (A.1)

where ∆H(t) is the specific reaction enthalpy reached up to the point in time t
and ∆H is the specific reaction enthalpy of the entire curing process. The kinetic
equation to determine the conversion rate can be expressed by

dαc

dt = k(T )f(αc) , (A.2)

with k(T ) being the reaction rate constant at temperature T and f(αc) being
the reaction model. Arrhenius behavior is assumed for the reaction rate constant
with

k(T ) = A exp
(︃

−Ea

RgasT

)︃
, (A.3)

where A is the pre-exponential factor, Ea is the activation energy and Rgas is
the universal gas constant. Activation energy, pre-exponential factor and reac-
tion model are often referred to as the kinetic triplet [301]. A similar material
formulation to the one in this study has been analyzed by Hayaty et al. [302] with
a diglycidyl ether of bisphenol A (DGEBA) resin, a dicyandiamide (DCD) cur-
ing agent and a uron based accelerator. They assumed an autocatalytic reaction
model

f(αc) = αm
c (1 − αc)n , (A.4)

with n and m being independent reaction orders. A slightly different approach is
considered here with a model-free kinetic method.

The basic idea behind model-free analysis methods is that in reality most reac-
tions do not occur in a single step. Contrary, there are usually several concurrent
and competing reactions in multiple steps that contribute to an overall conver-
sion rate. Hence, it is not possible to describe this with one reaction model on

185



A Development of the Solid Epoxy Material Formulation

a physical basis. Also the activation energy and the pre-exponential factor are
not identical throughout the reaction and independent of the temperature pro-
file [303]. As the kinetic triplet cannot be determined in a meaningful way anyway,
model-free analyses do not rely on a reaction model. Instead, it is assumed that
all constituents of the kinetic triplet Ea(αc), A(αc) and f(αc) depend on the de-
gree of conversion. The second assumption is that the conversion rate at a specific
degree of conversion is only depending on the temperature [304]. Then, inserting
Eq. (A.3) in Eq. (A.2) yields one kinetic equation that describes the reaction by

dαc

dt = A(αc)f(αc) exp
(︃

−Ea(αc)
RgasT

)︃
. (A.5)

While for model-based analyses the kinetic equation (or equations in case of
multiple known reaction steps) should hold throughout the entire region of tem-
peratures and degrees of conversion, model-free analysis virtually uses multiple
kinetic equations that are only valid for a specific temperature and degree of
conversion [301]. These model-free methods are called isoconversional approach.
Model-free methods are not applicable, when the heating rate influences the re-
action and when the kinetic mechanism changes at a different conversion [305].

In this study the Friedman analysis is employed [306, 307]. It is a differential
model-free method as the conversion rate itself is analyzed that usually needs to
be determined by numerical differentiation of experimental data. Taking natural
logarithms of Eq. (A.5) yields

ln
(︂dαc

dt

)︂
= ln(A(αc)f(αc)) − Ea(αc)

Rgas

1
T
, (A.6)

which is a linear equation in 1/T , where ln(A(αc)f(αc)) is the intercept and
Ea(αc)/Rgas is the slope. For experiments at different temperature conditions,
straight lines can be obtained by a least squares fit through the isoconversional
points in a plot of ln(dαc/dt) versus 1/T . Then, the activation energy depending
on the degree of conversion can be directly obtained from the slope of the iso-
conversional lines without the assumption of a reaction model. When a reaction
model is assumed, also the pre-exponential factor depending on the degree of
conversion can be determined by the intercept of the isoconversional lines.

To obtain a thermokinetic model, the solid epoxy material formulation (pre-
pared as presented in Section 4.2.5) is analyzed by differential scanning calorime-
try (DSC) (DSC 204 F1 Phoenix, NETZSCH-Gerätebau GmbH, Selb, Germany)
under nitrogen atmosphere. The different temperature conditions are realized in
four dynamic experiments with various heating rates of 1 K min−1, 2 K min−1,
5 K min−1 and 10 K min−1. Samples with a mass of approximately 15 mg are uti-
lized. A temperature ramp from 25 ◦C to 250 ◦C in investigated to capture the
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entire curing peak. The thermokinetic analysis is performed with the commercial
software Kinetics Neo (NETZSCH-Gerätebau GmbH, Selb, Germany).

