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Preface

The postgraduate seminar series “Advanced Structured Materials: Development—
Manufacturing—Characterization—Applications” is designed to facilitate teaching
and informal discussion in a supportive and friendly environment. The seminar
provides a forum for postgraduate students to present their research results and train
their presentation and discussion skills, allows for extensive discussion of current
research being conducted in the wider area of advanced structured materials, builds a
wider postgraduate community and offers networking opportunities for early career
researchers.

The first seminar was held in the period 28 February till 3 March 2022 in Malta.
The four editors of this volume presented overview lectures related to composite
mechanics, experimental mechanics of polymers, additive manufacturing and clas-
sical plasticity theory. In addition, 21 postgraduate students attended this seminar
and presented their actual research projects. This volume contains the peer-reviewed
and revised versions of the submitted manuscripts.

Magdeburg, Germany Holm Altenbach
Neubiberg, Germany Michael Johlitz
Aalen, Germany Markus Merkel
Esslingen, Germany Andreas Ochsner

June 2022



Contents

PartI Overview Lectures

1

Composite Mechanics ............... . ... ... .. ...
Holm Altenbach
1.1 Preliminary Remarks ........... . ... ... i ...
1.2 Definitions, Classifications and Applications .................
1.3 Laminated Plates ............ ... i,
1.3.1  Description of Material Behaviour ..................
1.3.2  Modelling Levels .............. ..
1.3.3  Modelling Based on Volume and Mass Fraction .......
1.3.4  Combination of Both Approaches ...................
1.3.5 Elementary Mixture Rules .........................
1.3.6  Effective Properties of a Single Layer ................
1.3.7  Improved Formulas for Effective Moduli .............
1.4 Particle-Reinforced Composites ............................
1.4.1  Short-fibre-Reinforced Plastics .....................
1.4.2  Spherical Inhomogeneity with Interphase .............
1.5  Functionally Graded Materials .............................
1.6  Anti-Sandwich and Nanomaterials ..........................
1.7 Summary and Outlook ........... .. ... . i ...
References . .......ooouiii

Aspects in the Modelling of Heterogeneous Thermo-Oxidative
Ageing Using the Example of a Rubber Buffer ...................
Bruno Musil and Michael Johlitz
2.1 Introduction ................ ..l
2.2 Chemo-Thermo-Mechanical Simulation of a Rubber Buffer ....

2.2.1  Overview of the Quantities and Equations

of the Material Model .......................... ...

2.2.2  Results and Discussion ...............c.c.cuiiiinan.
2.3 Experimental Investigation on Self-heating in Connection

with Ageing of a Rubber Buffer ............................

29

29
31

31
37

vii



viii Contents

24 Conclusion .............. i
References .........coioiiii i
3 Digital Product Development by Additive Manufacturing .........
Markus Merkel, Mario Rupp, and Michael Sedlmajer
3.1 Introduction ................ ..l
3.2 AM-Process Within Digital Product Development
and Manufacturing ........... ...
References . .......ouiii i
4  Theory of Three-Dimensional Plasticity .........................
Andreas Ochsner
4.1  Comments on the Stress Matrix ............................
4.2 Graphical Representation of Yield Conditions ................
43  Yield Conditions . .......uuuiiiiiii e
4.3.1 Mises Yield Condition ................c..ooiiiiin...
4.3.2  Tresca Yield Condition ..................oovvinn...
4.3.3  Drucker-Prager Yield Condition ....................
44 FlowRule ...
4.5 HardeningRule ........ ... ...
4.5.1 Isotropic Hardening .....................coooiin...
4.5.2  Kinematic Hardening ..............................
References ....... ... i

Part II Specialized Lectures

5  Influence of Silicon Content on the Mechanical Properties
of Additively Manufactured Al-Si Alloys ........................
Enes Sert, Philippe du Maire, Elmar Schuch, Leonhard Hitzler,
Ewald Werner, and Andreas Ochsner

5.1 Introduction ................iiuiiii
5.2 Experimental Methods ............... ... ... ... . L.
5.2.1  Sample Preparation ............ ...,
5.2.2  Chemical Analysis ..........cccooiiiiiiiiineenn..
5.23 Flowability ..........coo i
5.2.4  Particle Size Distribution ..........................
525 Hardness .............iiiiiii e
526 TensileTests ..........iiiiiiiii i,
5.3 Resultsand Discussion ................ccoiiiiiiiniiinaaa...
5.3.1  Chemical Analysis ......... ...,
532  Flowability ......... ..
5.3.3  Particle Size Distribution ..........................
534 Hardness ............. ..o
5.3.5 Tensile Properties ............c.c.uuuuiiiiiiuunnnnnn.
5.4 ConCluSIONS ...\ttt e e

References .......coi



Contents

6

Multi-step Additive Manufacturing Technologies Utilizing

the Powder Metallurgical Manufacturing Route ..................

Arne Davids, Lukas Apfelbacher, Leonhard Hitzler,

and Christian Krempaszky

6.1  Introduction ............ ...l

6.2  Metal Additive Manufacturing .................. ... ...,
6.2.1  Single-Step AM Technologies ......................
6.2.2  Multi-step AM Technologies .......................

6.3 SUMMAry ........... i

References ........ ...

A Strategy to Extend the Limits of Unsupported Printing

in Laser Powder Bed Fusion by Optimized Process Parameters

Selection ............ . . ...

Johannes Rottler, Christoph Petroll, Michael Johlitz,

Kristin Paetzold, and Alexander Lion

7.1  Introduction and Motivation .............. ... iiiiinn...

7.2 Laser Powder Bed Fusion Process ..........................

7.3 Support Structure ............... i

7.4  Methods for Minimizing Support Structure ...................

7.5  Selecting Process Parameters in LPBF .......................
7.5.1  State-of-the-Art Parameter Selection .................
7.5.2  Parameter-Based Strategy to Minimize Support .......

7.6 ConcluSion ........iii et e

References . ...

Influence of Relative Humidity on Thermal Properties of Tool

Steel Powder ........ ... ... . .. .
Garvin Schultheiss, Josef Tomas, and Markus Merkel

8.1  Introduction ............ ..ottt
8.2  Methodology .........oiiiiii
8.3  Experimental Setup ..............iiii
84  Results ...
8.5  DISCUSSION ..ttt e e
8.6  ConClUSION . ...ttt
References ............ i e

An Overview on the 3D Printing of Elastomers

and the Influence of Printing Parameters on Their Mechanical

Properties ................ ...

Vivianne M. Bruere, Alexander Lion, Jens Holtmannspotter,

and Michael Johlitz

9.1 Introduction .............. ..

9.2 Overview on Additive Manufacturing .......................
9.2.1  Definition and Technologies ........................
9.2.2 Elastomersin3D Printing ..........................



10

11

12

13

Contents

9.2.3  FFF with Elastic Materials .........................
9.3  Applied Case on FFF with a TPU Filament ..................
9.3.1  Experimental Procedure ...........................
9.3.2 Results and Discussion ......................i....
9.4 ConClUSIONS ...ttt e e
References .........ooiiiii e

Effects of Reusing Polyamide 12 Powder on the Mechanical
Properties of Additively Manufactured Parts ....................
Philippe du Maire, Enes Sert, Matthias Deckert, Michael Johlitz,

and Andreas Ochsner

10.1 Introduction ..............iiiuiiineii i,
10.2 Methodology ....... ... .
10.3 Resultsand Discussion .................oiiiiiiiiinann....
104 ConCluSiOn . ...t
References ....... ..o

On the Influence of Perimeter, Infill-Direction and Geometry

on the Tensile Properties of Test Specimen Manufactured

by Fused Filament Fabrication .................................
Julian Klingenbeck, Alexander Lion, and Michael Johlitz

11.1 Introduction .............. ..ol
11.2 Research Focus ............ccoiiiiiiiiiiiiiiiinnn.
11.3  Experimental Setup and Results ............. ... ... ... ...
11.4 Discussion of Tensile Test Results ..........................
11.5 ConcClusion .........ooiiiiinee it
References ........ ..o

Design of a Room-in-Room Laboratory Environment

for the SLS Printing Process ................. .. ... ... ... ...,

Dominik Hahne, Alexander Lion, and Michael Johlitz

12,1 MOtvVation ........ooiiiiii i

12.2  Mechanical Design of the Cabin ............................
12.2.1 Design Structure ............c.oiiieeiiiinneeennnn.
12.2.2  Structural Mechanics of the Cabin ...................

12.3 Thermal Concept ........... .. ... i i i i

12.4  Extraction SyStem .................oiiiiiiiiiiii..

125 Summary ...

References ......... ...

Chemical-Mechanical Characterization of Unaged and Aged
Additively Manufactured Elastomers ...........................
Yvonne Breitmoser, Sebastian Eibl, Tobias Forster,

Alexander Lion, and Michael Johlitz

13.1 Introduction ..............iiniiriini i
132 Material . ... e
13.3 Methods ...



Contents xi

14

15

16

13.4 Results and Discussion .............couiiiiiiiiinneenennn. 196
13.4.1 Material Identification and Curing Process ........... 196
13.4.2 AgingEffects ......... ... i 197
13.5 ConcCluSionS ...ttt 201
References . .......oouiiii 202

Microstructure and Properties of the Fusion Zone

in Steel-Cast Iron Composite Castings ........................... 203
Lukas Apfelbacher, Patrick Hegele, Arne Davids,

Leonhard Hitzler, Christian Krempaszky, and Ewald Werner

14.1 Introduction .............. ..ttt 204
14.2 Experimental Details ............. . .o 205
14.2.1 Composite Casting ............ccooiuiuiiiiiinnnnnn... 205
14.2.2  Microstructure Observation ........................ 207
14.2.3 Hardness Measurement ............................ 207
14.3 Results ... 207
14.3.1 Graphite Morphology .............. ... 207
14.3.2 Etched Microstructure ...............cccuieeunn.... 208
1433 Hardness .............c. it 211
144 DISCUSSION ...ttt et e e e e 211
14.5 Conclusion .........ooiii i 215
References ....... ..o 216

Kinetics for Strain-Induced Crystallisation Analysed

via Cyclic Loading Simulations ................................. 217
Klara Loos
15.1 Introduction ..............uiiiiiiiiine i, 217

15.2 Constitutive Model Using a Serial Connection
of Amorphous, Non-crystallisable Amorphous

and Crystalline Phase ......... ... ... .. . ............... 218
15.2.1 Simulation Results: Loading with Various
Maximum Stretch ....... ... .. ..o 219
15.2.2 Simulation Results: Loading with Different
StretchRates ............. ... ... oL 221
15.2.3 Simulation Results: Cyclic Loading Varying
in Amplitude and Minimum Unloading Stretch ........ 222
15.3 Conclusions and Outlook ............ ... ... ... ... ... .. 226
References ......... ... 227

Long-Term Storage of Aged NBR in Kerosene in Consideration

of Long Material Service Life .................................. 229
Benedikt Demmel, Tobias Forster, Sebastian Eibl,

Michael Johlitz, and Alexander Lion

16.1 Introduction .............. .ol 230
162 Materials ... 230
16.3 Experiments and Methods ............ ... ... ... ... .. 232



Xii

17

18

Contents
16.3.1 Elastomer Aging and Preparation ................... 232
16.3.2 Mechanical Testing ................coooiiiiin.... 232
16.3.3 Gas Chromatography/Mass Spectrometry ............ 232
16.3.4  Sorption Experiments ..................ooiiiii... 233
16.4 Results and Discussion ........... .. ..o i, 233
16.4.1 Mechanical Properties After Aging .................. 233
16.4.2 Concentration of Stabilizers and Plasticizers .......... 235
16.4.3 Long-Term Sorption Behavior of Kerosene Jet
A-1inAgedNBR ......... ... ...l 236
16.5 Conclusion ...........ooiiiiiiiiiiii 238
References ....... ... i i 239
FT-IR Microscopic Analysis of the Chemical Change
in the Molecular Structure After Ozone Ageing of Natural
Rubber . ... 241
Caroline Treib, Alexander Lion, and Michael Johlitz
17.1 Introduction ................... oo, 241
17.2 Experimental .......... ... o i 243
17.2.1 Material ...... . 243
17.2.2 Artificial Ageing Strategy . ..............oouuiia... 243
17.2.3 Fourier Transform Infrared Spectroscopy Method ..... 244
17.3 Results ... 246
17.3.1 Surface Spectra ..........coiiiiiiiiiiiiinenn.. 246
17.3.2 Cross-Section Spectra .............ccoviiuiinnnnn... 248
17.4 DiSCUSSION ..ttt ittt 250
17.5 Conclusionand Outlook ............ ... ... ... oL, 251
References ....... ... 251

Investigation of the Viscosity of Liquid Silicone Rubber

for Molding Microstructures in the Injection Molding Process . . ... 253
Dennis F. Weiller, Levente Szant6, Dennis Mayer,

Johannes Schmid, and Matthias H. Deckert

18.1 Introduction ............... ... oo, 254
18.2 Material and Methods ............. ... ... .. . i L. 256
18.2.1 Theoretical Approach ............................. 256
18.2.2 Experimental Part ................. ... ... ... .. ..... 267
18.3 Results and Discussion ............. ... ... 270
18.3.1 KineticModel ......... .. .. i, 270
18.3.2 Rheological Results ............................... 270
18.3.3 Dielectrical Results ......... ..., 275
18.3.4 Comparison of the Different Analysis Methods ........ 275
18.3.5 Experimental Results .............................. 276
18.4 Conclusionand Outlook ........... ... ... o i i ... 277

References . ........o i e 280



Contents

19 Investigation of Adhesion and Surface Treatments

for Thermoplastic—Liquid Silicone Rubber Joints

in Multicomponent Injection Molding ...........................

Dennis Mayer, Simon J. Heienbrock, Dennis F. Weiler,

Johannes Schmid, Sascha Miiller, Lothar Kroll,

and Matthias H. Deckert

19.1 Introduction ................iuniiniini .

19.2  Theoretical Background ........... ... ... ... oo ool
19.2.1 Relevant Adhesion Theories

for Thermoplastic-LSR Joints ......................

19.2.2 Surface Treatment Methods ........................

19.3 Materials and Methods .............. ... ...,
19.3.1 Materials . ...
1932 Methods ...

19.4 Results and Discussion ...............cooiiiiiiniiaan...
19.4.1 Surface Energy of Thermoplastics ...................
19.4.2 Peel Forces of Thermoplastic-LSR Joints .............
19.4.3 Classification of Surface Treatments .................

19.5 Summary and Outlook .......... ... ... ... .. .. . L.

References ....... ..o

20 Thermoforming: Identification of Process-Relevant

Ranges for Strain, Strain Rate, Cooling Rate, and Degree

of Crystallinity Through Preliminary Simulations ................

Sameer Kulkarni, Klara Loos, Alexander Lion, and Michael Johlitz

20.1 Introduction .................ciiiiiiiiiiii
20.1.1 Thermoforming Process ................ccceuuuuunn.
20.1.2  Crystallization During Thermoforming Process .......

20.2  Simplified Process Simulations ............... ... ... .. ..
20.2.1 Simulation 1: Cooling ............ .. ...,
20.2.2 Simulation 2: Forming . .............c.cuuuuuuunnnn..

20.3 ConcluSIONS . ....uttiti i

References ....... ... i i

21 Examining Lateral Punch Force Effects During Hole

Expansion Testing by Means of Numerical Simulations ...........

Tobias Robl, Christian Krempaszky, and Ewald Werner

21.1 Introduction ..................iiiiiiiiiiiii

21.2 Modeling ..ot
21.2.1  GEOMELTY vttt ettt e et
21.2.2 Boundary Conditions and Contact Interactions ........
21.2.3 Material Behavior ................. ... ... ..

21.3 Results and Discussion .............. ... oo i i,

214 ConcCluSiONS ..ottt

References ....... ... i

Xiii



Xiv

22 CFD Analysis of Hot Gas Welding of 3D Weld Contours Using

Two Different Nozzle Systems ...............................

Johannes Schmid, Dennis F. Weiler, Dennis Mayer, Lothar Kroll,
Sascha Miiller, Rainer Stauch, and Matthias H. Deckert

22.1 The Hot Gas Welding Process ...........................
22.2  Theory of Impingement Flow ...........................

22.3  Structure of the CFD Simulation Model for 3D-Shaped

Welds ..
22.4  Validation of the Simulation Model ......................
22.4.1 Test Setup for Validation of the Simulation ........

22.4.2 Validation of the Simulated Shape of the Molten

Polymer ...... ...

22.4.3 Validation of the Simulated Transient Heating

Behavior ......... .. ...

22.5 Investigation of the Influence of 3D-Shaped Weld Contours

22.5.1 Simulation Results of Inclined Weld Contours .....
22.5.2 Simulation Results of Hybrid Weld Contours ......
22.6  Summary and Outlook ................ ... ... ... ... ..
References .........iiiiiiii

23 Modeling the Inelastic Behavior of High-Temperature Steels

Using a Two-Time-Scale Approach ...........................

Katharina Knape and Holm Altenbach

23.1 Introduction ................iiiiiiiii
23.2 Constitutive Equations .................................

23.2.1 ElIaStiCity .. ....ueuet e

23.2.2 InelastiCity ........ouuuueeiiiineiiiiineeaan
23.3 Two-Time-Scale Approach .............................
23.4 Modeling Creep Behavior ..............................
23.5 Conclusion .........iiiiii
References ........ ... i

Contents



Part 1
Overview Lectures



Chapter 1 ®)
Composite Mechanics ez

Holm Altenbach

Abstract Composite materials have become indispensable in engineering today.
These were originally developed to combine different material properties. A typical
example is a reinforced concrete structure. Attempts were made here to improve the
poor tensile properties through the reinforcement. Later, lightweight considerations
were dominant. For example, aircraft engines were limited in their performance, so
that, e.g., sandwich structures were used for the airplane structure. Similar consid-
erations were also made for space structures. Today, composites are used in almost
all areas of technology. This often involves the question of substituting traditional
construction materials in order to better meet the requirements of use. In this con-
text, there are also increasing considerations to reduce production costs. The actual
focus is therefore on foams and functionally graded materials. This chapter gives
a brief overview of selected current developments in composite mechanics. This is
supplemented by numerous publications (among them the main references from the
author’s group), so that one can get a good overview with the references listed within
these publications.

Keywords Composites + Reinforcements * Ply - Laminate - Functionally graded
materials

1.1 Preliminary Remarks

There is currently an almost unmanageable number of publications in the field of com-
posite mechanics. Taking this fact into account, only selected references will be listed
here, which make it easier to familiarize oneself with the various aspects of compos-
ite mechanics. The focus is on unidirectional (UD) long-fibre-reinforced composites,
short-fibre-reinforced composites, particle-reinforced composites, foams and func-

H. Altenbach ()
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tionally graded materials. In addition, partial problems in the modelling of three-layer
plates are dealt with, whereby the so-called anti-sandwich is also considered in addi-
tion to the classical sandwich structure.

The basics of the classical laminate theory, some extensions and some remarks
with respect to the classical sandwich structures are given, for example, in Altenbach
and Becker (2003), Altenbach and Ochsner (2010), Altenbach et al. (2018) (Ger-
man version: Altenbach et al. (1996)), Altenbach and Ochsner (2020), Cristescu
et al. (2003), Jones (2018), Lakes (2020), Mittelstedt and Becker (2016), Mittelstedt
(2021), Mikhasev and Altenbach (2019), Ochsner (2021). Among these references
are typical textbooks. Altenbach et al. (1996, 2018) offer a systematic introduction
to the structural mechanics of composite components—classical and improved mod-
els. The structural mechanics analysis is based on strength of materials approaches.
It focuses on modelling and calculation of sandwiches and laminated composites,
taking into account also anisotropic properties of the material under consideration.
All chapters include examples with worked-out solutions. In addition, one can find
the basics of analytical and numerical solution methods. Ochsner (2021) provides a
systematic and thorough introduction to the classical laminate theory based on the
theory for plane elasticity elements and classical (shear-rigid) plate elements. Main
attention is paid on unidirectional lamina which can be described based on orthotropic
constitutive equations and their composition to layered laminates. In addition to the
elastic behaviour, failure is investigated based on the maximum stress, maximum
strain, Tsai-Hill and the Tsai-Wau criteria. In Mittelstedt and Becker (2016) is given
anintroduction to the basics of statics and stability of layered planar laminates. Firstly,
a detailed overview of the theory of elasticity of anisotropic structures is presented.
Secondly, the calculation of planar laminates using different laminate theories as well
as possibilities of evaluating the strength is given. A detailed analysis of the buckling
and post-buckling behaviour of laminates is included. Mittelstedt (2021) is a thor-
ough introduction to energy methods in engineering, develops from essential basics
to modern numerical simulation methods and provides a huge number of exercises
complete with solutions. Jones (2018) balances introduction to the basic concepts
of the mechanical behaviour of composite materials and laminated composite struc-
tures. It covers topics from micro-mechanics and macromechanics to lamination
theory and plate bending, buckling and vibration. Some theory-experiment compar-
isons and information on the design of composite materials are presented. In Lakes
(2020), the principles of the mechanics of solid multiphase systems, the role of het-
erogeneity and anisotropy in determining physical properties, coupled fields, smart
materials, applications in lightweight structures, materials with fibrous, lamellar,
particulate, and cellular structures, lattice metamaterials, metamaterials, biomimetic
and bio-inspired materials are presented and discussed. Cristescu et al. (2003) is
partly a textbook and partly a monograph. The theory behind modern elastic com-
posite materials is discussed. More than 400 problems, many of which are solved,
are included. In addition, elements of fracture mechanics related to composites are
presented. Other applications are presented in Mikhasev and Altenbach (2019): the
stability of composite laminated thin-walled structures and the damping of vibrations
and waves in sandwich-type thin-walled structures, adaptive structures and proper-
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ties of electrorheological and magnetorheological materials. Finally, in Altenbach
and Becker (2020), Altenbach and Ochsner (2010), (2020), actual problems of com-
posites, foams and cellular materials are discussed.

Other references related to the problems considered in this chapter are with focus
on:

e classical long-fibre-reinforced composites (Altenbach et al. 1996, 2018; Mittelst-
edt and Becker 2016; Jones 2018; Lakes 2020; Mittelstedt 2021),

e short-fibre-reinforced composites (Altenbach et al. 2003a,b, 2005; Renner et al.
2005; Altenbach et al. 2007, 2009),

e advanced theories for particle-reinforced composites (Nazarenko and Stolarski
2016; Nazarenko et al. 2016, 2017, 2018),

e functionally graded materials (Altenbach and Eremeyev 2008a,b),

e sandwiches (Altenbach 2000a,b), and

e anti-sandwiches (Schulze et al. 2012; Weps et al. 2013).

1.2 Definitions, Classifications and Applications

The starting point for the definition of composites is the following materials science
classification of structural materials. Material science classifies structural materials
into three categories (Ashby et al. 2018):

e metals,
e ceramics, and
e polymers.

Itis difficult to give an exact assessment of the advantages and disadvantages of these
three basic material classes, because each category covers whole groups of materials
within which the range of properties is often as broad as the differences between the
three material classes. In addition, the microstructure of the three material classes
differs significantly, and the possible combinations are consequently different.

Another classification is related to advanced materials that are used in high-tech
applications. Among these materials, we have semiconductors, biomaterials, smart
materials and nanomaterials:

e Semiconductors are materials, inorganic or organic, which have the ability to con-
trol their conduction depending on chemical structure, temperature, illumination
and presence of dopants. The name semiconductor comes from the fact that these
materials have an electrical conductivity between that of a metal, like copper, gold,
etc. and an insulator, such as glass.

e Biomaterials are any substance that has been engineered to interact with biological
systems for a medical purpose. These materials must not produce toxic substances
and must be compatible with body tissues (i.e. must not cause adverse biological
reactions).
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e Smart materials are materials that sense and respond to changes in their environ-
ments in predetermined manners.

e Nanomaterials are materials that have structural features on the order of a nanome-
ter, some of which may be designed on the atomic/molecular level.

In the case of composites, as usual one starts with the basic materials. The charac-
teristic properties of the three basic types of materials can be described as follows:

e Mostly, metallic materials are of medium to high density. They have good ther-
mal stability and can be made corrosion-resistant by alloying. Metals have useful
mechanical characteristics and it is moderately easy to shape and join. For this
reason, metals became the preferred structural engineering material.

e Ceramic materials have great thermal stability and are resistant to corrosion, abra-
sion and other forms of attack. They are very rigid but mostly brittle and can only
be shaped with difficulty.

e Polymer materials (plastics) are of low density, have good chemical resistance
but lack thermal stability. They have poor mechanical properties, but are easily
fabricated and joined. Their resistance to environmental degradation, e.g. the pho-
tomechanical effects of sunlight, is moderate.

Then, composites can be defined as:

Definition 1 (Composite Materials) A composite material (also called composite)
is a material which is produced from two or more constituent materials. These con-
stituent materials have notably dissimilar properties and are merged to create a mate-
rial with properties unlike the individual constituents.

Typical examples of composite materials are:

reinforced concrete,

composite wood such as plywood,

reinforced plastics, such as fibre- and particle-reinforced polymers,
ceramic-matrix composites,

metal-matrix composites.

In the focus of this chapter is plate-like structures made from advanced materials:

composite plates (reinforced by short or long fibres),
sandwich plates,

multi-layered plates,

plates made from cellular materials, etc.

Let us introduce a second definition of composite materials.

Definition 2 (Composite Materials) In the most general definition, we can consider
a composite as any material that is a combination of two or more materials, com-
monly referred to as constituents, and have material properties derived from the
individual constituents. These properties may have the combined characteristics of
the constituents or they are substantially different. Sometimes the material properties
of a composite material may exceed those of the constituents.
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Fig. 1.1 Hierarchy in a foam core sandwich: polymer with chain structure (left), closed-cell foam
(middle), sandwich (right)

At first, we have a look on a single ply or lamina. The classification of laminae
can be related to the reinforcement (Altenbach et al. 2018): laminate, irregular rein-
forcement, reinforcement with particles, reinforcement with plate-strapped particles,
random arrangement of continuous fibres, irregular reinforcement with short fibres,
spatial reinforcement and reinforcement with surface tissues. In structural mechanics
with respect to this the laminate can be defined as follows:

Definition 3 (Laminate) Laminated structures are composites composed of two-
dimensional sheets or panels which are stacked and bonded together with the orien-
tation of the high-strength direction varying with each successive layer.

In addition, a specific kind of a laminate is the classical sandwich structure.

Definition 4 (Sandwich) Sandwiches consist of two thin facings (the skins or sheets)
enveloping a core. The facings are made of high-strength materials having good
properties under tension such as metals or fibre-reinforced laminates, while the core
is made of lightweight materials such as foam, resins with special fillers, called
syntactic foam, having good properties under compression.

In classical sandwiches, the core can be a foam core, a balsa wood core, a foam core
with fillers, a balsa wood core with holes, folded plates core or a honeycomb core
(Altenbach et al. 2018). In some applications, we have another type of sandwich
structures—the so-called anti-sandwich (Schulze et al. 2012; Weps et al. 2013).

Definition 5 (Anti-Sandwich) The anti-sandwiches consist of two thick facings
enveloping an extremely thin core. The facings are made of strength materials hav-
ing good properties under tension, while the core is much weaker. In photovoltaic
applications, the face sheets are made of glass and the core is a polymer.

The analysis of laminate and sandwich structures is always associated with dif-
ferent scales. In the case of a foam core sandwich, the scale hierarchy is shown in
Fig.1.1.

Itis obvious that the numerical effort increases dramatically as the scale decreases.
Therefore, the structural analysis always focuses on homogenization approaches. In
addition, in the case of long-fibre-reinforced composites, the anisotropic mechanical
properties are obvious. However, even in the case of particle- or short-fibre-reinforced
materials, the anisotropy should be considered. The reason for such anisotropy is
described, for example, in Saito et al. (2000).

Functionally graded materials have recently become more and more important.



8 H. Altenbach

Definition 6 (Functionally Graded Materials) In materials science, functionally
graded materials (FGMs) may be characterized by the variation in composition and
structure gradually over volume, resulting in corresponding changes in the properties
of the material.

The FGMs can be designed for specific function and applications. Various approaches
based on the bulk processing, preform processing, layer processing and melt process-
ing are used to fabricate the functionally graded materials. Examples of functionally
graded materials are materials with an inhomogeneous microstructure like foams
and thermal coating.

1.3 Laminated Plates

1.3.1 Description of Material Behaviour

The description of the material behaviour is a big challenge in modern engineering.
Let us start with modelling levels. In the case of conventional materials, we can
use different approaches which means that the description of the material behaviour
can be performed using the materials science approach or the continuum mechanics
approach:

e The materials science approach results in a precise description of the deformation
and damage mechanisms including the structure-property relationships, however,
the constitutive equations are mostly one-dimensional and an extension to three-
dimensional equations is difficult.

¢ In continuum mechanics, the constitutive equations are phenomenologically based
as usual resulting in partly rough models, but an extension to three-dimensional
equations is rational based or can be realized by engineering assumptions. The
main problem is that there is no general approach like the balance equations for
formulating the constitutive equations, and consequently, each constitutive equa-
tion only specifies the individual response of the concrete material to stresses.

Composite materials consist of two or more constituents and the modelling, analysis
and design of structures composed of composites are different from conventional
materials. The concept of rheological models (Reiner 1960, 1967) has proven itself
here.

1.3.2 Modelling Levels

There are as minimum two levels of modelling:

e At the micro-mechanical level, the average properties of a single-reinforced layer
(a lamina or a ply) have to be determined from the individual properties of the
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constituents—the fibres and the matrix. The average characteristics include the
elastic moduli, the thermal and moisture expansion coefficients, etc. The micro-
mechanics of a lamina does not consider the internal structure of the constituent
elements, but recognizes the heterogeneity of the ply. Simplifications concern the
fibre geometry and packing arrangement, so that the constituent characteristics
together with the volume fractions of the constituents yield the average character-
istics of the lamina.

e The calculated values of the average properties of a lamina provide the basis
to predict the macrostructural properties. At the macro-mechanical level, only
the averaged properties of a lamina are considered and the microstructure of the
lamina is ignored. The properties along and perpendicular to the fibre direction,
these are the principal directions of a lamina, are recognized and the so-called
on-axis stress-strain relations for a unidirectional lamina can be developed.

In addition, the loads may be applied not only in-plane but also out-of-plane and
the relationships for stiffness and flexibility, for thermal and moisture expansion
coefficients and the strength of a ply can be determined. Since the structural elements
have anisotropic properties, the behaviour is more complex since more interactions
should be considered.

1.3.3 Modelling Based on Volume and Mass Fraction

Let us start with the fibre-matrix relations in the case of UD-reinforced long-fibre
composites. In fibre-reinforced composite materials, fibres act as a load carrying
medium and the matrix acts as a load transporting medium (Palanikumar 2012).
For a single layer (lamina, ply) having a unidirectional long-fibre reinforcement, the
proportion of matrix and fibres has a great influence on the effective properties of
the ply.

1.3.3.1 Description Based on the Volume Fraction

Let us assume a two-phase composite with the volume V, the matrix volume V;,, and
the fibre volume V;. Then,
V=Vi+Vn (1.1)

and the fibre fraction vf and matrix fraction vy, can be introduced

Vi V,
vf=7f, o= (1.2)

with
vit+vn=1, vpy=1—vy=1-2¢. (1.3)
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The maximum fibre volume fractions v¢ gy 1S less than 1. The value depends on the
fibre arrangements:

e square or layer-wise fibre packing v¢max = 0.785 and
e hexagonal fibre packing v .y = 0.907.

For real UD-laminae, we have vf pa ~ 0.50 — 0.65.

1.3.3.2 Description Based on the Mass Fraction

In a similar way the relations for the mass can be introduced, M = My + M,,, and
we have the following relation for the mass fractions

mi=—, MmMy=— (1.4)

with
mi+mpy =1, my=1—my. (1.5)

1.3.4 Combination of Both Approaches

Withe the relation between volume, mass and density, one can see that the relations
are interlinked

_% M; + M, ot Ve + omVm

p=v = v = v = pfvf + PmVUm = Prvt + Pm(1 — vf)
_ M _ M _ 1 _ PfPm
Vi+ Vi %‘i‘% @4_@ mfpm"'mmpf.
Pt Pm Pt Pm
(1.6)
Comparing the first and the second line of Eq. (1.6), one obtains
mg = ﬁvf, mm = p—mvm or vf = ﬁmf» Um = imm- (1.7)
1% 1Y Pt Pm

The effective density p is determined by Eq. (1.6). This equation can be easily
extended to multiphase composites. The mass fractions are easier to measure in
material manufacturing, but volume fractions appear in the theoretical equations for
effective properties. Therefore, it is helpful to have simple expressions for shifting
from one fraction to the other.
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1.3.4.1 Multiphase Composites

The equations can be easily extended to multiphase composites
vi+vy,t+uvs+---=1

with v; as the volume fraction of the ith phase. This representation can be used even
in the case of porosity
Vf + Uy + Upor = 1

which results in
ms mm
Voo =1—vp+ovp=1————.
Pt Pm

The porosity can be included as an additional phase. The quality of a composite
material decreases with an increase in porosity. The volume of porosity should be
less than 5% for a medium quality and less than 1% for a high quality composite.

If the density peyp is measured experimentally and the theoretical density ogpeor 1S
calculated with Eq. (1.6), the volume fraction of porosity is given by

Vpor = Ptheor — Pexp (1.8)

Ptheor

which is a simple rough estimate of the porosity fraction (or composite quality
indicator).

1.3.5 Elementary Mixture Rules

The effective mechanical material moduli for a composite layer can be computed as
follows. The estimates are based on some assumptions:

e Unidirectional (UD) layer is a layer of a (endless) fibre-plastic composite in which
all fibres are oriented in a single direction and embedded in a plastic matrix.

e Composite layers have at least two different material components which are
assumed to be perfect bonded.

e In general, the material response of a composite is determined by the material
moduli of all constituents, the volume or mass fractions of the single constituents
in the composite material, by the quality of their bonding, i.e. of the behaviour of
the interfaces and by the arrangement and distribution of the fibre reinforcement,
i.e. the fibre architecture.

Elementary mixture rules for long-fibre-reinforced laminae can be deduced assuming
the iso-strain or the iso-stress behaviour. Let us introduce the following notations:
E Young’s modulus, v Poisson’s ratio, G shear modulus, o normal stress, & normal
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strain and A cross section area. The subscripts f and m refer to fibre and matrix, the
subscripts L. = 1, T = 2 refer to the principal (longitudinal) direction (fibre direction)
and transverse to the fibre direction and the superscript O to the initial (unloaded)
state. For stress, strain, stiffness and compliances, the following equations are valid.
The extensional strain ¢ and shear strain y of a body with the length /y and the cross
section area Ay are related assuming a uniform distribution of the forces normal force
F and the shear force T and small strains ¢ and y to

F
o =— normal stress o,
Ao
=1y Al . .
& = ; = N extensional strain &,
0 0
T (1.9)
T =— shear stress T,
Ag
Au .
yRtany = T shear strain y.
0

Au is the displacement in the transverse direction. In addition, we should connect
the stresses with the strains introducing the Hooke’s law

o =FEe, E=—, E isthe elasticity or Young’s modulus,
(1.10)

T =Gy, G =—, G isthe shear modulus.

