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Preface

“Industrializing Additive Manufacturing” is the proceedings of the first scientific
conference on Additive Manufacturing in Products and Applications AMPA 2017.
The conference provides a platform for the exchange of ideas and knowledge
among engineers, designers, and managers. Its objective is to support real-world
value chains by developing additively manufactured serial products.

Additive Manufacturing (AM) often has been referred to as a future production
technology enabling the next industrial revolution. Additive processes offer very
different characteristics when compared to conventional manufacturing processes,
such as almost unlimited freedom in design and an efficient digital process chain
allowing for lot size one manufacturing. Many AM processes were invented
between the mid-1980s and the early 2000s. Researchers all over the world dedi-
cated their work to understanding and improving AM materials and processes.
Thanks to them, we now have access to a large variety of industrial AM machines
and commercially available materials.

Yet still we are just at the beginning of an industrialization of AM. There are
several challenges to face in regard to quality, productivity and robustness of
processes, and a demand for new materials. Nevertheless, it can be clearly stated
that Additive Manufacturing by now is a mature process ready for industrial pro-
duction. Engineers in industry do not question the operational readiness of the
processes anymore. Their concern now is how to benefit from Additive
Manufacturing and how to integrate AM into their existing product development
and production processes. Having a reproducible process delivering parts of suffi-
cient quality and acceptable costs is only the starting point for the industrialization
of AM. Additive Manufacturing is taking the next step on its journey toward a
broad range of series production, and we are facing many new scientific challenges.

Transforming the potential benefits of Additive Manufacturing into a successful
industrial or end-user product is a challenge to all disciplines along the product
development process. Designers and engineers need strategies to help them identify
the right applications, tools, and methods for an efficient design process using the
freedom of design to create benefits for users as well as the manufacturer.
Production engineers have to assess Manufacturing Readiness Levels, implement
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AM machines into the existing production chain, ensure an efficient operation, and
establish quality assurance and control mechanisms. Examples for AM-specific
topics on the economic side are make-or-buy decisions, supply chain organization,
new business models, and converting Unique Selling Propositions in additional
revenue.

The topics of Additive Manufacturing in Products and Applications cover all
topics necessary to develop and produce successful products.

e Design Tools & Methods: Identifying and designing AM parts

e Process Chain Integration: Setting up a safe and efficient production
infrastructure
Business Cases of AM Applications: Quantifying the benefits of AM
Unique Customer Benefits: Learning from good and unusual examples
Teaching and Training: Bringing knowledge and experience to new users

Design Tools & ﬁ Manufacturing Business Cases of
Methods ’) Process Chains AM Applications
Design for AM O Process Chain Integration O Innovative Use Cases
Simulation ———O Product Qualification O Scoping of Opportunities
Design Automation O Quality Assurance

Prototyping & Testing ————O Health & Safety

Unique Customer ? || Teaching &

Benefits o Training

Ga

We would like to thank everyone who contributed to the success of the Additive
Manufacturing in Products and Applications conference: Thanks to the authors for
their valuable papers and talks, to the members of the industrial and scientific
committees for their hard but fair reviews and for chairing sessions, to the partic-
ipants of the sessions for the fruitful discussions, and last but not least to all those
who supported the conference in the background.

Mirko Meboldt
Christoph Klahn



Organization

Organizing Committee

Mirko Meboldt
Christoph Klahn
Filippo Fontana
Martin Stockli

Petra Kahl

Daniel Tirk
Kornelia Kunstmann

ETH Ziirich, pd|z
inspire AG, ipdz
ETH Ziirich, pd|z
inspire AG

inspire AG

ETH Ziirich, pd|z
inspire AG, ipdz

Members of the Industrial Committee

Matthias Baldinger
Ralf Becker

Steffen Beyer

Paul Fickel

Klaus Miiller-Lohmeier
Gonzalo Rey

Thomas Scheiwiller
Kai Schimanski

Additively AG

Schunk GmbH & Co. KG
Airbus Safran Launchers
Daimler AG

Festo AG & Co. KG
Moog Inc.

Biihler AG

Premium Aerotec GmbH

Members of the Scientific Committee

Guido Adam

Stefano Brusoni

Universitdt Paderborn, Direct Manufacturing Research
Center (DMRC)
ETH Ziirich, Technology and Innovation Management

vii



viii

Olaf Diegel

Jens Ekengren
Claus Emmelmann
Paolo Fino
Richard Hague

Russel Harris
Erik Hofmann

Andreas Kirchheim
Dieter Krause

Gideon Levy
Mirko Meboldt
Wilhelm Meiners
Torbjorn Netland
Alberto Ortona
Maren Petersen

Manfred Schmid
Adriaan Spierings
Klaus-Dieter Thoben
Anna Valente
Konrad Wegener
Gerd Witt

Organization

Lund University, Product Development

Orebro University, Mechanical Engineering

TU Hamburg, iLAS; Laser Zentrum Nord

IIT Torino

University of Nottingham, EPSRC Centre for Additive
Manufacturing

University of Leeds

University St. Gallen, LOG - Research Institute
for Logistics Management

ZHAW, Zentrum fiir Produkt- und Prozessentwicklung
(ZPP)

TU Hamburg, Produktentwicklung und
Konstruktionstechnik

TTA Technology Turn Around

ETH Ziirich, pd|z

Fraunhofer ILT

ETH Ziirich, Production and Operations Management

SUPSI, Hybrid Materials Laboratory

Universitdt Bremen, Institute Technology
and Education

inspire AG, icams

inspire AG, icams

University Bremen, IKAP

SUPSI, IRoS

ETH Ziirich, IWF

Universitdt Duisburg-Essen



Contents

Design Tools and Methods

Evolution of Design Guidelines for Additive Manufacturing -

Highlighting Achievements and Open Issues by Revisiting

an Early SLM Aircraft Bracket. . .. ....... ... ... ... ... ... .. ... 3
Christoph Klahn, Daniel Omidvarkarjan, and Mirko Meboldt

A Design Method for SLM-Parts Using Internal Structures
in an Extended Design Space. ... ....... .. ... ... ... ... ... .. ... 14
Rene Bastian Lippert and Roland Lachmayer

Exploring the Impact of Shape Complexity on Build Time
for Material Extrusion and Material Jetting. . . .................... 24
Patrick Pradel, Richard Bibb, Zicheng Zhu, and James Moultrie

Novel Optimised Structural Aluminium Cross-Sections

Towards 3D Printing . .. ......... ... ... ... ... ... .. ... ... .. .... 34
Konstantinos Daniel Tsavdaridis, Jack Antony Hughes,

Lukas Grekavicius, and Evangelos Efthymiou

Manufacturing Process Chain

Finite Element Modeling of Ceramic Deposition by LBM(SLM)
Additive Manufacturing . . . ....... ... ... ... .. 49
Qiang Chen, Gildas Guillemot, Charles-André Gandin, and Michel Bellet

Analysis of the Influence of Shielding and Carrier Gases on the DED
Powder Deposition Efficiency for a New Deposition

Nozzle Design Solution . . .. ....... ... .. ... .. ... ... ... ... ... .... 59
Federico Mazzucato, Andrea Marchetti, and Anna Valente