The results of the DSC measurements in terms of specific heat flow over tem-
perature depending on the heating rate are presented in Fig. A.2a. A baseline
correction is carried out for better comparability. For increasing heating rates a
higher specific heat flow can be observed as well as a peak maximum at higher tem-
peratures. With increasing heating rates, high temperatures are reached faster
so that the conversion rate is increasing leading to a higher specific heat flow.
Also the peak maximums are shifted as the material is not heated uniformly
anymore at higher rates and the conversion rate might lag behind the heating
rate. Figure A.2b shows the corresponding degree of conversion over temperature
depending on the heating rate. The characteristic S-shaped curves can be seen.
Similar to the specific heat flow peaks also the degree of conversion is shifted to
higher temperatures for increasing heating rates. In addition, the slope at the
inflection point is lower for increasing heating rates, meaning that the reaction
takes place over a larger temperature range.
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Figure A.2: Specific heat flow and conversion over temperature from DSC mea-
surements of the solid epoxy material formulation depending on the
heating rate.

The characteristic plot of the Friedman analysis is depicted in Fig. A.3 with
the logarithm of the conversion rate over the reciprocal temperature for different
heating rates. The isoconversional lines at specific degrees of conversion, which are
necessary to determine the activation energy, are presented with a parula/viridis
colormap.
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Figure A.3: Characteristic plot of the Friedman analysis for the solid epoxy
material formulation.

Figure A.4a shows the activation energy depending on the degree of conversion
according to the Friedman analysis together with the probable error based on the
fit. It can be seen that the activation energy is higher at low degrees of conver-
sion and then decreases until a degree of conversion of approximately αc = 0.8.
Afterwards, it rises again. A reason for this could be that the contribution of
the individual steps to the overall reaction rate of a multi-step reaction change
with the degree of conversion and the temperature [301]. As described in Sec-
tion 4.2.1, the initial reaction mechanism of DCD with DGEBA is the addition of
the primary and secondary amines. Later on etherification, homopolymerization,
a reaction of the cyano group of DCD with hydroxyl groups of DGEBA as well
as the formation of heterocyclic systems can occur. The thermokinetic model
obtained from Friedman analysis can be utilized to predict the curing reaction
of the solid epoxy material formulation. The prediction of the degree of conver-
sion over time depending on the isothermal curing temperature is displayed in
Fig. A.4b. Temperatures below 110 ◦C are not examined as they would be be-
low the final glass transition temperature so that the reaction becomes diffusion
controlled. This means a change in mechanism, making the model-free analy-
sis invalid. With increasing curing temperature the predicted time to reach full
conversion is decreasing. Two isothermal predictions are especially interesting in
the following. Isothermal curing at 210 ◦C is considered as it is above the melt-
ing point of DCD and could therefore prevent unreacted particles. Yet, this is
100 ◦C above the final glass transition temperature and therefore thermal degra-
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dation could be an issue. Hence, lower temperature isothermal curing at 140 ◦C
is of interest, which is far enough above the final glass transition temperature
for the reaction to be controlled by the chemical kinetics. For isothermal curing
at 140 ◦C the predicted time to reach a full conversion is approximately 80 min.
For isothermal curing at 210 ◦C the predicted time to reach a full conversion is
below 10 min. In the following the influence of the final curing temperature on
the mechanical properties is investigated.
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Figure A.4: Activation energy over degree of conversion and prediction of
isothermal curing time depending on the temperature according to
the Friedman analysis of the solid epoxy material formulation.