R |am|Q

For the longitudinal strained prismatic body, the phenomenon of transverse contrac-
tion has to be considered. The ratio of the contraction, expressed by the transverse
strain & to the elongation in the strained direction ¢, is
&t
& = —ve, V=——. (1.11)
e
For an isotropic bar with an extensional strain ¢ > 0, a transverse contraction &; < 0,
it follows that the Poisson’s ratio is positive!. The Hooke’s law can be written in the

inverse form
e=E'o =So (1.12)

S = E~!is the flexibility or compliance modulus.
Let us introduce a bar with stiffness C; = E; A; (i is the number of the layer). The

layers can be arranged in parallel and in series (Altenbach et al. 2018). Since

oc=F/A and o =Es (1.13)

! The class of auxetic materials that have a negative Poisson’s ratio (when stretched, they become
thicker perpendicular to the applied force), is not in the focus here. However, such values are possible
which follows from the positive definiteness of the strain energy.
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one obtains
cA=F=EAs and &= (EA)'F. (1.14)

E A is the effective tensile stiffness and (EA)~! is the effective tensile flexibility or
compliance. If we have the arrangement in parallel, we consider the iso-strain state

F:Xn:lfi, A=Xn:A,», e=¢ (1.15)
i=1 i=1
where F; is the loading forces on A;. With
F =EAe, F;=E;Azs, iFi =F=iE,rA,-g (1.16)
i=1 i=1
follow the coupling equations for the stiffness E; A;

EA = ZE,-A,-, (EA)™' = (1.17)
i=1

1
o B

This equal strain treatment is often described as the Voigt? model. For the arrangement
in series follows

Al = ZAli (1.18)
i=1

together with the iso-force concept F' = Fj, the elongation Al of the bar is obtained
by addition of the Al; of the different parts of the bar with the lengths /; and the
tensile force is equal for all cross-sectional areas. With

Al=1le =1(EA)'F, Al; =lLe =L(E;A)"'F (1.19)
and
D AL = [Z li<EiAi>—1] F (1.20)
i=1 i=1

it follows the coupling equations for the stiffness E; A; arranged in series

> hEA)T

[

l

=— , (EA)'=
Y L(EA)
i=1

EA (1.21)

2 Woldemar Voigt (*2 September 1850 Leipzig - +13 December 1919 Géttingen).
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This equal stress treatment is described generally as the Reuss® model.

Comparing both estimates, it is easy to see that the arrangement in parallel results
in upper bound stiffness, the arrangement in series in lower bound stiffness. The
following mechanical models to calculate the effective properties are based on these
two arrangements.

1.3.6 Effective Properties of a Single Layer

Based on these simple mixture rules, the other effective properties of a single layer can
be estimated (Altenbach et al. 2018). Let us assume for the UD long-fibre-reinforced
composites:

The bond between fibres and matrix is perfect and no friction is considered.

The fibres are continuous, homogeneous and parallel aligned in each ply.

They are packed regularly, i.e. the space between fibres is uniform.

Fibre and matrix materials are linear elastic, they follow approximately Hooke’s
law and each elastic modulus is constant.

e Voids are ignored.

The rule of mixtures starting from the iso-strain assumption and the inverse rule of
mixtures starting from the iso-stress assumption is based on the statement that the
composite property is the weighted mean of the properties or the inverse properties of
each constituent multiplied by its volume fraction. In the first case, we have the upper
bound effective property, in the second—the lower bound effective properties. These
bounds are related to Voigt (1910) and Reuss (1929). Examples of such effective
properties are

e the effective longitudinal modulus of elasticity (the strains of the fibres, matrix
and composite in the loading direction are the same)

Er = Efve + Equyn = Epve + En(1 —vp) = Ef¢ + En(1 — ¢) (1.22)

with the Young’s modulus of the fibres Ey, the Young’s modulus of the matrix Ey,,
the volume fraction of the fibres v; and the volume fraction of the matrix v,

e the effective transverse modulus of elasticity (the stress resultant, respectively, the
stress is equal for all phases)

1_vf+1—vf_vf+vm (1.23)
ET_Ef Em _Ef Em .

or
EfEm EfEm

Et = = .
T A= wE + vEn  (I—@)E; + ¢En

(1.24)

3 Andris (Endre) Reuss (*1 July 1900 Budapest - 110 May 1968 Budapest).
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In the further derivations, we use ¢ = vs and 1 — ¢ = vy, only.

1.3.6.1 Longitudinal Young’s Modulus
Assuming the arrangement in parallel, one gets the equilibrium of forces
FL = Fit+ FLn = 0LA = 01 Af + 0L mAn- (1.25)
With the Hooke’s law, it follows that
oo = ELe, ouf = Erer, Orm = Emém-
With the help of (1.25), we obtain
ErcA = ErerAf + EnémAn. (1.26)

The iso-strain concept for all phases results in identical strains and, finally, the effec-
tive longitudinal Young’s modulus can be computed as

Ag A

EL = Et— + Ep—. 1.27
L e + 2 (L.27)
With A AV A Anl VW,
S0 M, Zn O Tm g (1.28)
A Al \% A Al Vv
the effective modulus Ey, can be written as follows
Ey = E;¢ + En(1 — ¢). (1.29)

Equation (1.29) is referred to the Voigt estimate. The predicted values of Ey are in
good agreement with experimental results. The part of the load taken by the fibre to
the part of the load taken by the composite is a measure of the load shared by the

fibre
Fiy  Eir

= = E_L¢' (1.30)

Since the fibre’s Young’s modulus is as usual one or more orders greater than the
corresponding matrix value, the second term in (1.29) may be neglected

EL ~ E;. (1.31)
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1.3.6.2 Transverse Young’s Modulus

The mechanical model to calculate the effective transverse modulus Er is based on
the changes in the transverse direction

Ab _ Abs + Abpy,

Ab = Abs+ Aby, & =—

: ; (1.32)

With
b=¢b+ (1 — )b = bt + by (1.33)

and

=%b b T U—¢pb b

& =deg + (1 — P)em (1.34)

one can compute the transverse strain for the fibres and matrix as

Abg Aby,
VR € m = 7 ;<7
b’ " (1 —¢)b

Using Hooke’s law for the fibre, the matrix and the composite

&f =

or = Eve, ot = Ett&¢, Orm = ETmém (1.35)

finally, the transverse modulus can be estimated

1 ¢ 1—¢ EtEn
= — or Er = .
Er  Ef En (1 —=@)Er + dEn

(1.36)

Equation (1.36) is the Reuss estimate. The predicted values of Et are seldom in good
agreement with experimental results. However, with E,, <« Ef, one gets the approx-
imation E1 & En(1 — ¢)~! that means Et is dominated by the matrix modulus Ey,.

1.3.6.3 Major Poisson’s Ratio

The mechanical model to calculate the major Poisson’s ratio vir is based on the
following considerations. The major Poison’s ratio is the negative of the ratio of
the normal strain in the transverse direction to the normal strain in the longitudinal
direction

v = —2t, (1.37)
&

The transverse strain is equal to

Ab Abs + Aby,
— & = VL€ = —7 = _T = —[¢er + (A — Pleml, (1.38)
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and with
Ef Etm
vf = ——, Vp = —— (1.39)
Ef Em
we obtain
& = —vrre = —¢veer — (1 — P)vmen. (1.40)

The longitudinal strains in the composite, the fibres and the matrix are assumed to
be equal (Voigt model of parallel connection)

vir = ¢vp + (1 = @)vm = dvr + (1 — P)vm = v + (1 — P)v. (1.41)

The minor Poisson’s ratio vy, = —¢r /et can be derived with the symmetry condition

or reciprocal relationship
Yo b (1.42)
Et Ep

This relationship results in

Er v+ (1= pyun) Eiln
VL = vir— = (¢vr — ®)Vm .
TR ‘ GEn+ (= OEDGE + (= PEp)

The values of Poisson’s ratios for fibres or matrix material rarely differ significantly,
so that neither matrix nor fibre characteristics dominate the major or the minor elastic
parameters vry and vyp.

1.3.6.4 Effective In-Plane Shear Modulus

The mechanical model to calculate the effective in-plane shear modulus Gy is based
on the assumption that the shear stresses on the fibre and the matrix are the same,
but the shear strains are different

T T T

Vm:G_m’ yf:G_f’ VZG—LT- (1.44)

The model is a connection in series (Reuss model) and therefore
T=T=7Tn, A=A.A+ Ay, A:l;tany :yfl;f—i-yml;m (1.45)

and with o . . .
b =bi+byn = (v + vm)b = b+ (1 —P)b (1.46)

it follows that . .
Ar = yi¢b, Ap = ym(l —@)b. (1.47)
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Using Hooke’s law, we have /Gt = (t/Gn)(1 — ¢) + (t/Gy)¢ which yields

_ GmGi
 (1-¢)Gt+¢Gn

Grir (1.48)

or by analogy to (1.36)
¢ 1-9¢

Gir  Gi  Gp

which is again a Reuss estimate. Note that assuming isotropic fibres and matrix
material the following relations are valid

E; En

Gy=——, ="
T 20 +v” " T 20+ v

(1.49)

1.3.6.5 Discussion on the Elementary Mixture Rules
Assuming that x, — x3 is the plane of isotropy, we have

E\=E,, E,=EFE;=En,

Es=Gy=G Er

4=G6Gpn=Gr=—7"—
2(1 +vrr)’
V2 = Vi3 = v, V23 = VrT,  VirET = vl EL

Es = G13 = E¢ = G2 = Grr, (1.50)

with Er, E1, Grr, G, Vi1 as the five independent moduli of a transversely isotropic
material. Finally, we have four expression that can be found in most textbooks

EfEm

- OEn + (1 — ) Ef’ (1.51)
T = ¢vr + (1 — @) v,

EL =¢Ei+ 1 —-¢)En, Er
B GiGpm )
T ¢Gm+ (1 — )Gt

Grr

The shear modulus Gt corresponds to an iso-shear strain model in the plane of
isotropy
Grr =¢Gr + (1 —P)Gn. (1.52)

Neither the iso-shear stress nor the iso-shear strain condition for Gt and Gt esti-
mation are close to the real situation of shearing loaded fibre-reinforced composites.
Very often, fibres material behaviour is transversally isotropic but the matrix material
is isotropic. For such cases, simple alternative relations for the effective engineering
moduli of the UD-lamina can be given
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EL =¢Ei+ (1 —-@)En, vir = v + (1 — @)y,

Er = EttEm R VTTf Vm
T T $EL+ (1 —G¢>)ETf’ T om+ (= )vrre (1.53)
Grr kbl Grr =¢Gr+ (1 — ¢p)Gn,.

" $Gm+ (I — 9)Grxr’

In Eq. (1.53) En, vm, Gm = En/2(1 + vy) are the isotropic matrix moduli and
E¢, Et¢, Grrs, G¢ = E1¢/2(1 4 vrre), vrre, Ve are transversally isotropic fibre
moduli. E,, vy, of the matrix material and E¢, Et¢, Grre, Vire, Vrre OF Grre of the
fibre material can be chosen as the independent moduli.

1.3.7 Improved Formulas for Effective Moduli

Because the Reuss and Voigt estimates are often not very accurate, several improve-
ments are suggested. The most used improvement is the Halpin-Tsai* model. This
is a mathematical model for the prediction of elasticity of composite plies based on
the geometry and orientation of the reinforcement and the elastic properties of the
filler and matrix. The model is based on the self-consistent field method although.
These models are empirical or semi-empirical. In this case, we have

e Ep and vy by the law of mixtures Eqgs. (1.29) and (1.41)
e For the other moduli (M is, e.g. Et, Gy, ...), we have

M‘
M _1+é&n¢ _M_r‘n__l (1.54)
My~ Tong T mL '
m My

& is called the reinforcement factor and depends on

— the geometry of the fibres,
— the packing arrangement of the fibres and
— the loading conditions.

e The main difficulty is the determination of the factor £ by comparing the semi-
empirical values with analytical solutions or with experimental results.

More details on the improvements are based on the Halpin-Tsai method which are
given in Halpin and Kardos (1976).
Let us make some final remarks:

¢ In the layer, all moduli are related to the fibre direction and the transverse direction.

e When looking at a laminate, these directions can be different in each layer.

e A transformation of the local directions into a global coordinate system is therefore
necessary.

4 Stephen Wei-Lun Tsai (*6 July 1929, Beijing).
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e The effective stiffness values are then to be considered as the sum of the weighted
layer properties in the global system.

e A distinction must be made between in-plane, mixed and out-of-plane stiffness
values since symmetries cannot be assumed in the general case.

e The choice of the middle surface should be made based on geometrical assumptions
only.

e In the case of sandwich pates, it is helpful to have an additional transverse shear
stiffness.

In the classical laminate theory, but also in the non-classical laminate theories
(for example, first-order shear deformation theory), the stiffness parameters of the
laminate can be estimated as

e sums of weighted properties (for example, laminates),
e as integrals of weighted properties (for example, functional graded materials) and
e sometimes special expressions (for example, for the shear correction).

Typical predictions are presented in Altenbach (2000a,b), Altenbach and Eremeyev
(2008a). This approach can be easily extended to viscoelastic systems (Altenbach
1988; Altenbach and Eremeyev 2008b).

1.4 Particle-Reinforced Composites

1.4.1 Short-fibre-Reinforced Plastics

In particle-reinforced composite materials, particles act as a load carrying medium
and the matrix acts again as a load transporting medium. The most common particle-
reinforced composite is concrete. Here, we have a mixture of gravel and sand usually
strengthened by addition of small rocks or sand. Polymers are often reinforced, for
example, with short glass fibres. This material is often produced by injection mould-
ing. The particles and the matrix are isotropic materials, however, their combina-
tion can result in a quasi-homogeneous anisotropic material. In Saito et al. (2000),
the flow-induced orientations of particles during the injection moulding process are
discussed. It was established that a rough layered structure can be obtained with
different orientation of the glass fibres: in the mid, the orientation is orthogonal to
the flow direction, close to the cavity walls, and the orientation is in the flow direc-
tion and between “both layers” a chaotic orientation can be established. This kind of
anisotropy should be taken into account for global behaviour predictions of structures
made of particle-reinforced plastics.

The prediction of the orientation is widely discussed in the literature. One
approach is based on the theory of dilute suspensions (Advani and Tucker 1987;
Bay and Tucker 1992). If w is the angular velocity of a single particle, an evolution
equation for the fibre microstructure can be developed. Another approach is based on
the micropolar theory of concentrated suspensions (Eringen 1991; Altenbach et al.
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2003b). Here w, J (tensor of inertia) and Q (rotation tensor) are field quantities and
a constitutive equation for the skew symmetric part of o (rotary interactions between
fluid and suspended particles) could be established. To verify the corresponding
assumptions, studies of the particle motion in homogeneous flow fields are helpful.

Maybe the first paper in this direction was published by Jeffery (1922). He dis-
cussed the rotation of an ellipsoid of revolution in a Newtonian fluid. The obtained
shear flow yields a periodic orbit. The slender particle results in particle alignment
parallel to the streamlines. Later, Bretherton (1962) generalized Jeffery’s formula
for the angular velocity to axisymmetric particles of various shapes. In both Jeffery’s
and Bretherton’s works, the particle inertia and inertia effects of the fluid flow were
ignored.

Considering experimental results, some disagreements with the theoretical results
can be established. The particle dynamics in flow fields is presented accounting the
fluid inertia, but inertialess particles are assumed (Leal 1980; Subramanian and Koch
2005). Introducing the particle rotation under the influence of rotary inertia, it can be
shown that long-time stable orbits do not longer exist (Altenbach et al. 2007). In the
case of shear flow, a slender particle may jump over stable alignment (Altenbach et al.
2009). The approximate solution is limited to numerical values for initial angular
velocity and particle inertia.

The aim of our further studies was the detailed analysis of the particle rotation
in the shear flow. To this end, the governing equations of rigid body dynamics for
the slender particle in a homogeneous flow field were deduced, the hydrodynamic
moment exerted on the particle was assumed in the form as proposed by Jeffery
(1922), the shear flow equations of motion are reduced to a single second-order
ordinary differential equation with respect to the angle of rotation about a fixed axis
and the phase portrait analysis of this equation was performed. Conclusions about
the influence of inertia and the stability of fibre alignment were made. The combined
analysis of particle orientation and stiffness distribution was presented. In addition
to Altenbach et al. (2003b, 2009), the main results of our investigations are published
in Altenbach et al. (2003a, 2005), Renner et al. (2005).

1.4.2 Spherical Inhomogeneity with Interphase

One of the main problems in the description of real composites with reinforcements
is the randomness in composites. Special attention must be paid to the interphase,
since it is not present in the initial state. Only when matrix and reinforcement material
are brought together, the interphase is formed. The randomness in the microstructure
of the composite then also has a particular effect on the interphase. To make matters
worse, the properties of the interphase are very difficult to determine. At the same
time, the failure of the composite is determined to a particular extent by the interphase.
The local geometric arrangements and the damage are related to the randomness and
the problem of modelling of such materials is a big challenge.
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One of the modelling approaches is based on the energy equivalent inhomogeneity
concept. The basic ideas are presented, for example, in Hashin (1990, 1991) using
the spring layer model of interphase in context with the composite cylinder or the
composite sphere models. However, only the equivalent inhomogeneity bulk modu-
lus could be evaluated. In Shen and Li (2005), Sevostianov and Kachanov (2007), the
so-called differential approach was used to define equivalent inhomogeneity. Here,
the Mori-Tanaka’s estimate and Hashin lower bound were used. In Duan et al. (2007),
equivalent inhomogeneity properties were obtained by using Eshelby’s equivalence
principle. The properties depend on the properties of the matrix. A detailed descrip-
tion on some previous works, related to the model presented below, is given in
Nazarenko et al. (2015), Nazarenko and Stolarski (2016), Nazarenko et al. (2016,
2017, 2018).

In accordance with Hill (1963), the energy of the inhomogeneity/interphase sys-
tem can be presented as follows

1
E=s / 6 Ci - 8:dVi + En (155)

Vi
with |
Eint = 5 / Eint ** Cint h 8intd~Qim-

Qim
The equivalent system is presented by the energy

1 -
E = EVeqseq «Ceoq g = Eseq < Ceq* Ecq- (1.56)
&int» £cq, &; are the strain tensors within the inhomogeneity, interphase and the equiv-
alent inhomogeneity (prescribed). C;, Ciy, Cq are the stiffness tensor of the inho-
mogeneity, interphase and equivalent inhomogeneity, respectively.
The minimization of the potential energy (1.55)

SE=0

and
& = Ti e eeq» Eint = Tint . Seq

with T';, T';,, is fourth-order tensors results in the energy of the system at equilibrium

1
E= e | [0 CoTutvit [ Th Con TS |
Vi Qim
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and the stiffness tensor of the equivalent inhomogeneity can be expressed as

Gy = / T Gy TidVi + / TT . Cin - Tind 2.

Vi ine

Numerical examples are presented in Nazarenko et al. (2015), Nazarenko and Sto-
larski (2016), Nazarenko et al. (2017, 2018). The applied approach is helpful since
the modelling of such a difficult system composed of matrix, particle and interphase
is not so easy. It seems that from the point of view of experimental results in chemical-
physics, the interphase can have properties weaker then the matrix, stiffer then the
filler, but also between of the matrix and filler properties. The reason for this is that
measuring the interphase properties is not easy, as they only exist after the matrix
and filler has been brought together.

1.5 Functionally Graded Materials

This kind of materials was investigated during the last years since there are many
applications of these materials. Foams (metallic or polymeric) are a typical example
and a very perspective class of materials for engineering applications. Structural
elements made of such materials are applied in civil engineering, in the automotive
or airspace industries since they combine low weight, high specific strength, lower
energy effort and excellent possibilities to absorb energy. The technical realization
of FGMs is mostly performed as sandwich panels (plates or shells with hard and stiff
face sheets and a core layer made of a foam). A foam is a very complex material
which has many non-classical properties—some foams have a negative Poisson’s
ratio (see Lakes 1987). The non-homogeneous foam itself can be modelled as a
functionally graded material (FGM) with “smeared” or “homogenized” mechanical
properties changing over the thickness direction. Another variant is coatings. In
contrast to foams, an asymmetrical distribution of properties can be assumed here.
In both cases, however, symmetry and asymmetry with respect to the geometrical
mid-surface must be taken into account.

Several publications were be made within 2007 and 2016. One of the first is
Altenbach and Eremeyev (2008c) discussing first time the full linear elastic isotropic
theory of FGMs. The theory presented here can be easily applied to the case of
viscoelastic materials (Altenbach and Eremeyev 2011a). Both papers are close to
the Cosserat theory (Altenbach et al. 2011). In addition, an overview on generalized
two-dimensional continua is given in Altenbach and Eremeyev (2013a,b).
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1.6 Anti-Sandwich and Nanomaterials

During the last years, several new applications occured. At first, with respect of
photovoltaic applications, new theories were deduced (Schulze et al. 2012; Weps
et al. 2013). A consistent theory was suggested, for example, in Altenbach et al.
(2015) and the numerical treatment was discussed in Eisentriger et al. (2015a,b).

Nanomaterials were included in the theoretical, continuum mechanics based con-
cept in Altenbach and Eremeyev (2011b), Altenbach et al. (2012).

1.7 Summary and Outlook

There is a number of open questions that need to be investigated in future:

e the correctness of the assumption of a periodicity in the composite material,

e the uncertainties in the model based on statistical distributions of matrix and rein-
forcement in the composite material,

continuum versus discrete approach,

the correctness of molecular dynamics modelling and

the assumptions concerning the perfect and real contact conditions.

There is a greater need for research here in the coming years. Questions of failure in
particular have not been finally clarified to this day. There are numerous approaches
and also experimental results. Unfortunately, there is still now no comprehensive
theoretical basis to describe the failure without contradiction.
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Chapter 2 )
Aspects in the Modelling of e
Heterogeneous Thermo-Oxidative Ageing

Using the Example of a Rubber Buffer

Bruno Musil and Michael Johlitz

Abstract Elastomers are used in almost all areas of industrial applications. Dur-
ing operation, they are exposed to various environmental influences, especially
atmospheric oxygen as well as high temperatures have a significant impact. The
resulting irreversible changes in the microstructure of the material, which lead to a
change in the structural-mechanical behaviour, are summarised as chemical respec-
tively thermo-oxidative ageing. In the case of thermo-oxidative ageing especially at
elevated operating temperatures, the ageing processes run heterogeneously. These
effects are referred to as diffusion-limited-oxidation and are associated with the
diffusion-reaction behaviour of atmospheric oxygen as well as of antioxidants within
the elastomer network. All these phenomena are taken into account in this paper and
simulated within the framework of finite viscoelasticity using the example of a rubber
buffer using the finite element method. The operating loads lie in a dynamic range
as well, so that dissipative heating may occur. The resulting temperature field can
lead as an accelerator for chemical reactions, triggering chemical ageing. Thus, the
couplings between these two phenomena are considered as well as experimentally
investigated.

Keywords Ageing + Diffusion-limited-oxidation - Rubber + Self-heating *
Viscoelasticity

2.1 Introduction

If a typical elastomer component like rubber buffer is exposed to environmental
conditions, complicated ageing phenomena take place. In this case, the elastomer
degenerates and changes its chemical structure in the aged regions (cf. Ehrenstein and
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Pongratz 2007). As it is widely known, ageing of elastomers results in changes in the
internal structure of the network. Influences of external media lead to scission of the
primary network of material, i.e. network degradation. In parallel, there is a formation
of a secondary network respectively a new crosslinking, i.e. network reformation.
Temperature acts as a driver and accelerates this rearrangement of the elastomer
network considerably. One of the most significant ageing processes is the reaction of
elastomer molecules with oxygen, the so-called thermo-oxidative ageing. This is a
diffusion-reaction driven process. In the first step, oxygen diffuses into the polymer
material and enters into the chemical structure. After an initialisation phase, chemical
reactions are triggered within the elastomer network, which ultimately changes the
material properties irreversibly. Possible approaches for modelling homogeneous
thermo-oxidative ageing within the framework of finite deformation theory can be
found among others in Duarte and Achenbach (2007), Shaw et al. (2005) and Steinke
(2013) as well as in Johlitz et al. (2014) and Musil et al. (2018) where the concept
of internal variables for ageing modelling has been further developed.

In general, the thermo-oxidative ageing of elastomers proceeds heterogeneously.
The oxygen molecules are absorbed from the environment by the elastomer and
driven further into the material by diffusion. However, many of the oxygen molecules
dissolved at the edge of an elastomer do not penetrate the interior of the material at
all, as they have already reacted with the elastomer beforehand. In addition, oxygen
diffusion is restricted by the existing and reforming network structure. Likewise, it
has been experimentally proven that the oxidation of elastomers causes a reduction
in diffusivity (cf. Van Amerongen 1946; Kommling et al. 2016; Musil 2020), which
can be explained by the influence of post-crosslinking due to oxidation as well
as the incorporation of polar oxygen-containing groups in the elastomer chains.
The phenomenon of the resulting heterogeneous oxidation of elastomers is called
diffusion-limited-oxidation (DLO).

A very important component of a technical rubber mixture is the antioxidant. It
inactivates the oxygen-containing radicals produced during ageing and thus slows
down the oxidation of the elastomer (cf. Verdu 2012). Musil et al. (2019) showed,
that the influence of antioxidants cannot be neglected in the modelling of thermo-
oxidative ageing of rubber parts. In the case of heterogeneous oxidation and DLO
effect formation, a gradient in antioxidant concentration can also occur, as these
antioxidants are consumed faster at the edges, where the highest oxidation prevails.
At the same time, there is a diffusion transport of antioxidants from the inner region
to the edge region of the component.

A rubber buffer, also known as a silent block or silent bush, is a component
consisting mainly of an elastomer block. This is vulcanised to a metal segment on
one or both of its edges (see Fig. 2.1). The component is used as a connecting element
to decouple the parts connected to it. Examples of applications are engine mounts,
the attachment of stabilisers in automotive construction, or the damped decoupling
of machines from the building floor.

Due to its technical applications, the component must endure high mechanical as
well as thermal stresses during operation. This leads to the triggering or acceleration
of the ageing processes to which all technically relevant elastomers are exposed.
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Fig. 2.1 a Rubber buffer (silentblock) and b finite element model of the rubber buffer with pre-
scribed boundary conditions

Chemical ageing and the associated impairment of the material properties ultimately
influence the usability and service life of the rubber buffer in a significant manner.
Thanks to the material model presented in the work of Musil et al. (2019), however,
the possibility is created to take into account all the phenomena mentioned and thus
to be able to make a more accurate service life prediction.

For rubber buffers, however, another coupling direction is also relevant, in that
mechanical stresses are converted (dissipated) into heat (cf. Rodas et al. 2014; Dippel
2015; Johlitz et al. 2016). A temperature field resulting from dynamic loads can
ultimately trigger or accelerate chemical ageing by driving chemical reactions. In
addition, chemical ageing can in turn change the dissipation behaviour of elastomers
through its influence on the material properties. How and on which scale this can
happen is the subject of an experimental investigation by using the thermal imaging
tomography.

2.2 Chemo-Thermo-Mechanical Simulation
of a Rubber Buffer

2.2.1 Overview of the Quantities and Equations
of the Material Model

In this section, a brief introduction of the differential equations to be solved and
the material model developed by Musil et al. (2019) and Musil (2020) is given. In
this paper, the commercial software Comsol Multiphysics was used for the imple-
mentation within the finite element method. All material and model parameters are
described in Table 2.1.
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Fig. 2.2 a Temperature field 6 in K and b transient development of self-heating

Kinematics

The deformation gradient tensor
F = Gradu +1 2.1

comprises the gradient of the displacement field u in the reference configuration and
the identity tensor I = §;; ¢; ® ej. A multiplicative split of F into the thermal part Fy,
mechanical part Fy;, volumetric part F, isochoric part ﬁ‘, isochoric inelastic part l:“i,
and isochoric elastic part f‘e is carried out:

F=Fy-Fy (2.2)
Fy=(a(® —6)+ 1) I=¢O)1 23)
Fy=F.F 24
F=F. F (2.5)
- —1/3
i "“f/; ’ 2.6)
F=J1

The determinant of the mechanical part is represented as
Jm = det(Fy) = det(F) det(Fgl) =J Je_l 2.7

Following deformation measures are defined:
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Table 2.1 Parameters used for the simulation
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Ao 0.3374 W/(mK) Heat conduction coefficient

o 1.34e—4 1/K Coefficient of thermal expansion

A 1.43e3 J/(kgK) Caloric parameter

B 2.6092 J/ (kg K?) Caloric parameter

R 8.314 J/(mol K) Universal gas constant

Ae,0 1.1e—10 m?/s Oxygen diffusion coefficient

Ve 72.196 - Oxygen diffusion parameter

Xa 1.082 m?/s Antioxidant diffusion coefficient

Ex 1.0513e5 J/mol Activation energy of oxygen reaction

ko1 2.776€e7 1/s Reaction rate of oxygen

ko2 2.136e10 1/s Reaction rate of oxygen

ka 2.702e—5 1/s Reaction rate of antioxidant

d 1.55546e6 Pa Shear modulus of unaged network

K 1.5546e10 Pa Bulk modulus

Uy 567.3e6 Pa Shear modulus of reformed network

v‘} 5.396e6 1/s Rate of network degradation

vg 5.401e7 1/s Rate of network degradation

E Ull 8.973e4 J/mol Activation energy of network degradation

E g 1.036e5 J/mol Activation energy of network degradation

Vr 8.745e4 1/s Rate of network reformation

E; 9.585¢e4 J/mol Activation energy of network reformation

7! 0.0089 s

2 0.4753 s

3 7.4034 s Relaxation times

wl 1.065¢6 Pa

w2 2.704e5 Pa

wl 1.762e5 Pa Elastic shear moduli

c} 1.4053 -

cl 48.243 K

c? 0.2613 -

3 7.3591 K

a 0.1197 -

cg 4.1892 K Parameters of the WLF-equation

C:=F'.F (2.8)

Cym = FY; - Fy (2.9)
C=u"Cu (2.10)
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A

C.:=F'.F, (2.11)

Constitutive and Evolution Equations

The second Piola—Kirchhoff stress tensor S
S=—-pJC!

1 ~ A~
+ 0 [w(qd) (I — 5 u(©) c—l)

S B (2.12)
+ T - 3T 0)-C7
N 1 A A\ A 1
k e -1 & . ¢!
+ 1) ((ci) Ju(Eh-¢)-¢ )] e
involves the hydrostatic pressure p
K In JM
=——|(Uu—1D+—— 2.13
P 7 [( m— 1D+ I } (2.13)

The reformative part of the stress tensor can be calculated via following rate
formulation

A 1 4 A
Te =5 4:(®) Div (1) : C (2.14)
The associated quantities of this equation are the four-order tensor

4 1/3 32w
Div=Jy/ 4 — (2.15)
aCY,

with

w1 il 1 ,
— E e JM2/3 g |:tr(CM) (g CK/II ® CK/II + (CK/Il ® CMl)T2,>

aC3, (2.16)
—Cy' ®I-1® Cy]
and the rate of the isochoric right Cauchy—Green deformation tensor
X _ X 1 .
C=5" (CM -3t (Cy! - Cwr) CM> (2.17)

Solving the evolution equation

X 2 (a1 A o4 .
Ck = = (C -3 tr(C - (Cf)‘)Cf) (2.18)

1
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leads to the inelastic isochoric right Cauchy—Green deformation tensor Cf . The
elastic shear moduli

(2.19)

u&ﬂ)==u&ﬂ»exp(—fl§i:f@l)

c+60—6
follow a temperature dependence according to Williams et al. (1955). The evolution

equations of ageing, i.e. the internal variable of network degradation ¢4 and network
reformation ¢,

2= vge (1 — 1—c)), qa(0) =0
qa =vge ®o(l —qgq)c (1 —ca), qa(0) (2.20)

Ge=ve ®(l—g)c(—c) ¢0)=0

depend on the oxygen concentration ¢ as well as on the antioxidant concentration c,.
The ageing-dependent shear modulus is given as

ma(qa) = pa (1 — ga) (2.21)
The chemical part of the material model involves the reaction term of oxygen
¢=—kc (2.22)
and the reaction term of antioxidant
Ca = —k,ccy (2.23)
Both the diffusion flux of oxygen
jo =3/ C" - (Grade - g Grad 6 (2.24)
and of the antioxidant

j0=—xJC" (Grade, — 2 Grado) (2.25)

are described in the reference configuration and are deformation dependent. An
ageing-dependent reaction rate of oxygen

Ex

k = Tkor(1 — qa) + ko2 (1 —gr)] e 70 (2.26)
as well as an ageing-dependent diffusion coefficient of oxygen

he = Agge Tl (2.27)
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are considered. The heat flux of the reference configuration is given as
q =2 JC ' Grad6 (2.28)

For the sake of completeness, the entropy rate

.1 s 192k L Lopk®) d  ~pi &

= (5 (A+BOY— 560 (tr(Ce) - 3) — 5 T 3 e ~C)) (2.29)
is presented
Governing Equations

The balance of linear momentum, the heat transfer equation and the diffusion-reaction
equations are presented in their weak forms. Considering the quasi-static form of the
balance of linear momentum in the reference configuration

/S:SEdV:/[‘)-SudA (2.30)
Q 0

the Total Lagrangian approach is used, with
S=S+p-pJc! (2.31)

Herein an auxiliary pressure variable p is introduced to avoid volumetric locking.
The corresponding incompressibility constraint is given as

1
/E(p—ﬁ)(SﬁdV:O (2.32)
Q
Equation (2.30) represents p the traction vector of the reference configuration.
The temperature field 6 is obtained solving the heat transfer equation in the form
1 A A A A
/qo -Grad 80 dV — f <,009$ - 5M’g(ew) CHT.C(CH

| (2.33)
3 Ho (tr(é) — 3) cjd> 56dV = /(q() -n)80dA
Q2
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The diffusion-reaction equation of oxygen

/jo~Grad(Sch—/(c’—é—éa)ach:/Go-n)Sch (2.34)
Q Q Q2

and the diffusion-reaction equation of antioxidant

/ j0- Gradsc, dV — / (éa — &) 8cadV = f (G0 - m) 8¢, dA (2.35)
Q Q 19

have been formulated as well and are solved for the fields ¢ and ¢,. On the right hand
side of Egs. (2.33)—(2.35) is n the outward normal surface vector.

2.2.2 Results and Discussion

Regarding the simulation, a finite element model is built in axial-symmetric modus,
which is shown in Fig. 2.1. At the lower edge of the component, a fixed constraint
is prescribed by u} = 0 and u5 = 0. At the upper edge of the component, u} = 0 is
valid. In addition, through the Dirichlet boundary condition,

Wi(t) = uz + fi sin Qmfr) (2.36)

as an oscillating load is applied. Here, the static compressive strain &5 has a value
of 20% with a strain amplitude &, of 2%. The corresponding displacement values
can be calculated using the formula u = & /o, where [; is the component height. The
frequency f was chosen equal 10Hz. The Dirichlet thermal boundary conditions
are prescribed on the upper and lower edges of the component, where direct contact
with the metal segment of temperature 6* = 373 K occurs. Convective boundary
conditions are considered on the side surface of the component and are calculated
using equation

qg"-=-n-qo=—h(@O — 0% (2.37)

Thus, free convection between the elastomer surface and the ambient air is
assumed, whereas the associated heat transfer coefficient £ in this simulation was
chosen according to the study of Sae-Oui et al. (1999). The temperature of the ambi-
entair is also 8* = 373 K. Since oxygen can diffuse only in the radial direction of the
component, a dimensionless oxygen concentration ¢* = 1 is specified at the lateral
surface. Adiabatic boundary conditions of oxygen diffusion at the upper and lower
edges of the component represent the barrier of the metal segment.

Initial values of oxygen and antioxidant concentrations are specified for the com-
ponent as ¢ = 0 and ¢, = 1. This corresponds to an oxygen-unsaturated initial state,
with antioxidants present in the material. In addition, adiabatic boundary conditions
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are considered for antioxidants, so that no escape or evaporation of antioxidants from
the material can occur. The initial temperature of the component is 293 K.

This example is intended to represent a silent block in the engine compartment.
First, a static compressive load is applied using w59, followed by a simulation of
thermo-oxidative ageing for a duration of + = 168 h at 373 K. Thus, a specific age-
ing state of the mechanically deformed component is achieved. Then, an additional
varying mechanical load is applied for a duration of ¢+ = 500 s, representing engine
vibration.

Due to the given dynamic loading, a self-heating of the silent block can be seen, as
presented in Fig. 2.2. The transient development of the absolute temperature exhibits
a qualitatively similar nonlinear behaviour, as was experimentally determined in
Sect. 2.3 (see Fig. 2.8). A dissipative heating of about 2K can be observed inside
the component. The calculated oxygen concentration shown in Fig. 2.3 indicates
the DLO effect, which is formed during the ageing of the silent block due to its
dimensions. The oxygen concentration profiles along the component radius from
Fig. 2.4 represent the evolution of this effect over the ageing time. An increasing
oxygen reaction takes place at the edge of the elastomer and reduced oxidation in
the interior since the atmospheric oxygen is consumed more quickly at the edges and
only the unreacted oxygen is available for further supply by diffusion transport. This
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effect is of course both dimension and deformation dependent. The ageing-dependent
diffusivity also plays a role, as diffusion is slowed down locally.