On-Demand Spare Parts for the Marine Industry
with Directed Energy Deposition: Propeller Use Case . . .. ........... 70
Wei Ya and Kelvin Hamilton

ix



X Contents

Macroscopic Finite Element Thermal Modelling of Selective Laser
Melting for IN718 Real Part Geometries. . .. ......................
Yancheng Zhang, Gildas Guillemot, Charles-André Gandin,

and Michel Bellet

Additive Manufacturing of Piezoelectric 3-3 Composite Structures. . . . .
Miriam Bach, Tutu Sebastian, Mark Melnykowycz, Tony Lusiola,
D. Scharf, and Frank Clemens

Additive Manufacturing of Semiconductor Silicon on Silicon

Using Direct Laser Melting . ... ........... ... ... ... ............
Marie Le Dantec, Mustafa Abdulstaar, Matthias Leistner, Marc Leparoux,
and Patrik Hoffmann

Additive Manufacturing of Complex Ceramic Architectures. .........
Oscar Santoliquido, Giovanni Bianchi, and Alberto Ortona

Process Chain Integration

An Advanced STEP-NC Platform for Additive Manufacturing. . . . . . ..
Renan Bonnard

Additive Manufacturing on 3D Surfaces. .. .......................
Olivier Chandran, Sebastien Lani, Danick Briand, Barthelemy Dunan,
and Guy Voirin

Integrated Platform for Multi-resolution Additive Manufacturing . . . . .
Paul Delrot, Damien Loterie, Demetri Psaltis, and Christophe Moser

Enhanced Toolpath Generation for Direct Metal Deposition
by Using Distinctive CAD Data . . ...............................
Daniel Eisenbarth, Florian Wirth, Kevin Spieldiener, and Konrad Wegener

Performance Simulation and Verification of Vat Photopolymerization
Based, Additively Manufactured Injection Molding Inserts

with Micro-Features . . .. ........ ... ... ... ... ... ..............
Michael Mischkot, Thomas Hofstétter, Ifigeneia Michailidou,

Carlos Herran Chavarri, Andreas Lunzer, Guido Tosello,

David Bue Pedersen, and Hans Nergaard Hansen

Additive Repair Design Approach: Case Study of Transverse
Loading of Aluminum Beams. . .. ...............................
Zghair Yousif and Lachmayer Roland



Contents xi

Quality Assurance

Controlled Porosity Structures in Aluminum and Titanium Alloys
by Selective Laser Melting . . .. ............ ... ... ............... 181
Flaviana Calignano, Giulio Cattano, Luca Iuliano, and Diego Manfredi

Development and Optimization of an Innovative Double
Chamber Nozzle for Highly Efficient DMD. .. ..................... 191
Andrea Marchetti, Federico Mazzucato, and Anna Valente

In Situ and Real-Time Monitoring of Powder-Bed AM by Combining
Acoustic Emission and Artificial Intelligence . ..................... 200
K. Wasmer, C. Kenel, C. Leinenbach, and S.A. Shevchik

Quality Related Effects of the Preheating Temperature

on Laser Melted High Carbon Content Steels ..................... 210
Livia Zumofen, Christian Beck, Andreas Kirchheim,

and Hans-Jorg Dennig

Business Cases

Additive Manufacturing in Automotive Spare Parts Supply
Chains — A Conceptual Scenario Analysis of Possible Effects . . ... .. .. 223
Timo Eggenberger, Katrin Oettmeier, and Erik Hofmann

Selection of High-Variety Components for Selective Laser Sintering:
An Industrial Case Study . . .......... .. ... ... . . . . 238
Filippo Fontana, Enrico Marinelli, and Mirko Meboldt

Process Setup for Manufacturing of a Pump Impeller

by Selective Laser Melting . . .. ............ ... . ... ... ......... 252
Marc Huber, Jonas Ess, Martin Hartmann, Andreas Wiirms,

Robin Rettberg, Thomas Krénzler, and Kaspar Loffel

Hybrid Integration; Case Study with Sun Sensor

for Cube Satellites. . . .. .......... ... ... ... ... .. ... . . .......... 264
Nenad Marjanovi¢, Jérémy Disser, Frédéric Zanella,

Jiirg Schleuniger, Alessandro Mustaccio, Rolando Ferrini,

Marc Schnieper, and Eyad Assaf

Temperature Monitoring of an SLM Part with Embedded Sensor. . . . . 273
Philipp Stoll, Bastian Leutenecker-Twelsiek, Adriaan Spierings,
Christoph Klahn, and Konrad Wegener



xii Contents

Unique Customer Benefits

Integration of Fiber-Reinforced Polymers in a Life Cycle

Assessment of Injection Molding Process Chains

with Additive Manufacturing. . . ............... ... ... ... ....... 287
Thomas Hofstétter, Niki Bey, Michael Mischkot, Philippe M. Stotz,

David B. Pedersen, Guido Tosello, and Hans N. Hansen

Advantages in Additive Manufacturing for a Medium

Format Metrology Camera. ... ................................ 296
Ralph Rosenbauer, Filippo Fontana, Heidi Hastedt, Thomas Luhmann,

David Ochsner, Dirk Rieke-Zapp, and Robin Rofallski

Patient Specific Implants from a 3D Printer — An Innovative

Manufacturing Process for Custom PEEK Implants

in Cranio-Maxillofacial Surgery. . .......... ... ... ... ... ......... 308
Florian M. Thieringer, Neha Sharma, Azagen Mootien, Ralf Schumacher,

and Philipp Honigmann

Teaching and Training

Work-Process Orientated and Competence Based Professional
Training for Skilled Workers in Laser Additive Manufacturing. . . . . .. 319
Christian Daniel, Bianca Schmitt, and Maren Petersen

Why Education and Training in the Field of Additive
Manufacturing is a Necessity . . .. ......... ... ... ... ... ... ... 329
Andreas Kirchheim, Hans-Jorg Dennig, and Livia Zumofen

The Experience Transfer Model for New Technologies - Application

on Design for Additive Manufacturing . . ........ ... ... ... ... ... 337
Bastian Leutenecker-Twelsiek, Julian Ferchow, Christoph Klahn,

and Mirko Meboldt

Decision-Making in Additive Manufacturing — Survey on AM
Experience and Expertise of Designers . . ......................... 347
Johanna Spallek and Dieter Krause

Author Index. . . ... ... .. . . . .. 361



Design Tools and Methods



Evolution of Design Guidelines for Additive

Manufacturing - Highlighting Achievements

and Open Issues by Revisiting an Early SLM
Aircraft Bracket

Christoph Klahn'®) | Daniel Omidvarkarjan?, and Mirko Meboldt?