A.2.2 Influence of Final Curing Temperature

In order to examine the influence of the final curing temperature on the mechan-
ical properties of the solid epoxy material formulation, uniaxial tensile tests with
casted and milled bulk material dog-bone specimens are performed. Bulk mate-
rial specimens are utilized here as the focus is on the pure material properties.
Contrary, for 3D printed specimens material property differences due to the final
curing temperature might be covered by larger influences of the additive manu-
facturing (AM) process. In addition, the preparation is less elaborate compared
to 3D printed specimens. The specimen preparation is carried out as described
in Section 4.2.8 except that a different final curing temperature of 210 ◦C for
10 min is employed. The mechanical testing is conducted with the same setup
and parameters as in Section 4.2.10.
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A comparison of the mechanical properties of casted and milled bulk speci-
mens for the solid epoxy material formulation depending on the curing temper-
ature Tcure is shown in Fig. A.5. The results are presented in terms of nomi-
nal/engineering properties and in the form of bar charts with standard deviations
and a scatter plot of all observations. A slightly higher elastic modulus can be
observed for the specimens cured at 210 ◦C, however, the standard deviations of
both curing temperatures are overlapping. The opposite can be noticed regarding
the elongation at break where the specimens cured at 140 ◦C show higher values.
A significant difference can be seen in the strength that is also higher for the
specimens cured at 140 ◦C. In this case, the standard deviations are smaller and
not overlapping. A reason for this embrittlement could be a thermal degradation
for the specimens cured at 210 ◦C, which is approximately 100 ◦C above the final
glass transition temperature. Hence, 140 ◦C is the preferred final curing tempera-
ture with respect to the mechanical properties. In addition, the fracture surfaces
of the bulk material cured at 140 ◦C in Fig. 4.21c do not show any unreacted
particles. Therefore, this temperature seems to be high enough in combination
with the accelerator to reach a sufficient solubility of the DCD in DGEBA.

Contrary, the fracture surfaces of the 3D printed specimens with the slower
stepwise post-curing program show remaining DCD particles as explained in Sec-
tion 4.3.5. To check whether a further heating step to 210 ◦C can lead to a full
reaction of the DCD, this is examined for a 3D printed dog-bone specimen with
a 90◦ infill. The specimen is prepared as described in Section 4.2.8. After the
post-curing program it is further heated to a temperature of 210 ◦C with a rate
of 1 K min−1. It is then held at that temperature for 10 min to ensure full conver-
sion as predicted from the thermokinetic model in Appendix A.2.1. A uniaxial
tensile test is performed with the same crosshead speed as in Section 4.2.10 and
the fracture surface is analyzed by microscopy as presented in Section 4.2.11.

The fracture surface of the 3D printed dog-bone specimen with a 90◦ infill and
post-cured at a temperature of 210 ◦C is shown in Fig. A.6. Similar to the 3D
printed specimens with a maximum post-curing temperature of 140 ◦C, a large
pore can be identified as the origin of the failure. Despite the higher curing
temperature, the residual fracture surface is rough and small particles with a
size less than 10 µm can be observed, which are assumed to be remaining DCD.
Although the melting point of DCD is reached, there are no further reaction
partners of the resin available as they were consumed at lower temperatures by
the uron based accelerator. Thus, the DCD solidifies again in the form of particles
during cooling. It seems that only curing directly at elevated temperatures yields
full conversion of the DCD because then there is less opportunity for the uron
based accelerator to consume epoxy groups itself. Since a curing temperature
of 210 ◦C is not beneficial, 140 ◦C is chosen as the curing temperature for the
bulk specimens and as the final step of the post-curing process for the 3D printed
specimens presented in Section 4.2.8.
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Figure A.5: Comparison of the mechanical properties of casted and milled bulk
specimens for the solid epoxy material formulation under different
curing temperatures.
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Figure A.6: Fracture surface of the 3D printed solid epoxy dog-bone specimen
with a 90◦ infill and post-cured at a temperature of 210 ◦C.

A.3 Photographs of 3D Printed Solid Epoxy Specimens

Figure A.7 depicts photographs of the 3D printed and post-cured dog-bones with
different infill orientations to explore the mechanical anisotropy of the solid epoxy
material for thermoset fused filament fabrication (FFF) printing. Photographs of
the 3D printed and post-cured cubes with different single-walled carbon nanotube
(SWCNT) filler contents for the analysis of the electrical properties of the func-
tionalized solid epoxy material for thermoset FFF printing are shown in Fig. A.8.
Figure A.9 presents a photograph of a 3D printed and post-cured functionalized
dog-bone with an SWCNT content of 0.2 wt% that is utilized for the investigation
of the thermo- and piezoresistive sensing capabilities of the solid epoxy material
for thermoset FFF printing.

Figure A.7: Photographs of the 3D printed and post-cured dog-bones with dif-
ferent infill orientations to explore the mechanical anisotropy of the
solid epoxy formulation.
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Figure A.8: Photographs of the 3D printed and post-cured cubes with different
SWCNT filler contents for the analysis of the electrical properties
of the functionalized solid epoxy formulation.

Figure A.9: Photograph of a 3D printed and post-cured functionalized dog-bone
with an SWCNT content of 0.2 wt% to investigate the sensing ca-
pabilities of the solid epoxy formulation.
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