Heterogeneous oxidation also affects the calculated antioxidant concentration
field from Fig. 2.3. As presented in Fig. 2.5, rapid consumption of antioxidants occurs
at the component edge, where the greatest oxidation occurs. However, despite the low
oxidation inside the component, the antioxidant concentration is also reduced here.
This can be explained by the fact that diffusion processes supply the antioxidants to
the edge region, where they are subsequently consumed, i.e. they react with oxygen.
From a concentration profile of the antioxidants that is constant with respect to the
unaged state, a resulting antioxidant distribution is obtained during ageing, as shown
in Fig. 2.5 along the component radius for different ageing times. Both the result-
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ing oxygen and the antioxidant concentration influence the structural-mechanical
behaviour of the rubber component, which is shown in the final simulation step.
Thus, a compression set is calculated. The determination of compression set is
often used in seal production and design. For this purpose, the rubber buffer is cooled
down to its initial temperature and unloaded. The heterogeneous ageing causes a
locally different irreversible change of the elastomer network and leads to locally
different stiffness values. As shown in the simulation in Fig. 2.6, the shape of the
rubber buffer after unloading depends on this heterogeneity and a permanent defor-
mation can be observed. In addition, the component has lost its original cylindrical
geometry and shows greater deformation at the more aged edge of the component.

2.3 Experimental Investigation on Self-heating
in Connection with Ageing of a Rubber Buffer

To investigate the influences of thermo-oxidative ageing on dissipative heating, ten-
sile specimens are first stress-free aged in the air at temperatures of 353 K, 373 K and
393K for two days and one week, respectively. Then the ageing was interrupted and
the samples were cooled down to room temperature. Subsequently, the aged speci-
mens are clamped in the DMA testing machine and subjected to the following loads
at room temperature: static pre-deformation of 10% and sinusoidal excitation with
a dynamic amplitude of 2% and a frequency 25 Hz. Additional ageing during the
dynamic test cannot be excluded due to the resulting self-heating of the specimens.

After a certain time, a stationary temperature field is established on the sample
surface, which is recorded using a thermal imaging camera. An example is shown in
Fig. 2.7. An inhomogeneous temperature field can be observed, where the marked

Fig. 2.7 Temperature field due to self-heating during dynamic loading of a rubber sample
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Fig. 2.8 Transient evolution of self-heating of rubber samples pre-aged at a 353K, b 373K, and ¢
393K

point represents the hottest point of the sample surface. Since the upper edge of the
sample is fixed and the excitation occurs only through the lower clamping, turbu-
lent air flows are formed especially in the lower sample region, whereby enhanced
convection explains the lower temperatures of the lower sample region. In Fig. 2.8,
transient temperature curves at the point of maximum temperature are plotted for
differently aged samples. All curves show qualitatively similar transient nonlinear
behaviour, with a steady-state occurring after about 200s. As long as the material
has not been distinctly aged, the influences on the dissipative heating do not become
particularly significant. However, the more pronounced ageing of the material causes
an increasing self-heating under dynamic stress, which is clearly shown in Fig. 2.8c.
In this case, a 3.5-fold self-heating was observed compared to the unaged material.
This phenomenon shows that the influence of ageing on the viscoelastic material
properties cannot be neglected in the case of dynamic loading.
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2.4 Conclusion

In this paper, the challenges of heterogeneous thermo-oxidative ageing were intro-
duced and described. Using the example of a rubber buffer under operating loads, the
complicated phenomena of heterogeneous ageing were simulated and discussed, tak-
ing into account the self-heating of the component. Particular attention was drawn to
the formation of the DLO effect in connection with the influence of antioxidants. One
type of heterogeneous ageing can also be caused due to a heterogeneous temperature
field. As the experimental results of this paper show, the influence of the material
changed by ageing on the dissipation properties (viscoelasticity) also plays a relevant
role. In the aged zones, there is an increasing self-heating, ergo the material modelling
in future should include the influence of ageing on the viscoelastic stiffnesses, in case
of modelling cyclically loaded rubber components. For industrial applications, the
modelling concept presented in this paper can be used to simulate the heterogeneous
thermo-oxidative (chemo-thermo-mechanical) ageing of technical elastomers, tak-
ing into account the DLO effect as well as the finite viscoelasticity, which also allows
the influence on the material properties to be represented in time, which can be of
decisive importance for a service life prediction of the rubber components.
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Chapter 3 ®)
Digital Product Development by Additive |
Manufacturing

Markus Merkel @, Mario Rupp, and Michael Sedlmajer

Abstract Engineers’ work is often linked with the development and production
of technical products. In order to improve products and processes, digitalization is
more and more applied to each process phase. This upcoming paradigm also is called
Industry 4.0. While some disciplines (e.g., design, engineering, quality assurance)
successfully implemented digital tools into their daily work, the manufacturing phase
was limited by the need for part specific tools. Additive manufacturing (AM) as one
of the key enablers of Industry 4.0 is closing this analogous gap. At a very abstract
level, the essential ingredients to provide technical products can be reduced to raw
material, energy and data. Here, the laser beam powder bed fusion (L-PBF) is taken
as process to discuss chances and challenges for the digital manufacturing of metal
parts.

Keywords 3D printing - Virtual product development + Engineering applications

3.1 Introduction

Starting from the idea for a new product, the process to realization is described by
several disciplines. For a simplified approach, the full digital process is structured
by only a few disciplines (see Fig. 3.1). Typically, within design and engineering,
the shape and properties of a technical product are defined and optimized due to
customers’ demand. Here, manufacturing is represented by the L-PBF process as
a typical additive process to print metal. Other disciplines (e.g., quality assurance)
complete the process chain.
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Laserpost-
processing
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3D Printing

Fig. 3.1 Digital process to realize technical products

For real engineering applications, the disciplines do not act independently as stan-
dalone blocks, and there are overlaps and interactions. Especially, additive manu-
facturing as an overall philosophy has a strong impact on the geometry and on the
properties of a product (Hitzler et al. 2018). Moreover, the additive process has a big
impact on technological and economical aspects along the supply chain. Additive
manufacturing as a cyber-physical system directly connects the digital CAD data
with the physical product and accelerates digitization (Rupp et al. 2021).

With its very agile supply and process chain, costs can be reduced especially
for low batch sizes, highly complex geometries and decentralized spare parts (Rupp
and Merkel 2021). Additionally, through the layer-wise manufacturing, raw material
input and carbon emissions are reduced which leads to a more resource-efficient and
sustainable production (Rupp et al. 2022).

3.2 AM-Process Within Digital Product Development
and Manufacturing

At the beginning, a strong advantage of additive manufacturing (AM) should be
mentioned. The outer as well as the inner contour of a part (CAD) can be defined
without any restrictions caused by tooling, e.g., casting enforces special angles to
vertical planes or special limits to wall thicknesses (Tomas et al. 2020) and influences
the surface quality (Hitzler et al. 2017a). Due to the free definition of geometry,
functionalities can be realized within a smaller volume and with more efficiency.
Typical examples are porous structures (Ocker et al. 2021a), cooling channels close
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Fig. 3.2 Gear wheel with
channels for cooling and
lubrication: CAD-model

to heated surfaces or arbitrary curved pipes transporting fluids with optimized flow
conditions, see Fig. 3.2.

Within engineering (CAE), numerical simulation is used to analyze physical prop-
erties, see Fig. 3.3. Multi-objective optimization allows to adapt customer’s demands
to dimensions of geometric entities like cross-sections of pips or channels, the volume
of cavities or the distribution of mass (Ocker et al. 2021b). Anisotropic material
behavior can be enabled by a well-defined AM-process and can be taken into account
to further improve material properties for high-precision applications (Hitzler et al.
2017b; Mindermann et al. 2022). Further, high-tech materials as Invar36 are used to
expand the field of application of the components (Heine et al. 2022).

The AM-process itself will be discussed later. The quality assurance of additively
manufactured parts is also supported by digital tools, e.g., geometric accuracy can
be checked by computed tomography (CT), see Fig. 3.4.

An AM-process (CAM) depends on the material (metal, ceramics, plastics) and
machines being used. Generally, the process is split into three phases and will be
discussed in detail for laser powder bed fused, see Fig. 3.5.

Fig. 3.3 Gear wheel with
contour plot of temperature
profile (left) and velocities of
fluid flow (right)
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Fig. 3.4 Gear wheel: CT of
channels
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Fig. 3.5 Laser beam powder bed fusion: preprocess, main process and post-process

Within preprocessing the geometry, which is often represented as a 3D-CAD-
model, is prepared for layer-wise additive manufacturing. The slicing technique virtu-
ally cuts the part in subsequent horizontal slices having the thickness of processed
layers. The preprocess covers also the definition of the support structures, see Fig. 3.6.

The main AM-process runs as a loop starting with powder that is continuously
distributed over a platform with a constant thickness. In a second step, a laser scans

Fig. 3.6 Gear wheel with
support structures:
CAD-model
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Fig. 3.7 Scanned contours
and segments within one 8 j
layer — N R (-

the contours and segments of the geometric entities and powder is heated up to local
melting, see Fig. 3.7. Typical scanning speeds range from millimeters to meters per
second. Depending on the size of the platform, a scan of a layer takes to some minutes
and is finalized by a downwards move of the platform.

The process chamber has a cubic or cylindrical volume with ground area of
280 mm x 280 mm or a diameter of 200 mm and a height of 300 mm. The main
features are the entry of the laser at the top, which is sometimes completed by a
second entry for a camera. The building platform is located at the bottom and the
inlet and outlet for the gas flow at the right resp. left side, see front view in Fig. 3.8.

Before the laser scanning starts, a rakel guarantees a regular powder bed moving
from back to front or vice versa while powder flows out the recoater on the building
platform. The gas, argon or nitrogen, is heated while moving from the right to the
left side. A weak flow is not able to transport welding splash, a strong flow destroys
the regular powder layer, see top view in Fig. 3.9.

A standard platform is heated up to 200 °C or even lower temperature levels
at many machines. Knowing that the temperature gradient has a strong influence
on the properties of the processed material, the temperature level of the building

Gas Flow
outlet

Gas Flow
inlet

Fig. 3.8 Front view to building chamber
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Inert gas outlet Inert gas inlet

'owder overflow
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Fig. 3.9 Top view into building chamber, schema

chamber could be adapted to the material in use (Korperich and Merkel 2018). In
order to reduce residual stresses, a lower temperature gradient can be achieved be a
superheated chamber. This causes structural reorganization of the complete machine,
additional insulation is needed, see Fig. 3.10 as a schema in a) and implemented in
a SLM-machine in b).

With a superheated chamber, new materials such as tungsten carbide can also be
produced in a quasi-melting process (Tomas et al. 2018; Kohn et al. 2021).

The further discussion of the main AM-process is here reduced to counting layers
for a simplified example: To print a part with a height of 100 mm by layers with
a thickness of 50 wm 2000 loops have to be applied. Afterward, the post-process
starts, and parts are still fixed to the platform by support structures and are partially
covered by powder, see Fig. 3.11.

As a first step within post-processing, the building platform has to be taken out of
the machine, and remaining powder has to be removed and is recycled by separated
sieving with a recycling rate up to nearly 100%. The most time consumption is

Fig. 3.10 Heated building chamber a schema b photo of front view
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Fig. 3.11 AM-parts fixed on a building platform covered with powder

addressed to removing support structures. While the process is easy, fast and cheap
for plastics metal supports enforce special care. In a first step, AM-parts together with
supports are separated from the building platform, see Fig. 3.12 left. In a second step,
the support structures have to be removed from the AM-parts, see Fig. 3.12 right.
Removing support structures for a single part or small batches is often realized by
a manual process. Large batches address the need for an automated or at least for a
semi-automated process.

AM-products and AM-processes will benefit from detailed investigation of each
single step as well from a holistic approach.

Fig. 3.12 Removing support structures: from platform (left) from AM-part (right)
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Chapter 4 ®
Theory of Three-Dimensional Plasticity ez

Andreas Ochsner

Abstract This chapter presents a summary of the classical three-dimensional plas-
ticity theory for rate-independent material behavior. The continuum modeling of
plastic material behavior in relation to the constitutive equation comprises a yield
condition, a flow rule, and a hardening rule. A special emphasis is given on the rep-
resentation of yield conditions in the so-called invariant space. As typical examples
in the context of classical plasticity theory, the conditions according to von Mises,
Tresca, and Drucker-Prager are discussed in detail.

4.1 Comments on the Stress Matrix

Let us consider a three-dimensional body which is sufficiently supported and loaded
(i.e., by any point or distributed loads) as schematically shown in Fig.4.1a. Con-
sidering the symmetry of the stress matrix, six independent stress components, i.e.,
three normal and three shear stresses, can be identified, see Fig.4.1b.

The stress components acting on a differential volume element may have, for
example, the values as shown in Eq. (4.1) for the given (x, y, z) coordinate system.
A coordinate transformation from the original (x, y, z) to the (x’, y’, ') coordinate
system results in a stress matrix with different stress components, while a principal
axis transformation (PAT) calculates the principal stresses o;, (i = 1,2, 3).

50 0 20 , 65 152828
oy =| 0 8020 e 15 65 0
202090 | 2828427 0 90 | .
(x,y,2) (x',y",2")
e [1100 0
2 o700 : (4.1)
0 0 40

(1,2,3)
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(2) (b)

Oyy

Fig. 4.1 a Three-dimensional body under arbitrary load and boundary conditions; b infinitesimal
volume element with acting normal and shear stress components [see Altenbach and Ochsner
(2020)]

Looking at this simple example, the following characteristics of the stress matrix can
be summarized:

e The components of the stress matrix depend on the orientation of the user-defined
coordinate system.

e There is a specific coordinate system (1, 2, 3) where the shear stresses vanish and
only normal stresses remain on the main diagonal, i.e., the so-called principal
stresses o; (i = 1,2, 3).

e The six or three stress components cannot easily be compared to experimental
values from uniaxial tests (e.g., the initial yield stress in tension kM),

e A graphical representation of any surface is much easier in a principal stress space
(1, 2, 3) with three coordinates than in a space with six coordinates (o;).

Further information on continuum mechanics and plasticity theory can be taken from
the classical textbooks by Backhaus (1983), Chen and Han (1988), Altenbach (2012),
Altenbach et al. (1995), Betten (1987), Itskov (2009), and Itskov and Belyaev (2005).
Let us review in the following the determination of the principal stresses and the axes
directions of the corresponding (1,2, 3) coordinate system. From a mathematical
point of view, this question can be answered by determining the eigenvalues of
the stress matrix (principal stresses) and the corresponding eigenvectors (principal
directions). The solution of the so-called characteristic equation, i.e.,

det (O’,’j — O','I) = 0, (42)

gives the three principal stresses o; (i = 1, 2, 3). Equation (4.2) can be written in
components as:
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Oxx Oxy Oxz 100 Oxx — 0i  Oyy Oz
det| | oyx oyy 0y, | —0; 010 = det Oyx Oy —0; Oy =0.
Ozx Ozy Oz 001 Ozx Ozy  Ozz —O0j

The calculation of the determinant (‘det’) results in the following cubic equation in
Oj.

ai3 — (oxx + oyy + O'ZZ) aiz

—_—
I

2 2 2
+ (axxayy + 040z + 0yy0,; —0,, —0,, — O, )o,-

Xy vz
)43
2 2 2 2 =0 4.4
- (O'xxa)')razz T Oxx0y, = 0yy0,, — 0770y, + nyo'xza)’z) =0, 4.4)
I
or in short:
3 2

of —hof + Lo, — Iz = 0, 4.5)

where the three roots (o1, 02, 03) of Eq. (4.5) are the principal stresses. Equation (4.4)
can be used to define the three scalar so-called principal invariants 7, I, and 1.
These tensor invariants are independent of the orientation of the coordinate system
(objectivity) and represent the physical content of the stress matrix.

The coordinates of the ith eigenvector (x;, y;, z;)—which correspond to the direc-
tion of one of the new (1, 2, 3) coordinate axes—result from the following system
of three equations:

Oxx —0; Oy Oz X; 0
Oyx  Oyy —0i Oy yvil=10 4.6)
Ozx Ozy Ozz — O Zi 0

Let us mention at this point that the determination of the eingenvalues and eigenvec-
tors is also common in applied mechanics for other tensors or matrices. The second
moment of the area tensor (or the moment of inertia tensor) has similar properties as
the stress matrix:

Ixx Ixy Ixz PAT Il 00
I Iy I, = (0L O : 4.7)
Ik Izy I (x,y.2) 001 (1,2,3)

Let us look in the following a bit closer at the stress invariants'. Another interpretation
of the principal stress invariants is given by Chen and Han (1988):

!t is useful for some applications (e.g., the calculation of the derivative with respect to the stresses)
to not consider the symmetry of the shear stress components and to work with nine stress compo-
nents. These invariants are denoted by /; and J;.
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Table 4.1 Definition of the three principal (/;) and basic (J;) stress invariants of the stress matrix

First stress invariant of o;;

Iy = oxx +oyy + 0z

J1 = oxx +0yy + 0
Second stress invariant of o;;

— 2 2 2
I = 0xx0yy + Oxx 07z + Oyy0zz — Ofy — Oy, — 0y

_ 1 2 2 2 2 2 2
Jr=3 (Uxx +oj, + azz) +oyy tog oy

Third stress invariant of o;;

2 2 2
I3 = 0410yy07; — 0320y, — OyyOy, — 02205, + 20%y0x;0y;

1(.3 3 3 2 2 2 2
53 =3(od, + 03y + 07 +307,00x + 30,0y + 307,000 + 307,02,
+3a§zrryy + 3031011 + 6f7xy0xzf7yz)

— I; = sum of the diagonal terms of o;;:
Iy = 0 +0yy + 0. 4.8)

— I, = sum of the two-row main subdeterminants:

Oy O Oyy O Oxx O
12 — xXx YXxy yy ¥yz xXx YXxz . (49)
Oxy Oyy Oyz Ozz Oxz Oz
— I3 = determinant of o;;:
Oxx Oxy Oxz
I3 = |0y, 0yy Oy . (4.10)

Oyxz Oyz Oz

Besides these principal invariants, there is also often another set of invariants used.
This set is included in the principal invariants and called basic invariants [see Back-
haus (1983)]:

J=1, 4.11)
h=1i1?—D, (4.12)
J=311} —LbL+ L. (4.13)

The definition of both sets of invariants is given in Table4.1.

It is common in the framework of the plasticity theory of isotropic materi-
als to decompose the stress matrix o;; into a pure volume changing (spherical or
hydrostatic) matrix o;; and a pure shape changing (deviatoric) stress matrix s;; (cf.
Fig.4.2)%:

21t should be noted that in the case of anisotropic materials, a hydrostatic stress state may result in
a shape change (Betten 2001).
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(a) . (b)

Om (C) U]/ y Om

total state hydrostatic part deviatoric part
(change in volume) (change in shape)

Fig. 4.2 Decomposition of the stress matrix a into its spherical b and the deviatoric ¢ part

oij = o'l.(; +sij = O'mI +sij- (414)

In Eq. 4.14), oy = %(O’xx + oy, + 0;;) denotes the mean normal stress® and I the
identity matrix. Furthermore, Einstein’s summation convention was used [see Moore
(2013)].

Equation (4.14) can be written in components as

Oxx Oxy Oxz om 0 0 Sxx Sxy Sxz

Oyy Oyy Oyz | = | O om O [ 4| Sxy Syy Syz |- (4.15)
Oxz Oyz Oz 0 0 on Sxz Syz Szz

stress matrix o;; hydrostatic matrix o;;  deviatoric matrix s;;

It can be seen that the elements outside the diagonal terms, i.e., the shear stresses,
are the same for the stress and the deviatoric stress matrix

Sij = Ojj for l;ﬁ j, (416)

Sij = 0jj — Om for i = j, (417)
and it can be shown that the so-called deviator equation
Sxx +8yy +5,,=0 (4.18)

holds. The following list summarizes the calculation of the stress deviator compo-
nents:

3 Also called the hydrostatic stress; in the context of soil mechanics, the pressure p = —opy, is also
used.
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Table 4.2 Definition of the three principal (1;”) and basic (J;°) stress invariants of the hydrostatic

stress matrix ai‘;.

First stress invariant of ai‘}

I} = 3om
J{ = 3om
Second stress invariant of oi‘}
I; = 3(7,%l
o__3.2
J2 = za'm
Third stress invariant of al.‘}
o _ .3
I =opy
o _ .3
J3 =on

Table 4.3 Definition of the three principal (Ii/ ) and basic (Ji’ ) stress invariants of the deviatoric

stress matrix s

First stress invariant of s;;

I}=0

J =0

Second stress invariant of s;;

I} = SuxSyy + SxxSzz + SyySzz — S)%y - S)%z - syzvz

J=-1

Third stress invariant of s;;

r_ 2 2 2
I3 = SxxSyySzz — SxxSy; — SyySyz — SzzSxy T 28xySxzSyz

K=

2 1

Syx = Oxx — Om = go'xx - g(o—yy +0.2),
2 1

Syy = Oyy — O = §oyy — §(Uxx + 0;,),
2

Szz = 0zz = Om = gozz - g(o'xx + 0yy),

Sxy = Oxy,

S_VZ = U)’Z’

Sxz = Oxz.

(4.19)

(4.20)

421

(4.22)
(4.23)
(4.24)

The definitions of the principal and basic invariants can be applied directly to the
hydrostatic and deviatoric part of the stress matrix to obtain a similar representation
as provided in Table 4.1, see summary in Table 4.2 for the hydrostatic matrix and the

summary in Table4.3 for the deviatoric matrix.
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The hydrostatic part of o;; has in the case of metallic materials (full dense materials)
for temperatures approximately under 0.3 Ty, (T1,: melting temperature) nearly no
influence on the occurrence of inelastic strains since dislocations slip only under
the influence of shear stresses (for higher temperatures from 0.3 till 0.5 T, also
non-conservative climbing is possible) (Suzuki et al. 1985). On the other hand, the
hydrostatic stress has a considerable influence on the yielding behavior in the case
of soil mechanics, cellular materials or in damage mechanics (formation of pores,
e.g., Gurson (1977)).

The evaluation of the basic invariants for the stress matrix, as well as the hydro-
static and deviatoric part is presented in Table 4.4, expressed in components of o;;
and the principal stresses o1, 07, 03.

It can be seen in Table4.4 that the spherical matrix is completely characterized
by its first invariant because the second and third invariant are powers of it. The
stress deviator matrix is completely characterized by its second and third invariant.
Therefore, the physical contents of the stress state o;; can be described either by the

Table 4.4 Basic invariants in terms of o;; and principal values

Invariants ‘ Components of o;; Principal stresses o1, 02, 03

Stress matrix

Ji Oxx + Oyy + 07 o1 +o2+03

1 ( 2 2 2

5|\o:, +o5, +0 )

2 xx y 2z

Jz > 3 (of +03 +03)
2 2 2

1—|—U§y+0§1 +U§Z ,

§(‘7xx +o5, +o + 30)0,0”

J3 + 3szy‘7yy + BUfzoxx + 3Ufzozz % (013 +05 + 03?’)

+ 3avzzayy + 3Uy2z<7zz + 6nyaxzayz)

Spherical matrix

‘]10 Oxx + O’yy + Oz o] +O‘2 +03
2
73 § (0nx +0yy +022) t(o1 + 02+ 03)°
3
I3 7 (0x + 03y + 022) 37 (01 + 02 + 03)°
Stress deviator matrix
J{ 0 0
1 2 2 1 > N
6 [(U“ — oyy)" + (oyy — 022) - [(01 —02)" + (02 — 03)
VA 6 6
+(0zz — Uxx)2:| + O’Xzy + O‘fz + Uzzx +(03 — U[)z]

SxxSyySzz + 20x5y0y;07x

A ) N , 515253
— SxxOyz = SyyOzx — 52204y
With Sex = §(20%x — Oyy — 022) s1 = 301 — 0y — 03)
Syy = 3(=0xx + 20y, —032) 52 = 3(—01 + 207 — 03)
Szz = %(_Uxx — oyy +203;) §3 = %(—01 — oy + 203)

Sxy = Oxy, Sxz = Oxz, Syz = Oyz
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Table 4.5 Basic invariants for the o1 — 07 and o — 7 space

Invariants o1 — 07 space o — T space

JY o1+ 07 o

7 Ho? + 07 — o100 1737

J; %(2013 + 2(723 — 30102(01 + 22—7 o3+ %01:2
02))

Table 4.6 Basic invariants for a uniaxial (normal) stress (o) state and a pure shear stress state ()

Invariants Only o Only ©
J? o 0

J; % o2 72

J3 %ol 0

three basic stress invariants J; or if we use the decomposition in its spherical and
deviatoric part by the first invariant of the spherical matrix and the second and third
invariant of the stress deviator matrix. In the following, we will only use these three
basic invariants to describe yield and failure conditions. Thus, the physical content
of a state of stress will be described by the following set of invariants:

o; — J. 0y, J5. (4.25)

To derive important special cases of yield conditions, it is also useful to specify the
stress invariants for a plane stress state oy — 0, and a stress state 0 — t where only
one normal and one shear stress is acting. Thus, the stress invariants reduce to the
given form in Table4.5.

Finally, Table4.6 summarizes the stress invariants for a uniaxial or pure shear
stress state.

The representation of a tress state in terms of invariants is also very useful in the
context of the implementation of yield conditions into commercial finite elements
codes. This significantly facilities the calculation of derivatives [see Ochsner (2003)].

4.2 Graphical Representation of Yield Conditions

Plastic flow starts in a uniaxial tensile test as soon as the acting tensile stress o
reaches the initial yield stress k™, see Ochsner (2016). In the case of a multiaxial
stress state, this simple comparison is replaced by the yield condition. To this end, a
scalar value is calculated from the acting six stress components and compared to an
experimental scalar value. The yield condition in stress space can be expressed in its
most general form (IR® x IRY™@ _5 [R) as:
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F=F(,q). (4.26)

For further characterization, we assume in the following the special case of ideal
plastic material behavior (vector of hardening variables g = 0) so that for (IR® — IR)

F = F(o) 4.27)

depends now only on the stress state. The values of F have—as in the uniaxial
case—the following* mechanical meaning:

F (o) = 0 — plastic material behavior, (4.28)
F(0) < 0 — elastic material behavior, (4.29)
F(o) > 0 — invalid. (4.30)

A further simplification is obtained under the assumption that the yield condition
can be split in a pure stress part f(g) and an experimental material parameter k:

F(o) = f(o) — k. 431

The yield condition F' = 0 represents in a n-dimensional space a hypersurface that is
also called the yield surface or the yield loci. The number # is equal to the independent
stress matrix components. A direct graphical representation of the yield surface
is not possible due to its dimensionality, i.e., six variables. However, a reduction
of the dimensionality is possible to achieve if a principle axis transformation [see
Eq. (4.2)] is applied to the argument o0;;. The components of the stress matrix reduce
to the principal stresses oy, 02, and o3 on the principal diagonal of the stress matrix
and the non-diagonal elements are equal to zero. In such a principal stress space,
it is possible to graphically represent the yield condition as a three-dimensional
surface. This space is also called the Haigh-Westergaard stress space [see Chen and
Zhang (1991)]. A hydrostatic stress state lies in such a principal stress system on the
space diagonal (hydrostatic axis). Any plane perpendicular to the hydrostatic axis
is called an octahedral plane. The particular octahedral plane passing through the
origin is called the deviatoric plane or w-plane [see Chen and Han (1988)]. Because
o1 + 03 + 03 = 0, it follows from Eq. (4.14) that 0;; = s;;, i.e., any stress state on
the m-plane is pure deviatoric.

The possibility of a representation of a yield condition based on a set of inde-
pendent stress invariants (e.g., according to Eq. (4.25)) is the characteristic of any
isotropic yield condition, regardless of the choice of coordinate system. Therefore,
Eq. (4.27) can also be written as

F=FQ J.T). (4.32)

4 Under the restriction of rate-independent plasticity.
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(a) (b)

P(U],UQ,US)

/
p(Jz) hydrostatic
axis
N(0m,0m,0m)

octahedral plane

Fig. 4.3 Geometrical interpretation of basic stress invariants: a principal stress space; b octahedral
plane

On the basis of the dependency of the yield condition on the invariants, a descrip-
tive classification can be performed. Yield conditions independent of the hydro-
static stress (J}) can be represented by the invariants J; and J;. Stress states with
J; = const. lie on a circle around the hydrostatic axis in an octahedral plane. A depen-
dency of the yield condition on J; results in a deviation from the circle shape. The
yield surface forms a prismatic body whose longitudinal axis is represented by the
hydrostatic axis. A dependency on J; denotes a size change of the cross section of
the yield surface along the hydrostatic axis. However, the shape of the cross section
remains similar in the mathematical sense. Therefore, a dependency on J{* can be
represented by sectional views through planes along the hydrostatic axis.

The geometrical interpretation of stress invariants [see Chen and Han (1988)] is
given in Fig.4.3.

It can be seen that an arbitrary stress state P can be expressed by its position along
the hydrostatic axis & = % J} and its polar coordinates (p = \/TJ’ ,0(J;5, J3)) inthe
octahedral plane through P. For the set of polar coordinates, the so-called stress Lode
angle 6 is defined in the range 0 < 6 < 60° as [see Nayak and Zienkiewicz (1972)],

3V3 U4

30)= —  ————. 4.33
cos(36) VAL (4.33)

It can be concluded from Eq. (4.33) that
30 =360(Jy, J3), (4.34)

or that
0 =001, J3). (4.35)



an octahedral plane
(om = const.)
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/3J4
A
uniaxial compression pure shear uniaxial tension
biaxial compression biaxial tension
. : % - .
triaxial compression triaxial tension
» JP
Fig. 4.4 Schematic representation of basic tests in the J;-,/3J} invariant space
Fig. 4.5 Identification of the oo
shape of a yield condition in A
uniax.
compression
uniax.
tension
o3 g1
" pure shear

The trigonometric identity cos(36) = 4 cos*(8) — 3 cos(§) may be used for some

transformations.

The set of coordinates (&, p, cos(36)) is known in the literature as the Haigh-
Westergaard coordinates. To investigate the shape of the yield surface, particular
experiments, including multiaxial stress states, must be realized and the initial yield
points marked and approximated in the Haigh-Westergaard space, the ]f’—\/TJZ’
invariant space, and octahedral planes, see Figs.4.4 and 4.5.
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Table 4.7 Definition of basic tests in the J{-,/3.J; invariant space

Case JP m Comment
Uniax. tension (o) o o Slope: 1
Uniax. compression —0 o Slope: —1
(—o)

Biax. tension (o) 20 o Slope: 0.5
Biax. compression —20 o Slope: —0.5
(—o)

Triax. tension (o) 30 0 Horiz. axis
Triax. compression —30 0 Horiz. axis
(o)

Pure shear (1) 0 V3t Vertical axis

The loading path, for example, for the biaxial tension case in the J-,/3J; invariant
space (see Fig.4.4) is obtained as follows (see Table4.5 for the evaluation of the

invariants):
1
V3, =0 = EJIO (4.36)

Further load paths for basic experiments in the J{ — ,/3J; invariant space are sum-
marized in Table 4.7.

4.3 Yield Conditions

The yield condition can generally be expressed as
F(o,q) <0, (4.37)

where g = [/c oc]T is the column matrix of internal variables describing the harden-
ing behavior of the material. Parameter « relates to isotropic hardening, while the
matrix e contains the kinematic hardening parameters. The mechanical meaning of
F remains as indicated by Egs. (4.28)—(4.30).

Restricting to isotropic hardening, Eq. (4.37) can be expressed as

F(o,x) <0. (4.38)
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4.3.1 Mises Yield Condition

The total deformation energy per unit volume of a three-dimensional body can be
generally expressed as [see Ochsner (2016)]:

(Uxxgxx + OyyEyy + 0728 + TayVuy + TuzVaz + Tszyz) . (4.39)

N =

w =

Following the decomposition of the stress matrix in its spherical and deviatoric part
as indicated in Fig.4.2, this deformation energy can be split in its volumetric (w®)
and distortional (w®) part as:

1—2v 2
w=—— (0ux +0yy +020)" +
14+v

< L@ = 00)? + (O = 027 + (02 = 00)* +6(5, + 75 + 7))

ws

(4.40)

The von Mises yield condition states now that plastic deformation starts as soon as
the distortional deformation energy per unit volume, i.e.,

S

14+v

6F [(Gxx - ayy)z + (oyy — 021)2 + (0 — Uxx)z + 6(7:)62)' + T)%z + T)?z)] ’

(4.41)
reaches a critical value (kt2 /(6G)) [see Asaro and Lubarda (2006), Nash (1998)].
This yield condition is commonly applied for ductile metals. The expression in units
of stress is given for a general three-dimensional stress state as

F(oij) =

1
\/E ((O’x —0y)? + (0y —0)* + (0, — Ux)z) +3 (axzy + ayzz + axzz) —k; =0,

Oeff
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g2

hydrostatic
axis
o) =02 =03

a3

Fig. 4.6 Graphical representation of the yield condition according to von Mises in the principal
stress space

or in the principal stress space (071, 02, 03) with 0y, = 0}, = 0, = 0:

1
F(oij) = \/E ((01 = 02)% + (02 = 03)* + (03 — 01)?) =k = 0. (4.43)

Oeff

The graphical representation in the principal stress space is given in Fig. 4.6, where
a cylinder with its longitudinal axis equal to the hydrostatic axis is obtained.

Expressed with the second invariant of the stress deviator (see Table4.4), one can
write the following formulation:

F(Jy) =/3J; =k =0. (4.44)

The representation in the \/3_J2’- J; space (see Fig.4.8) shows that the yield con-
dition is independent of the hydrostatic stress (Fig.4.7).

The view along the hydrostatic axis is shown in Fig. 4.8 where it can be seen that
there is no difference under tension and compression for uniaxial stress states.
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Fig. 4.7 Graphical /3.7,
representation of the yield A
condition according to von
Mises in the ,/3J;-J space
any 6

ke

0 > 7
Fig. 4.8 Graphical o2

representation of the yield
condition according to von
Mises in the octahedral plane

A representation in the two-component principal o;—0, space is obtained by sub-
stituting the particular basic invariant formulations from Table4.5 into Eq. (4.44) as
(see Fig.4.9):

Fy oy =0} + 0} — 0100 —k? =0, (4.45)
or represented in a standard form to easier identify an ellipse (see Fig.4.9) as

2 2

X + y
V2K V2 k

Fpoy = —1=0, (4.46)
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Fig. 4.9 Graphical oo
representation of the yield A
condition according to von
Mises in the o1-0, space

where x = (o7 + aﬁ/ﬁ and y = (op — 01)/«/5.
The transformation of Eq. (4.45) into Eq. (4.46) can be obtained in the following
way:

ol + 0} — o100 = k2, (4.47)
4ot 4 40] — doj0y = 42, (4.48)
012 + 2010, + 622 + 3((712 — 20107 + 622) = 4k[2, (4.49)
1 2 3 2 2

Z(ol +02)" + Z(Uz —o)" =k, (4.50)

2 2
-+ o) — 0O
(Ul2k62> +< 2k 1) —1. (4.51)
t Zﬁ

A representation in the two-component normal/shear o -t space is obtained by sub-
stituting the particular basic invariant formulations from Table 4.5 into Eq. (4.44) to
finally give the following ellipse (see Fig.4.10):

2 2
o ﬁ T
F,_, = (E) + < ke ) —1=0. (4.52)

The last formulation allows to identify the relationship between the shear and tensile
yield stress. Setting o = 0, which means then T — kg, gives:
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Fig. 4.10 Graphical T
representation of the yield A
condition according to von
Mises in the o-t space
ke
V3
> o
ke
ky
ks = —. (4.53)

Based on this relation, it is possible to express the yield condition in terms of the
shear yield stress, for example, as:

F(J}) = \E k=0 (4.54)

Table 4.8 illustrates the fact that it is not the right approach to look on single stress
components if one has to judge if the stress state is in the elastic or already in the
plastic domain. Only the equivalent stress based on a yield condition can answer this
question in the case of multiaxial stress states.