! Inspire AG, Ziirich, Switzerland
klahn@inspire.ethz.ch
2 ETH Zurich, Product Development Group Zurich pd|z, Ziirich, Switzerland
http://www.pdz.ethz.ch/

Abstract. Design knowledge is important for the success of new tech-
nologies. This is especially true for Additive Manufacturing technologies
like Selective Laser Melting (SLM), which offer a higher degree of free-
dom, but also very different restriction in design compared to conven-
tional manufacturing technologies. An analysis of current and previous
designs from aerospace and motorsports identifies important drivers in
Design for Additive Manufacturing. To visualize the advances in design
knowledge an SLM aircraft bracket is re-designed based on today’s state
of the art almost 10 years after its initial design for additive manufactur-
ing. The analysis reveals important factors for a “good” design. In early
designs the focus of engineers was on the manufacturability of the part
itself, while the capabilities of CAD tools limited the designer. Nowadays
designs show a more holistic view on the manufacturing process chain
and the part’s application, e.g. by integrating provisions for conventional
post-processing and fatigue optimized shapes and surfaces. Some issues
are still open and need to be addressed in the next generation of guide-
lines, tools and equipment.

Keywords: Additive Manufacturing - Selective Laser Melting - Design
guideline - Aircraft bracket

1 Introduction

The Additive Manufacturing (AM) process of Selective Laser Melting (SLM) is
suited to produce metal parts for industrial and end-user applications in a layer-
by-layer process based on a 3D-CAD-model by melting sections of a powder-bed
with a laser. The process was developed by Meiners in 1999 [1]. In the following
years the industrial maturity of process and machinery increased. Today different
sizes of machines are commercially available for industrial direct part production.
The range of powder materials took a similar development. Nowadays different
© Springer International Publishing AG 2018
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steels, aluminum-, titanium- and nickel-based alloys are commercially available
and new metal groups and alloys are in the development e.g. Inconel IN738LC
[2] and the scandium modified aluminum Scalmalloy [3].

The main driver in these developments are the applications and demands
of industrial sectors. The adoption of Additive Manufacturing to a new sector
generates research questions that need to be answered before AM-parts can enter
the market. One sector with an early interest in Selective Laser Melting was the
aerospace industry.

The aerospace industry is interested in Additive Manufacturing, and in par-
ticular in Selective Laser Melting, because of AM’s main differences compared to
conventional manufacturing: Manufacturing costs are primarily determined by
part volume. The lot size and the geometrical complexity of a part have little to
no influence on manufacturing time and costs. This helps aircraft manufacturers
and operators in addressing two challenges:

— Aircrafts are not build in large quantities. The best-selling civilian models
of the two largest large aircraft manufacturers count in total 9486 delivered
Boeing 737 since 1967 [4] followed by 7564 delivered Airbus single aisle air-
crafts since 1987 [5]. Production numbers for individual parts can be even
lower due to customer specific variants in cabin layout, engines etc.

— Operating costs and payload put a constant pressure on aircraft manufactur-
ers and operators to save weight. Greene stated that a 1% reduction of the
gross weight of an aircraft reduces the fuel consumption by 0.25-0.75% [6,7].
This is a significant saving, because the fuel costs dominate operating costs [8].

The use of Additive Manufacturing allows designing and producing highly opti-
mized aircraft parts at low lot sizes.

In 2008 a master thesis at Airbus evaluated different brackets of cabin mon-
uments and re-designed one of them. The objectives were to show the weight
saving potential of Selective Laser Melting and to serve as a technology demon-
strator highlighting the design potentials of this young production technology
[9]. The milled bracket of the Airbus A380 Upper Deck Cabin Crew Rest Com-
partment (UD-CCRC) depicted in Fig.1(a) was selected. Figures 1(b) and (c)
show the result of the re-design.

a) conventional design for milling b) AM design for SLM ¢) internal structure

Fig. 1. Bracket designs (a) for Aluminum milling and (b) initial design for Selective
Laser Melting of TiAl6V4 with (c) internal bamboo structure [9]
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The bracket in Fig.1(b) and (c) reflects the design knowledge on Selective
Laser Melting in 2008. We revisited this bracket to analyze the advances in
design knowledge during the past decade and show the impact by applying the
current state of art on the same design task.

2 Review of Existing Design Guidelines

Knowledge on designing for Selective Laser Melting was scarce in the year 2008.
Selective Laser Melting was described as a near-net-shape process capable of
producing almost any part. Available literature on design for AM focused on
quantifying design limitations e.g. feasible hole diameters, wall thicknesses etc.
[10-13]. Only few works provided guidance in the conceptual design phase [14,
15]. The design knowledge can be summarized by the following points [10-15]:

— Surface quality is best on vertical walls and decreases on sloped surfaces due
to the staircase effect. Upskin surfaces, pointing in build directions are better
than downskin surfaces facing the build platform.

— Support for overhanging structures is needed on downskin surfaces exceed-
ing a certain angle. Support structure removal is tedious; therefore supports
should be avoided by design and part orientation.

— Vertical holes and bores do not require support, if the top curvature is below
a certain diameter.

— Internal cavities require an opening for powder removal.

— Thin-walled structures require a minimum thickness and should not be ori-
ented parallel to the coater direction to avoid deformation and bending.

— Mechanical properties show an anisotropy in strength with lower values in
build direction.

In the years following the design of the aircraft bracket design rules increased
steadily in number and level of detail. Most publications focused on providing
values for the limitations of manufacturing for design elements in specific mate-
rials and applications [16-20]. This type of design rules supports engineers pri-
marily in the detailed design phase and ensure that the part is feasible to be
manufactured. These works reflect the increasing understanding of the consol-
idation process and the effects of material, powder and process parameters on
mechanical properties, thermal stress, and other quality characteristics.

In contrast to these specific design rules, methods and principles address-
ing the challenges of concept development are still rare [21]. They often focus
on presenting design solutions within an application, e.g. conformal cooling for
injection molding tools [22,23]. In the development of lightweight designs for
aerospace applications, the advantages of Selective Laser Melting are the ability
to design parts very close to the results of a topology optimization and incorpo-
rate bionic principles to reduce stress peaks [24,25].
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3 Design Task and Requirements

In 2008’s design task the aircraft bracket depicted in Fig. 1(a) was selected for a
re-design to demonstrate the design potentials of Additive Manufacturing. The
bracket is a component of the Upper-Deck Cabin Crew Rest Compartment of an
Airbus A380. It is screwed onto the upper edge of this large cabin monument and
a tie-rod is bolted to the swivel-eye, connecting the monument to the aircraft’s
fuselage. The dimensioning load case is a static force of approx. 11 kN pulling on
the swivel-eye under emergency landing conditions. The type and position of the
interfaces should remain the same although interfaces no longer necessary can
be omitted. The wall and ceiling panels of the cabin limit the available space.
It was decided to change the material from Aluminum to Titanium TiAl6V4,
because of its higher strength. This allowed a further reduction in part volume,
which was already known to be a major cost driver [26].

A topology optimization was performed in ANSYS 11 based on the dominant
load case, constraints and the available space. The program used the SIMP-
algorithm to calculate the density distribution depicted in Fig. 2.