4.3.2 Tresca Yield Condition

The Tresca yield condition, also known as the maximum shear stress theory, postu-
lates yielding as soon as the maximum shear stress reaches an experimental value.
This yield condition is commonly applied for ductile metals. The expression is given
for the principal stresses as

1 1 1
max (o1 = oul Slo2 = oal Slos = ol ) = k. (4.55)
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Table 4.8 Equivalent von Mises stress for different stress states
Stress matrix Von Mises stress Domain
oij Eq. (4.43) (kinit = 150)
[100 0 0]

0 1000 100 Elastic
L0 0 0]
[100 0 0]

0 —1000 173.2 Plastic
L0 0 0
[200 0 20]]

0 8020 125.3 Elastic
| 20 20 90 |
(200 0 20 ]

0 80 20 129.3 Elastic
| 20 20 200 |
[100 0 20 ]

0 80 20 177.8 Plastic
| 20 20 —80 |

or
1 1 1
Fo) =max (5101 — ool loa = o3l slon =01l ) =k =0.  (456)

Expressed with the second and third invariant of the stress deviator, the following
formulation is obtained:

F(J3, 79 = 4 (1) =27 (J5)* = 36k2 (J3)” + 96k* T, — 648 = 0. (4.57)

The graphical representation in the principal stress space is given in Fig.4.11, where
aprism of six sides with its longitudinal axis equal to the hydrostatic axis is obtained.
The view along the hydrostatic axis is shown in Fig.4.12, where a hexagon can be
seen. In addition, it can be concluded that the tensile and compressive yield stresses
have the same magnitude.

The representation in the \/TJz’—Jf space (see Fig.4.13) shows that the yield
condition is independent of the hydrostatic stress.

For a representation in the two-component principal o}-0, space, the following
six straight-line equations can be derived from Eq. (4.55) (see Fig.4.14):
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as

hydrostatic
axis
0| =0y = 03

Fig.4.11 Graphical representation of the yield condition according to Tresca in the principal stress

space

Fig. 4.12 Graphical
representation of the yield
condition according to
Tresca in the octahedral
plane

o2
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Fig. 4.13 Graphical 37,
representation of the yield
condition according to

Tresca in the ,/3.J)-J¢ space
0 =0°V 60°(|ks|)

0 = 30°(0.866k; )

> J?
02(1) =01 — 2k = 01 — ky,
02(2) =01 + 2ky = 01 + ki,
o) = 2k, = ki, (4.58)
o) = 2k, = ki,
o =2k = ki,

0\ = 2k = —k,.

5

The principal stresses” o} and o, result from Mohr’s circle as

=2+ |2 2+12 Co=a— |2 2+1’2 (4.59)
=2 2 2T 2 ' '

Substituting Eq. (4.59) into Eq. (4.55); yields the yield condition in the o — t space
as

o 2
Fo = (5> +1? =k (4.60)

2 2
Fo=(2) +(Z) -1 4.61)
o—1 = ki ke . .

or (Fig.4.15):

5 Mohr’s circle gives o1 > 0 and 03 < 0 with o = 0.



ky

4 Theory of Three-Dimensional Plasticity 73
Fig. 4.14 Graphical oo
representation of the yield A
condition according to
Tresca in the o1—0> space
k’t ’ ’
- » 01
. ks
Fig. 4.15 Graphical T
representation of the yield A
condition according to
Tresca in the o—7 space
L7y
2
< R
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The last formulation allows to identify the relationship between the shear and tensile
yield stress as:

(4.62)

4.3.3 Drucker-Prager Yield Condition

The Drucker-Prager yield condition is an extension of the formulation according to
von Mises [see Eq. (4.54)], which considers the influence of the weighted (factor «)
hydrostatic stress (J}):

FUP I3 = adf +/ 73— k. (4.63)

where the o and kg are the material parameters. It should be noted here that the von
Mises yield condition is included in Eq. (4.63) for « = 0. This condition is usually
applied as a failure condition for soils, rocks, and concrete.

The representation in the \/Té—J | space (see Fig.4.16) shows that the yield con-
dition is linearly dependent on the hydrostatic stress. This behavior would represent
in the principal stress space a right-circular cone.

The view along the hydrostatic axis is shown in Fig.4.17 where it can be seen
that, as in the case of von Mises, a circle is obtained. However, the radius is now
a function of the hydrostatic stress, i.e., r = \/E(kS — aJ7). This radius reduces in
the w-plane, meaning for /7 =0oroy, =0,tor = ﬁks, which is identical to the
constant radius of the von Mises yield condition, see Fig.4.8 and relation (4.53).

Fig. 4.16 Graphical T
) . 2
representation of the yield
. . A
condition according to
Drucker-Prager in the
/J5-J7 space
N
ks
any 60
ks
0 = > J?




4 Theory of Three-Dimensional Plasticity 75

Fig. 4.17 Graphical oo
representation of the yield
condition according to
Drucker-Prager in an
octahedral plane

(om = const.)

Substituting the equations from Table 4.5 for the basic invariants into Eq. (4.63),
the representation in the two-component principal o1—0, space is obtained as

Fo—o, = (1 — 3012) (612 + 022) — (1 + 6a2) 0107 + 6aks (07 + 02) — 3k52, (4.64)

or after some transformations the equation of a shifted and rotated ellipse in the
o] — 0y space is obtaind as (see Fig.4.18):

2 2
P = *+ P Y | 4.65
o —0y — Tks + Tks - 1, ( . )
1207 Ji-12a7

where

1 1
x:ﬁ(aﬁrcz), yZE(Gz—Ul)- (4.66)
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Fig. 4.18 Graphical
representation of the yield
condition according to
Drucker-Prager in the o-02
space

A. Ochsner

The transformation of Eq. (4.64) into Eq. (4.65) can be obtained in the following

way:

%(012 + 022 — 0102) = ks2 — 2ksa (01 + 0) + o’ (o1 + 02)2 | x 12,

4(of + 05 — 0102) = 12k? — 24k (071 + 1202) + 1207 (07 + 02)°,

012 + 2010, + 022 +3 ((712 — 20105 + 022) = 12ks2 — 24ksa (07 + 1207) +
+ 1207 (01 + 02)7

(01 +02)? + 3 (01 — 09)* = 12k? — 24k (01 + 1207) + 1202 (07 + 02)?,

(o1 + 02)2 + 3 (0 — 02)2 + 24k (01 + 120,) — 1202 (o1 + 02)2 =

12k2 120%k2
S \1-1202 1-12a2)°
3(1 = 120%) (01 — 02)” + (1 = 126%)° (01 + 02)* +
+2 x 12k (1 — 120%) (01 + 02) + 12°a%k = 1247,

)
3(1 = 120%) (01 — 62)” + ((1 = 1267) (01 + ) + 12ksa)” = 1242,
(

(1-1202) (01 — ) . (1 = 1202) (01 + ) + 12ksa)’
452 1242

=1. (4.67)
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Fig. 4.19 Graphical T
representation of the yield A
condition according to
Drucker-Prager in the o -t
space

ks

ks
V1-3a?
> o
ke Ky
| —ks
1—-3a?
. . . 2 k2 3a%k?

The same procedure yields under consideration of k{ = ;=3— — 75 also to a

shifted ellipse in the o — T space (see Fig.4.19):

o 4 ke 2 2

1—3a? T

( N ) + (L) —1. (4.68)
1-3a2 V1-3a2

Setting T — 0 in the last relation allows to extract the relation between the
tensile/compressive yield stress and the shear limit (o0 — k A 0 — k) as:

V3 V3

k= ————ky, ke=——°7r-nk,. (4.69)
' 1+ \/§Ol ) 1-— «/§a )
Finally, it should be noted here that also the formulation
FUJ?, ) =al’+ J/—i 4.70)
1>YJ2 1 2 /3
where
& =1+ av3)k 4.71)

and the alternative term linear Mohr-Coulomb can be found in literature.
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4.4 Flow Rule

The flow rule, which allows the evaluation of the plastic strain increments, in its
general form is given by
de? = drr(o,q), (4.72)

where dA is a scalar called the plastic multiplier or consistency parameter and func-
tion r(a, q) : (IR® x IRY™@ s [R®) is the plastic flow direction. The plastic flow
direction is often stated in terms of a plastic potential function Q, and the plastic
strain increments are given by deP' = d)»%. The flow is said to be associated if
O = F, otherwise non-associated.
The evolution equation for the internal variables ¢ can be specified in its general
form as
dg =drh(o, q), 4.73)

where the function & : (IR® x IR” — IR”) describes the evolution of the hardening
parameters.

4.5 Hardening Rule

The hardening rule allows the consideration of the influence of material hardening
on the yield condition and the flow rule.

4.5.1 Isotropic Hardening

In the case of isotropic hardening, the yield stress is expressed as being dependent
on an inner variable x:
k = k(x). (4.74)

This results in the effect that the size of the yield surface is scaled but the origin
remains unchanged. If the equivalent plastic strain® is used for the hardening variable
(k = 85&), then one talks about strain hardening.

Another possibility is to describe the hardening being dependent on the specific’
plastic work (x = wP' = / o deP). Then one talks about work hardening.

6 The effective plastic strain is in the general three-dimensional case the function egf : (IR® - IRy)

ith e?L — /2 gplgpl
with g = 5ePlePl.

7 This is the volume-specific definition, meaning [wpl] = % o=




4 Theory of Three-Dimensional Plasticity 79

Fig. 4.20 Flow curve for k
different isotropic hardening A )
laws. The abscissa is drawn arbitrary
for the case of strain
hardening .
Epl linear
. 1
klnlt
ideal

» K= E pf

Figure 4.20 shows different modeling approaches for the flow curve, meaning the
graphical illustration of the yield stress being dependent on the inner variable for
different hardening approaches.

4.5.2 Kinematic Hardening

In the case of pure kinematic hardening, the yield condition is expressed as being
dependent on a set of inner variables:

F(o,a)= f(o —a) —k =0, (4.75)

where the material parameter k is constant and the kinematic hardening parameters
a are dependent on inner variables. These hardening parameters represent the center
of the yield surface and result in the effect that the surface translates as a rigid body
in the stress space.
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Chapter 5 ®)
Influence of Silicon Content Geda

on the Mechanical Properties
of Additively Manufactured Al-Si Alloys

Enes Sert, Philippe du Maire, Elmar Schuch, Leonhard Hitzler,
Ewald Werner, and Andreas Ochsner

Abstract One research area of additive manufacturing is material development and
property optimisation, being investigated in our study through static mechanical tests.
The materials tested are Al-Si alloys with 8—16 wt.% Si, without any other alloying
elements. Tensile strengths achieved for the different materials are between 263 and
411 MPa. For AlSi16, the maximum tensile strength of 411 MPa was achieved at an
elongation to fracture of 6.2%. Furthermore, the suitability of the individual powder
batches for additive manufacturing was investigated by determining the flow function
of the powder batches. Flow properties, particle size distribution and hardness were
determined using additively manufactured cubes. A hardness of 149.7 HV10 was
achieved for the alloy AlSil6.

Keywords Selective laser melting + Al-Si alloys - Tensile test -+ Flow properties *
Particle size distribution
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5.1 Introduction

Additive manufacturing offers unique opportunities to produce complex components
which are impossible or very difficult to realise using conventional manufacturing
processes (Sert et al. 2018). The potential of additive manufacturing of aluminium
alloys is already recognised in prototyping, but still holds potential in regard to the
optimisation of the materials used and, above all, mass production.

AlSi10Mg represents the most frequently used alloy for selective laser melting
(Drossel et al. 2018; Buchbinder et al. 2011; Buchbinder 2013) followed by AlISil12
(Siddique et al. 2015; Rashid et al. 2018). For both alloys, the mechanical proper-
ties of die-cast components are well known (Kaufman 1999). First, approaches to
investigate the mechanical properties of additively manufactured Al-Si alloys under
static and fatigue conditions have been carried out. AlSilOMg and AlSil2 alloys
are not optimised for additive manufacturing, as they were developed and optimised
for casting (Drossel et al. 2018; Hitzler et al. 2018). The knowledge of the suit-
ability of these alloys for additive manufacturing is therefore urgent, as in some
cases significantly different properties of the material are required.

An examination of the microstructure of these alloys shows very fine-grained
structures due to the high cooling rate in selective laser melting (Sert et al. 2019a,
b; Olakanmi et al. 2015). In the eutectic or near-eutectic casting alloys AlSil2 and
AlSi10Mg, refining alloying elements such as Na, Sr or Sb are added to achieve a fine
eutectic. Itis to be investigated whether these alloying elements are also necessary for
additively produced Al-Si alloys or if they can be avoided. The alloys also contain
other alloying elements, e.g. Fe, Mn and Cu, which are mainly added to improve
process reliability during casting and may not be necessary in additive manufac-
turing (DIN EN 1706, 2010). An increase in the strength of additively manufactured
AlSi10Mg is not achieved by precipitation hardening via post-heat treatment to the
same extent as in their cast counterparts (Buchbinder et al. 2009). Solution annealing
leads to coarsening of the very fine microstructure produced by additive manufac-
turing, especially true for the eutectically formed Si. As a result, strength decreases
significantly, whilst ductility increases. Ageing at 150 °C for 10 h following additive
manufacturing leads to a slightly better elongation to fracture of 6% compared to
3% in the additively manufactured state without a further loss in strength (Rowolt
2020). Furthermore, the annealing conditions strongly depend on the manufacturing
parameters, e.g. the preheating temperature and the dwell time at these elevated
temperatures.

Rapid cooling of melts shifts the eutectic point of Al-Si alloys to higher Si contents
(Altenpohl 2005; Hanna et al. 1984). As a result, a high proportion of primary Al-Si
solid solution is observed in the microstructure of additively produced AlSil2, an
alloy that is eutectic at equilibrium cooling conditions (Siddique et al. 2015). The
question arises at which Si content, the additively produced Al-Si alloy, shows a
purely eutectic microstructure and how its proportion affects the properties of such
alloys. The optimum proportions of eutectic and primary a-solid solution must be
determined in order to achieve an optimum balance of strength and ductility, since
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a minimum proportion of primary a-Al solid solution is required to ensure ductility.
The fine-grained microstructure achieved in additive manufacturing gives hope to
reach this goal.

Accordingly, from a technical point of view, a strength—ductility-optimised and
wear-resistant aluminium alloy without an addition of expensive or structurally
weakening alloying elements could be derived.

In this study, five different Al-Si alloys without further alloying elements are
investigated. First, the quality and, thus, the applicability for additive manufacturing,
specifically in laser powder bad fusion (LPBF), of the different powder batches are
examined. Subsequently, hardness measurements and tensile tests are carried out.
Finally, the results of these tests are compared to those of available cast aluminium
alloys.

5.2 [Experimental Methods

5.2.1 Sample Preparation

A TruPrint 3000 (TRUMPF Laser- und Systemtechnik GmbH, Ditzingen, Germany)
equipped with a 500 W ytterbium fibre laser was employed for the production of the
AlSi8, AlSil0, AlSil12, AlSil4 and AlSil6 samples. The laser beam diameter at the
focal point was 100 pum, and the available build volume was @ 300 x 400 mm?>. An
inert environment was realised with argon, with the residual oxygen content being
kept below 0.1%, and the substrate plate was held at 200 °C during production.
It should be mentioned that, depending on the component to be tested, the effec-
tiveness of the heat transport via the thermal coupling of the molten bath and the
sample material to the support structure varies. Given the fact that the powder bed
acts like an insulation compared to solid metal due to its thermal conductivity being
magnitudes lower, the thermal coupling is primarily governed by the interaction
between the regulation system in the mounting plate and the component, connected
via the substrate plate and the support structure. The cooling rate from layer to
layer is not constant, and the effective temperature of the actively fabricated layer
can deviate from the preset temperature of the installation space, becoming more
pronounced with increasing height of the component. Previous experiments have
shown a resulting stationary temperature of 130 °C in the powder bed, measured
10 mm above the substrate plate, at a preset temperature of 200 °C (Hitzler et al.
2017). Hence, an effective build temperature of 130 °C is assumed. For the samples
(five samples per metal powder batch), five metal powder batches according to the
specification of Eckart TLS GmbH with a particle size of 20—60 jum were used. The
samples were produced with their longitudinal axis oriented perpendicular to the
substrate plate. The process parameter set used is listed in Table 5.1. The nomen-
clature is in accordance with the standardisation of the samples for comprehensive
experiments proposed by Buschermahle (1995).
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Table 5.1 Applied process parameters for the processing of all metal powder batches

Scanning speed (mm/s) | Laser power (W) | Hatch spacing (mm) | Rotation angle (°)
Core | 1750 360 0.05 67

5.2.2 Chemical Analysis

The spectral analysis of the powders (SPECTROMAXx, SPECTRO Analytical
Instruments GmbH) was carried out on pressed powder pellets. The pellets were
produced by compressing the powder with a force of 250 kN. Three pellets were
produced per batch, and three measurements were carried out on each pellet. This
results in a total of nine measured values per batch, from which the averaged results
were determined. Figure 5.1 shows the processing steps.

Spectral
analysis

Preparation Pressing Pellet

Fig. 5.1 Process steps for the production and analysis of the pellets

5.2.3 Flowability

The analysis of the flow behaviour of the powders was carried out with a Modular
Compact Rheometer (Anton Paar Germany GmbH, Ostfildern, Germany). A so-
called powder cell was used. In this powder cell, the powder was fluidised by a
gas volume flow, which helps to overcome gravity and interparticle forces. This
is followed by the transition from static bulk material behaviour to dynamic fluid-
like properties. Subsequently, the cohesive strength between powder particles was
determined with the help of a two-blade stirrer. The cohesive strength is a measure
of the flowability, or the internal flow resistance, of the aerated powder. During the
measurement, the torque of the stirrer is recorded, and the average value of the last
20 data points is used to calculate the cohesive strength.
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The flowability of a bulk material is characterised by the bulk strength o as a
function of the consolidation stress 0| and the storage time. The ratio ff; of consol-
idation stress o to bulk strength o is usually used as a characteristic index for
flowability (Jenike 1964; Schulze 2019)

g1

ff. = — GRY;

Oc

The higher the ff. is, i.e. the smaller the bulk strength is in relation to the consol-
idation stress, the better a bulk material flows. In an extension of Jenike’s classifica-
tion (Jenike 1964), the flow behaviour can be characterised according to Schulze as
follows (Schulze 2019):

ff. <1 not flowing

1 < ff, <2 very cohesive
2 < ff. <4 cohesive

4 < ff. < 10 easy flowing
10 < ff, free flowing

In order to classify the flowability via the flow function ff;, it is necessary to deter-
mine the compressive strength. For this purpose, the Warren-Spring cohesion was
determined using the rheometer (Ashton et al. 1965). The Warren-Spring cohesion
is a measure of the flowability of compacted powders in case of cohesive powders.
First, the powder is consolidated with a permeable plate, and then a stirrer with a
Warren-Spring geometry is used to penetrate and shear the surface. The maximum
of the shear curve represents the beginning of the flow. The resulting maximum
shear stress at “failure” (i.e. where the powder starts to flow) is used to calculate
the Warren-Spring cohesion. Additionally, it detects changes in formulation by first
consolidating and then shearing the powder.

5.2.4 Particle Size Distribution

In order to be able to determine the particle size distribution, the image processing
toolbox was used to recognise objects in images with MATLAB. The following list
shows the basic steps that are carried out by the MATLAB program:

Reading the image into the workspace.

Sharpening of the image and preparation of the particle edges.

Converting the image into a binary form.

Applying a mask to split connected particles.

Determine the edges of the particles and draw their outlines.

Determine the area and perimeter of the outlined particles.

Calculate the maximum distance between two pixels that lie on the perimeter.
This distance is the major axis of the ellipse.

8. Calculate the minor axis of the ellipse that is perpendicular to the major axis.

A e
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9. Write the values into a text file and read them into the script for statistical
evaluation.

5.2.5 Hardness

Hardness of the built samples was determined according to the Vickers method (DIN
EN ISO 6507-1) with the following settings:

e Testload: 100 N
e Dwell time: 12 s.

In order to eliminate an influence of the support structure on the test results and
to ensure comparability across all materials, the surfaces of the built samples were
ground in four steps (step 1: SI-C-paper, 120 grit; step 2: SI-C-paper, 320 grit; step
3: SI-C-paper, 600 grit; step 4: SI-C-paper, 1200 grit) and then polished in two
steps (step 1: Sigma-paper with diamond lubricant 3 wm; step 2: SAPHIR VIBRO
with Eposil M). The hardness testing machine was manually operated, and it was
ensured that the indents were located at sufficient distance from neighbouring indents.
In order to be able to characterise the difference between hardness parallel and
perpendicular to the layering, the hardness measurements were carried out parallel
and perpendicular to the layering.

5.2.6 Tensile Tests

The tensile tests were carried out on a Zwick/Roell type Z100 testing machine with
a load capacity of 100 kN. Before testing, the specimens were deburred with abra-
sive paper (Kingspor KL361JF, 320 grit, 25 mm wide) to remove possible crack
initiation sites activated during mechanical loading (Sert et al. 2019b, 2020). During
the tensile tests, the change in length was measured with a BTC-EXMULTI.010
multi-extensometer. In addition, Young’s modulus of each specimen was determined
cyclically with five measurements in the linear elastic range, for which the stress
was approached to the point of the start of measurement at 10 MPa with 10 mm/min
(displacement controlled) and subsequently tested at 20 MPa/s (stress controlled).
The upper stress was limited to 100 MPa, and Young’s modulus was evaluated
between 20 and 80 MPa using the linear regression method. A full tensile test to
failure was then carried out to determine the yield strength Ryq.2, the tensile strength
Ry, and the elongation at failure A, according to DIN EN ISO 6892-1: 2017-02.
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Table 5.2 Average chemical composition in mass percentage

Materials Al STDEV Si STDEV Fe STDEV
AlSi8 91.744 0.201 7.952 0.219 0.158 0.007
AlSi10 90.230 0.136 9.469 0.123 0.172 0.007
AlSil2 87.994 0.303 11.774 0.300 0.153 0.003
AlSil4 86.671 0.218 13.051 0.217 0.167 0.005
AlSil6 84.489 0.388 15.217 0.385 0.177 0.003

STDEYV is the standard deviation
5.3 Results and Discussion

5.3.1 Chemical Analysis

Through spectral analysis, the composition of the bulk material was verified (see
Table 5.2). Traces (residues) of other (unwanted) elements should be avoided through
the use of elemental aluminium powder. However, we found traces of Fe present in
the powder batches. Unfortunately, it was not possible to procure the powder batches
without Fe contamination, but since the amount of Fe was less than <0.2%, this
contamination could be considered as uncritical.

5.3.2 Flowability

A rheometer with a powder cell was used to determine the cohesion strength and
Warren-Spring cohesion of the individual metal powder batches. Figure 5.2 shows
the cohesion strength and Fig. 5.3 the Warren-Spring cohesion.

Asdescribed in Sect. 5.2.2, the flow function ff, is defined by the bulk strength and
the consolidation stress. The bulk strength is derived from the cohesion strength. The
theoretical background of this measurement is based on the Mohr—Coulomb theory on
stresses in powder beds. The consolidation stress is derived from the Warren-Spring
cohesion. This results in the values for the flowability listed in Table 5.3.

All powder batches are “easy flowing” according to the flow function classification
and thus are suitable for additive manufacturing.



90

Cohesion strength S [Pa]

E. Sert et al.

i 0-"""""";""'“'°'I'°"““°-‘“--"'".-.--‘u.‘o-".o.w"u-.aou-m;_
160 B i it i P T |
170
i e s
160 e e e e e et
b Y e
140
130
120 } ¢
110 4
100§ |
90 4 Material | Cohesion strength[Pa]
?g ! _; Alsig 158 - AR
ol | AlSi10 160 ~e-  AlSi10
50 Tf Alsil2#1 | 178 . AlSi12 #1
b3 :
40¢ ¥ Alsil2#2 | 184 o AlSi12#2
301 Ik - . .
201 [0 Alsi14 155 AIS!14
10 AlSi16 165 ~+  AlSil6
0 |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Time [s]

Fig. 5.2 Cohesion strength diagram for all materials

Warren-Spring-Cohesion Sy, [kPa]

08
0,775 A Material Warren-Spring-Cohesion [kPa]
ISER ” -e- AlSi8

0,75 A 1 AlSi8 0.65 ° AlSi10
0725y ¥ AlSi10 0.72 e AlSi12
or fi"s Alsi12 0.73 ~e- Alsila
06751 ! :

o) 4 |Alsila 0.74 e Alsile

LN
065 el
a | Asite 0.78
0,625 !
06 \\r
0575 ‘!\
0,55
0.525 M earane et 8 ot et 0% o
05
0,475 .-..."""'o.co-.-o.-oouo.oo-.-ot.-t--n
045 e v
Tt esgsnge
0425 e T y
I

04 I
902 25 5 75 10 125 15 175 20 225 25

Time [s]

Fig. 5.3 Warren-Spring cohesion diagram for all materials
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deermined foral e ars; Aoy f

alloys AISi8 4.11
AlSi10 4.50
AlSi12 4.10
AlSil4 4.77
AlSil6 4.72

5.3.3 Particle Size Distribution

The verification of the results of the object detection algorithm is important for
meaningful statistics. For this purpose, a so-called bubble bath was generated in
MATLAB. The program plots white circles on a black background. It should be
noted that not all circles are found on closer inspection. Circles that overlap or
adhere directly to the outer edge of the image were not detected (see Fig. 5.4).

SEM image with high contrast Object detection = Bubble Bath

Fig. 5.4 SEM image with high contrast and object detection “bubble bath”

The statistical evaluation of the particle size distribution is following the standard
ISO 9276-1:1998. The first diagram is a histogram of the particle size. The ordinate
shows the relative frequency. The length of the axes of the equivalent ellipses is
plotted on the abscissa in units of pm. The second diagram is the approximated
distribution of representative ellipses based on their minor axis. The ordinate shows
the cumulative relative frequency and the abscissa the length of the major axes in
pm. The last diagram according to ISO 9276-1:1998 is the continuous distribution
density function.

The normal distribution function of the powder batch AlSi8 according to ISO
9276-1:1998 is shown schematically in Fig. 5.5. The values for all powder batches
are listed in Table 5.4. Depending on the consideration of the STDEY, the particular
value of the minor axis might get larger than the particular value of the major axis.
Thus, the naming should be changed in such a case from minor to major axis.
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Fig. 5.5 Schematic representation of the particle size distribution of AlSi8 according to the normal
distribution function

Table 5.4 Determined particle sizes of all powder batches

Materials Average major axis of STDEV Average minor axis of STDEV
equivalent ellipse (jLm) equivalent ellipse (jLm)

AlSi8 20.2 9.6 16.3 7.1

AlSil0 18.9 10.8 153 8.7

AlSil2 40.5 18.4 33.7 14.9

AlSil4 15.3 10.7 12.4 8.3

AlSil6 11.5 54 9.1 4.1

STDEV is the standard deviation

5.3.4 Hardness

Hardness is often employed to estimate the wear resistance of materials. The results
of the hardness measurements, performed parallel and perpendicular to the layers,
are shown in Fig. 5.6.

The powder batches AlSi8 and AlSilO are hypoeutectic, whilst AlSil4 and
AlSil6 are hypereutectic alloys. The powder batch AlSil2 is the near-eutectic alloy.
Comparing the hardness values of the individual powder batches, it is evident that
hardness increases with silicon content. The near-eutectic AlSil2 alloy has similar
hardness values as the hypereutectic AlSil14 alloy. Sert et al. (2019a) investigated the
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Fig. 5.6 Hardness results of the Al-Si alloys in perpendicular and parallel directions to the layers

hardness of the alloy AlSil0Mg containing the common alloying elements. Hard-
ness values of 103HV 10 were determined in both perpendicular and parallel direc-
tions. Comparing the results with this current study, the hardness of the materials
investigated in the study at hand is about 10% higher.

5.3.5 Tensile Properties

The results of tensile tests are given in Table 5.5. Similar to the hardness results, tensile
strength increases with silicon content, whilst the elongation at failure decreases.

Table 5.5 Average results for mechanical properties; tensile tests according to DIN EN ISO 6892-1:
2017-02 measured at room temperature

Materials | Young’s modulus E | Yield strength Ultimate tensile Elongation at
(GPa) Rpo.2 (MPa) strength Ry, (MPa) | failure A; (%)
Average | STDEV | Average | STDEV | Average | STDEV | Average | STDEV
AlSi8 68.4 0.3 200 0.2 263 0.5 10 1.2
AlSil0 70.2 0.3 212 0.7 307 0.6 8.5 0.3
AlSil2 72.3 0.1 233 1.7 341 0.9 7.5 1.0
AlSil4 72.6 0.4 251 2.1 376 42 5.1 1.2
AlSil6 73.9 0.3 276 0.9 411 0.9 6.2 0.3

STDEYV is the standard deviation
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Table 5.6 Comparison of strength values of AlSi10 determined in this study, whilst those reposted
in literature for A1Si10Mg

Study Young’s modulus E | Yield strength | Ultimate tensile | Elongation at

(GPa) Rpo.2 (MPa) strength Ry, failure A; (%)
(MPa)

Average Average Average Average

Aboulkair et al. 77.0 268 333 14

(2016)

Aversa et al. - 246 362 4.4

(2017)

Buchbinderetal. |- 150 250 4.0

(2015)

Hitzler et al. 70.4 209 357 32

(2017)

This study 70.2 212 307 8.5

The aim of this study is to investigate the influence of the silicon content on the
mechanical properties. Furthermore, a comparison can be made between AlSil0Mg
containing the common alloying elements and AlSil0 without alloying elements
investigated in this study, as given in Table 5.6.

The chemical composition of the AlSil0Mg alloy influences the mechanical,
physical and casting properties. The following can be reported:

e Magnesium (Mg) contributes mainly to the strength of AlSiMg alloys. The
formation of precipitation phases during natural or artificial ageing significantly
increases strength through the mechanism of precipitation hardening. In addition
to the strength properties, hardness also increases with magnesium content. In
contrast, the elongation at failure decreases with the content of Mg (Ostermann
2007; Ross and Maile 2002).

e Copper (Cu) improves the machining properties, but a too high copper content
leads to a reduction in corrosion resistance and ductility (Tschirnich 2005).

e Manganese (Mn) is used to minimise mould adhesion during die casting. Further-
more, additions above 0.8% degrade mechanical properties as well as castability
(Kitaoka 1995).

e Sodium (Na) and strontium (Sr) refine the residual eutectic (eutectic silicon),
resulting in a fine-grained structure. The shape of Si particles changes from coarse
plates to fine fibres (Closset and Gruzleski 1982).

Manganese is used to improve casting. In additive manufacturing, there is no
casting mould; thus, alloying elements that reduce the adhesion of the component on
the casting mould can be avoided. The addition of Cu can also be avoided in additive
manufacturing, as the problem of lubrication is considered to be less important for
higher Si contents. In addition, additive manufacturing is used for near-net-shape
production, where machining is minimised as far as possible. Due to the high cooling
rates of 10°—108 K/s achieved in the laser powder bad fusion, LPBF materials have
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extremely fine microstructures, which leads to excellent static mechanical properties
in materials that are not prone to stress cracking at high cooling rates. Hence, refining
elements such as Na and Sr also can be avoided.

5.4 Conclusions

The basis of this study is Al-Si alloys that exclude the common alloying elements
Mg, Cu, Mn, Na and Sr. Powders from these alloys were investigated rheologically to
investigate their applicability in selective laser melting. Furthermore, the influence
of the silicon content on the strength properties was determined. The following
conclusions can be drawn from the results:

1. The exclusion of the alloying elements Mg, Cu, Mn, Na and Sr has no negative
influence on the flowability of the powder batches, and therefore, such powders
are suitable for selective laser melting.

2. Hardness measurements perpendicular and parallel to the layers showed no
significant differences, which seems to be a direct consequence of the homo-
geneous microstructure.

3. Itwas found that an increase in silicon content significantly affects strength prop-
erties. For example, AlSil6 has a tensile strength of 411 MPa and an elongation
to failure of 6.2%.

4. The elongation to failure was also influenced by the silicon content. The elon-
gation to failure decreased continuously from AlSi8 to AlSil4. For AlSil6, an
increase in ductility could be observed. This increase will be examined in more
detail in ongoing investigations.
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Multi-step Additive Manufacturing oo
Technologies Utilizing the Powder

Metallurgical Manufacturing Route

Arne Davids, Lukas Apfelbacher, Leonhard Hitzler,
and Christian Krempaszky

Abstract Single-step additive manufacturing processes, such as laser powder bed
fusion, are capable of producing metal parts within one step by full melting of the
feedstock while also generating the geometric shape. However, due to high cooling
rates residual stresses and related distortions pose challenges, especially in high
strength materials, like tooling steels or hard metals. In multi-step additive manufac-
turing followed by sintering, components are produced in sequential steps divided
into a shaping step achieved by additive manufacturing and a material consolida-
tion step through sintering. Unlike in single-step processes, the material properties
obtained by sintering are isotropic, and the extent of residual stresses are uncrit-
ical. Additionally, multi-step additive manufacturing is also capable of processing
ceramics and metals unsuitable for welding. This review provides an overview about
relevant aspects of additive manufacturing categories used in multi-step AM toward
sinter-based parts, namely vat photopolymerization (VPP), material extrusion (MEX)
and binder jetting (BJ). In principle, these AM technologies are generally similar in
utilizing a polymeric binder material as matrix for the powder material, but due
to the inherent process differences, the specifications of the binder materials differ
significantly, as shown in this study.
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6.1 Introduction

Additive manufacturing (AM) has become a key technology for the product develop-
ment process. Predominantly, additive manufacturing is used for rapid prototyping;
however, it is increasingly utilized throughout the whole product development and
manufacturing process. The broad use of AM technologies is derived from their
potential to greatly reduce the number of manufacturing steps to fabricate proto-
types or components, for which conventional technologies may need several steps
(i.e., different machines, reclamping of the workpiece, tool changes, etc.) to achieve
similar part complexity. Other advantages are opportunities of weight saving, mate-
rial property optimization and embedded functionality without any additional costs.
Single-step AM processes which fully melt the feedstock are most wide-spread
based on their industrial use and conducted research. However, a downside of these
processes are residual stresses and related distortions that are well-known phenomena
in welding processes (DebRoy et al. 2018; Hitzler et al. 2018). Since multi-step AM
processes utilize a non-metallic binder to generate the part shape and the consoli-
dation takes place in a followed and uniform sintering process, residual stresses are
far less. Other driving forces for the adaption of multi-step AM are cost reduction,
material availability and continuous innovation.

The aim of the present study is to characterize the multi-step AM technologies vat
photopolymerization (VPP), material extrusion (MEX) and binder jetting (BJT) and
to provide an overview about their strengths and weaknesses. Apart from describing
key-process characteristics, a special focus is set on used binder materials, as it plays
a key role in shaping process and also influences the material properties of the final
sintered part.

6.2 Metal Additive Manufacturing

Metal AM technologies use metal feedstock, such as powder, wire or metal and binder
mixtures to produce three-dimensional (3D) parts by progressively adding material.
According to the ISO/ASTM 52900-2022 standard, metal AM technologies can be
divided into single-step and multi-step AM processes, see Fig. 6.1.

6.2.1 Single-Step AM Technologies

Single-Step AM technologies generate the shape and material properties simultane-
ously. Metal AM technologies that are considered as single-step AM processes are:
powder bed fusion technologies, which fully melt the metal powder; direct energy
deposition, which deposits the loose feedstock (powder or wire) together with energy
for melting; and material jetting, which ejects molten metal droplets (similar to the
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Fig. 6.1 Categorization of selected metal additive manufacturing technologies by the number of
manufacturing steps needed to achieve a final metal part (DIN 2022)

inkjet principle). A significant disadvantage of most single-step AM technologies
are residual stresses arising due to thermal gradients and shrinkage. These can lead
to part imperfections like cracks or deformations (Sames et al. 2016).

6.2.2 Multi-step AM Technologies

Multi-step additive manufacturing technologies include two or more consecutive
process steps to produce a final solid part (DIN 2022). These steps are similar to the
powder metallurgical manufacturing route shown in Fig. 6.2, and include:

(1) Shaping: Generating the part shape out of metal powder and binding media
utilizing AM technologies.

(2) Debinding: Removal of the primary binding media.

(3) Sintering: Removal of the secondary and residual binder while consolidating
the metal powder (Bartolo and Gaspar 2008; Suwanpreecha and Manonukul
2022; Ziaee and Crane 2019).

Feedstock:

The feedstock used for multi-step AM, predominantly is a premixed multi-
component material, consisting of the metal powder and a binding media. The binding
media needs to be specifically tailored to the AM technology. Its main purpose is to
support the shaping process and to act as a matrix structure for the metal powder.
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Fig. 6.2 Process scheme of multi-step additive manufacturing technologies; image adopted from
(Process—PTI 2022)

The binding media consists of three components: primary binder, secondary binder
and additives, such as dispersants or surfactants. The primary binder, also referred to
as main binder, accounts for the majority of the volume. It is a low molecular weight
polymer, which is easily removable. The secondary binder, also called backbone
binder, is a high molecular weight polymer. Its purpose is to maintain the 3D printed
shape after debinding and before sintering. (Suwanpreecha and Manonukul 2022).

Shaping:

During shaping, the part geometry is generated. In conventional powder metallur-
gical processes, this is done by pressing or injecting loose powder or a powder binder
mixture into a mold. The utilization of molding techniques usually come with restric-
tions regarding the part shape and high manufacturing costs (Moon et al. 2021). Addi-
tive manufacturing overcomes these restrictions through the layer-by-layer manufac-
turing principle which allows for more complex designs and without requiring molds.
Most intensively researched in that regard are vat photopolymerization, material
extrusion and binder jetting processes (Vaezi et al. 2020).

Debinding:

For typical multiple-component binders, the debinding process is split into two
stages: primary debinding and secondary debinding. In the first stage, the primary
binder is removed. This is done by solvent debinding, immerging the additive manu-
factured green part into a solvent, or by thermal debinding, which degrades the
polymer into volatile products. Most common solvents are water or acetone. The
intermediate product is referred to as “brown part”. The secondary debinding is
a transition process between debinding and sintering. While the backbone binder
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degrades, sintering between the powder particle starts (Ebel 2019; Suwanpreecha
and Manonukul 2022). Improper thermal debinding leads to carbonaceous residues
that degrade mechanical, optical, thermal, magnetic or electronic properties of the
sintered part (Heaney 2019).

Sintering:

Sintering relies on diffusion in solid matter and the principle to reach a lower energy
state. Neighboring powder particles in direct contact initially develop necks between
each other. This connection gradually widens during the sintering process until a
dense part is achieved. At the same time, shrinkage occurs and the density of the
part increases. Contrary to the shaping process in which the properties of the binding
media are more influential, the sintering process predominantly depends on the metal
powder and its properties. Thus, the parameters for the sintering process are mate-
rial specific. Residual porosity, which is characteristically for sintered parts, can
be led back to the particle size of the initial powder and correlated with the green
part density. It can, further, be controlled through sintering temperature and time
(Salak 1995). Because the powder consolidation is separate from the AM process and
starts uniformly from the part surface, multi-step additive manufacturing followed
by sintering inherits less residual stress, compared to single-step AM (DebRoy et al.
2018).

6.2.2.1 Vat Photopolymerization (VPP)

Vat photopolymerization utilizes a liquid photo-reactive polymer, which is selectively
polymerized inside a vat (DIN 2022). The process steps for VPP are as follows
(detailed in Fig. 6.3): (1) The build platform is lowered into a polymer resin inside a
vat, (2) the thin liquid layer gets exposed to UV light, causing the polymer to cure,
(3) the build platform is raised again, so new resin flows in and forms a new liquid
layer and (4) when the new liquid layer is established, the build platform immerses
the last cured layer again into the liquid and the cycle repeats. Most commonly the
light source is a laser or a projector system directed by mirrors (Chen et al. 2019).

Table 6.1 gives key-process parameters that can be varied to alter the desired part
properties.

Feedstock:

The photo-reactive resin is comprised three components: (1) photo-initiators, which
absorb the light and start the curing process, (2) monomers and oligomers, which
provide photo-curability and (3) dispersants to maintain low viscosities even in pres-
ence of high powder loadings. Additional components may be added to influence
the resins rheology, to enhance curability or to ease binder removal (Rasaki et al.
2021; Zimbeck and Rice 2000). For metal stereolithography processing, the typical
powder loading is 50 vol-%, higher loadings are generally desirable due to multiple
advantages. These include shortening of the debinding time, minimizing the porosity
in the sintered part, reducing the risk of part disruption during binder decomposition
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Fig. 6.3 Process steps of the VPP process. a Build platform with the already printed layers is
immersed into the vat, b liquid layer is exposed to UV light and cured, ¢ build platform is lifted, d
Vat surface is recoated with fresh resin, e top view of the recoating procedure, and f process steps
(a) to (e) are repeated until part is finished. Image adopted from (Stogerer et al. 2022)

Table 6.1 Key-process variables in VPP (in accordance with Oh et al. (2020)).

Part placement ‘ [ Build strategy | | Light exposure

* Orientation * Layer height * Exposure duration
* Support * Tool path (only Laser) * Exposure intensity
structure * Vattemperature * Light source resolution

and reducing sintering shrinkage (Zimbeck and Rice 2000). Typical resins used for
metal VPP as well as powder load and debinding temperature are listed in Table 6.2.

Advantages and Disadvantages:

The biggest advantages of VPP are the high achievable surface quality and accuracy.
In addition, VPP utilizes a nonhazardous and easy to handle feedstock. The metal
powder is contained within the UV-reactive resin and thus avoids the issues and
required safety measures related with loose metal powder. One drawback of powder-
filled resins is it being a suspension with limited shelf life due to sedimentation
(Zubrzycka et al. 2021). Other limitations of VPP are the rather slow build rate, the

Table 6.2 Binder systems utilized in metal VPP

Binder Powder loading vol-% Debinding References
temperature °C

HDDA® 50 600 Lee et al. (2006)

Unsaturated polyester | 50 n.n Bartolo and Gaspar

and epoxy system (2008)

Acrylate 52 500 Zimbeck and Rice

monomers (Di-, tri- (1998)

and higher)

1,6-Hexanediol diacrylate
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Table 6.3 Advantages and .
disadvantages of VPP Advantages Disadvantages
High surface quality Slow build rate
High accuracy and resolution | Parts are not stackable inside
No loose powder the build chamber
handling (power suspension) | Short shelf life of resin
Part size limited

need for support structures and the small part sizes due to the restrictions of the light
source (see Table 6.3) (Zhou et al. 2016).

Commercially available AM machines:

Commercial systems are available from Incus GmbH (Vienna, Austria), which offer
a machine and service for producing VPP-based metal parts. The company started
as a spin-off from Lithoz GmbH (Vienna, Austria) and solely focused on processing
ceramic powder-filled resins with vat photopolymerization (Boissonneault 2019).
Admatec BV (Alkmaar, Netherlands) also offers two systems for processing of metal-
filled resins (Admaflex 130 and 300).

6.2.2.2 Material Extrusion (MEX)

The principle of material extrusion is based on the reversible effect of thermoplastic
polymers, which become moldable when heated above their glass transition temper-
ature and solidify again upon cooling. In MEX, this mechanism is used to extrude
the thermoplastic feedstock through a nozzle onto a build plate and generates a three-
dimensional (3D) part by depositing the extrudate onto the already solidified polymer.
There are different extrusion concepts to process thermoplastic material. The three
basic principles thereof are depicted in Fig. 6.4. Matching feedstock properties and
the extruder principle is vital for the shaping process. In a plunger-based approach,
the processed material is present in a semi-liquid slurry; therefore, process ability is
predominantly driven by the viscosity. To allow easy processing of filament-based
material, it is important to ensure a sufficient flexibility of the filament, so it does not
break when fed to the extrusion unit. Moreover, it is essential that the cross-section
of the filament is in a tight range to maintain a steady material flow. A comprehensive
study about problems in filament-based MEX was undertaken by Hsiang Loh et al.
(2020). In comparison with the other approaches, the requirements toward pellet
material are the lowest due to fewer requirement on the feedstock.
Key-process parameters that influence print quality are listed in Table 6.4.

Feedstock:

The feedstock used in MEX processes is available as pellets, filament or slurry. The
metal MEX process is rather similar to metal injection molding (MIM), and thus,
the feedstock consists of similar components known from MIM. These are divided
into primary polymers with a low molecular weight and secondary polymers with
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Plunger-based Filament-based Screw-based

Fig. 6.4 Different extrusion concepts in material extrusion (Gonzalez-Gutierrez et al. 2018)

Table 6.4 Key-process parameter in MEX (in accordance with Oh et al. (2020)).

Part placement | ‘ Build strategy | | Material extrusion
* QOrientation * Nozzle diameter * Volume extrusion rate
* Support = Layer height * Nozzle diameter
structure * Tool path * Extrusion temperature

* Travel speed
« Build plattform temperature

a higher molecular weight. Since there is no standardized definition regarding the
classification of primary and secondary binder, only a general guideline is provided.
Primary binders commonly are based on paraffin or synthetic wax, polyethylene
glycol (PEG), thermoplastic elastomers (TPE), styrene-ethylene-butylene-styrene
(SEBS) and ethylene—vinyl acetate (EVA). The following components are considered
as secondary binder: Polyamide (PA), polypropylene (PP), polyethylene (PE, LDPE,
HDPE) and polyoxymethylene (POM) (Kan et al. 2021). An additive that is regularly
used as a lubricant is stearic acid (SE). Table 6.5 summarizes reported research on
binder materials in MEX.

Advantages and Disadvantages:

The key advantage of MEX is the high material throughput (compared with VPP
and BJT), that is achieved with upscaling the extrusion unit. However, this entails
a loss in surface quality and resolution, due to the correlation of nozzle diameter
to bead size. Since no optical components are utilized in MEX, the initial cost for
this technology is lower compared to other AM technologies. Similar to VPP, the
metal powder is encapsulated inside the binder material, allowing an easier and
nonhazardous material handling. A disadvantage of MEX is that parts cannot be
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Table 6.6 Advantages and
disadvantages of MEX (Vaezi
et al. 2020) High build rate Low surface quality
Low initial technology costs | Parts are not stackable inside the
No loose powder handling | build chamber

Advantages Disadvantages

stacked within the build chamber and support structures are required to manufacture
overhangs. This reduces the potential for mass production, due to a low exploitation
of the building space and manual labor to remove supports (see Table 6.6) (Vaezi et al.
2020). Overall, the highest potential of MEX is seen in large volume components.

Commercially Available AM Machines:

AM machines based on MEX are widely available for polymer material. While
it is generally possible to process highly filled metal feedstock as filament, there
are only a few companies that specifically advertise the use of metal powder-filled
feedstock. AIM3D GmbH (Rostock, Germany) offers with the ExXAM 255 a system
with two single screw extruders, capable of processing two different feedstocks (for
example build material and support material) at the same time. In addition, Pollen AM
(Ivry-sur-Seine, France) offers systems to produce green parts through MEX tech-
nology. With their PAM Series P, they offer a 3D printer with open software controls
that processes pellet feedstock. As a provider of feedstock BASF SE (Germany)
developed a filament feedstock on the basis of their Catamold system, which can
be processed by many regular polymer filament 3D printers (Suwanpreecha and
Manonukul 2022).

6.2.2.3 Binder Jetting (BJT)

Binder jetting (BJT) is a powder-bed-based AM technology in which a powder is
deposited layer-by-layer similar to PBF and selectively joined in each layer with
a binding agent that is dispensed via an inkjet printhead. The process steps are
divided into three steps. In the first step, a flat powder layer is deposited on the build
platform. The flattening is done by a rake or a rotating roller. The unit responsible for
the powder deposition and flattening is called recoater (see Fig. 6.5). After powder
deposition, a binding agent is selectively applied with a printhead. This step is very
similar to the common inkjet printing in which a 2D image is printed onto the powder.
Depending on the binding agent, a third step is performed to cure the binder with
heat or UV-irradiation.

The part placement is less restrictive then in VPP and MEX, since no support
structure is required. During the shaping process, the printed part is surrounded by
the powder bed, which stabilizes it. Further, BJT requires less amount of binder to
fabricate a green part, because it solely functions as a binding media and not as an
auxilia material for the process (Li et al. 2020). Since the full strength of the part is
only achieved after sintering, particular caution needs to be taken to not damage the
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Fig. 6.5 Schematic of a binder jetting machine (3D Hubs Inc 2022)

part in advance. Therefore, recoating speed is limited due to the friction generated
during the powder deposition. The main influence of the ink jetting process is on the
resolution of the part. This is mostly determined by the nozzle size and the number
of the inkjet printhead. When choosing the printhead, it is especially important to
ensure the compatibility of the binder ink with the printhead. Table 6.7 gives key-
process parameters that can be adapted toward the part geometry, powder material
or ink system.

Material:

Regarding the powder deposition, the powder requirements in binder jetting are
comparable to other powder bed-based processes. Similar to these, powder particle
size, shape and powder bulk density influence the flowability and thus determine
the recoating speed and the density of the powder layer. The selection of a suitable
binder, compatible with the powder, is critical for successful printing. The two most

Table 6.7 Key-process parameters in BJT (in accordance with Oh et al. (2020)).

Part placement ‘ ‘ Powder recoating | | Ink jetting
* Orientation * Layer height * Nozzle diameter
* Blade traverse speed * Nozzle number

* Roller rotation speed * Binder saturation
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important criteria are the wettability and permeation ability which affect the migration
of the binder and the strength of the green part (Li et al. 2020). Due to the complexity
of binder development, this study can only provide an overview of possible criteria
and binder classes that assists in the decision of a binder system.

First and foremost, the binder must be printable with an inkjet printhead. The
jettability of a binder is determined by its viscosity, surface tension, viscoelasticity
and other properties (Tuladhar 2017). Further, the binder ink needs to be tuned to the
employed printhead system. Generally, binder systems are defined as either in-liquid
or in-bed binder systems. For an in-liquid solution, all binder components are mixed
inside the printed agent. This allows for a greater versatility, but also increases the
risk of clogging inside the printhead. An in-bed solution splits the binder components
in two parts. One part is in the ink that is printed, the other part is either a solid or
liquid and is premixed into the loose powder. Table 6.2 summarizes binder materials
used for BJT (Table 6.8).

The binding media is of particular importance, as it needs to be suitable for
both feedstock and printhead. Thus, it was observed that many reported studies use
proprietary binder systems in their research.

Advantages and Disadvantages:

Table 6.8 Binder media used in BJT

Binder Curing temperature °C | Curing time h | References
3D systems ZB60 Air dried 1 Sheydaeian et al. (2017)
DEG 200 Cordero et al. (2017)
DEG aqueous 100-150 4-6 Lietal. (2017),
Paranthaman et al. (2016)
Dextrine/Glycerine Air dried 24 Fu et al. (2013)
Dextrine/Glycerine Air dried/70 24 Carrijo et al. (2016)
EG/DEG 200 Elliott et al. (2016)
EGBE/IPA/EG 195 Do et al. (2017)
EGBE/IPA/EG 195 Do et al. (2017)
ExOne EGME/EG 175 N/A Mostafaei et al. (2016),
Mostafaei et al. (2017)
ExOne EGME/EG 175 N/A Mostafaei et al. (2018)
ExOne LB 04 200 2 Bailey et al. (2016)
ExOne PM-B-SR-04 200 2 Dilip et al. (2017)
ExOne PM-B-SR1-01 | 170 2 Sun et al. (2009)
ExOne PM-B-SR1-04 | 190 2 Bai and Williams (2015)
ExOne PM-B-SR2-05 | 190 2 Bai et al. (2015)
ExOne ProMetal R-1 200 N/A Levy etal. (2017)
PVA/IPA IR light 0.33 Williams et al. (2011)
PVA/PVP Air dried 24 Xiong et al. (2012)
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Table 6.9 Advantages and

disadvantages of metal BJIT Advantages Disadvantages
Great variety of processible Handling of loose powder
materials Maintenance intensive inkjet
Parts are stackable inside build | printhead
chamber Inert atmosphere needed
High build rate

BIJT offers many potential advantages compared to other AM processes (see Table
6.9). It can process most materials available as powder and also combine multiple
materials toward functionally graded materials by depositing different materials
(Ziaee and Crane 2019). Additionally, BJT systems have a superior productivity due
to their high build rate and ability to stack multiple parts on top of each other inside
the build chamber. On the downside, the metal powder is present as loose powder,
and thus, handling the powder poses health risks and mandates safety measures.
Another specific disadvantage for binder jetting is the risk of irreversible clogging
of printhead nozzles due to the binder curing inside the nozzles (Du et al. 2020).

Commercially Available AM Machines:

Desktop Metal Inc. (Burlington, USA) offers several metal and ceramic binder jetting
machines ranging from a build volume of 350 x 220 x 50 mm up to 800 x 500 x
400 mm (Desktop Metal Inc.). Digital Metal AB (Hoganids, Sweden) offers with its
DM P2500 a binder jetting 3D printer with a build volume of 250 x 217 x 186 mm
(Digital Metal).

6.3 Summary

In metal multi-step AM followed by sintering, components are produced in sequen-
tial steps divided into a shaping step achieved by additive manufacturing, and a
material consolidation step through sintering. Unlike in single-step processes, mate-
rial properties obtained by sintering are isotropic and residual stresses are uncritical.
Therefore, multi-step AM present a favorable alternative for processing high strength
materials, such as tooling steels or hard metals.

This study reviews the current research on multi-step AM and the fabrication of
green parts comprised of binding media and metal powder, suitable for the powder
metallurgical manufacturing route to achieve fully-dense metal parts. A comparison
of the available and still in development situated technologies vat photopolymer-
ization (VPP), material extrusion (MEX) and binder jetting (BJT) was undertaken.
Providing an overview of key-process characteristics, this review focused on binder
materials used multi-step AM. While some studies include information about the
binder system and debinding process, it was observed that the main focus of inves-
tigations are correlations between used metal powder material and as-sintered part
properties. Minor efforts were undertaken toward the influence of the binder system
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on the green part production, the debinding process and on the as-sintered part prop-
erties. The authors of this study strongly recommend further investigation on binding
media and compositions and their influence on the properties of the green part, the
debinding process and the final (as-sintered) part properties.
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Chapter 7 )
A Strategy to Extend the Limits e
of Unsupported Printing in Laser

Powder Bed Fusion by Optimized

Process Parameters Selection

Johannes Rottler, Christoph Petroll, Michael Johlitz, Kristin Paetzold,
and Alexander Lion

Abstract In additive manufacturing, laser powder bed fusion (LPBF) is a promising
fabrication method where components are produced with a laser beam out of a
metal powder bed without the requirement for specific tools. However, the process
is limited by its low productivity and the poor printability of complex components.
This is mainly due to the necessity of additional required support structures. This
paper summarizes the knowledge in the context of support structures and state-of-
the-art methods for minimizing them. Herby, the potential of an optimized selection
of process parameters is identified as a further method to cover future requirements
on LPBF printing. For this purpose, the current way for the determination of process
parameters and the novel approach of process mapping from academic research is
reviewed. For developing a strategy to extend the limits of unsupported printing, the
situational effective thermal conductivity around the melt pool region is determined
as a key parameter for further recommended research. So printing even complex
geometric features without support structure could be enabled.
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7.1 Introduction and Motivation

The development and optimization of additive manufacturing processes are currently
gaining importance for both research and industry. Especially rapid prototyping by
means of novel methods has reached industry and enhanced product development.
Laser powder bed fusion (LPBF) has been identified as a promising approach for
rapid manufacturing, rapid tooling, or the generation of high load-bearing prototypes.
Compared to conventional rapid prototyping, LPBF still has more limitations due
to the less allowable complexity of the component’s geometry and poor economic
productivity.

As recently stated in the literature, the main reason for the restrictions in LPBF is
the mandatory need for a support structure. Consequently, the ratio of additional costs
and unproductivity increases due to the additional effort of producing the support
structure. Selected use cases demonstrate that up to 48% of the total component costs
are caused by the demand for support (Coyne et al. 2021). In detail, this is due to
increased working times, material consumption, and required post-processing steps
to remove the support structure or to improve surface finish quality. Furthermore, a
gap has been identified between state-of-the-art in research and the practical results
achieved in development in the industry. However, further research on printability
methods in LPBF is needed to gain fundamental process knowledge and identify
essential improvements. This will lay the foundation to overcome the existing dis-
advantages of this printing method and to empower it for widespread application
(Coyne et al. 2021; Weber et al. 2021).

In the following, this report focuses on the purpose of support structures in LPBF
and examines the current challenges. Therefore, state-of-the-art procedures to mini-
mize support structures are summarized and evaluated. Based on the latest research
studies, an approach to improve unsupported printing in LPBF is motivated. This
paper aims to give an overview of the current LPBF printing situation and develop a
potential roadmap to address this topic.

7.2 Laser Powder Bed Fusion Process

LPBF is an additive manufacturing method where components are generated layer-
by-layer out of selectively melted metal powders. A laser beam provides the input
energy for heating the metal powder above its melting temperature. Typically, mate-
rials used are gas-atomized metal alloys based on aluminum, titanium, and cobalt-
and nickel-based steels. In parallel to the term LPBF, other nomenclatures such as
selective laser melting (SLM) or laser metal fusion (LMF) are often used. The vari-
ety in the nomenclature is caused by the recent parallel developments in machine
manufacturing. From a manufacturing point of view, all describe the same process
LPBF (Hitzler et al. 2018).
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Fig. 7.1 Schematic description of the LPBF process

This process is schematically shown in Fig.7.1. At the very beginning, the build
platform is coated with the first layer of the component material in powder form. In
the next step, a photon beam, respectively, laser partially scans the relevant areas of
the powder surface. In the focus point, the laser impacts the surface with a spot of a
specific diameter of several wm. The most important parameters of the energy input
are the laser power in W and the scanning speed in **. Due to the moving laser beam,
the metal powder selectively melts and fusion-welds with the surrounding material.
If the material close to the melt track was previously melted and solidified, a solid
continuum out of the powder material is created. With further layerwise recoating
and repetition of the selective melting procedure, a three-dimensional component can
be generated in a bed of the loose powder. For the layer-by-layer recoating, the build
platform with already processed layers moves downward after each scanning step
with a predefined distance, the layer height in wm. This ensures a constant distance
between the laser source and the powder surface. The whole printing process is
shielded with an atmosphere of an inert gas. To remove both the spatter and the
vapor out of the melting zone the gas flows constantly over the powder surface. After
finishing the whole print job, the fabricated component has to be removed out of the
bed containing the remaining loose powder. During additional post-processing, the
component has to be cut from the build platform, including removing the support
structure.
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7.3 Support Structure

Compared to other additive manufacturing processes dealing with support structure
is a unique challenge in LPBF.

Due to evolving vapor in the laser irradiation zone, the recoil pressure ejects
molten material from the melt pool. These large spatter particles can solidify on the
top surface of neighboring previously solidified melt tracks. Spatter particles on the
top surface can lead to contact between the coating unit and the component when
recoating the next powder layer (Gong et al. 2014). The component has to be fixed
to the build platform while printing to avoid dislocation. The selective energy input
with various laser power and scanning speeds causes different temperature fields
with pronounced temperature gradients. For example, when printing with Ti-6Al-
4V, temperature gradients of about 5-20 MLm were measured and cooling rates were

1-40 % (Hooper 2018). This extreme and fast change in the temperature leads
to expansion (during heating) and shrinkage (during cooling) of the material and
implies residual stresses. As a result of the residual stress field, the components
can tend to deform or even crack during printing. To ensure a successful print job, a
support structure reduces the warpage of the component (Kruth et al. 2004). The high
difference in thermal conductivity between powder and solid material provokes an
anisotropic heat flux which affects microstructure, dimensional accuracy, and surface
roughness. Especially in contour and overhanging component areas, the support
structure can help to assist the uniform heat dissipation (Cao et al.. 2020). Another
challenge is to avoid descending an unsupported melt track into the powder bed below
due to gravity and capillary forces. This causes lower accuracy and poor surface finish
in downfacing areas of the component (Calignano 2014). In summary, the previously
mentioned points underline that support structures are currently indispensable for
LPBF to achieve an adequate printing quality. Besides ensuring a successful print
result, the support structure has to consume only a small amount of material, has to
have a low print time, and should be easy to remove (Zhang et al. 2018).

Figure 7.2 shows state-of-the-art types of support structures created in prepro-
cessing. The five types shown are differentiated based on their generic design. All in
all, the types differ by contrary differentiation in steadiness and material consump-
tion. The solid bock support (see Fig.7.2a) is the most conservative one. Polyline
supports (see Fig.7.2b) are connecting the component with the build platform with
thin walls (lines in cross-section). This can also be applied in patterns (for exam-
ple, web support, see Fig.7.2c) or only on the contour of the component (contour
support, see Fig.7.2d). Bar or cone supports (see Fig.7.2e) are thin rods connecting
one anchor point on the downfacing component surface and the build platform. A
special type is the tree support, where several anchor points are combined and fixed
together on one point at the build platform (Calignano 2014; Zhang et al. 2018). A
unique concept of support structures is contact-free support, where a thin powder
layer remains unmolten between the support structure and the component (Cooper
et al. 2018). Currently, the selection and design of support structures is an iterative
process that mainly works on best practices depending on the experience. Up to now,
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Fig. 7.2 Basic available types in support structure design: Solid block support (a), polyline support
(b) with the special designs web support (¢) and contour support (d), bar or cone support (e)

there are only a few studies on an optimized design of support structures (Allaire et al.
2020; Calignano 2014; Cloots et al. 2013; Zhang et al. 2018) at which a purposeful
approach is still missing.

7.4 Methods for Minimizing Support Structure

State-of-the-art methods for dealing with the controversy of support structures in
LPBF were recently presented (Coyne et al. 2021; Weber et al. 2021). Figure7.3
shows available methods assigned to the respective processing step in the additive
manufacturing workflow.

When creating geometry data, a support structure can be avoided by considering
the design rules. These regulations define geometrical boundaries of critical fea-
tures of the component that can be printed unsupported. These critical component
features are, for example, inclined overhangs, bridges (horizontal overhangs), thin
walls, and horizontal holes. Machine manufacturers use the feasible dimensions of
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Fig. 7.3 Current methods for minimizing support in LPBF workflow

these critical features to represent the capabilities for unsupported printing of their
printers and software. Concrete implementations of this method are rules in mechan-
ical design and additional fabrication constraints in topology optimization. During
preprocessing, the first step is the build preparation, in which current the slicing
software optimizes the orientation of the component in the powder bed. The soft-
ware orientates the component in multiple ways and suggests an orientation such
less critical overhang regions are achieved. Another procedure is the compensation
of deformations. For this purpose, a finite element simulation has to be performed.
The design of the support structure is also done during the build preparation. As
described in Sect. 7.3 this is an experience-based procedure (Weber et al. 2021).

The second step is the assignment of the process parameters in the build pro-
cessor, such as laser power and scanning speed. Through a specific selection of the
process parameters on weak supported layers and scan tracks, the quality of printed
overhangs can be significantly increased (Cloots et al. 2017; Druzgalski et al. 2020;
Mertens et al. 2014). A further important aspect in minimizing the support struc-
ture is the handling during the printing process. Process monitoring and feedback
control systems ensure a precise process stability (Yeung et al. 2019). Low con-
tact or contactless powder recoating reduces the requirement for a massive support
structure (Coyne et al. 2021). Most of the methods like design rules, optimization
constraints, orientation optimization, and the support structure design are just deal-
ing with the limitation of the LPBF process itself. Hence, a gap between research
and the knowledge of machine manufacturers concerning support reduced printing
exists, as previously mentioned (Weber et al. 2021). Consequently, further support
structure minimization strategies are needed, especially on the process side. Here, a
good starting point is the systematic adjustment of the process parameters to build-up
critical component features with the minimum support structure.

7.5 Selecting Process Parameters in LPBF

A large number of parameters in the LPBF process influences both the conditions dur-
ing processing and the print result. In an in-depth analysis, 50 main impact variables
were identified and classified into the four main groups: laser and scanning parame-
ters, powder material properties, powder bed properties and recoat parameters, and
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build environment parameters. A distinction was made between controllable and
predefined parameter settings. The predefined parameters are set due to the configu-
ration of the used LPBF printing machine (Spears and Gold 2016). Before discussing
the development of a new strategy, the state of art for determining feasible process
parameter combinations is reviewed.

7.5.1 State-of-the-Art Parameter Selection

Process parameters, like the laser power and the scan speed, are assigned during
preprocessing. When assigning the process parameters, state-of-the-art preprocess-
ing software (slicing software with build processor) differentiates parameter sets for
down skin, up skin, and contour surfaces according to the position and orientation of
the component on the build platform. These parameter sets are based on the recom-
mendations of the respective machine manufacturers. In the recent announcements
of manufacturers about new possibilities in LPBF printing, the developers refer to
new build-up strategies or parameter recipes for printing critical geometric features
without support (Cummings and Spink 2019; O’Leary and Schwarze 2021; Wohlfart
2019).

To cover the demand of feasible parameter combinations for new materials, aca-
demic research recommends the novel methodology of process mapping (Johnson
etal. 2019; Pfaff et al. 2020; Song et al. 2012). The starting point for the process maps
is the analysis of single melt tracks printed on a solid base plate with one layer of
powder only. To evaluate the processability, the single melt tracks are geometrically
measured and quantified in the longitudinal and transverse directions. Parameter
combinations that result in uniform and continuous melt tracks are recommended
for printing. Furthermore, unsuitable ranges of laser power and scan speed combi-
nations leading to different defect phenomena are identified. Excessive energy input
leads to partial evaporation of the melt pool surface, which significantly increases the
absorption of the laser energy. Thus, more energy is absorbed, and the melt pool depth
increases (Keyholing effect). Proceeded by rapid solidification rates, vapor encloses
in the deep melt pool areas promoting pore formation (Dilip et al. 2017; Gong et al.
2014). On the other hand, too small melt pools lead to insufficient bonding with the
underlying layers, referred to as lack of fusion. At high scan speeds, discontinuous
melt tracks in longitudinal directions occur. This balling behavior is characterized
by beading or even melting tracks without connection (Dilip et al. 2017; Gong et al.
2014; Haijun Gong et al. 2014; Johnson et al. 2019; Pfaff et al. 2020). The limits
found were evaluated by printing solid test samples. Investigation of the porosity
(Dilip et al. 2017; Gordon et al. 2020; Haijun Gong et al. 2014; Pfaff et al. 2020)
or microstructure (Pfaff et al. 2020; Song et al. 2012) demonstrated the correlation
between the quality of a single melt track and the quality of the component. For
the printing of critical features, a rather rough suggestion is given. For example, it
is recommended to reduce the volume energy density of the laser energy input to
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11-72% and decrease the scanning speed schematically in steps of 10% (Pfaff et al.
2020). Here, the focus was on improving the surface quality or the microstructure,
not extending the process limits.

7.5.2 Parameter-Based Strategy to Minimize Support

Some research on overhangs states the correlation between the melt pool stability and
the quality of overhangs, like the surface roughness (Feng et al. 2021; Skalon et al.
2020) and the dimensional accuracy (Di Wang et al. 2013; Le et al. 2020). Addition-
ally, it is found that the parameter sets intended for the build-up of a solid component
are not suitable to print overhangs without a support structure. The deviating melt
pool behavior is the situation-dependent condition at the melt pool. As described,
the heat conduction from the melt pool determines the cooling rates and, therefore,
the solidification of the melt track. Moreover, the thermal history of the material is
influenced, and thus the formation of residual stresses can cause warpage. During a
print of a component, various conditions of heat transfer situations occur (Clijsters
etal. 2012). The difference between melt tracks over solid-supported layers and melt
tracks in overhangs is significant (Chen et al. 2017; Mertens et al. 2014; Skalon et al.
2020).

Figure 7.4a shows the top view of a single melt track printed over unsupporting
powder and a solid supporting substrate. Despite the same energy input parameters,
printing over a bulk material results in a continuous melt track (see Fig.7.4d), while
the powder or unsupported melt track tends to balling (see Fig.7.4b and c). It can
be seen that the melt pool behavior is strongly dependent on the situation-individual
effective thermal conductivity in the printing area.

A new build-up strategy to extend the limits of unsupported printing based on
optimized an process parameter selection should consider the melt pool behaviors in
different heat conduction situations. In situ X-ray monitoring showed that in unsup-
ported conditions, a continuous melt pool can be fabricated (Leung et al. 2018). Nev-
ertheless, compared to the melt track over solid material, unsupported tracks tend to
sink into the loose powder bed. Herby, the novel process mapping approach should
be used with an adapted analysis for weak and unsupported melt tracks. Therefore,
Fig.7.5 shows the new collected influence parameters, including the effective ther-
mal conductivity situation in the powder bed defining the melt pool formation. Based
on this, a sound strategy should consider the correlation of these process parameters,
which is open to future research. Combined with other methods, this could reduce
support structures in LPBF.
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Fig.7.4 Single melt track printed with 250 W and 250 =% out of AlSil0Mg powder. The behavior
in the unsupported area is shown by the sections with the narrowest width B-B and the widest width
A-A. The solid support leads to a melt track with a continuous width and the cross-section C-C
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7.6 Conclusion

Due to specific circumstances, both the productivity and the printability of complex
components are limited in LPBF. The reason for this is the requirement of support
structures in terms of state-of-the-art manufacturing technology. As shown, the cur-
rently applied methods for minimizing the support structure accept the restrictions
and aim to improve the component quality. To push the development of LPBF, new
build-up strategies for critical component features are needed. A promising technique
would be to determine optimized sets of process parameters. The approach of process
parameter development based on process mapping was shown as a novel way to ana-
lyze the combination of the energy input parameters. Here, the laser power and the
scan speed are determined based on the evaluation of single melt tracks printed on a
solid base plate with one layer of powder. These parameters are not suitable for print-
ing unsupported overhang regions due to the different heat conduction abilities. A
new strategy to extend the limits by optimized parameter selection in LPBF should
be based on the melt pool physics and consider the different heat flow situations.
Therefore, a collection of influencing parameters for future research is provided.
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Chapter 8 ®)
Influence of Relative Humidity oo
on Thermal Properties of Tool Steel

Powder

Garvin Schultheiss, Josef Tomas, and Markus Merkel

Abstract The ever-increasing demands on component properties have been inspir-
ing research in the additive manufacturing sector for years, driving it to gain a greater
understanding of process phenomena in order to find new creative solutions for
industrial applications. Due to the peculiarities of the selective laser melting process,
anisotropic component properties often occur, which are usually undesirable and on
the prevention of which a great deal of research focuses. Current research topics
focus mainly on the properties of iron alloys in particular tool steel. The moisture of
the powder has an influence on the flowability. With the change of relative humidity,
the thermal properties of the powder also change. The question arises as to how
the influence of the relative humidity affects the thermal properties of the powder.
In this work, the influence of relative humidity on the thermal conductivity of tool
steel powder is investigated. The transient plane source method is used to determine
thermal transport mechanisms of the material.

8.1 Introduction

The additive manufacturing industry has achieved a growth of 7.5% in 2020 compared
to 2019. In 2020, sales of metals for AM grew by 15.2% compared to the previous
year (Wohlers et al. 2021). The possibilities of this production process are far from
exhausted. In particular, the difficulty of thermal effects during the process makes it
difficult to reliably produce components with known thermal and mechanical proper-
ties (Hitzler et al. 2017). For this reason, components are often subjected to thermal
post-treatment to homogenize the microstructure and reduce residual stresses, which
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negates some efficiency gained through the process. During the construction process,
a lot of heat is introduced by the laser, which is for the most part being dissipated
through the part. The surrounding powder bed and the constant addition of more
energy make it difficult for the heat to dissipate evenly due to the insulating effect of
the powder.