Fig. 2. Result of the topology optimization [9]

The result of the topology optimization was the basis of the initial SLM-
design in 2008 and will be used in the revisited design. To perform a new topology
optimization with a modern program would make it difficult to separate the
effects of optimization capabilities and design knowledge. At the same time it
is not expected to receive fundamentally different optimization results, because
today’s topology optimizers still use the SIMP-algorithm [27,28].
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4 Initial SLM-Design of the Year 2008

The initial SLM-Design of the bracket and its internal structure is depicted in
Fig.1(b) and (c). The most prominent design feature is a hollow arm holding
the swivel-eye. Two design elements increase the bending stiffness of the arm:
an internal bamboo-like structure and a shear area connecting the arm to the
corner of the attachment surfaces.

The two perpendicular plates forming the attachment to the monument were
reduced in volume to save weight by cutting away low-stressed sections and
reducing the thickness of both plates. In the assembly only the bracket was
up to change, the other components in the bill of materials of the Crew Rest
Compartment were required to be kept the same. Therefore the thickness of the
plates at the positions of the screws was maintained at the original value. In
topology optimizations the material is concentrated to form the optimum load
path. A side effect of this concentration can be seen at the screws’ positions. The
load on the swivel-eye was directed to a few screws, which were highly stressed
while others were almost load free. To remain within the design allowable of each
threaded insert of the monument the plates had to be stiffened to transfer some
of the load from overstressed screws to adjacent screws. Attachment points with
a low load were omitted to save weight and assembly time.

In FEM-Simulations the bracket showed a smaller displacement and lower
maximum stress compared to the conventional UD-CCRC-bracket. The weight
of the bracket was reduced by 50%, despite the change to a material with a
higher density. Table 1 summarizes the key properties of the designs.

The design process of the SLM-bracket consisted of identifying a suitable
component for an AM re-design, developing a principal solution to fulfill the
functional requirements (in this case by topology optimization) and creating a
detailed design, which meets all requirements and can be manufactured. This
approach proved to be successful in designing Additive Manufactured functional
parts and is still in use today [28].

Table 1. Comparison of conventional bracket design, initial SLM bracket design and
SLM re-design

Conventional | Initial SLM SLM re-design

design [9] design (2008) [9] | (2017)
Material Aluminum TiAl6V4 TiAl6V4

alloy
Volume 421.6 cm? 146.8 cm® 140.2 cm?®
Mass 1.32kg 0.65 kg 0.62kg
Displacement of swivel eye | 1.2 mm 1.0 mm 2.0 mm
Max. v. Mieses Stress 295 MPa 582 MPa 428 MPa
Safety factor (v. Mieses) |1.28 1.50 1.64
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It is therefore worth mentioning a few lessons learned from 2008’s initial
design of the SLM-bracket. Most issues during the design process originated from
software programs and interfaces. The result of the SIMP topology optimization
is a density distribution in a mesh of finite elements resembling the design space.
Exporting the cloud of high-density elements from the FEM-software into a file
than can be used in the CAD-program was impossible. The CAD design process
started from scratch based on a video of the rotating element cloud and an analy-
sis of the load type of different sections. This interpretation proved to be helpful
and led to the patented idea of the bamboo structure [29]. One has to be aware
of the limitations of optimization algorithms. Human engineering judgment is
needed to adapt the numeric optimum to the context of the application. During
detailed design the CAD-software was often brought to its limits by intersecting
freeform surfaces. The use of complex shapes caused difficulties and a keen eye
will find a few areas on the SLM bracket, which are not well designed in terms
of local stress peaks. Figure 3 shows examples of big notches which could not be
avoided due to the inability of the CAD to create fillets at the intersection of
curved surfaces.

Fig. 3. Notch in the CAD model of the initial SLM-design due to limited capabilities
of CAD program

Today’s CAD-programs offer tools for a modeling 3D freeform surfaces and
improved interfaces and workflows between different modeling environments.
This largely improves the design capabilities although it is still possible to run
into numeric problems when using freeform curves, surfaces and solids to model
a complex part. Voxel-based solutions don’t have these restrictions because they
describe a geometry by placing material in a three-dimensional grid. This comes
at the price of large amounts of data and a loss of parametric design. The CAD-
software Siemens NX 10 was used for the re-design.
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5 Re-designed Bracket of the Year 2017

The initial SLM-bracket was developed at a time where little design knowledge
was published. To illustrate the impact of today’s design and process expertise
on a design for SLM the design task in Sect.3 was repeated using the current
state-of-the-art. The resulting design is depicted in Fig. 4.

Advancements in design process, tools, and the awareness of the whole pro-
duction process chain led to significant differences between the bracket shown in
Fig. 4 and the initial design in Fig. 3.

The design process followed the approaches of an early part orientation based
on an ideal design [30] and subsequent detailed design for additive manufacturing
[17,19,20] in a function driven design strategy [31].

The intermediate result of the first design stage was similar, because of the
same starting point and similar manufacturing process capabilities. The out-
come of the topology optimization was used to determine the orientation at the
beginning of the design process instead of designing a part and later on testing
different orientation. In this phase the effect of today’s design knowledge was
a higher efficiency of the process with less iterations in late design stages. For
the detailed design a framework of curved beams was chosen over other con-
cepts like hollow structures, straight beams, or shear areas. These concepts were
derived from an analysis of various SLM-Designs found in literature [21,32]. This
decision was based on two factors: curved beams are expected to show less dis-
tortion due to thermally induced stress and surfaces need to be accessible for
post-processing. This post-processing is necessary because rough surfaces reduce
the fatigue performance [33-36]. A bamboo structure like the one of the initial
SLM-design is favorable in terms of static stress and stiffness, but is not rec-
ommended for dynamic loads today. Therefore the part depicted in Fig.4 was
designed without internal structures or sharp, concave corners. This allows an

Fig. 4. New bracket design for Selective Laser Melting



10 C. Klahn et al.

Fig. 5. Initial SLM bracket and re-designed bracket build on a Concept Laser M2 Dual
Laser Machine

efficient surface treatment by sandblasting and vibration grinding. Further pro-
visions for machining were made by adding parallel surfaces for clamping and
planes for referencing. The design process was more efficient than in the first
SLM- design, although the used CAD-program didn’t offer a dedicated “Design
for Additive Manufacturing”-module. The software provided modules to create
freeform elements and interfaces to FEM-simulations. A CAD-tool to check the
draft angles of casting parts was re-purposed to analyze the need for support
on overhanging surfaces. Table 1 summarizes the key properties of each design
iteration.

To validate the assumptions of a reduced SLM manufacturing time and less
manual labor for post-processing both CAD-models were prepared in Materialize
Magics to be manufactured from TiAl6V4. The total manufacturing time for one
bracket was estimated to be 89 h for the initial SLM design and 66 h for the re-
design. The reduction of total build time by 25% is due to the large reduction of
support needed on overhanging surfaces. The main cost drivers of part volume
and build-job height are similar for both brackets and don’t have much influence
on the difference in build time.

The ratio between initial design and re-design was confirmed by the build-job
depicted in Fig. 5. For financial reasons AlSil0Mg and a layer thickness of 50 pm
were chosen to produce both parts on a Concept Laser M2 Dual Laser Machine.
One Laser was assigned to each part to document the exposure time separately.
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One Laser exposed the sections of the initial design in total for 24h 52 min,
while the sections of the re-design were exposed by the other Laser for 16h
45 min. The time to add a new layer of powder was shared by both brackets.
The re-design based on today’s design guidelines reduced the build time of a
single bracket by 21%, compared to the build time of the initial design. The
re-designed bracket needed less support structures, which reduced the required
manual labor to separate the parts from the build plate and remove the supports
from the brackets.

6 Conclusion

Revisiting a design from the early days of Selective Laser Melting in the aircraft
industry increased the awareness of the different influences in designing for this
technology. The general restrictions of the SLM process were already discussed
at time of the initial design. Since then the process related design knowledge
progressed in understanding the reasons behind the restrictions and quantifying
design reference values for different materials. What really made a difference are
the methods to organize the workflow and to overcome restrictions, e.g. the early
determination of part orientation based on an ideal design, together with design
principles for easier post-processing.

Engineers find a growing number of inspiring designs to support the creative
aspect of a design process. Collecting these design solutions and transferring the
hidden expertise into another application takes a lot of time and expertise and is
not feasible parallel to the everyday work of an engineer in industry. Compiling,
structuring and condensing real-life design solutions is therefore an ongoing task
for design research.
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Abstract. Selective laser melting enables the production of cavities as well as
internal structures and thus opens up new lightweight potentials for mechanically
loaded components. This paper describes a design method for weight-
optimization by applying internal structures in an extended design space com-
pared to conventional models. Based on a pedal crank as a demonstrator, the
objective is a maximum weight reduction with predefined stresses and a homo-
geneous stress distribution. The basic dimensioning of the design space is limited
by assembly and application restrictions. By using computer aided design tools
and topology optimization in an iterative procedure, a step wise confinement of the
design space takes place. Concerning the same interfaces and functions as the
conventional pedal crank, new model generations with the advantage of force flow
adapted structures are built up. Using Finite Element Method, a continuous
evaluation of the impact from a change of design towards the weight/stress ratio is
performed. The created models are evaluated regarding their weight reduction in
order to select the most efficient one. The final model has a large-volume geometry
with the simultaneous integration of internal structures and cavities. A validation
compared to the initial model as well as to a model with conventional design space
and selective areas with internal structures quantifies the optimization result.
Based on the acquired knowledge from this comparison, an estimation of the
weight reduction potential concerning the design method is given.

1 Introduction

Additive Manufacturing is used for the production of prototypes and tools. Also direct
manufacturing, and thus the additive fabrication of end products to use or assemble
directly, becomes increasingly more important [1, 2]. Due to the mechanical properties
of the final components, especially selective laser melting serves as a continuous
substitute as well as a supplement to conventional manufacturing processes [3, 4].

A major benefit in designing structural components using selective laser melting is
the potential of light weight constructions [5, 6]. Here, the layer-wise and selective
solidification permits new lightweight designs, such as manufacturing freeform
geometries, undercuts or cavities [7-9]. To enlarge the weight-saving potential, internal
structures can be implemented. These are defined as “repeatable elements for the
substitution of solid volumes with the objective to vary the material arrangement on a
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macroscopic level without affecting the material properties” [10]. The challenge is the
integration of load optimized internal structures in order to reduce the component
weight without a significant increase of stresses, so that the life expectancy is not
influenced [11, 12]. Here, computer-aided tools can be used to predict the component
failure and to provide a force flow adapted orientation of internal structures [13, 14].
Previous studies have shown that the weight of a component can be reduced by around
30% using internal structures in conventional shapes [15, 16]. Based on these inves-
tigations, the present paper describes an analysis to increase weight saving by moving
away from the conventional shapes and utilizing an extended design space.

2 Design Method

A computer-aided design method to implement internal structures in mechanically
loaded components is described. It is distinguished into five sequentially arranged
sections, which are characterized by an iterative procedure, shown in Fig. 1.

1. Clarification of 2. Definition of
requirements design space ;‘ -
L] | ‘
( 3. Potential analysis ] 1
|

and application Design

y Iguidelines
5. Manufacturing 4. Dimensioning for | T T T =~
oriented detailing stress reduction

Fig. 1. Integrated design method using computer-aided modeling and simulation tools

To clarify the requirements (1), information about force application points, amount
of load vectors as well as the stress state of the component has to be figured out. This
information can be calculated or recirculated from life cycle data. Furthermore, a
design space (2) has to be defined, which is limited by effective areas as well as
assembly and application restrictions. Based on information about the mechanical
behavior of internal structures and requirements of the component, suitable structures
have to be selected and transferred into the design space (3) selectively. The structures
and transition areas are optimized regarding stress reduction and a homogeneous stress
distribution (4). The new model generation is finally validated regarding manufac-
turability (5) by considering design guidelines for detailing.

2.1 Design Guidelines for Internal Structures

To fulfill requirements of the manufacturing process in the early development stages,
design guidelines have to be considered [17, 18]. In form of knowledge storages, such
as checklists or design catalogues, these guideline provides standard values to ensure
manufacturability [19]. For example, boundary conditions for minimal wall thickness
or diameter, depending on the building direction of a component, are defined [20, 21].
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Design guidelines are partially available for different parameter sets, which describe a
specific machine and material. Furthermore, general statements are available, which
define optimal orientation, arrangement or positioning of components in the process
chamber or the necessity for cleaning openings [18]. As shown in Fig. 2, using the
example of a honeycomb, minimum wall thicknesses, realizable overhangs and 45°
angles to avoid support structures have to be considered. Furthermore, the element
size b is limited by a minimal diameter.

1

1

1

1

1

Wall Thickness Support Structure |
$>0,6 mm B>45° 1

. : 1

1

F I

. ) 1
t 1 1
Overhangs Gaps 1
l¢<3 mm b>0,2 mm 1

Fig. 2. Relevant design guidelines concerning the example of honeycomb structures

2.2 Simulation Environment

A material database to specify the anisotropic behavior of a selective laser melting
component is defined. Using this database during computer-aided modeling and sim-
ulation, the consideration of building directions is possible. Analogous to conven-
tionally processed materials, powder alloys for selective laser melting differ in
mechanical properties depending on the post-process. Thus, the properties after the
building process and a post-heat treatment are different. In practice, selective laser
melting components are predominantly used after heat treatment, because internal
stresses are reduced and the material properties are homogenized. Based on the
example of AlSilOMg alloy - which is used in this paper for validation - material
characteristics after heat treatment (300 °C for 2 h) are shown in Fig. 3 [22, 23].
Besides the static properties, the stress-cycle (S-N) curve for calculating the fatigue
properties is set [15].

x-/y- direction  z-direction

E-Modul [kN/mm?] 70 60 g
Density [g/cm?] 2,67 2,67 < 2
Poisson's ratio 0,3 0,3 L
Tensile strength [KN/mm?] 345 350 E
Yield strength [kN/mm?] 245 245 g
Elongation at fracture [%] 12 1 gl 1 5 6
Shear modulus [kN/mm?] 2,436 (yz/ xz) 2,6315 (xy) g 4 Cycles (Logyo) 7

Fig. 3. Properties and S-N curve for AlSilOMg after heat treatment [24-28]
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3 Adaption of a Demonstrator

To validate the design method, a pedal crank is used as a demonstrator. The objective is
a maximal weight reduction with constant internal (von Mises) stresses compared to
conventional models (respectively material characteristics). Except considering rele-
vant interfaces, the component dimensions are freely selectable.