Hadley et al. (1986) have examined experimentally and theoretically the thermal con-
ductivity of the binary powder system brass and 316L stainless steel under various
gas pressures ranging from vacuum to 2 MPa. Measurements were made with loose
powder up to a theoretical density of 90% with the steady-state comparator method.
This method uses a one-dimensional constant heat flow, guided through a series of
disks with known thermal properties inside a pressure vessel. The sample is placed
between the identical standard disks, so the conductivity can be determined through
any drops in temperature, which are registered by thermocouples alongside the ves-
sel. The research of Hadley et al. (1986) measured the thermal conductivity for 316L.
stainless steel powder of 0.331 W/(mK) at ambient pressure and 0.588 W/(mK) in a
vacuum. Suggesting that the thermal conductivity of powder is mainly dependent on
the thermal conductivity on the interstitial gas.

Gruzdev et al. (1990) have conducted thermal conductivity measurements of two
binary, compressed powder systems, AI-Ni and Al-Zr. The powder mixtures were
pressed into round test specimens at a pressure of 5 t and then measured depending
on their porosity using an automatic A-calorimeter with the linear heating method.
The test specimen is placed between a metallic block and the calorimetric unit in an
adiabatic environment. Because the thermal properties of the metal block are well
known, the thermal conductivity of the specimen can be calculated from the drop in
temperature between the two measuring elements. Gruzdev et al. (1990) could show
that less dense specimens have a significantly lower thermal conductivity. This is
mainly due to the reduced contact area of the particles.

Shapiro et al. (2004) used a stationary method to measure the thermal conductivity of
different materials including alumina under the influence of various infiltrating gasses
(Helium, Air, Argon) and gas pressures. It follows the same principle as Hadley et
al. (1986). The metal powder is being filled into a cylindrical adiabatic cavity on
top of a known reference specimen and mechanical pressure varying from 3.9 to
18.8 kPa is being applied. Powder and specimen are subjected to unidirectional heat
flux, and temperature differences alongside the two are registered by thermocouples.
The experiments were conducted inside a pressure chamber. Experimental data was
extended with a simplified version of the model of Bauer and Schliinder (1978) to
be able to make a statement about contact surfaces and heat conduction resistances
of bulk materials. Results show that the infiltrating gas, the gas pressure and the bulk
density have a significant impact on the thermal conductivity of powders.

Alkahari et al. (2012) used the laser ash technique and a self-developed theoretical
model to determine the influence of bulk density and particle diameter on the ther-
mal conductivity of different metal powders and powder mixtures. They were able
to show that the thermal conductivity increases with increasing particle diameter and
density.
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Table 8.1 Chemical composition of tool steel powder

Fe C Cr Mn Mo NiCu |P S Si A%
Bal. 0.32- |4.75- |020- |1.10- |0.75 0.03 0.03 0.80- | 0.80-
0.45 5.50 0.60 1.75 1.25 1.20

In the study of thermal conductivities of diverse metal powders under the influence
of different inert gasses (Argon, Nitrogen and Helium) was done by Wei et al. (2018).
For conducting the experiments, the transient hot wire method was used. A platinum
wire was immersed into a powder that lies inside a rectangular test section made
from copper. The whole setup was then covered with a glass bell jar, which has
connections for a vacuum pump and gas supply. They found that the type of inert
gas and its pressure have a significant influence on the thermal conductivity of the
powder. However, the powder material has a very small influence.
The influence of the relative humidity of the metal powder on its thermal transport
properties is not evident from the literature. In this work, the influences of relative
humidity on thermal properties of tool steel powder are examined. For the gas in the
interstices, air was used since powder bed fusion process is mostly run on nitrogen,
and the ambient air consists of 78% of it.

8.2 Methodology

Gas atomized tool steel powder (tool steel 1.2344/ A681 H13/ H13, SLM Solutions
Group AG), which is also used in laser powder bed fusion process, with a theoretical
density of 8 g/(cm)® was used. The chemical composition is given in Table8.1. The
shape of the entire powder is spherical.

In order to determine the thermal transport characteristics, a “Hot Disk TPS 2500 S
S” thermal constants analyser (Tomas et al. 2021) is used for this research. It cov-
ers an extensive range of materials of various geometries and meets ISO standard
22007-2. The device is compatible with different modules. This allows the thermal
properties of isotropic as well as anisotropic materials to be measured. In addition,
one-dimensional measurements can be made on rods, and it is also capable of doing
measurements in the surface of thin film test specimens. The great advantages of this
method over other measurement methods are the simplicity with which the experi-
ments can be carried out and the versatility of its use.
To be able to use the transient source plane method on powders, a powder holder
was constructed and then manufactured out of AICuMgPb, Fig.8.1. The powder is
filled from the top-up to the slit, then the sensor is inserted from the side and the rest
of the vessel is filled with powder. Then the container can be closed.
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Fig. 8.1 Powder holder for
thermal properties
measurement

8.3 Experimental Setup

To determine this influence experimentally, the sample holder chamber was hermeti-
cally sealed. Inside, moist tool steel powder was placed in an open powder holder 8.1
with an embedded 9.868 mm hot disk sensor (HD 8563). To extract the moisture from
the powder, two 100 g silica gel packs were placed inside the sample holder chamber.
The setup is shown in Fig.8.2. The same packs are being used to dry the powder
before adding it to the process. Additionally, a humidity sensor (HYTELOG-RS232)
was placed inside the measuring chamber, to monitor the relative humidity of the air
inside. The tests carried out previously have shown that 100 g of silica gel is suffi-
cient for the amount of powder to reduce the moisture content of the powder, and
the moisture will be removed from the powder after a certain time. This experiment
was conducted over 24 h to make sure that the relative humidity of the powder can
equalize with the relative humidity of the air inside the test setup. Relative humidity
cannot be monitored in the powder sample directly because the added humidity sen-
sor would change the thermal properties of the powder sample, and the measuring
room is very limited in size, so an additional container with the same powder could
not be placed inside. The temperature sensor of the hot disk device was also placed
inside the setup. The “Hot Disk TPS 2500 S S” thermal constants analyser from Hot
Disk AB was used to carry out the following measurements. The thermal conduc-
tivity, thermal diffusivity, specific heat capacity as well as the relative humidity of
the powder were measured prior to the experiment. After closing the setup and thus
starting the experiment, the measurement was done every 30 min, to give the sample
enough time to equalize its temperature.

8.4 Results

The absolute change in thermal conductivity over the test period was recorded as
0.0038 W W/(mK), the maximum difference in thermal conductivity over measure-
ment period is 0.0126 W W/(mK). The thermal diffusivity behaved very similarly,
but only changed by a hundredth, see Fig.8.3. The relative humidity of the air in
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Fig. 8.2 Experimental setup to determine the influence of relative humidity on tool steel powder
(HD: hot disk, T: temperature)
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Fig. 8.3 Thermal conductivity and diffusivity of tool steel relative humidity in test chamber over
24h (TC: thermal conductivity, TD: thermal diffusivity, RH: relative humidity, T: Temperature at
(23.15 £ 1.00)°C)

test chamber dropped rapidly and reached a value below 10% within 30 min. Within
270 min, relative humidity of less than 6% was recorded. In the further course of the
measurement, relative humidity stabilized at a value of about 5%.

The thermal conductivity of the powder rises to its maximum after 120 min and
then sinks steadily over the course of the measurement. It reaches its low point of
0.1861 W W/(mK) and then rises again to 0.19 W/(mK) for the last measured point.
The temperature of the powder remained in the range of (23.15 &£ 1.00)°C over the
course of the measurement.

After the setup was opened, the relative humidity of the powder was measured as
4.96%. The humidity sensor now remained in the powder sample until the humidity
of the powder had adapted to the environment. This moisture absorption took 30 min
as shown in Fig. 8.4. This was measured to see how long the powder needs at room
temperature (here: 23.15 °C) to reach the maximum relative humidity. For additive
manufacturing, it is of great importance how long the powder may be exposed to
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humidity because from a relative humidity of approx. 20%, the powder has only
limited flowability, depending on the particle size and is therefore not suitable for
manufacturing.

8.5 Discussion

It can be seen an increase in thermal conductivity and diffusivity, then a decrease over
along period of time followed by a rise after it hit its low turning point. The increase
at the beginning could be a stabilization process. Although the following steady
decrease in thermal conductivity suggests that the change in relative humidity in the
powder leads to a decrease in the thermal conductivity of the powder, the difference
is just 1.9% and hence lies within the range of uncertainty of the method (Gustafsson
1991). It can therefore not be accepted as a fact without further investigation. It is also
possible, that the difference in thermal conductivity comes from the small changes
in the sample temperature or subtle changes in the bulk. Mahapatra et al. (2011) have
studied the influence of relative humidity on the thermal conductivity properties of
rice flour. This can only be compared with metal powders to a limited extent, but the
opposite behavior of thermal diffusivity and relative humidity could be found. This
does not coincide with the observations made here for tool steel. Other than that, no
published research could be found to compare the results on the relative humidity
influence on powder.
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8.6 Conclusion

With the experiment to determine the humidity dependency of the thermal conduc-
tivity of tool steel, the change in thermal conductivity and diffusivity over 24 h was
measured while the relative humidity of the powder sample was reduced from 29.58
to 4.96%. The results show that the thermal properties of the loose powder change
only slightly during the test. The changes could not be related with certainty to the
changes in relative humidity. To make a better statement, the methods used must be
improved.
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Chapter 9 )
An Overview on the 3D Printing Gzt
of Elastomers and the Influence

of Printing Parameters on Their

Mechanical Properties

Vivianne M. Bruere®, Alexander Lion, Jens Holtmannspotter,
and Michael Johlitz

Abstract Additive manufacturing (AM) technologies show a great potential to revo-
lutionize the fabrication and logistics of components. However, the field of elastomers
is a rather unexplored topic regarding 3D printing compared to other types of mate-
rials. To enlarge the scientific knowledge of 3D printing of elastomeric parts, this
work starts with a literature overview and a discussion of AM in general. Subse-
quently, AM of elastomers is presented with the focus on fused filament fabrica-
tion (FFF) particularities. Characteristics and limitations as well as relevant aspects
to be considered when dealing with thermoplastic elastomers in FFF printers are
addressed. A quantitative analysis follows, investigating the primary effect of the
infill raster orientation on the tensile behavior of samples printed in a FFF printer
using thermoplastic polyurethane. A minor influence of unidirectional (0°, 45°, 90°)
and alternating (45°-135°) orientations was verified for strains below 400%, which
becomes more significant for the higher strain range and the resulting ultimate tensile
stress.

Keywords Elastomers * Fused filament fabrication - Raster orientation + Tensile
behavior - Thermoplastic polyurethane

9.1 Introduction

In present-day, additive manufacturing (AM) is manifested by the visible rapid
improvement of processing technologies and the constant expansion of material
libraries. Originated in the prototyping field, AM has broadened its applications
to in-service products. AM allows a quick adaptation to new market needs. A
recent example is the role AM played in the outbreak of the current coronavirus
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disease 2019 (COVID 2019). The shortage of both personal protective equipment
(PPE) and medical devices due to the unpredictable evolution of the pandemic and
the global disruption of linear supply chains led to the emergency fabrication of
this medical equipment. Universities, companies and even hobbyists were directly
involved, voluntarily or not, assisting in the fast decentralized production of 3D
printed parts, e.g., face shields, masks, suits, nasopharyngeal swabs, respirators and
ventilators (Advincula et al. 2020; Parry and Banks 2020; Tareq et al. 2021).

The pandemic showed the relevance of AM and illustrated some of its great
advantages: on-demand, local manufacturing with low lead times. Aside from this, 3D
printing allows the fabrication of customized and complex parts without individual
tooling. In addition, waste and post-processing can be reduced (Klahn et al. 2015;
Bikas et al. 2016; Ford and Despeisse 2016; Janusziewicz et al. 2016). In contrast,
the challenges concerning product safety, standardization and regulation (Parry and
Banks 2020), as well as reliability and quality consistency (Joshi and Sheikh 2015;
Liu et al. 2017) hinder a wider application of AM for manufacturing purposes. For
some technologies and materials, the inferior mechanical properties compared to
those from established conventional fabrication methods are still an issue (Lukié¢
et al. 2016; Ligon et al. 2017). Therefore, research and testing of the capabilities of
AM technologies and associated materials are essential for a better understanding
and their further application as a manufacturing route.

A recent topic of interest is 3D printing of elastomeric materials. They are of great
importance for complex machines and have to fulfill multiple requirements. Compo-
nents such as seals, bushings, membranes, hoses and rubber sleeves are manufac-
tured with elastomers, which suffer fatigue and aging during operation and, therefore,
require frequent replacement. These components may as well be subjected to aging
during storage, resulting in significant warehousing costs. Challenges in logistics
must be considered, particularly for demands in remote locations, for instance, in
case of military operations. Hence, AM of elastomeric parts could lead to major
economical improvements. A relevant drawback is that conventional elastomers are
not easily processable in AM, since the printing technology dictates the type and
nature of the material used.

With this in mind, this work aims to introduce the reader to the field of AM,
showing material requirements and general particularities, then analyzing the possi-
bilities for printing elastomeric materials. An overview of some of the currently
available 3D printing technologies is presented. The focus is later placed on the
fabrication of rubber-like parts and existing alternatives. A further discussion of the
capabilities and challenges of elastic filaments for fused filament fabrication (FFF) is
conducted. An applied case study of a thermoplastic polyurethane filament is there-
after carried out, with the objective of verifying the influence of the infill orientation
on the material behavior by means of tensile tests. This work, therefore, contributes to
the investigation of elastomers in the AM scenario for a greater comprehension on the
subject, as well as paving the way for future studies towards material characterization,
modeling and numerical applications.
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9.2 Overview on Additive Manufacturing

9.2.1 Definition and Technologies

The American Society of Testing and Materials (ASTM) defines AM as a “process
of joining materials to make objects from 3D model data, usually layer upon layer”
(ASTM 2012). This manufacturing process, commonly known as 3D printing, starts
with the creation of a three-dimensional computer-aided design (CAD) model of
an object, where STL has become the standard file format in this field. The CAD
geometry is imported into a specific software (named “slicer”), then sliced into a
series of layers according to the printing parameters. Each AM technology has an
appropriate slicer and corresponding parameters to be used, generating the printing
instructions for each layer. These instructions are stored in a G-code file and read
by the 3D printer for the fabrication of the desired part. The process stages are
illustrated in Fig. 9.1. Post-processing operations for product enhancement may be
needed, depending on the technology, the geometry or even the printing resolution
and requirements. Those include: removal of support or excess material, washing,
curing, polishing, sanding and painting.

The various AM technologies differ mainly in the mode of the layer deposition,
the operating principle and the material feasibility. A common classification based
on the layer deposition mechanism (ASTM 2012) can be seen in Fig. 9.2. Regarding
polymers, all except direct energy deposition (typically for metals) are applicable.
In Table 9.1, some examples of AM technologies are summarized.

As observed in Table 9.1, each technology has its particularities, and the 3D
printing process dictates the type of employed material, also affecting the quality
of the final part. Some AM technologies use thermoplastics; others use thermosets
(either thermally or UV-cured). SLA, on the one hand, provides great resolution; on

: Sliced Printed Post-
> 3D Model >> STL File >> Model >> Part >>processing>
Fig. 9.1 Steps of 3D printing
Additive
Manufacturing
[ I 1

I
Binder Direct Energy Material Material
Jetting Deposition Extrusion Jetting

Powder Bed Sheet Vat Photo-
Fusion Lamination polymerization

Fig. 9.2 Classification of AM processes according to the layer deposition mechanism
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Table 9.1 Description of commercially available AM technologies
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Technology Classification Description Material
Selective laser Powder bed fusion Powder is Thermoplastic
sintering (SLS) selectively powder
sintered by a
laser
Fused filament Material extrusion Material is Thermoplastic

fabrication (FFF)

extruded

filament or pellets

through a heated
nozzle, melted
and deposited in

abed

Liquid additive Material extrusion Highly viscous | High viscosity

manufacturing (LAM) material is thermosetting
extruded onto a | liquid (silicone,
build plate, then | polyurethane)
cured by heat

PolylJet Material jetting Multiple UV-cured

nozzles deposit | resin (photopolymer)
droplets of
material that are
then cured by

UV light

Resin in a vat is
selectively
cured by an UV
laser

UV-cured
resin (photopolymer)

Stereolithography (SLA) | Vat photopolymerization

UV-cured
resin (photopolymer)

Resin in a vat is
selectively
cured by a
digital light
projector

Digital light
processing (DLP)

Vat photopolymerization

the other hand, the mechanical properties of the printed materials often show weak
spots and, generally, post-curing is required. DLP allows faster printing compared
to SLA but leads to a lower accuracy. LAM exhibits similar material properties as
manufacturing by injection molding but is restricted to highly viscous materials and
support structures cannot be printed. Support is not needed in SLS, as the unsin-
tered powder acts as such; however, shrinkage effects rough surfaces are drawbacks.
PolylJet prints with dissolvable support material and low viscosity inks, also allowing
multi-material and colored parts. Finally, FFF is the least expensive and most familiar
3D printing technology. Due to low emissions, it can be used even in offices and
there is a great variety of FFF filaments. However, accuracy is low and the adhesion
between consecutive layers limits the strength of the print. The specific geometry
of the component in service and its application should be taken into account for a
proper selection of the 3D printing technology.
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9.2.2 Elastomers in 3D Printing

AM has already achieved a considerable progress in the technical field for metals and
high-performance polymers, which are especially used in the aerospace industry and
offer a good combination of quality consistency and reproducibility. However, the
3D printing of elastomers is still comparably in its early stages, mostly restricted to
prototyping and research. Typical examples of elastomers are natural rubber, styrene-
butadiene rubber (SBR) and silicone. As a rule, these materials are not suitable for
the current AM technologies due to the required nature of the material (mainly
thermoplastics or UV-cured resins). Vulcanization cannot be easily transferred to
3D printing processes as well. An exception is LAM, which uses a conventional
two-component liquid silicone rubber (LSR). Hence, alternative rubber-like mate-
rials, whether already existing or newly developed, are generally employed in AM
to fulfill the process requirements. Elastic photopolymers are frequently applied
in vat photopolymerization, material jetting and binder jetting machines; thermo-
plastic elastomers (TPEs)—specifically, thermoplastic polyurethanes (TPUs)—are
the choice for powder bed fusion and filament extrusion printers.

Due to the wide range of material options, the variety in the resulting material
properties is large. Table 9.2 gives a brief outline of the tensile properties for the
TPU Recreus Filaflex 70A from company Recreus (Elda, Spain) (Recreus 2022a),
for the combined photopolymer TangoBlackPlus with VeroClear from Stratasys®
(Rechovot, Israel) with two grades of hardness (Stratasys 2022), and for a LSR
supplied by Dow® (Midland, MI, USA) called SILASTIC™ LC 3335 (Dow 2018).

It can be observed that the shore hardness values for the considered materials do
not correlate with the tensile strength. Silastic is highly elastic and return to its orig-
inal size after stress release (Fig. 9.3a). TPU Filaflex filaments are flexible and can
also reach high strain levels, but exhibit plastic deformation (ca. 50% in Fig. 9.3b). In
addition, parts printed with thermoplastics cannot withstand high operational temper-
atures. As to the Tango+ photopolymers, they present lower mechanical strengths.
Exposure to natural sunlight also accelerates the aging process, leading to a brittle
behavior in a shorter amount of time compared to the other elastic materials. More-
over, they usually show some tackiness as well as a characteristic smell which may
be unpleasant for some users and should be considered for applications in case of
contact with humans.

Table 9.2 Tensile properties of 3D printing materials from manufacturers

Materials Filaflex 70A Tango+ 70 Tango+ 50 Silastic
Technology FFF PolyJet PolyJet LAM
Tensile strength (MPa) 32 3.5-5.0 1.9-3.0 9.5
Elongation at break (%) 900 65-80 95-110 480
Hardness (Shore A) 70 70 50 50
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Fig. 9.3 Comparison of
original size to size after
tensile test for a Silastic and
b Filaflex 70A

There are still several manufacturing limitations for the 3D printing of elastomers.
These limitations are not only the restriction of the type and nature of the material
for the investigated technology and their resulting mechanical strength, but also
the printing process itself. For elastic materials, printing of complex geometries is
more challenging compared to stiff materials, since support structures cannot be
easily removed. Another critical aspect is moisture absorption. In a previous work
(Loos et al. 2021), the influence of water absorption on samples printed with the
above mentioned materials was investigated and verified. Filaflex 70A and Tango+
presented a significant mass gain above 2.8%, while Silastic showed a low moisture
absorption below 0.2% at saturation. Likewise, the mechanical behaviors of the
studied TPU and photopolymers were affected on a larger scale in comparison with
LSR. This information is relevant for printed parts used in moist environments or
water applications. Moisture absorption is also to be considered before and during the
printing process. For instance, in FFF printers, the temperature of the nozzle required
for the filament melting and extrusion is above the water evaporation temperature.
If the filament contains moisture, voids in the streaming are created and extrusion
failures take place.

Each AM technology has its own particular printing conditions and post-
processing procedures. Process deviations affect the quality and the mechanical
performance of the final prints. Post-curing of rubber-like thermosets and the choice
of the deposition path in material extrusion techniques are some examples. To over-
come the discussed shortcomings, the market is constantly developing in the field
of materials science and technologies to improve the mechanical capabilities of the
used materials. Improvements are also achievable by scientific research, the direction
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in which this work is oriented. In the following sections, the focus is the 3D printing
process FFF and its peculiarities when dealing with a TPU filament.

9.2.3 FFF with Elastic Materials

As previously mentioned, the operation of FFF 3D printers with elastomeric materials
require the use of thermoplastic elastomers. Among several types of TPEs, TPU
is one of the most advantageous material for printing flexible geometries. This is
the result of physical crosslinks between hard, isocyanate-based segments and soft,
polyester/polyether chain segments (Drobny 2014), allowing large deformation and
bending. For this reason, printing with TPU, especially with remote extruders, is
challenging due to their lack of stiffness that the FFF extrusion process demands
to successfully compress the filament and push it through the hot nozzle. Buckling
is a typical aspect affecting the print control (Gilmer et al. 2018). Some relevant
attributes for printing with FFF concerning the technology itself and the use of TPU
filaments can be found in Table 9.3.

When dealing with TPU filaments, the main issue is extrusion failure, more specif-
ically, under-extrusion. All materials are potentially subjected to under-extrusion.
Common solutions include an increase in printing temperature and/or flow (more
material is then extruded), a reduction in printing speed and/or retraction settings, as
well as the use of the correct filament diameter and a clean nozzle. Particularly for
TPUs, higher printing speeds may deliver more under-extruded parts. As for retrac-
tion, it should be minimal for elastic filaments, and at times, disabled. In order to
compensate the low retraction settings without inducing too much stringing, faster
print head movements in the x—y plane can be applied. Another alternative is to set
the printing process by keeping the flow as constant as possible in order to avoid
extrusion interruptions and consequent retraction points.

Under-extrusion has not only a mechanical source (e.g., buckling), but also a phys-
ical source, in the case of moisture. Buckling is low for stiff filaments but predomi-
nant for soft elastic materials. The extruder motor pushes the filament in a way that
it can act like a piston and be extruded through the heated nozzle; nevertheless, the
low Young’s modulus of TPUs offers resistance and hinders the uniform flow. For
this reason, direct extruders are preferred to Bowden (remote) extruders. Although
with more weight on the print head and consequent mass vibrations, direct extruders
enable a better printing control due to the reduced filament length. Consequently,
increased reproducibility can be achieved. Buckling during the printing of elastic
materials can, however, be eliminated using pellet-based systems. TPU filaments are
also very sensitive to moisture, as previously mentioned. Moist filaments processed
in FFF lead to steam formation at the hot end, since the printing temperatures are
generally above 100 °C. Therefore, the streaming leads to voids, and a lower quality
of the printed part including bubbles trapped inside and induced cracks. Filament
drying is necessary to avoid these issues, as well as filament storage before/after and,
depending on the environment humidity, during printing.
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Table 9.3 Attributes typical in FFF and typical of TPU filaments
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Attribute General or specific Consequence Comments and solution
Single nozzle General to FFF Time-consuming print | C: common nozzle
deposition diameters of
0.25-0.8 mm
Limited build plate | General to FFF Limited print size S: print larger, separate
parts and assemble
Interlayer adhesion | General to FFF Low adhesion: lower | S: reduce layer height,
quality and increase printing
performance (line temperature
detachment)
Intralayer adhesion | General to FFF Low adhesion: lines in | C: evidence of

the same layer not
attaching to each other

under-extrusion
S: increase flow

Adhesion plate-part

General to FFF
For TPUs: no issues

Low adhesion: print
does not stick to plate

S: coat plate with an
adhesive, increase
contact area and/or plate
temperature

Printing of complex
geometries with
support structures

General to FFF
For TPUs: an issue

Printing of bridges and
overhangs possible

C: check material
compatibility (limited
for TPUs),
compromised surface on
contact area (cannot be
easily broken away for
TPUs)

Filament buckling

Typical of TPUs

Extrusion failures,
discontinuous flow,
under-extrusion

C: due to TPU’s low
elastic modulus

S: reduce printing
speed, reduce/remove
retraction, keep flow
constant, choose Direct
extruder

Moisture in the
filament before print

Typical of TPUs

Extrusion failures,
non-uniformity of the
flow, under-extrusion,
induced flaws

C: TPUs are
hygroscopic

S: filament drying,
proper material storage
before, during and after
printing

A further consideration for FFF printing with TPUs is the unfeasibility of printing
with support material. The compatibility with other materials to act as support is more
limited and their elastic nature hinders the support removal, even for support materials
of the same type. The use of brims fits into this matter; in the case of stiff materials,
the breakaway of the plate-part adhesion features is easily performed, which is not the
case for TPUs. Moreover, for TPUs there are no issues regarding plate-part adhesion
as well as shrinkage effects, exempting the need of plate heating or use of adhesives.
Thus, skirts surrounding the geometry are sufficient to ensure a good flow before
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printing the object, preventing the removal of excess material connected to the part
and consequent compromised surfaces. Knowledge as such, whether acquired within
the 3D printing community or through experience, was considered for the following
investigation.

9.3 Applied Case on FFF with a TPU Filament

For the FFF process, the raster orientation, i.e., the direction of the material deposi-
tion, was primarily investigated. The aim was to study the influence of this printing
parameter on the tensile behavior of the printed samples. Two investigations were
carried out: in the first, denoted by A, analyzed the unidirectional raster orientation,
while the second, referred to as B, focused on the alternating orientation for two
printing temperatures. The experimental methods of both studies and the results are
discussed in the following sections.

9.3.1 Experimental Procedure

The samples investigated were printed in a German RepRap x500 3D printer,
equipped with a 0.4 mm nozzle and a direct drive extruder for filament diameters of
1.75 mm. The used material was the TPU Filaflex 82A (Recreus, Spain) (Recreus
2022b), which is a polyether polyurethane. The definition of the printing parameters
was based on a combination of manufacturer suggestions and personal experiences
from parameter adjustments to the used machine. The printing speed is set to a lower
value of 10 mm/s, which is essential when dealing with elastic filaments. From expe-
rience, higher printing speeds led to under-extruded parts. Other applied parameters
for investigations A and B are presented in Table 9.4. In addition, three different
raster orientations of 0°, 45° and 90° relative to the tensile direction for investigation
A were used. In investigation B, the samples were manufactured at the alternating
directions 45°-135°. The geometry consisted of a S3A dumbbell specimen taken
from the German Standard DIN 53504 (DIN 2017). Since no indications of moisture
were detected, drying prior to the printing was not required.

The tensile tests were performed on a Zwick Roell universal testing machine with
aforce sensor of 500 N at ambient temperature, and a displacement rate of 0.25 mm/s
was applied. In every investigation, 3 specimens per sample were analyzed. From the
experimental data, the ultimate strength and the elongation at break were evaluated
for all samples.
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Table 9.4 Printing ' Parameters A B

parameters for the applied

case Printing temperature (°C) 230 210, 230
Bed temperature (°C) 25 25
Printing speed (mm/s) 10 10
Layer thickness (mm) 0.48 0.48
Layer height (mm) 0.2 0.2
Contour lines (-) 1 2
Flow (%) 120 120
Infill percentage (%) 100 100
Infill angles (°) 0, 45,90 45-135

9.3.2 Results and Discussion

The stress—strain curves from investigation A are presented in Fig. 9.4, while the
ultimate stress values with their respective elongation at break can be found in Table
9.5. It can be observed that the 0° orientation exhibits a superior tensile strength
and a higher ultimate strain. The 45° and 90° orientations had similar values, the
latter being slightly higher. Their percentage errors for ultimate stress with reference
to the 0° orientation are 22.7% and 20.1%, respectively. The shape of the curves,
however, are similar. The 45° orientation shows a higher stiffness, that becomes more

prominent for deformations beyond ca. 400%.
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Fig. 9.4 Tensile stress curves for investigation A
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Table 9'5_ Ultir.natc': tensile Raster angle Stress (MPa) Strain (%)
stress for investigation A
0° 37.92 £2.61 1348.26
45° 29.30 £ 0.42 996.66
90° 30.28 £0.35 1153.35

Moreover, all samples exhibited quite high elongations at break, as well as plas-
ticity, withstanding a minimum of 28 MPa in stress. Figure 9.5 shows the failure
patterns for the three orientations. The failure in the deposition direction for the
angles of 45° and 90° is particularly noticeable. This indicates the weaker bond
between the lines within a layer as the determinant failure cause. In fact, line adhe-
sion is a common issue in FFF printed parts due to the extrusion mechanism of oval
strands, which affects the bonding of side-by-side lines. No delamination between
consecutive layers was observed, verifying the impact of infill orientation in the spec-
imen failure. Overall, it can be affirmed that the influence of the unidirectional raster
orientation is a fact to be considered when dealing with high deformations, since in
the lower strain range (<400%) no significant differences among the samples were
observed.

For investigation B, Fig. 9.6 shows a sample printed at 210°C before and after the
tensile test. It can be observed that the intralayer adhesion, i.e., the adhesion between
the lines within the same layer, was insufficient. Although the unloaded sample
shows considerable gaps between the outer and the inner contour lines but minor
gaps in the infill, these minor gaps increase substantially after the tensile loading
and demonstrate the inadequate line adhesion in the infill as well. The interlayer
adhesion, though, was effective: the outer contour line detached completely from the
inner contour line with their successive layers well connected.

Another interesting fact is that the angle alternation of consecutive layers led to
a better integrity of the sample. The lower layer shifted in 90° helped in keeping the
lines of the upper layer from immediately breaking the sample. Figure 9.7 displays a
sample printed with 230 °C before and after the tensile test. In this case, the intralayer
adhesion was effective, with no visible gaps in any stage. In fact, the higher printing
temperature allowed more material to flow out of the nozzle, rectifying the under-
extrusion and low adhesion observed in the 210 °C case (as presented in Table
9.3).

Fig. 9.5 Break pattern of samples with a 0°, b 45° and ¢ 90° orientation
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Fig. 9.6 Sample printed at 210 °C for investigation B a before and b after the tensile test with ¢
detachment of the outer contour line

Fig. 9.7 Sample printed at 230 °C for investigation B a before and b after the tensile test

The tensile test results for investigation B are visualized in Fig. 9.8 and Table 9.6.
The increase in the ultimate strength in almost 45% by applying a higher printing
temperature becomes evident. Nevertheless, the under-extruded 210 °C sample still
shows an acceptable ultimate stress, inferring that the alternating orientation between
consecutive layers is advantageous, as it plays an important role in keeping the sample
integrity. In addition, the 230° case revealed a slight increase in stiffness, which is a
reflection of the better-adhered lines leading to a stronger part.

Similar to investigation A, the 45°-135° samples exhibited a high elongation at
break as well as plastic deformation. The ultimate stress for the stronger 45°-135°
sample, printed at 230 °C, was found to be 11.6% lower than for the unidirectional
0° sample, but higher than the other unidirectional cases. They also present a similar
shape of the stress—strain curve and a comparable stiffness up to strains of 500%,
after which the alternating oriented sample reaches higher stress values. This is
relevant when the component demands higher strains during operation, as the infill
orientation influences its premature failure, as well as the achievable tensile stresses.
The best outcome is observed for rasters at 0°, even though the 45°-135° orientation
is similar in performance and in case of failing line adhesion the alternating rasters
better ensure the unity of the part. The behavior of the samples regarding the failure
mode is a result of the infill parameter selection, while the plasticity is intrinsically
related to hard segments in the material.

It should be considered that the samples from investigation B were printed with
two contour lines, while the samples from A had only one. Due to the same deposition
angle, this printing parameter does not affect the 0° samples but the same cannot be
affirmed for the other orientations and may offer different results, which are worthy of
consideration in future studies. The absence of contour lines is also to be considered.
The contour lines act as tie points for the infill and will definitely have an impact
on the 90° orientation, as the line adhesion is one of the key causes for the sample
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Fig. 9.8 Tensile stress curves for investigation B

Table 9'6_ Ultimat§ tensile Temperature (°C) Stress (MPa) Strain (%)
stress for investigation B
210 23.20+0.93 985.47
230 33.52+£3.92 1114.26

failure. Moreover, it should be remarked that the FFF technology shows a wide range
of process parameters to be provided. Such a broad parameter selection results in a
large variation of the quality of the printed parts regarding integrity and accuracy,
directly affecting their mechanical behavior. Finally, the specific application of the
printed geometry is essential matter for selecting the printing parameters: if the
service deformations are below 400%, for example, then the material behavior is
similar and the printing orientation does not show a significant influence on the
performance.

9.4 Conclusions

This work was a combination of a scientific discussion in the topic of 3D printing
of elastomers and an investigation of different printing strategies for a TPU filament
with respect to the mechanical behavior. The first portion provided a summary of
additive manufacturing regarding the commercially available technologies, with a
detailed discussion in the field of elastomers. Relevant traits of three of the possible
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elastomeric materials for 3D printing were briefly reported, including some of their
current limitations. The focus on the FFF process using thermoplastic polyurethanes
gathered several attributes to be considered, as well as issues that they may result
in unsatisfactory conditions, which have to be dealt with. Notable attention should
be paid to extrusion failures due to filament buckling and/or moisture, besides the
application of lower printing speeds to promote better printing control.

The second portion of this contribution studies the influence of unidirectional and
alternating raster orientations in FFF. It was revealed that the type and the orientation
angle play an important role in the range of higher strains. Unidirectional deposition
paths parallel to the tensile direction led to the best mechanical properties. Never-
theless, up to deformations of 400-500% no substantial effect was detected and the
stiffness changes were low. In addition, since the rupture of the samples under tensile
loading is highly affected by the adhesion between the lines in the same layer, the
alternating 45°-135° orientation was found to be an interesting option in cases of
under-extruded parts. The change in the orientation is beneficial in maintaining the
same layer lines bonded to the print and avoiding a premature tensile failure.

Those investigations illustrate the capabilities of 3D printing with an elastomeric
material, as well as highlights the influence of the printing parameters on their
mechanical response. For FFF, these parameters are numerous, and they deserve
consideration in subsequent studies. In this way, a larger database of knowledge on
the technology and the use of elastic filaments along with a consequent optimization
of the process is to be obtained. Thereby, the use of AM elastomers in several fields
of technical applications is expected to be expanded, as this already takes place for
other types of materials.
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Chapter 10 ®)
Effects of Reusing Polyamide 12 Powder oo
on the Mechanical Properties

of Additively Manufactured Parts

Philippe du Maire, Enes Sert, Matthias Deckert, Michael Johlitz,
and Andreas Ochsner

Abstract Series production of the future is facing the challenge of ever higher
demands for individualised and complex products. Thus additive manufacturing is
one of the key technologies to meet these demands. A major challenge in the selective
laser sintering process is the reuse of the powder leftover after the building process
as only 5-20% of the powder is used to produce the component. This research
investigates the effects on the mechanical properties when reusing the unsintered
powder remaining in the process chamber. Tensile test specimens are fabricated out
of PA12 and investigated. The study shows a decreasing tensile strength and an
increasing elongation at break with repeated reuse of the remaining powder. A high
mechanical anisotropy can be determined as tensile strength, and elongation at break
are highly dependent on the orientation of the specimen in the construction chamber.
The reasons might be found in the process parameters. The powder particles show
an increased cracking with repeated reuse of the remaining PA12 powder.
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10.1 Introduction

Initially developed in the 1980s s at the University of Texas at Austin in the USA,
the selective laser sintering (SLS) technology is already in use for over 25 years
(Schmid 2015). It belongs to the powder-based additive manufacturing technologies
which use polymer powder as base material to build up parts layer by layer. Up to
now, the SLS is mainly applied in the field of prototyping in industry and research
but according to Breuninger et al. and others, it is currently at the transition stage
from prototype tooling to series production (Bourell et al. 2014; Breuninger et al.
2013; Ligon et al. 2017; Schmid 2015). The advantages of additive manufacturing
technologies are obvious. The process allows for a high degree of individualised prod-
ucts, as well as the production of highly complex geometries in one processing step
without tool changing or the need for assembling several parts. In addition, additive
manufacturing enables the integration of functions during its construction process.
With all these advantages, additive manufacturing processes meet the demands of
series production in future and therefore represents a key technology for tomorrow’s
production environment (Bonten 2020; Breuninger et al. 2013).