3.1 Clarification of Requirements

The initial model is conventionally manufactured with AlSilOMg alloy and has a
weight of m = 217.45 g. Two interfaces for fixing the bottom bracket and the pedals
define the length 1 = 170 mm, as depicted in Fig. 4-a. According to Sullivan und Chris,
different load cases occur during the lifecycle. In assumption of an idealized model, in
which torsional forces are neglected (due to the external force introduction), the critical
load case is pure bending [16, 29]. In combination with the load vector F,.x =
2.250 N, which represents the maximum occurring forces with an additional safety
factor, the bending load is used for further optimization [29].

3.2 Definition of Design Space

As shown in Fig. 4-b, the design space is limited by assembly and application
restrictions as well as the size of the process chamber (machine Eosint M280). This
rough estimation is used as an input for topology optimization (using material char-
acteristics shown in Fig. 3) in order to narrow down the design space. Figure 4-c shows
the optimization results as an iterative elimination of the volume elements with the
lowest stresses (Ansys Workbench 17.0). It can be seen that an asymmetric topology
occurs. For the following potential analysis and selection of an internal structure, the
optimization result is rebuilt as shown in Fig. 4-d.

a) Fpax = 2250 N

T —T—

T

1 1=170 mm H

b) Process chamber —/
/“\}
24

Ground

Bottom bracket p/u
Pedal

-

Legs of driver

Fig. 4. Definition of design space (a) Relevant load case of the initial model (b) Assembly and
application restrictions (c) Result of topology optimization (d) Extended design space
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In order to identify a suitable internal structure to be integrated in the design space,
the asymmetrical shape is neglected in the first iteration. The results are considered
again while dimensioning for stress reduction. Hence, the topology is iteratively
adapted to the asymmetric shape.

3.3 Potential Analysis and Application

Preliminary investigations at the institute describe the modeling and simulation of
digital specimens with internal structures [9]. In addition to the application of
computer-aided tools, the results are validated by analyzing physical specimens with a
static test bench. The acquired knowledge is summarized in a design catalog, which
allows the selection of a load optimized structure, when the load case is predefined. The
essential criterion to select a suitable structure is low weight with high stiffness. Based
on the findings summarized in the design catalog, suitable structures for bending loads
are selected. Using CAD, these structures are modeled within the design space (e.g. see
Fig. 5 - right) as separate concept models and are simulated by applying a structural
mechanical analysis. The results are shown in Fig. 5 as a relation between (von Mises)
stress and weight. Local stress peaks occurring on non-optimized transition regions
(structure is unfavorably cut) are neglected. Furthermore, the stress/weight ratio of the
initial model, the allowable stress o, of AlSilOMg as well as an objective area are
depicted.

Honeycomb | =~——o

E 600 Cuboid
E uboi \
= Truss structure —e
2 400 Honeycomb | ==~<g . .
5 (lying) e Cuboid (lying)
n
| O == N e e e
§ Bamboo ] A Initial model
0 >
0 100 200 300

Component weight in g

Fig. 5. Stress/weight ratio for concept models with different internal structures in the extended
design space

Due to the high material effort, the concept model ‘truss structure’ (1) shows a
higher component weight compared to the initial model. ‘Honeycombs’ and ‘cuboids’
show improved weight savings. However, the stresses partly increase significantly
(Gmax >> Gallowable)-

The concept model ‘bamboo’ already shows a synthesis between maximum stresses
and component weight and thus is selected for the further optimization.
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3.4 Dimensioning for Stress Reduction

To define a preliminary design, the topology of the concept model ‘bamboo’ undergoes
a rough adaption to the asymmetrical shape originating from the topology optimization
(see Fig. 6-a). It can be seen that high stresses occur in the area of the bearing
(o ~ 280 N/mm?), which exceed the allowable value Guowape ~ 245 N/mm?. Fur-
thermore, low stresses occur along the neutral axis.

Fig. 6. Optimizing the topology for stress reduction (a) Adapting the outer shape (b) Adapting
the cross-sectional area

In a first step, the areas with low stresses are optimized by removing material
according to the optimization results (see Fig. 6-b). Starting from the concept model
with a constant cross-sectional area (A:A), various preliminary designs are examined.
As a result, a hollow profile with 45°-surfaces is provided in the outer areas. The less
stressed area is substituted by a thin layer without cavities. Due to this modification,
material can be saved and manufacturability can be improved by reducing overhangs.

After adapting both, the outer shape and the cross-section area, the stress distri-
bution of the preliminary design can be improved, as depicted in Fig. 7-a. However, the
maximum stress is still critical. Against this background, the areas near the bearing has
to be optimized. After evaluating different strategies for the material distribution, an
adapted “core” is built up, shown in Fig. 7-b. Holes are used for maximum weight
reduction. The optimization of the preliminary design results in a homogeneous stress
distribution with maximum stresses (¢ &~ 240 N/mm?) below the allowable values.

b

a) )
®@®
~ —
) (@

Opmax = 291 N/mm?

Fig. 7. Stress distribution while dimensioning (a) Adapted cross-sectional area (b) Stress-
optimized model

— s m— O Von-Mises [N/Mm?]
<245 215 150 75
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3.5 Manufacturing Oriented Detailing

The preliminary design is finally evaluated in comparison to the design guidelines.
Therefore, the orientation and position of the model in the process chamber has to be
defined. After weighing the criteria for production time, accuracy, loading capacity due
to anisotropy, post-process effort and avoiding damage by the coater, the orientation
and position is set as depicted in Fig. 8.

@ __i Support structure p<45°

@ _ Overhangs 1< 3 mm

@ . Oversize for finishing s>1,5 mm
@ i Hole diameter d>0,8 mm
@ Cavities Cleaning openings
@ 7 Wall thickness s >0,6 mm

Fig. 8. Relevant design guidelines for the optimized model of the pedal crank

Due to the horizontal positioning various areas result, which are limited by design
guidelines. For example, down skin surfaces - normal vector is negative in respect to z
direction - have to be investigated with regards to necessity of support structures.
Supports are unavoidable between the component and building platform, but can be
easily removed in post-process. In the components’ interior, supports are forbidden,
because removing them is impossible. Consequently, cavities as well as internal
structures are limited by maximum overhangs and angles. Considering this restriction,
all down-skin surfaces can be manufactured without lowering in negative z direction
during manufacturing.

Besides specific values, general guidelines for removing excess material have to be
considered. As depicted in Fig. 8, cleaning openings are provided on a slightly loaded
area of the surface. The sizing of the openings is limited by the minimum diameter in
z direction. Furthermore, the consideration of minimizing stress peaks and avoiding
supporting structures is necessary during designing.

4 Conclusion

The optimized model is manufactured with AlSi10Mg using an Eosint M280 machine.
As depicted in Fig. 9-a, the process parameters for core and skin exposure are set.
Figure 9-b shows the result from manufacturing process after thermal (300 °C for 2 h)
and mechanical post-processing (removing support structures and shot peening). The
outer shape shows a high accuracy corresponding to the CAD model. To evaluate the
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accuracy of the internal structure, a mechanically sliced model is shown in addition.
The estimation shows, that an accurate realization of the inner structures without
deformation took place.