The functionality of the SLS process is as simple as it is ingenious. Using three
dimensional (3D) computer-aided design (CAD) files which are converted into stere-
olithography (STL) file format, the parts can be directly built from the CAD files
(Ajoku et al. 2006). The STL file contains all relevant data about the surface geom-
etry necessary for the SLS process to build up the component. As already described
before, the SLS process uses polymer powder as base material, which is applied
to the construction area, also known as part bed, in thin layers of around 100 pm.
With the aid of a CO, laser, the powder is locally melted according to the 3D model
to create the component. The molten polymer solidifies bonds with the former part
slices and thus forms each layer fragment of the part (Abts 2020). Subsequently, the
construction area is lowered about one layer thickness, new powder is applied to
the part bed and again melted by the laser. This routine is repeated until the whole
component is built up layer by layer beginning from bottom to top.

In order to avoid warpage due to fast cooling, the part bed as well as the powder
feedstock are preheated by process chamber heaters (Breuninger et al. 2013; Dad-
bakhsh et al. 2017; Pham et al. 2008). Furthermore, this minimises the laser energy
required to melt the polymer particles. For this reason, the powder in the part bed is
preheated to a temperature just below the melting point of the material. This means
the laser only has to achieve a small increase in temperature, about a few degrees, to
melt up the polymer. However, these high temperatures in the process chamber also
lead to drawbacks and challenges for the processing of the material as they cause
a thermal degradation of the unsintered powder. The thermal degradation or often
called thermal ageing results in a limited reusability of the unsintered powder because
of decreasing mechanical properties and a decreasing surface quality of the sintered
parts (Ligon et al. 2017; Schmid et al. 2014). In fact, the deteriorating surface quality
is the main problem, as this is no longer acceptable for industrial applications due to
the formation of the so-called orange peel. The importance of reusability becomes
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clear when looking at the process itself. In each processing cycle, only 5-20% (Dad-
bakhsh et al. 2017; Dotchev and Yusoff 2009) of the powder is molten to build the
component, which means a high amount of powder remains unsintered. In industry,
the leftover powder is not directly discarded but is usually refreshed with a certain
amount of virgin powder, allowing for limited reuse. Clearly, the refreshing cannot
be extended to infinity as the thermal degradation still increases with repeated use of
the powder mixture. This underlines the necessity for a proper recycling technology
for the leftover powder. In order to develop a recycling process, the effects of thermal
degradation have to be investigated more in detail.

In this study, the effects of thermal ageing on the mechanical properties of test
specimens made out of PA12 powder are investigated. For the examination, two test
series of tensile test specimens are produced with different thermal ageing states of
the base material and investigated regarding their mechanical properties. The results
are compared to each other. Different powder qualities are achieved by reusing the
remaining powder several times, distinguishing this research from previous studies.
Several authors have already investigated the mechanical properties of SLS compo-
nents regarding virgin, aged and mixed powder or different powder manufacturers
(Caulfield et al. 2007; Dadbakhsh et al. 2017; Zarringhalam et al. 2006). However,
the following study is focused on the repeated use and hence the increasing ther-
mal ageing state of the base material, while sticking to one powder manufacturer.
Furthermore, the particle shape, i.e. morphology of the powder is analysed using a
Schottky field emission scanning electron microscope.

10.2 Methodology

In order to evaluate the effects of thermal ageing during the building process, ten-
sile test specimens are produced with different qualities of the powder using a
Vanguard HS selective laser sintering system from the company 3D-Systems Inc.
The SLS printer is equipped with a 100 W CO, laser, and the process chamber is
flooded with nitrogen as inert gas during the building process. A build volume of
380 x 330 x 275mm? is used for the production of the samples. The tensile test
specimens are built out of the polyamide (PA) DuraForm PA from the manufacturer
3D-Systems Inc. DuraForm PA belongs to the PA12 polymers, which are mostly
used in industries (Breuninger et al. 2013; Dotchev and Yusoff 2009; Goodridge
et al. 2012; Ligon et al. 2017; Schmid 2015). Schmid 2015 estimates the market
share of PA12 at 95%. The dimensions chosen for the specimens can be taken from
Table 10.1.

To control the ageing state of the powder and ensure the reproducibility, the
test specimens are fabricated in several process cycles. Starting with virgin PA12
powder in the first production process, the leftover powder in the building chamber
is collected after each built job and reused to produce the next set of tensile test
specimens. This means only the leftover powder is used after producing the first set
of specimens and, no virgin or other powder materials are added into the process
anymore. The process parameter and number of produced parts are kept the same for
every production cycle which enables a detailed determination of the thermal load
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Table 10.1 Dimensions of the test specimen according to DIN EN ISO 527-2 Type 1A

Dimension Description Value Unit
I Length of the narrow part 80 mm
15 Distance between the wide parallels 110 mm
I3 Overall length 170 mm
by Width of the narrow part 10 mm
by Width at the ending 20 mm
h Thickness 5 mm

Fig. 10.1 Positioning of the
tensile test specimens in the
process chamber

\/’\

on the powder. Furthermore, samples of the unsintered powder are taken after each
building process to investigate the morphology of the powder particles.

In order to ensure a proper data set and clear investigation, the powder is reused
four times to produce the first series samples, which means there will be five sets
of tensile test specimens fabricated with increasing thermal load of the powder. One
set was produced with virgin powder, and four other sets were produced with up to
four times reused powder from the process chamber. In addition to that, another
built process is carried out using a powder mixture of 60% used powder and 40%
virgin powder, which represents a typical refreshing rate used in industries. A further
series of tests are carried out in which the powder is reused twice more, i.e. up to
six times. The second test run serves as validation test to examine the repeatability
of the results. Each set of samples consist out of ten tensile test specimen. Five are
fabricated with its test direction along the x-axis, and five specimens are produced
perpendicular to that, with its test direction along the y-axis. It has to be noted, that
the powder application direction is parallel to the x-axis. The position of the samples
in the building chamber is visualised in Fig.10.1. A layer thickness of 100 wm is
chosen for the production of the components, and the temperature of the process
chamber heaters is set to a value of 177°C to avoid shrinkage effects due to rapid
cooling of the molten polymer powder.

The building process is structured in the following steps. At the beginning of
each build, a warm up layer with a total powder height of 12.5 mm is applied to the
building platform, followed by another 2 mm powder which serves as a base layer.
Subsequently, the tensile test specimens are produced as described before and visu-
alised in Fig. 10.1. Each build ends with a cool down layer of 2.54 mm to ensure a
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Fig. 10.2 a Clamped tensile test specimen and b exemplary stress-strain curve

controlled and slow cool down and avoid shrinkage. In order to characterise the influ-
ences of the thermally aged PA12 powder on the mechanical properties of potentially
built components, the specimens are investigated regarding their tensile strength and
their elongation at break. The testing set-up is exemplarily displayed in Fig. 10.2
with the clamped tensile test specimen shown in Fig. 10.2a and the corresponding
stress-strain curve in Fig. 10.2b.

The investigations are carried out on a Zwick 1445-02, 10 kN universal testing
machine, using modular sensor arm extensometers in order to obtain more accurate
values for the strains in the range of Young’s modulus. After the Young’s modulus
has been detected with a testing speed of 1 mm/min, the extensometers are moved
away, and the measurements are taken via the traverse path. This serves as protection
against possible damages caused by the sudden breakage of the test specimen when
the ultimate tensile strength is reached. After the Young’s modulus has been detected,
the further testing is executed using a testing speed of 50 mm/min. To receive a clear
appraisal of the mechanical properties, at least three specimens are tested for each
building direction and each manufacturing process. The two remaining samples serve
as spares in the event of an invalid test run, to ensure a data set of at least three valid
test runs. In addition to the mechanical properties, the morphology of the powder
particles is investigated using the samples of unsintered powder taken after each
manufacturing process. The morphology, i.e. particle shape is investigated with the
aid of a Schottky field emission scanning electron microscope (SEM) JSM-7200F
from the company Jeol GmbH. As the microscopic examination via SEM requires
a conductive surface and since polyamide belongs to the non-conductive materials,
sputtering of the PA12 samples is necessary to visualise the particles (Ehrenstein
2020). For this reason, the powder samples are prepared using a thin gold coating.
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The coating is applied with a Leica sputter coater EM ACE 200 using a sputter time
of 205, which creates a gold layer of roughly 10-15 nm.

10.3 Results and Discussion

Investigating the ultimate tensile strength (UTS) at room temperature for the first
test series shows a decrease in strength with multiple reuse of the leftover powder.
The resulting mean values of the UTS are displayed as bars in Figs. 10.3 and 10.4.
Furthermore, the minimum and maximum values of each set of tensile test specimens
are indicated by failure bars.

The loss in strength can be seen for both, the components produced in x-direction
and the components produced in y-direction. It is striking that the UTS increases
again for specimens produced with four times reused powder (Fig. 10.3). This can
be clearly seen for the complete data set and also for the components produced
perpendicular to the powder application direction. The impression arises that this
trend could continue. Although the test results are evident, this behaviour and a
possible trend cannot be confirmed by the results of the second test series (Fig. 10.4)
in which the powder is reused twice more. When comparing the resulting trend of
the UTS for the second test series, shown in Fig. 10.4 and the one of the first test
series it can be clearly seen that the increase after the fourth reuse of the powder is
only an anomaly and can therefore be neglected. It has to be noted that the results
for the second and third reuse of the first test series also differ, which might lead
to the impression that the tensile strength seems to increase again for the fourth
reuse. The data sheet specifies a maximal tensile strength of 43 MPa according to
ASTM D638, which can be clearly confirmed and reached with both test series for the
components produced along the y-direction. An average tensile strength of 48.3 MPa
is obtained for the first test series and 45.55 MPa for the second one. On the other
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Fig. 10.3 Ultimate tensile strength of the first test series
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Fig. 10.4 Ultimate tensile strength of the first test series

hand, the tensile strength determined for the specimens produced in x-direction is
slightly below the specification of the data sheet with values of 41.61 MPa (first test
series) and 41.0 MPa (second test series). These differences between the strength
values obtained for the samples produced in x- and y-direction will be discussed in
more detail below. Looking at the UTS obtained by the second series of tests (see
Fig.10.4), a decreasing strength with an increasing number of reusing cycles can
be seen. The more often the powder is reused, the longer it is exposed to thermal
stress in the construction chamber, resulting in higher thermal ageing of the powder
and thus lower strength values of the produced components. Evaluating the tensile
strength for the specimen produced with a powder mixture of 60% used powder and
40% virgin powder shows that the resulting UTS lies close to the UTS investigated
for the samples made out of virgin powder. Both, the first and the second series of
tests show this behaviour and thus confirm the 60/40 mixture as a good refreshing
rate for the reuse of the leftover powder.

Similar to the differences found for the strength values for the virgin powder, it
is striking out that the tensile strength of the entire components built up along the
powder application direction (y-direction) is significantly higher compared to the
one produced perpendicular to that (x-direction). This behaviour can be noticed in
both test series when comparing the results for the UTS shown in Figs. 10.3 with
10.4. In the additive manufacturing, the mechanical anisotropy in z-direction is a
characteristic behaviour and is already investigated in other studies (Ajoku et al. 2006;
Gibson and Shi 1997; Rybachuk et al. 2017), but the reason for the different strength
in x- and y-direction cannot be confirmed finally and has to be further investigated
as the results are evident in both series of tests. A possible reason could be found
in different scanning times of the laser and thus different melting times during the
building process. The powder is melted in the x-direction, i.e. the scanning direction
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Fig. 10.5 Elongation at break for different thermal ageing states of the PA12

corresponds to the x-axis. Therefore, a complete scan of a component built up along
the y-direction demands less time than a scan of a part placed in x-direction. The
shorter melting time might lead to better bonding between the particles. In fact, the
strength decreases in mean by an average of 24% for the specimen orientated along
the x-axis compared to the one produced perpendicular to that in the first series of
tests. The same holds for the second series of tests, which underlines the importance
of the component positioning in the process chamber. For the design of components,
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this high dependence of the ultimate tensile strength on the orientation in the process
chamber has to be considered.

Investigating the elongation at break leads to a similar behaviour like the tensile
strength. Again the values for the components fabricated along the x-direction are
lower than those for the y-direction. The results are displayed in Fig. 10.5.

Also in this case, the results are clear and appear in both test series. In contrast
to the tensile strength, the elongation at break increases with repeated reuse. For the
first test series, the elongation at break increases by an average of 31% (x-direction)
for the fourth reuse compared to the elongation obtained for the samples made out
of virgin powder. In case of the y-direction, the increase is far greater and, with a
value of 81%, is almost twice as high. Evaluating the second test series shows similar
results. The elongation at break for the x-direction increases about 55% in average
and about 51% for test specimens produced along the y-direction when reusing the
PA12 powder seven times. It has to be noted that the maximal increase occurs for
the fifth reuse.

The results of the SEM microscopy of the virgin powder and the maximum reusing

states of the first and the second test series are displayed in Fig. 10.6. Each of the
powder samples investigated exhibits the characteristic potato-like particle shape.
However, the morphology of the virgin powder denotes a smooth and spherical
surface (see Fig. 10.6a), a cracking of the powder particles can be seen in Fig. 10.6b,
c for the aged powder at a resolution of 1000.
Evaluating the samples, it can be seen that the particles seem to show an increased
cracking with increasing thermal load, i.e. number of reusing cycles of the powder.
The powder particles, which have been reused seven times show the deepest cracks
and an increasing number of cracking (see Fig. 10.6¢). Looking at the particles, which
have been reused four times (see Fig. 10.6b) does not show such deep cracks. Also
the total number of cracks is lower. Even if the virgin powder seems to show no
cracking, it has to be noted that also for the virgin powder a small amount of cracked
powder particles can be determined.

The increasing cracking of the particles might influence the flowability of the
powder and thus effect the reusability of the leftover powder negatively, as a reduced
flowability might favour the appearance of orange peel. Subsequently, the compo-

(a) Virgin (b) Four times reused (c) Seven times reused

Fig. 10.6 SEM pictures of different thermal ageing states of the PA12 powder
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nents are no longer usable due to the unacceptable surface quality of the orange peel.
The occurrence of an increasing cracking has also been investigated by (Dadbakhsh
et al. 2017).

10.4 Conclusion

The investigated samples show a strong mechanical anisotropy, which appears in
both, the first as well as the second test series. All tensile test specimens built along
the y-direction, which is perpendicular to the direction of the powder application
show a significantly higher ultimate tensile strength compared to those fabricated
along the x-direction, i.e. parallel to the powder application. This behaviour cannot
be explained by the literature, which is why the only justification may be found in
process-related influences. A similar anisotropy can be determined for the elongation
at break. However, the ultimate tensile strength decreases with repeated reuse of the
unsintered material, and the elongation at break shows a strong increase. But also for
the elongation at break, the values for components fabricated along the y-direction
are higher than those produced along the x-direction.

Using a powder refreshing rate of 60% aged powder and 40% virgin powder
to produce the specimens leads to an ultimate tensile strength which lies close to
the strength of components made out of virgin powder. This behaviour can also be
observed repeatedly in the second test series and thus confirm the 60/40 mixture as
an appropriate refreshing rate for the reuse of the unsintered powder. In general, it
can be observed that the ultimate tensile strength decreases and the elongation at
break increases with repeated reuse of the remaining unsintered powder.

Analysing the powder particles with the aid of a scanning electron microscope
showed an increasing cracking of the powder particles with repeated reuse of the
leftover powder, i.e. increasing thermal load. This might reduce the flowability of the
powder and thus favours the appearance of orange peel which is a rejection criterion
for the industrial application as it represents an unacceptable surface quality. The
reduction of the flowability should therefore be confirmed with further investigations
like the analysis of the particle size distribution, the bulk density or rheological
examinations of the powder.
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Chapter 11 ®)
On the Influence of Perimeter, Gouck ko
Infill-Direction and Geometry

on the Tensile Properties of Test

Specimen Manufactured by Fused

Filament Fabrication

Julian Klingenbeck, Alexander Lion, and Michael Johlitz

Abstract Fused filament fabrication is an additive manufacturing method com-
monly used in home and industrial application. The quality of the print is dependent
on the printing parameters, which have been a repeated focus in scientific research.
This contribution concerns itself with the investigation of two parameters (perimeters
and infill connection) influencing the geometry of printed tensile samples and their
impact on the measurement of the ultimate tensile strength and the Young’s modulus.
The samples were manufactured out of polylactic acid (PLA) with raster angles of 0
and 90°C. Furthermore, the influence of the manufacturing method was investigated
by comparing directly printed samples with samples routed out of printed plates.
Test results showed a significant dependence on infill connection and perimeter, the
exact nature of which in turn dependent on raster angle.

11.1 Introduction

Additive manufacturing (AM), colloquially referred to as 3D printing, is an umbrella
term for a variety of different manufacturing processes. Their uniting feature being
that a part/component is build up through repeatedly adding new material to the
already existing part, thereby growing the part until the final geometry is created.
This definition therefore stands in contrast to conventional manufacturing methods,
where a part is either produced as a whole (casting) or through repeated subtraction
of material from a blank. The umbrella of AM comprises a host of technologies,
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Fig. 11.1 Schematic representation of a FFF printer

often specific to the materials used, utilizing different methods for processing and
depositing the base materials. As it stands today, the list of printable materials include
metals, polymers and ceramics as well as more specialized materials like concrete and
composite materials (fibre reinforcement, metal alloys, wood fibre, etc.) (Gebhardt
et al. 2018; Gibson et al. 2015).

One commonly used printing technology for hobbyist/home as well as industrial
applications is fused filament fabrication (FFF). In this method, as depicted schemat-
ically in Fig. 11.1, a prefabricated polymer strand, called filament, is plastified in an
extruder unit and subsequently deposited onto a build platform. Through relative
movements between the extruder and the build plate, the desired geometry is created
in a layer wise fashion (Gebhardt et al. 2018; Gibson et al. 2015).

The nature of the printing process results in a microstructure or characteristic
internal geometry, as exemplary depicted with the fracture surface of a tensile test
specimen in Fig. 11.2c. Although the specific internal structure of a part depends
on the travel path of the extruder, as prescribed by the user, the individual polymer
strands as well as airgaps between them remain clearly visible after printing.

Typically, printed parts are build up out of two distinct regions. The shell and the
infill. The shell is generated, as the printer deposits a defined number of polymer
strands in a concentric fashion following the outer and inner contours of the part
in each printed layer. These contours are generally referred to as perimeters. The
remaining inner regions of the part are printed with so-called infills, which can be
realized in a variety of different geometries, such as parallel lines, grids, triangles,
etc. Beyond that, 3D printing offers the ability to reduce the global infill density to
save weight, material and printing time, by adjusting the proportion of gaps in the
infill geometry. An infill density of 100% is only achievable with a line-type infill.
Although it is possible to manufacture parts solely out of perimeters or infill, the
combination of both is common practice.
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e

Fig. 11.2 a whole specimen b break location (from left to right: 0D,0P,UN—OD,1P,UN—
P,90D,6P,UN) c¢ fracture surface

Fig. 11.3 Schematic depiction of raster angle in a tensile specimen measured against length axis

It is a well established fact, that the manufacturing parameters, in the context of
3D Printing also referred to as printing parameters, greatly influence the outcome
of the printing process. Suboptimal parameter sets may reduce the quality of the
printed part, while inadequate parameters may prevent a successful print. The effect
of a variety of different printing parameters on different part properties has already
been studied using a variety of different printers as well as different materials, such as
polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). Table 11.1 provides
a selection of publications, researching the impact of different printing parameters
on several observable properties of the printed parts as well as the printing process.
For a summation of the most important printing parameters and their influences, the
reader is referred to the reviews by Dey and Yodo (2019), Popescu et al. (2018) and
Wang et al. (2020b).

One of the most impactful parameters in FFF printing is the raster angle, also
referred to as infill angle or infill orientation as depicted in Fig. 11.3. This parameter
is only applicable in case of a line-type infill, where the individual infill layers are
deposited as parallel lines with the infill density determining the distance between
the parallel polymer strands. The direction of the infill lines may be kept identical
or altered over the layers of the part. In the following, the raster angle is measured
in relation to the longitudinal axis of the test specimen, i.e. in relation to the loading
direction. It is generally accepted in literature (Ahn et al. 2002; Gebisa and Lemu
2019; Hu et al. 2021; Kiendl and Gao 2020), that, in the case of unidirectional line
infill, a raster angle of 0°, i.e. in loading direction, develops the highest values of
tensile strength, while a 90° orientation results in the weakest.
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A possible explanation for this behaviour is, that in a 0° orientation, the force
acts along the deposited polymer strands, which individually can be assumed to be
homogenous and isotropic approaching a tensile strength close to injection moulded
specimens (Ahn et al. 2002). For a 90° orientation, the load is carried across the
boundaries between the polymer strands. Since, as depicted in Fig. 11.2, the individ-
ual polymer strands are not perfectly connected, and the adhesive properties of the
boundary areas are possibly lower than the cohesive properties of the bulk material,
and the overall strength is expected to be lower than for 0° samples.

The paper is structured as follows. In Sect. 11.2, the research question, based on
the theoretical background laid out in Sect.11.1, will be elaborated. Section11.3
presents the experimental setup employed followed by the discussion of the testing
results in Sect. 11.4. A summary is given in Sect. 11.5.

11.2 Research Focus

A commonly utilized test to study the influence of the printing parameters on the
mechanical properties is the uniaxial tensile test. It allows the measurement of several
material properties such as Young’s modulus, ultimate tensile strength and elonga-
tion. Tensile tests have been used frequently in preceding research to establish the
impact of different printing parameters on the material properties (Ahn et al. 2002;
Cwikta et al. 2017; Gebisa and Lemu 2019; Hu et al. 2021; Kiendl and Gao 2020;
Samykano et al. 2019; Wang et al. 2020a).

The geometries used for tensile testing are either rectangular strips or dogbone-
shaped test specimens as defined, for example, in DIN EN ISO 527-2 (2012-06).
Although these are standardized geometries, it is unclear how test specimen should be
manufactured in the context of 3D printing, specifically FFF, to achieve best results,
as some printing parameters impact the geometry of the printed parts, resulting in a
divergence from the desired geometry.

This paper aims to provide a contribution to better understanding the influence of
certain manufacturing parameters for tensile test specimen. For better comparability
with previous research, it was elected to focus on tensile samples with a line-type
infill, 100% infill density and raster angles of 0° and 90°. The parameters explored
in this study are the manufacturing method as well as two factors influencing the
geometry of a printed part: perimeters and infill connection.

Perimeters

Should the samples be printed with or without a perimeter? Utilizing perimeters
allows to match the desired geometry more closely. Printing without perimeter
(i.e. only printing infill) makes it impossible to create a smooth surface following the
desired geometry in curved regions, as depicted in Fig. 11.4. Thus, a stepwise surface
with the resolution dependent on the line width of the deposited polymer strands is
created. If, on the other hand, the samples are printed with a raster angle unequal
to 0°, the implementation of perimeters results in areas with different raster angles.
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Unconnected Connected Perimeter

Fig. 11.4 Schematic depiction of the influence of infill connection and perimeters on part geometry

Since the orientation of the polymer strands is one of the most impactful parameters
with regard to the mechanical properties of a printed part, it stands to reason that
perimeters could influence the results of tensile tests. This could proof problematic,
if solely the behaviour of the infill structure needs to be measured, for example to
establish experimental data for the purpose of modelling and simulation.

Infill Connection

If the samples are printed without perimeters, a further option is available for the
line-type infill. The individual polymer strands can be connected, effectively printing
the layer in one unbroken line, or unconnected as depicted in Fig. 11.4. Both options
result in a distinct stepwise appearance in the curved regions of the tensile specimen.

Manufacturing Method

Another point of interest is the manufacturing method. Should the samples be printed
directly, presumably being a closer representation of a 3D printed part, or cut out of
printed plates? The latter allows to match the sample geometry as defined in DIN
EN ISO 527-2 (2012-06) without the need for a perimeter.

11.3 Experimental Setup and Results

Tensile tests in accordance with DIN EN ISO 527-1 (2012-06) were performed in two
separate test series to measure both ultimate tensile strength as well as the Young’s
modulus. In the first test series, the impact of the manufacturing method (printed,
routed) and the geometry altering print parameters (infill line connection, perimeter)
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Table 11.2 Varied printing parameters for tested groups

Group name Manufacturing Infill connection | Raster angle Perimeter count
method

0D,0P,UN Printed Unconnected 0° 0
0D,0P,C Printed Connected 0° 0
0D,1P,UN Printed Unconnected 0° 1
0D,Routed Routed - 0°

90D,0P,UN Printed Unconnected 90° 0
90D,0P,C Printed Connected 90° 0
90D, 1P,UN Printed Unconnected 90° 0
P,90D,1P,UN Printed Unconnected 90° 1
P,90D,2P,UN Printed Unconnected 90° 2
P,90D,3P,UN Printed Unconnected 90° 3
P,90D,4P,UN Printed Unconnected 90° 4
P,90D,5P,UN Printed Unconnected 90° 5
P,90D,6P,UN Printed Unconnected 90° 6

was investigated. In a second test series, the influence of perimeters was investigated
further, by testing samples manufactured with an increasing number of perimeters,
reaching from 1 to 6 (the maximum possible amount for the given geometry). The
second test series were performed with samples with a raster angle of 90° only (in the
following also referred to as 90D). As it was expected, based on literature, the 90°
samples would perform worse than those with a raster angle of 0° (in the following
also referred to as OD), therefore making the potential effects of perimeters more
visible.

The samples were dimensioned as proposed by the German standard DIN EN
ISO 527-2 (2012-06) Type 1BA and produced on an Ultimaker s5 FFF printer. The
material used was white polylactic acid (PLA, Ultimaker); a thermoplast widely
used in FFF printing. The varied printing parameters, as discussed above, as well
as a selection of the most important parameters which were kept constant and their
values are given in Tables 11.2 and 11.3. The parameters were set during the slicing
process with the Cura software (Ver. 4.11.0). Until testing, samples were stored at
room temperature (approx. 21 °C) in a container with controlled relative humidity of
30%.

Uniaxial tensile tests were performed until failure on a Zwick Roell Z020 testing
machine with a 2.5 kN force sensor.

A preload of 1N and a strainrate of 1%/min were prescribed. The displacement
of the traverse was used to adjust the strain rate. All tests were performed at room
temperature (21 °C) and 30% relative humidity.

Five specimens were tested per group, and the Young’s moduli were evaluated
as defined in DIN EN ISO 527-1 (2012-06) (between 0.25% and 0.05% strain). The
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Table 11.3 Printing parameters kept constant for all tested groups

Parameter Value

Layer height 0.2mm

Line width 0.42mm
Top/bottom layers 0

Infill density 100%

Extruder temperature 205°C
Buildplate temperature 60°C

Printing speed 30 mm/s
Cooling Enabled
Z-seam alignment Sharpest corner

Table 11.4 Average values and standard deviations of Young’s modulus and ultimate tensile
strength for all testes groups

Groups Mean Std. deviation Mean Std. deviation
0D,0P,UN 3170.25 52.62 52.48 1.39
0D,0P,C 3060.99 43.83 53.17 0.96
0D,1P,UN 3130.83 21.31 57.66 0.35
0D,Routed 2964.09 28.68 47.72 3.34
90D,0P,UN 2544.20 120.10 29.57 2.18
90D,0P,C 2844.51 36.66 38.65 0.91
90D,1P,UN 2959.25 51.74 40.18 1.25
P,90D,1P,UN 3029.62 40.08 40.08 1.04
P,90D,1P,UN 2809.99 96.80 37.36 2.23
P,90D,1P,UN 3033.81 23.17 46.44 0.98
P,90D,1P,UN 2968.42 24.67 45.95 1.51
P,90D,1P,UN 2800.55 30.14 45.47 1.81
P,90D,1P,UN 2906.89 35.75 52.32 2.17

average values of the Young’s modulus and the ultimate tensile strength as well as
the corresponding standard deviations are given in Table 11.4 for all groups.

11.4 Discussion of Tensile Test Results

The results are compared in the following boxplots. The influence of the sample
geometry as well as of the manufacturing method is illustrated in Fig. 11.5 for both
the OD and the 90D groups. Regardless of the polymer strand orientation, the highest
mean tensile strength, for each orientation respectively, is measured for the samples
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printed with one perimeter, followed by those without perimeter and connected infill.
Samples with unconnected infill (without perimeter) register and an even lower mean
tensile strength. Regarding the Young’s modulus, no clear trend could be established
for the OD groups. For the 90D groups, however, a trend analogous to that of the
ultimate tensile strength can be identified. The results of a comparison of the three
groups (for OD and 90D samples) with pairwise t-tests (Kiihlmeyer and Kiihlmeyer
2001) are shown in Fig. 11.6. The level of significance was set to 5%. The Bonferroni
correction (Abdi 2006) was applied to compensate for multiple testing, effectively
reducing the level of significance to only 1.6%. These comparisons serve to statisti-
cally substantiate the claims made previously.

It was found, that for a raster angle of 0°, no significant difference in the tensile
strength between connected and unconnected infill could be established, while the use
of a perimeter proofed to be statistically relevant. For the 90° samples, no significant
difference could be established between the connected infill and the use of a perimeter.
The samples with unconnected infill, however, display significantly lower values of
tensile strength.

Although statistically relevant differences in the Young’s modulus of the 0° groups
could be established, no clear trend emerges. For a raster angle of 90°, a significant
increase in the Young’s modulus was observed following the order of unconnected
infill, connected infill and samples with perimeter.

A possible explanation for this difference in tensile strength may be, as men-
tioned previously, the variation in geometry between the samples with and without
perimeter. Specimens without perimeter exhibit sharp edges in the curved section of
the geometry. It can be expected, that local stresses peak at these edges, resulting
in premature failure of the sample. This would suggest that the results for directly
printed samples without perimeters are systematically underestimated.

The routed specimens, despite matching the desired geometry most closely, show
the lowest tensile strength, with considerable spread in the individual measurements
(see Fig. 11.5).

Further, it can be observed, that all groups with a raster angle of 0°, i.e. with
polymer strands oriented in load direction, can withstand greater loads and display
higher Young’s moduli than those with a raster angle of 90° for all groups. This
behaviour as well as the measured values correlate well with those found in previous
studies (Kiendl and Gao 2020). The contrast between the 0° and 90° groups is further
visualized in Fig. 11.7.

The qualitative behaviour (of all but two groups) is aptly represented by the stress-
strain response of the group OD,0P,UN as shown in Fig. 11.8.

Although the material generally displays a nonlinear stress-strain response, it
is well approximated by a linear shape, especially at low strains. As the sample
approaches, its ultimate tensile strength, the nonlinear behaviour becomes more pro-
nounced. After the maximum stress is reached, a drop in the engineering stress is
measured until failure occurs soon after. No pronounced necking is observed. The
fracture surfaces (Fig.11.2) of these samples support this observation. Exhibiting
clean breaks with little to no deformation and indicative of a brittle fracture.



[—
~]
[o)}

Ultimate Tensile Strength in [MPa]

551

50+

457

401

35+t

307

Groups 0D - Var. Geometry

UN

3250

3200

3150

3100

3050

3000

Young's Modulus in [MPa]

2950

3000
2900
2800
2700
2600
2500
2400

Young's Modulus in [MPa]

J. Klingenbeck et al.

Groups 0D - Var. Geometry

UN C 1P

Groups 90D - Var. Geometry

—

Ultimate Tensile Strength in [MPa]

UN C 1P UN C 1P

Fig. 11.5 Ultimate tensile strength and Young’s modulus for different geometry factors, manufac-
turing methods and raster angles

Groups 0D

Ultimate Tensile Strength Young's Modulus

UN C 1P UN C 1P
UN 1 0.3881 0.0005 UN 1 0.0073 0.1811
C 1 0.0002 C 1 0.0185
1P 1 1P 1

Groups 90D

Ultimate Tensile Strength Young's Modulus

UN C 1P UN C 1P
UN 1 0.0004 8E-05 UN 1 0.0031 0.0009
C 1 0.0636 C 1 0.0049
1P 1 1P 1

Fig. 11.6 Comparison of the UN, C and 1P groups for 0° and 90° raster angles with pairwise t-tests
(level of significance: 0.0166)
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Fig. 11.8 Stress-strain
behaviour for samples of
group 0D,0P,UN

Fig. 11.9 Stress-strain
behaviour for samples of
group OD,Routed
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For the groups OD,Routed and OD,1P,UN, the qualitative behaviour differs. This
is exemplary depicted in Fig. 11.9 for the routed samples. Although the stress-strain
curve behaves similar initially, after the maximum stress is reached necking is clearly
observable as the measured stress drops at first rapidly and then settles on a stationary
value until failure. A further matter to note is that the individual samples of the OD,
Routed and 0D, 1P,UN groups do not exhibit identical behaviour. While some exhibit
the ductile behaviour described, others show brittle fracture behaviour as described
further above. This inconsistency in behaviour might indicate an insufficient (print-
ing) parameter set or irregularities in the internal structure of the samples. As shown
in Fig. 11.2, there exist gaps between the individual polymer strands inside a FFF
printed part. Although not visible in a singular cross-section, the size of these gaps
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Fig. 11.10 Ultimate tensile strength and Young’s modulus for samples with varying perimeter
count

is not consistent along the entire length of the printed polymer strand. It is therefore
possible that the effective cross-sectional area in a given sample exhibits a minimum,
leading to a local weak point and allowing for brittle fracture.

The results of the second test series are summarized in Fig. 11.10. Regarding
the tensile strength, a general trend can be identified with an increasing number
of perimeters resulting in higher values. An analysis of variance (ANOVA test)
(Kiithlmeyer and Kiihlmeyer 2001) confirms the significance of perimeters with a p-
value of 6.29e-12 for a level of significance of 5%. However, the results of the groups
1P and 2P as well as 3P4P and 5P show no substantial difference between each
other. Concerning the Young’s moduli, no clear trend can be established. Although
the presence of perimeters leads to higher values of the Young’s modulus, no clear
trend emerges in relation to the number of perimeters. It further has to be noted, that
all samples printed with 6 perimeters, the maximum geometrically possible number,
broke inside the clamp of the testing machine (see Fig. 11.2). A possible explanation
is provided by the now varying raster angles along the part geometry. While a raster
angle of 0° persists through the entire gage length of the samples, a substantial
amount of the clamping region is still printed with a raster angle of 90°. Since, as
shown above, the tensile strength of the 90° samples only approaches between 56 and
70% of that of the 0° samples, the clamping region might exhibit weaker material
properties than the gage length. This, in combination with the additional stresses
introduced through the clamping forces, might have lead to the reliable failure of the
samples in the clamping region.

11.5 Conclusion

In this work, the FFF printing process was briefly outlined. The importance of the
printing parameters was highlighted, and an overview about current research in
the field has been provided. Tensile tests in accordance with DIN EN ISO 527-1



180 J. Klingenbeck et al.

(2012-06) were performed for samples with varying printing parameters. Samples
were manufactured on an Ultimaker s5 out of PLA. The results of these comparisons
can be summarized as follows:

e Routed samples showed lower values for both Young’s modulus and ultimate
tensile strength than their printed counterparts with wide spread in the individual
results.

e Samples with a raster angle of 0° displayed a higher ultimate tensile strength
as well as Young’s modulus then their 90° counterparts for all tested parameter
variations.

e For a raster angle of 0°, the infill connection had no significant effect on tensile
strength, while the use of a perimeter leads to an increase in tensile strength.
Regarding Young’s modulus, no trend could be established.

e For a raster angle of 90°, the use of both connected infill as well as perimeters
increases tensile strength compared to a unconnected infill. Regarding Young’s
modulus a trend emerges, with measurement results increasing in the order of
unconnected infill, connected infill and samples with perimeter.

e The number of perimeters used was shown to increase the measured tensile
strength. The use of perimeters leads to an increase in the Young’s modulus as
well, although no trend regarding the number of perimeters emerged.