Power in W
Speed in mm/s

w
p]
o

1.300
Up-/ Downskin 370 775
Postcontours 370 230

Core

Fig. 9. Process parameters (Eos EoSint M280) and results from manufacturing process

Internal surfaces with a down-skin angle B > 45° have a good surface quality. As
expected, overhangs show an increased surface roughness. Compared to the weight of
the initial model (m ~ 217 g), a weight saving of about 55% is achieved. Due to its
complexity, the new optimized model (m ~ 88 g) cannot be manufactured using
conventional technologies. In comparison to previous investigations, in which the
shape of the initial model is maintained, further weight savings are achieved. The
maximum (von Mises) stresses increased marginally, but are located below the
allowable value G,jowable-

A high optimization effort is necessary to achieve the obtained results. A rough
transfer of a structure as a concept model can be performed in a first iteration without
great effort. However, the stress- and manufacturing-oriented detailing of the prelim-
inary design increase this effort significantly.

In addition to influences during modeling and simulation, internal structures have
an effect on the in- and post-process. On one hand, the manufacturing time is affected.
On the other hand, the post-process is challenging. This concerns the quality control of
internal surfaces for comparison with the CAD geometry. Furthermore, internal
structures hinder conventional mechanical finishing, which is necessary to improve
mechanical behavior.

In the next step, the fatigue performance has to be simulated in order to calculate
life expectancy. In addition, physical models have to be analyzed by performing static
and fatigue tests. The acquired results are compared with the digital models. The
objective is to describe design guidelines for covering surface roughness and
mechanical properties in form of safety values during the design phase.



22

R.B. Lippert and R. Lachmayer

The challenge to implement the integrated design method is reproducibility and

automation. Stress- and manufacturing-oriented detailing is strongly component
specific and can only be generalized with difficulty. First approaches describe the
parameterized density variation based on the amount of internal stresses.
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Abstract. “Complexity for free” has often been claimed as one of the main
opportunities of additive manufacturing (AM). Many examples have proven
how, for highly complex and intricate geometries, additive manufacturing is the
only available route. However, the implications that shape complexity has on
part cost have not been thoroughly explored. This is especially relevant for
series production where optimisation of building time can lead to significant cost
savings. This study explores how shape complexity impacts build time in
Material Extrusion (ME) and Material Jetting (MJ). A screening experiment is
presented where the impact of ‘area’, ‘size’ and ‘increase in perimeter’ on build
time is analysed. The results show that these three factors influence building
time in ME, while only ‘size’ has a significant effect in MJ. Our results chal-
lenge the mainstream assumption that all AM processes provide “Complexity
for free” while presenting preliminary indications on how to design efficient
components for ME and MJ.

Keywords: Design for additive manufacturing + Shape complexity * Design for
cost -+ Costing - Additive manufacturing

1 Introduction

It has been widely promoted that in Additive Manufacturing (AM) there is no corre-
lation between shape complexity and part cost. Among the first who attempted to
define the opportunities of AM, Hague et al. stated that AM could produce “any
complexity of geometry without any increase in cost” [1]. Similarly, Gibson et al.
suggested that when using AM, designers can exploit “complex geometries without
causing any additional increase in time and cost” [2]. While, Lipson argued that AM
“drastically reduces the cost of making complexity” [3]. Likewise, industry has
advocated that complex parts could be created rapidly, inexpensively and practically
with AM processes [4]. Although these contributions were significant as they marked
the first efforts to define AM opportunities in design, they did not explore the impli-
cations of shape complexity with empirical studies. The claims in the papers may be
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based on comparing AM to other more established methods of manufacture. What they
did not consider was the comparison of different shapes or how design might be
optimized for a specific AM process.

In addition, the development of cost models for AM shows that shape complexity
has not been considered in detail. For instance, Xu et al. were among the first to
propose a cost model for AM. In their equation for calculating the fabrication time, the
authors considered the volume of the solid part as the only geometrical variable [5].
More recently, Baumers et al. [6] focused their cost model on machine productivity
without addressing the implications of shape complexity. In their generic cost model
for AM, Gibson et al. considered shape complexity as a correction factor for calculating
the average cross-sectional area of a part [2]. This correction factor, derived from Pham
and Wang [7], considered the printing time in laser sintering differences between
geometries with identical cross-sectional area but dissimilar area distribution. The
authors proposed to define shape complexity as a ratio between the actual part volume
and the bounding box. However, since this correction factor was devised from
laser-based systems (e.g. Laser Sintering and Stereolithography) [7] where the build
time is influenced by the speed of the laser scanner; it may not apply to other AM
technologies such as nozzle-based systems (e.g. Fused Deposition Modelling and Laser
Engineering Net Shape), line-wise system (e.g. Material Jetting and Binder Jetting) or
layer-wise systems (e.g. Digital Light Processing and Continuous Digital Light Pro-
cessing) where the build time is affected by other factors such as the deposition speed
of the material [8, 9].

In specific cost models for FDM, shape complexity has been widely neglected and
accounted for only through software simulation of building time and material con-
sumption [10, 11]. Only recently, Urbanic and Hedrick [8] hinted at the problem of
shape complexity, discussing how intricate surfaces increase the building time.
According to the authors, the building time in FDM is directly related to the perimeter
travel distances and the volume of the component. Because the travel speed of the outer
delimiting contour is slower than the speed of the raster infill, components with
intricate external surfaces would result in higher building times and therefore prove
more expensive. Although this was a first attempt to consider the implications of shape
complexity in FDM, the paper did not offer an adequate investigation on the issue.

In a previous work, we investigated the relation between shape complexity and
build time in ME using as a case study a simple load cell holder [12]. The results
indicated that in ME, shape complexity seems to have a remarkable impact on both
build time and material consumption; challenging the assumption that in ME “Com-
plexity is Free”. However, that experiment presented some limitations.

e First, it considered only one AM process therefore limiting the generalization of the
results.

e Additionally, the case used for the experiment was interesting in addressing a real
case scenario, but it failed to isolate the shape complexity from the area.

¢ Finally, it did not provide any indication of the perimeter length and the magnitude
of its impact.

To address these issues and improve our understanding of the topic, we carried an
experiment aimed at:
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Further validating the result of the previous experiment.

Isolating shape complexity from other factors such as area and size.
Comparing the results with other AM technologies.

And providing guidance for design practice.

2 Method

To make the problem of shape complexity in AM more manageable, we decided to
consider only the complexity provided by the geometry of the layers; therefore,
transforming a 3D problem into a 2D problem. This decision was chosen since the
principal variable in build time is layer deposition on the x-y axis; whereas build time
in the z axis is chiefly dictated by the movement of the build platform which is typically
fixed. In fact, given the nature of AM, 3D geometries can be considered as a stack of
2D layers.

As factors for characterizing the 2D geometrical complexity of a layer, three factors
were considered:

e Area: i.e. the area of the layer in which the material has been deposited.
Size: i.e. the overall dimensions of the minimum bounding box of the layer.