It has been shown that perimeters have considerable impact on ultimate tensile
strength possibly because the use of perimeters allows to achieve the desired geome-
try, while samples printed without exhibit a stepwise transition in the curved regions
of the geometry. Thus, creating sharp edges, resulting in stress peaks and premature
failure of the sample.

Based on these results, a further points of interest would be to study the tensile
behaviour of rectangular, stripe-shaped specimens, as they are defined, for exam-
ple, in DIN EN ISO 527-4 (1997-07) for the testing of fibre-laminates. The use of
this geometry would avoid the geometric problems discussed in this contribution,
warranting a comparison with dogbone-shaped test specimens.
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Chapter 12 )
Design of a Room-in-Room Laboratory oo
Environment for the SLS Printing

Process

Dominik Hahne, Alexander Lion, and Michael Johlitz

Abstract This contribution presents a solution for generating an encapsulated envi-
ronment for the selective laser sintering printing process. All relevant subroutines—
such as unpacking, sieving, powder mixing, and conveying—can be done in a con-
trolled and sealed environment. The exposure to harmful temperature and humidity
conditions of the sensitive powder materials is avoided by accurate climate control.
According to finite element calculations, the evaluated structural solution is modular,
flexible, and robust.

12.1 Motivation

Selective laser sintering (SLS) is a mature additive manufacturing (AM) technology
that can generate prototypes and serial parts. It is often seen as a replacement for
conventional manufacturing processes (e.g., injection moulding). However, its tool-
less, layer-by-layer printing process offers design engineers an additional degree of
freedom (Kruth et al. 2007). For quantities between 100 and 10.000 parts, investi-
gations show the economic benefits of SLS over conventional production methods
(Hopkinson et al. 2006). Nevertheless, there are several research questions regarding
the printing process itself. The main concerns are the ageing of the material (mainly
PA12) due to the thermal history of the powder (Wudy and Drummer 2019), temper-
ature differences on the building platform leading to position-dependent mechanical
properties (Wegner and Witt 2013), and the detailed interaction between the CO,-
laser and powder (Greiner et al. 2021).

However, this contribution focuses on preparatory and follow-up work of the printing
process. A used and virgin powder mixture is typically used in industrial applications
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Fig. 12.1 Subroutines of SLS process with powder path (dashed lines)

to reduce costs while maintaining consistent part quality. In many SLS systems, the
mixing procedure and the machine’s feeding are manual processes. Every manual
process can potentially negatively manipulate the tools and materials, e.g. exposure
to inadmissible temperatures and humidity conditions or entering of dirt and foreign
objects. A room-in-room laboratory is built around the SLS machine to avoid those
influences as much as possible. The balance of time, costs, and availability of accu-
rate laboratory facilities is considered. Figure 12.1 shows the subroutines of the SLS
process.

. Transfer of printed parts from the printer to the unpacking & sieving station
. Transportation of the virgin powder

. Transportation of the used powder

. Feeding of the machine (automated process).

AW N =

The target is to create a laboratory environment with stable temperature and
humidity conditions for all SLS-subroutines.

12.2 Mechanical Design of the Cabin

Temperature and humidity are crucial for the SLS process itself and the prepara-
tory and follow-up work, such as powder mixing and transportation, unpacking of
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the parts, and powder sieving. Therefore, the necessity for building a cabin around
the printing system is seen as a chance to create an optimized printing and han-
dling environment for the SLS process. Following a classical, sequential approach
of product development (planning and clarifying the task, concept, design, and elab-
oration) (Feldhusen and Grote 2016) would not agree with the dynamic setting of
the project, leading to a more simultaneous engineering process. Nevertheless, an
overview of the main requirements must be given at the beginning. Even though
the main task is already stated, several aspects need to be concerned. The laboratory
environment should be built up in a short period, meaning that all parts must be avail-
able within an acceptable range of approximately eight weeks. Further, the cabin is
sought to be modular, scalable, and reuseable to be adapted and transferred to fulfil
more or other tasks in future. All named aspects conclude that a solution using as
many standardized components as possible is best to fulfil all requirements.

12.2.1 Design Structure

The cabin framework is built from extrusion moulded aluminium profiles because
they are used widely in the industrial and scientific sectors to build test benches
and machine housings. The availability is ensured, and the handling is familiar. The
design is simplified by taking the predefined geometries from the manufacturers’
websites or engineering tools'. Construction works start by roughly sketching the
outline, estimating the deformation due to deadweight and external loads, choosing
the suitable geometries of the profiles (i.e., width and height) and finally getting
more and more into detail with the design. Aligning the profiles in an installation-
friendly way, choosing the fasteners between the profiles and generating a regular
profile pattern for simplifying the housing plates is part of the detailing process
and is subject to several iterations. As long as there is no chance of compensating
tolerances between the profiles, all contact points between the framework and floor
need to be adjustable in height. Figure 12.2 shows the isometrical view of the cabin’s
basic framework and the fully covered cabin.

The upstream (unpacking and sieving) and downstream (powder mixing and con-
veying) steps of the printing process should be integrated inside the cabin. The cabin
dimensions (6 x 3 x 4.5m3 W x H x D) are evaluated by roughly sketching the com-
ponents inside the footprint. 3D models made it possible to create an assembly with
all components involved, as shown in Fig. 12.2.

In Fig. 12.2, one can see intermediate support for the roof in the centre of the
cabin, which was placed in the conceptual phase. The main reasons are the dead
weight of the roof profiles (= 210 kg) and the powder conveying system, which is
mounted on the roof as the printer is fed from the top.

! There are several companies offering aluminium profiles. Engineering tools and geometries are
offered on their websites.
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Fig. 12.2 a Components placed inside the cabin, b Fully covered cabin

roof profile

bolt (4x)

traverse for
powder conveying

Fig. 12.3 Sketch of traverse for powder conveying

12.2.2 Structural Mechanics of the Cabin

The load capacity of the roof is the primary concern regarding stresses and defor-
mations of the cabin framework. The powder conveying system is mounted onto
a traverse connected to the roof with four M8 threaded bolts and is placed above
the printer. Bolt load (1.000 N) and positioning are given by printer specification.
Figure 12.3 shows the principal sketch of the traverse and the load.

The interface design between the bolts and the roof profiles of the cabin was
straightforward and aligned with the availability of profiles in the mechanical work-
shop. Flexibility to slightly change the position of the bolts is ensured with different
fastening points (Fig. 12.4).
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Fig. 12.4 Interface part between powder conveying system and cabin roof

profile type A

Fig. 12.5 Cabin roof and types of profiles

12.2.2.1 FE-Calculation of the Cabin Roof

The cabin’s roof is subjected to its dead weight and the bolt load of the traverse
indirectly through the interface part. The fine structure of roof profiles requires fine
meshes to achieve accurate results. The aim is to generate at least three elements
across the thickness of the profile walls. The different geometries of the profiles are
subjected to a 3-point-bending test to establish which standard profile is suitable
according to the moment of inertia. Choosing two different types of profiles for the
roof results from an optimization regarding the ratio of stiffness and dead weight
in the detailed design phase (Fig.12.5). Figure 12.6 shows the results of the FE-
calculation and the equivalent diameter for a circular profile. All calculations are
linear-elastic. Small deformations are expected.

Simulating the whole framework with detailed profile geometry leads to many
elements and high computing time. After repatriating the continuous casting section
to a standard profile, the whole cabin can be modelled as a 2D-beam structure.
The density of the standard profile is modified according to the cross-sectional area
compared to the casting profile to generate the correct dead weight. Figure 12.7 shows
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Fig. 12.6 FE-result profiles and cylindrical equivalent
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Fig. 12.7 Simulated deformations of the the cabin roof

the deformation of the cabin roof subjected to the load of the powder conveyor and
its dead weight. The connections between the profiles are modelled as tied joints.
The additional supporting effect of the double-walled housing was not considered, as
there is no material model for both materials, and the computing effort for nonlinear
materials exceeds the expected benefit in this case.

12.2.2.2 FE-Calculation of the Interface Part for Powder Conveying

The deformations and stresses of the interface part are simulated in a separate step.
The bolt joint between the interface part and cabin roof is considered with a stiffness
of ¢ = 2.58 x 10° X following a classical calculation approach from machine ele-
ments literature (Wittel et al. 2021). The required force of 1.000N (2x) is applied in
worst-case positions. Deformation and stresses of the interface part are within accept-
able limits (Fig. 12.8). Peak stresses can be found near the bolt joints (Fig. 12.9).
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Fig. 12.8 Simulated deformations of the interface part
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Fig. 12.9 Maximum stresses near bolt joints

12.3 Thermal Concept

The build-up of the cabin within an existing facility leads to a room-in-room con-
struction. The cabin itself has climate control, the building around has a heating
system.

The housing of the cabin is double-walled to improve the thermal insulation.
The walls are made from PET-G and resin-saturated cellulose fibre. The aluminium
profiles need to be covered as much as possible to avoid thermal bridges (Fig. 12.2).
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Table 12.1 Thermal conductivity of cabin materials

Materials Thermal conductivity Acc. to standard
Aluminium ~ 160 %

PET-G (transparent) 0.2 % DIN EN ISO 22007-1
resin-saturated cellulose fibre | 0.3 nzV—K DIN EN ISO 22007-1

4mm PET-G / resin-saturated cellulose fiber
profile type A profile type B

Fig. 12.10 Sectional view of the cabin roof

Fig. 12.11 Basic sketch of
climate control

cabin outline N

1
\

climate control
in- & outdoor unit

powder mixing & conveying

Figure 12.10 shows a section through the roof of the cabin. The thermal conductivity
of the involved materials can be taken from Table 12.12.

The climatization is done by a split system (Fig. 12.11) specially designed for
high thermal loads and optimized for laboratory environments. The system has a data
logger next to heating, cooling, and (de-)humidifying. The humidity and temperature
inside the cabin can be traced for every print job, unpacking, sieving, and powder
conveying process. According to printer specifications, the maximum waste heat is
10 kW. The climate control system has a cooling capacity of 14 kW.

12.4 Extraction System

The SLS printer may only be operated in conjunction with an extraction system
because inhalation of vapours from the thermal decomposition of powder can lead to
adverse health effects. Like the interface part for powder conveying, the extraction
system can be seen as an additional feature added after finishing the basic frame-
work and housing. As the holes in the housing need to be added in the workshop,

2 Material data are provided by the manufacturer.
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Fig. 12.12 Components of
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equalization of tolerances is the primary concern and an assembly with connection
tube and counter plate is chosen for air routing through the double-walled cabin
roof. A volume flow of 10 m{ needs to be ensured. The connection tube through
the double-walled cabin roof is fabricated via fused filament fabrication (FFF). The
printer’s specification gives the diameter of the tube (100 mm). Figure 12.12 shows
the components of the extraction system.

The fan can be adjusted to the correct volume flow rate with a simple PWM control.
Volume flow is calculated using Bernoulli’s equation—assuming incompressibility
and lack of friction—and measuring the pressure difference in the Venturi nozzle.
Figure 12.13 shows the characteristic curve of the fan. If the pressure difference
within the extraction system exceeds 40 Pa, the fan is not able to deliver the required
volume flow rate. In this case, a second fan will be mounted in series.
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12.5 Summary

A concept for generating a climate-controlled environment for printing and all rele-
vant subroutines is designed. Regarding schedule, costs, and modularity, only stan-
dard components were used for building the housing. FE-calculations of the critical
parts show acceptable values for stresses and deformations of the cabin framework
and related parts. The extraction system is added as an additional feature using stan-
dard and self-printed parts. Humidity and temperature are kept in a small and accurate
range by a 14 kW split climate control for technical environments.
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Chapter 13 ®)
Chemical-Mechanical Characterization Geda

of Unaged and Aged Additively
Manufactured Elastomers

Yvonne Breitmoser, Sebastian Eibl, Tobias Forster, Alexander Lion,
and Michael Johlitz

Abstract Aging phenomena of additively manufactured components produced by
multi jet modeling (MJM) are investigated using chemical and mechanical analysis
methods. To obtain knowledge on the long-term behavior of the investigated urethane
acrylates, dependencies of chemical and mechanical properties on aging are inves-
tigated in depth. For this purpose, infrared spectroscopic studies were performed to
elucidate the chemical change due to aging. The resulting changes in mechanical
properties were investigated by means of differential scanning calorimetry, tensile
tests, and hardness measurements. The results show that with progressive aging, the
chemical composition in the components changes, causing a decrease in mechanical
properties.

13.1 Introduction

Additive manufacturing (AM) is an emerging technology that is gaining more and
more acceptance. Printing on demand or at a specific location, as well as great
time and cost savings for small series are arguments in favor of this technology.
AM is already widely used in medical applications to create customized implants or
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anatomical models (Haryniska et al. 2018; Herzberger et al. 2019; Peltola et al. 2008).
In the automotive sector, sealants and interiors (Herzberger et al. 2019; Shahrubudin
et al. 2019) and in aerospace, air vents and probes (Singamneni et al. 2019; Wiese
et al. 2020) are printed.

In addition to metals and stiff polymers such as polyamide (Kennedy and Christ
2020; Ligon et al. 2017; Ngo et al. 2018) or polylactic acid (Kennedy and Christ
2020; Ligon et al. 2017; Ngo et al. 2018), soft and elastic polymers (Herzberger
et al. 2019) are also increasingly coming into focus for AM. The currently available
manufacturing processes, however, prevent the use of conventional vulcanized elas-
tomers. Therefore, there are significant differences in the chemical compositions of
the AM elastomers available on the market compared to conventional ones. Nev-
ertheless, since they have to fulfill similar material requirements, it is necessary to
investigate the applicability of these new types of elastomers. To find applications
as a substitute for conventional parts, the chemical structure must be elucidated to
be able to correlate this with the mechanical properties. In addition, the long-term
behavior of these polymers, especially in terms of aging, must also be investigated.

One possibility for producing components additively is the multi jet modeling
(MIM) process. An inkjet head with several nozzles ejects small droplets of a pho-
topolymer. After applying a layer, the created layer is cured with UV light, and
the process is repeated (Ligon et al. 2017). Multiple inkjet heads enable three-
dimensional multi-material or multi-color components. Thus, components with hard
and soft segments and even with hardness gradients can be produced. The aim of
this study is to investigate the aging behaviors of MJM processed polymers. A basic
material identification is first performed to correlate chemical and mechanical prop-
erties. Accelerated aging tests focusing on thermally induced changes in chemical
composition and mechanical properties are described.

13.2 Material

The acrylic formulations VeroClear™ and TangoBlackPlus™, abbreviated as Tan-
goBlack+, both supplied by Stratasys® were used in the experiments. Further, two
blends were investigated, abbreviated as VeroTango 95 and VeroTango 70, both
consisting of VeroClear and TangoBlack+ in different mixing ratios, which can be
set via the printer software. VeroClear is a stiff transparent polymer with a hard-
ness of 85 Shore D, whereas TangoBlack+ is a black elastomer with a hardness of
25 Shore A. The blends VeroTango 95 and VeroTango 70 have black color and a
hardness of 95 Shore A and 70 Shore A, respectively. The material specifications
provided by the manufacturer are given in Table 13.1.

Dumbbell-shaped test specimens (S2) made of the materials were produced
using the Stratasys Objet500 Connex3™ MIJM printer. The hardness grades of
VeroTango 95 and VeroTango 70 were generated by the printer itself through drop-
wise dithering patterns of the two main materials VeroClear and TangoBlack+.
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Table 13.1 Properties of investigated materials provided by the manufacturer

Property VeroClear VeroTango 95 VeroTango 70 TangoBlack+
Tensile strength | 50-65 8.5-10 3.5-5.0 0.8-1.5
(MPa)

Elongation at 10-25 35-45 65-80 170-220
break (%)

Hardness (Shore) | 83-86 D 92-95A 68-72 A 2628 A

All samples were printed with support material, which was removed after com-
pletion of the printing process. Careful cleaning of the support material was possible
with a spatula. Then, the remaining adhering material was removed under flowing
water, and the specimens were dried at room temperature for a period of two days.

The thermal aging tests according to DIN 53508 were performed at aging temper-
atures of 70 and 100 °C for 24, 72, and 168 h in a thermal air-flow-oven Binder ED56.

13.3 Methods

To characterize the polymers, ca. 5 mg of each of the uncrosslinked resins VeroClear
and TangoBlack+ were added with ca. 1 g of acetone, from which a gas chromatog-
raphy/mass spectrometry (GC/MS) analysis was performed. An Agilent 7890A gas
chromatograph with a 30m DB 5MS column (0.25 mm inner diameter and 0.25 um
film thickness) coupled with an Agilent 5975 MSD mass spectrometer was used.

A fivefold measurement was performed for each subsequent test. To observe
the progressive aging chemically, Fourier transform infrared (FTIR) spectra were
recorded with an attenuated total reflectance (ATR) unit with a diamond crystal.
32 individual scans were averaged for one spectrum. Measurements were taken with
a Bruker Tensor 27 system in the range between 4000 and 400cm™.

Differential scanning calorimetry (DSC) can be used to quantify the aging process.
To this end, the DSC 204 F1 Phoenix by Netzsch was used. The measurements were
done with a heating rate of 10K min! in the range of —80 to 90°C.

Due to the different strengths of the materials used and the resulting use of different
load cells, the tensile tests were performed on two tensile testing machines. VeroClear
was tested using the UPM Zwick Z020 according to DIN EN ISO 527, the remaining
materials were tested with the Zwick Roell 1445 according to DIN 53504.

The Shore hardness values for Shore AM and Shore D were determined with a
Digitest of Bareiss according to DIN ISO 48-4.
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Fig. 13.1 FTIR spectra of uncured and cured a VeroClear and b TangoBlack+

13.4 Results and Discussion

13.4.1 Material Identification and Curing Process

Because the formulations of the materials are proprietary, chemical analysis was
performed by GC/MS and FTIR analysis of the liquid resin and by FTIR analysis of
the printed samples. The resulting IR spectra are given for VeroClear in Fig. 13.1a
and for TangoBlack+ in Fig. 13.1b. Some characteristic functional groups of the
monomers could be identified from their absence after polymerization. The terminal
C=CHj, vinyl group in acrylates with expected bands at about 1615, 1400, 1180, 980,
and 810cm’!, was observed in both monomeric resins, while it decreased significantly
after polymerization. In addition, urethane groups can be identified by bands around
1530cm™.

The spectrum of VeroClear indicates a material consisting mainly of acrylate with
a low content of urethane groups. That of TangoBlack+, compared to VeroClear,
shows an increased amount of urethane groups (1530cm!). This indicates that Tan-
goBlack+ consists mainly of urethane groups and has a lower content of acrylate.
Compared to the urethanes, acrylates form more harder and more brittle materials,
in which urethane groups might act as spacers. An increase in the amount of ure-
thane added softens the specimens and makes them more elastic. Thus, the hardness
gradient of the specimen materials used can be explained. VeroClear, mainly made
of acrylate, is hard. When mixed with TangoBlack+, the blends VeroTango 95 and
VeroTango 70 exhibit softer and more elastic properties than VeroClear. Since the
urethane content is highest in TangoBlack+, it is the softest and most elastic.

Gas chromatography/mass spectrometry (GC/MS) measurements of uncured
VeroClear and TangoBlack+ showed that the used photopolymers are urethane acry-
lates. Comparison with the NIST-database (NIST Mass Spectrometry Data Center,
2017) shows that isobornyl acrylate and the photoinitiator 1-hydroxycyclohexyl-
phenylketone are essential components. The presence of urethane groups can also
be confirmed by detecting characteristic mass fragments of isocyanate groups in
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the mass spectra. Whether these originate from urethane monomers or are formed
during analysis cannot safely be differentiated yet and will be the subject of future
investigations. Other components cannot be identified in detail. Re-evaluation of the
FTIR spectra identified the isobornyl acrylate detected by GC/MS.

The results of GC/MS and FTIR analysis give detailed insights into photoinitiated
radical polymerization process. The polymerization reaction is schematically shown
in Fig. 13.2. At the beginning of the crosslinking reaction, a UV light-induced rad-
ical cleavage of the photoinitiator takes place. The free radicals formed react with
isobornyl acrylate (schematically shown as n monomers), urethane spacer (schemat-
ically shown as m monomers), and trifunctional acrylates to form a network. The
hardness depends on the amount of urethane spacer. More spacer increases the dis-
tance between the individual chains, thus the plastic becomes softer, and less spacer
let the chains get closer together, thus it becomes harder.

13.4.2 Aging Effects
13.4.2.1 IR Spectroscopic Analysis

For the chemical investigation of the aging phenomena, FTIR spectra were recorded
for each material. Baseline correction and normalization to the CH, deformation
vibration at 1449 cm™ were applied to the spectra. Figure 13.3 shows the internally
normalized IR spectra of VeroClear (a) and TangoBlack+ (b) in a pristine and aged
state at 100 °C for 168 h.

VeroClear and TangoBlack+ both show a chemical change due to thermal aging.
A decrease in intensity in the band regions around 1530cm cm™! in the TangoB-
lack+ spectrum suggests a break in the C-N bond in the urethanes. As a result of
thermal aging, oxidation products are formed in the samples due to reactions with
oxygen. Accordingly, the bands should increase at 1720cm™ (C=0), 1250, 1150,
and 1105cm’! (C-O). This is the case for both materials.

These chemical changes result in a yellowish discoloration of the VeroClear sam-
ples. TangoBlack+ shows no discoloration as the samples are black. Furthermore,
the hardness should increase, this was confirmed with hardness measurements, see
Sect. 13.4.2.2.

The evaluation of VeroClear and TangoBlack+ at 70 °C aging temperature and for
the blends VeroTango 95 and VeroTango 70 for both temperatures were performed
analogously to this evaluation. The results also show a similar chemical change. In
addition, the decreases and increases of the bands are smaller at 70 °C than at 100 °C.

13.4.2.2 Thermal and Mechanical Investigations

To quantify the aging process, the results of the DSC analyses are shown in Fig. 13.4.
In the unaged state, VeroClear exhibits the highest glass transition temperature (7) at
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Fig. 13.3 FTIR spectra of a VeroClear and b TangoBlack+ showing the effect of aging at 100°C
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44.5°C, whereas with increasing TangoBlack+ content, the T, decreases to -19.1°C
for TangoBlack+. VeroClear has a T, above room temperature and shows inelastic
behavior. The blends VeroTango 95 and VeroTango 70 as well as TangoBlack+ show
a T, below room temperature and thus soft elastic behavior. This can be explained by
the different chemical compositions and the associated varying amounts of urethane.

All materials show an increase in T, after aging. The chain mobility of the poly-
mers is influenced by thermal aging, as well as post-crosslinking by thermally formed
radicals. The inhibition of chain mobility by oxidation products or by the formation
of new linkages results in an increase of T, hardness, and tensile properties.

In its pristine state, VeroClear shows a very high tensile strength and a low elon-
gation at break compared to the other tested materials because it has poor elastic
properties. Increasing the amount of the elastic TangoBlack+ leads to a significant
reduction in tensile strength and an increase in elongation at break, see Table 13.2.
The comparison with the manufacturer’s data from Table 13.1 shows certain differ-
ences. This may be due to the age of the uncured materials used, as they were close
to their expiration date.

Figure 13.5 shows the results of tensile strength (A) and elongation at break (B) of
the aged specimens. During aging, the tensile strength of VeroClear and VeroTango 95
initially increases in the first 24 h, but as aging progresses, the values hardly change.
In the case of elongation at break, artificial aging causes a decrease in these values for
VeroClear and VeroTango 95. This can be explained by a post-crosslinking reaction,
leading to a decrease in chain mobility. The values of VeroTango 70 and TangoBlack+
show an increase. This is probably related to the different oxidation behavior of
acrylate and urethane.
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Table 13.2 Tensile strength, elongation at break, and hardness of the pristine materials

Property VeroClear VeroTango 95 VeroTango 70 TangoBlack+
Tensile strength | 61.1 £ 1.7 75£03 25£0.1 0.8 £0.1
(MPa)

Elongation at 93+24 56.6£1.3 679 £ 1.1 145.1 £9.2
break (%)

Hardness (Shore) | 80.3 £ 0.7 D 787 +46AM |505+29AM 232 +0.7 AM
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Fig. 13.5 a Tensile strength and b elongation at break in dependency on time and temperature.
Samples: black: VeroClear; dark gray: VeroTango 95; gray: VeroTango 70; light gray: TangoBlack+;
squares [J: 70°C; circles O: 100°C

Since the VeroTango 95 and 70 materials are a mixture of VeroClear and Tan-
goBlack+, the increase or decrease in elongation at break depends on the amount of
the monomer ratio used for polymerization. The change in the stress at break is also
dependent on the VeroClear and TangoBlack+ content.

As already shown in the IR investigations, the structure of the polymer changes
chemically, which also can be found by the hardness measurements, see Fig. 13.6.
The hardness increases with aging. The hardness values for the pristine materials are
given in Table 13.2. The difference to the manufacturer’s data is due to the age of the
uncured materials used, as they were close to their expiration date.

The hardness measurements confirm that as aging progresses, the hardness of
the specimens increases. Figure 13.6 shows results for the materials VeroTango 95,
VeroTango 70, and TangoBlack+. It can be clearly seen that the increase at 100°C is
higher than at 70 °C. VeroClear shows no change in hardness during thermal exposure
and remains at the range of 80 Shore D.
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13.5 Conclusions

The aging behavior of materials printed by MJM was investigated after thermal
aging. Chemical characterization was performed by infrared spectroscopy (IR) and
gas chromatography coupled with mass spectrometry (GC/MS). In all materials, the
thermal formation of oxidation products was detected with IR spectroscopy. This
results in an increase in glass transition temperature, tensile strength, and hardness,
and a decrease in elongation at break. The materials with higher TangoBlack+ content
show an increase in both tensile strength and elongation at break. The increase in
tensile strength can be explained by a post-crosslinking reaction.

Chemical analyses provide useful chemical information about the detailed chem-
ical structure of monomers and allow a deep understanding of the polymerization
mechanism. Thus, this information can explain the mechanical properties and aging
behavior. The urethane groups are most likely responsible for softness. Certain
degrees of hardness can be adjusted by selective addition to the acrylate matrix.
The properties of additively manufactured urethane acrylates change with composi-
tion. Large amounts of acrylate increase breaking stress, glass transition temperature,
and hardness, but also reduce elongation at break. High amounts of urethane do the
opposite, decreasing breaking stress, glass transition temperature, and hardness, and
increasing elongation at break. The properties also change as the polymer ages,
as evidenced by an increase in hardness, glass transition temperature, and break-
ing stress. Infrared spectroscopic analysis (IR) confirms the formation of chemical
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species resulting from oxidation processes. This allows a direct correlation between
the chemical structure and the changed material properties. In the near future, an
increasing number of parts will be produced with additive manufacturing, which
makes this topic interesting for experimental investigations.
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Chapter 14 ®)
Microstructure and Properties oo
of the Fusion Zone in Steel-Cast Iron
Composite Castings

Lukas Apfelbacher, Patrick Hegele, Arne Davids, Leonhard Hitzler,
Christian Krempaszky, and Ewald Werner

Abstract Casting is an established way to manufacture metal components with
complex geometry and high wall thickness at low cost. However, the possibilities for
locally modifying material properties are limited in conventional casting processes.
These limitations can be remedied by utilizing composite casting. Within this study,
a lamellar graphite cast iron melt was poured into low carbon steel shells comprised
the steels S235JR and 25CrMod4, differing in their mechanical properties and their
thermal conductivity, with the aim to form a material bond. Three different tempera-
tures for the steel shells at the time of pouring were investigated: 293, 383 and 583 K.
After preheating, the shells were embedded in unheated sand moulds, which were
then filled with an EN-GJL-250 melt. The resulting fusion zone was characterized
using optical microscopy, and the mechanical properties were assessed by Brinell
hardness tests. The properties and microstructural morphology around the fusion
zone strongly depend on the initial temperature of the shell at the time of casting. For
shell temperatures of 293 K, no proper bonding was achieved between shell and core.
A pearlite layer with a thickness of up to 500 wm was formed at a temperature of
583 K, whilst the adjacent region of the cast iron became decarburized. The hardness
of the fusion zone reached a maximum of 275 HBW for a shell temperature of 383 K
with an overall span from 235 to 275 HBW.
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Keywords Composite casting + Compound casting + Grey cast iron + Fusion zone *
Material-fit connection

14.1 Introduction

Joining two different materials in one part to locally combine and tailor different
properties can be achieved either by a form-fit, a force-fit or a material-fit connection
mechanism (Khrebtov 2011; DIN 8593:2003). Form-fit connections include, for
example, bolted and riveted connections. Crimped connections are an example of a
force-fit connection. Material-fit connections inter alia include adhesive or welded
joints (Moro 2022; DIN 8593:2003). A solid bond can be achieved via all three
aforementioned mechanisms, each with its specific advantages and disadvantages.

All these mechanisms can be exploited in joining metallic constituents by
composite casting (Noguchi 2008). This process is characterized by casting melt
onto an insert or into a mould, which at least partially becomes the final compo-
nent itself. In doing so, a form-fit connection is achieved when the solidified melt
interlocks with serrations in the insert or the shell. This is the dominant joining
mechanism in high pressure die casting (HPDC), where steel inserts are recast with
an aluminium melt to increase the mechanical properties of the composite (Elliott
1988, Schittenhelm 2018). Furthermore, differences in the thermal expansion coef-
ficients (CTE) of composite casting constituents can be utilized for joining by the
force-fit mechanism. An industrially established example based on this principle is
the connection of steel tubes with cast aluminium joints for automotive applications
(Dorr and Wibbeke 2008). Finally, a connection in composite casting can also be
established by a material fit. A typical process employing this mechanism exhibits a
bond formation in three mostly simultaneous stages: (i) partial fusing of the metallic
inserts due to the thermal capacity of the added melt, (ii) mixing of the atomic
constituents mainly amongst the involved liquids by interdiffusion and convection,
and (iii) adherent solidification onto the residuals of the inserts by heterogeneous
nucleation or grain growth. The resulting connections are microstructurally smooth
and, hence, exhibit a gradual transition in macroscopic properties (e.g. in Young’s
modulus, CTE or chemical potential).

This is expected to be advantageous in comparison with sharp transitions created
by the aforementioned composite casting approaches concerning mechanical and
thermal load-bearing capabilities as well as in corrosive environments. Furthermore,
material-fit composite casting enables new design possibilities—regarding the mate-
rial thickness and accessibility of bonds—not feasible within related conventional
joining technologies like welding.

Nevertheless, similar to welding processes, design limitations for material-fit
composite casting have to be considered. For example, excessively thin metal shells
bear the risk of softening during the process leading to leakage of melt. This risk
increases, if the superheating of the melt becomes higher in comparison with the
melting point of the shell. Ideally, just a marginal but sufficient amount of the shell is
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fused to form a dense alloy layer without unnecessarily affecting its overall properties.
Moreover, itis evident that chemically similar materials are more suited for composite
casting with the aim for a material-fit bond, due to the fact that the remelting of the
shell required for fusion is more likely to happen without the need for extensive
pre-treatment (IBleib et al. 1995).

Despite considering these limitations, the formation of a reproducible and distinct
transition zone and, hence, a reliable material bond is not necessarily given (Buch-
mayr and Weligoschek 2010; Krause 1990). For example, in conventional sand
casting metallic inserts, called chills, are used to control the solidification of the
cast. They increase heat dissipation locally without forming a proper bond with the
cast material and can be removed after casting (Jaromin et al. 2019). Therefore,
a series of pre-treatment steps is commonly applied to achieve a bonding and to
overcome differences in the thermo-physical properties. Viable results have been
achieved with metallic coatings (Bakke et al. 2022). However, coating of the shells
can be tedious and costly. A new approach is based on preheating the shells.

To study this processing route in detail, the effect of three different shell temper-
atures at the time of pouring on the bond formation between low carbon steel shells
and a lamellar grey iron cast was investigated in this work.

Fe-based alloys were selected for both joining partners to enhance the probability
to form a sufficient bond. Nevertheless, these material classes are quite different in
their material properties. On the one hand, low carbon steels can be formed easily to
thin wall thickness to become the casting mould whilst retaining sufficient structural
strength during casting. On the other hand, lamellar grey iron offers increased thermal
conductivity and vibration damping but suffers from significantly lower mechanical
properties. The combination of the two material classes offers the possibility to
achieve better thermo-physical properties, compared to a single-material part, which
can be even further tuned by a tailored selection of alloys within the specific mate-
rial classes. To investigate the influence of this fine-tuning on the transition zone,
examinations were applied to shells comprised two distinct low carbon steels.

14.2 Experimental Details

14.2.1 Composite Casting

The grey iron EN-GJL-250 (DIN EN 1561:2012-01) was obtained from recycled
material. The thickness ratio of melt to steel was 20:1, with a wall thickness of the
steel shells of 5 mm. One shell was made of a S235JR alloy and the second one
of 25CrMo4 with a thermal conductivity of 40 W/mK and 49 W/mK, respectively
(Gruppo Lucefin 2012; DEW 2011). In Table 14.1, the chemical composition of the
employed materials, determined via optical emission spectroscopy (Spectromaxx-
LMX06, SPECTRO Analytical Instruments GmbH), is provided.
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Table 14.1 Chemical composition of shell and cast materials in wt.%

Material C Si Mn Mo Cu Cr Ni Ti Fe

EN-GJL-250 |3.44 |194 |0.64 |0.03 |024 |0.16 |- 0.16 | Balance
S235JR 0.08 |0.01 |052 |0.01 |0.02 |0.01 |0.01 |- Balance
25CrMo4 024 1023 (061 |0.18 021 [096 |0.19 |- Balance

The steel shells were pre-treated by shot blasting with alumina (0.25-0.5 mm).
Preheating was conducted in a Nabertherm L3/11 electrical resistance furnace in air
(Nabertherm GmbH). Three shell temperatures T g, Were targeted at the time of the
pouring: 293, 383 and 583 K. To accomplish these, the steel shells were superheated
approximately 50 K above the desired 7 g in a furnace. Then, the superheated steel
shells were placed without delay into the copes of the two-part casting flasks, which
themselves were not preheated to reflect industrial production conditions. After the
targeted shell temperature, which was measured with K-type thermocouples brazed
to the shells, was reached, the moulds were filled with the grey cast iron melt. For
inoculation 0.15 wt.% FeSi (Elkem SuperSeed 75, Elkem ASA, Norway) was placed
in the sprue. This step, in addition to the increased Si content of the cast iron, was
taken to avoid metastable carbide formation (chill) and secure grey solidification.
The resulting microstructure is expected to be fully pearlitic with graphite lamellae.
Figure 14.1 shows a schematic sketch of an assembled flask, including the embedded
steel shell. The melt was poured into the cup to ensure a rising cast.

Table 14.2 outlines the shell materials and the targeted temperatures Ty of these
inserts at the time of pouring for the samples. The temperature of the melt at pouring
was 1673 K for all samples produced.

cup

J[:I'ISiEl' /

steel shell ——— sprue
(insert)
mould cavity el

runner

Fig. 14.1 Schematic sketch of the flask, consisting of the heated steel shell embedded in the
unheated green sand mould
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Table 14.2 Configurations of the fabricated samples, material combination and shell temperature

Sample 1 2 3 4 5 6
Shell S235JR 25CrMo4 S235JR 25CrMo4 S235JR 25CrMo4
Tshenn (K) 293 293 383 383 583 583

Table 14.3 Preparation steps for metallographic sections

Disc Abrasive Lubricant rpm Force (N) Time (min)
SiC 220 - Water 300 180 Till plane
MD Allegro 9 pm DP lubricant blue 150 180 4

MD-Dac 3 um DP lubricant blue 150 180 4

MD-Mol 1 um - 150 120 6

14.2.2 Microstructure Observation

A metallographic preparation was applied to sections of the samples