¢ Increase in perimeter: i.e. the total length of the perimeter. Since perimeter is not
an independent variable, we did not consider it as an absolute value, but rather as an
increase in length compared to the perimeter of the shape with identical size and
area.

The three factors where variate at two levels (high and low) following the structure
of a 2% factorial design [13]. Table 1 presents the 2° factorial design with factors and
levels. For the ‘Area’, 500 mm? were chosen as indicative of ‘low’ level while
900 mm? as representative of a high level. For ‘Size’, we defined ‘low’ as a shape with
a minimum bounding box of 35 mm x 35 mm and ‘high’ a shape with a minimum
bounding box of 70 mm x 70 mm. An increase in perimeter of 0% was considered
‘low’ while a percentage increase of 15% was considered a sufficient indication for a
‘high’ level. An internal hole was added to the components to be able to variate
independently the area and the size.

Table 1. Experimental plan.

Factors Low level (—) | High level (+)
A: Area (mm?) 500 900
B: Size (mm) 35 75
C: Increase in perimeter (%) 0 15

The CAD package SolidWorks 2016 was used to design the shapes according to the
factorial experimental design. The shapes were designed to fit into a square bounding
box of 35 mm or 70 mm side. These dimensions were considered appropriate since it
allowed the shapes to be produced quickly whilst remaining large enough to provide
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indications for the study. The bounding box and the internal hole were used to contain
the shapes and at the same time ensure that the different geometries had identical size
and area (i.e. therefore controlling the area and size factors). Figure 1 shows how the
different shapes were conceived.

70

35 35

1) b c

ab

Fig. 1. Construction of the sample shapes.

The geometries where then extruded to a height of 5 mm. The height was kept
constant. The shapes generated are presented in Table 2 along with their area, size and
perimeter variation.

Table 2. Samples generated for the experiment.

Run | Area (mm?) | Size (mm) | Perimeter (mm) | Increase in perimeter (%)
(1) 500 35 248 0
a 900 35 212 0
b 500 70 545 0
ab 900 70 533 0
c 500 35 293 15
ac 900 35 249 15
bc |500 70 641 15
abc | 900 70 627 15
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2.1 Experiment

To explore the validity of the findings of our previous experiment, we decided to test
two diametrically opposed AM process categories: Material Extrusion (ME) and
Material Jetting (MJ). ME was chosen because it provides further validation for the
results of the previous experiment and it is an example of vector technology, while MJ
was chosen because it was considered a good example of a raster AM technology. In
fact, in the previous experiment, we hypothesized that our findings could be theoret-
ically generalized to all vector based technologies (e.g. fused deposition modelling,
laser sintering and stereolithography), while we assumed they were not applicable to
raster based approaches such as MJ. Therefore, we assumed that MJ could provide a
stark contrast to our results and indications regarding generalizability.

The machines used for producing the samples were an Object Connex 500, which
was used to test the samples for MJ; and a Stratasys Dimension sst1200es, which was
used to test the samples for ME. Table 3 shows the settings of the machines used
during the experiment.

Table 3. Settings of the machines

Material jetting Material extrusion
Machine Objet connex 500 Stratasys dimension sst 1200es
Software Objet studio version 9.2.8.3 | CatalystEX version 4.4
Printing mode Digital material
Material VeroClear™ ABS-P43™ model (Ivory)
Orientation Auto orient Auto orient
Layer resolution |0.03 mm 0.2540 mm
Finish Glossy
Model interior Solid Sparse - low density
Support infill Sparse
Number of layers | 202 30

The samples were produced randomly and replicated three times with each machine
for a total number of 24 replicas for each technology.

Build time was selected as the dependent variable since it can be considered one of
the main drivers for cost of production in AM. Build time accounts for the machine’s
amortization, energy consumption and productivity [6, 9].

For ME, the build time was measured with the app ‘Clock’ of an I[Phone 5S from
the instant the print head started to deposit the material of the first layer to the instant in
which the print head stopped depositing material. For the MJ, the build time was taken
with the same device starting from the instant the machine was completely heated to
when the machine completed the component and the building plate moved to the home
(lowest) position.

The data was then compiled and analyzed using Excel 2016 and SPSS v23.
A three-way ANOVA test was used to analyze the data and provide the statistical
significance for the different factors [13].
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3 Results

Figure 2 shows the samples produced during the experiment while Table 4 reports the
overall results.

Fig. 2. A sample of the printed shapes.

Table 4. Build time of the samples in seconds.

Run |ME ME ME MJ MJ MJ
replicate 1 replicate 2 replicate 3 replicate 1 | replicate 2 | replicate 3

€))] 892 892 892 1304 1305 1303
a 947 941 940 1303 1304 1304
b 1160 1160 1161 2915 2918 2913
ab 1635 1634 1635 2914 2916 2913
c 1010 1013 1015 1306 1302 1303
ac 1122 1124 1124 1302 1304 1303
be 1226 1224 1226 2922 2916 2919
abc 1758 1776 1772 2920 2919 2919

3.1 Shape and Build Time in Material Extrusion

Table 5 presents the results of the ANOVA for build time in ME. The results of the
experiment show a direct strong correlation between the three factors and the build
time.
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Table 5. ANOVA for build time in material extrusion.

Source Type III sum |df | Mean square | F Sig. | Percentage
of squares contribution

AREA 521265.375| 1| 521265.375|36795.203 | .000 | 24.4%

SIZE 1239876.042 | 1|1239876.042 | 87520.662 | .000 | 57.9%

INCREASE IN 93875.042| 1| 93875.042| 6626.474|.000| 4.4%

PERIMETER

AREA * SIZE 274990.042 | 1| 274990.042 | 19411.062 | .000 | 12.8%

AREA * INCREASE IN 6240.375| 1 6240.375| 440.497|.000| 0.3%

PERIMETER

SIZE * INCREASE IN 3927.042| 1 3927.042 | 277.203|.000| 0.2%

PERIMETER

AREA * SIZE * 30.375| 1 30.375 2.144|.162 | 0.0%

INCREASE IN

PERIMETER

Error 226.667 | 16 14.167

Total 37859591.000 | 24

Corrected total 2140430.958 | 23

A. R Squared = 1.000 (Adjusted R Squared = 1.000)

The results suggest that size (F (2;24) = 87520.662, p < .05) accounts for more
than 50% of the variation, area (F (2;24) = 36795.203, p < .05) for roughly a quarter
and their combined effect (F (2;24) = 19411.062, p < .05) for the 12.8%. Increase in
perimeter (F (2;24) = 6626.474, p < .05), which was our indicator of complexity, has
also a significant impact and it accounts for 4.4% of the variation. The other effects
appear to provide instead either a very low contribution (e.g. AREA * INCREASE IN
PERIMETER and SIZE * INCREASE IN PERIMETER) or they were not significant
(e.g. AREA * SIZE * INCREASE IN PERIMETER).

3.2 Shape and Build Time in Material Jetting

Table 5 presents the results of the ANOVA for MJ. In MJ, the results indicate that size
(F (2;24) = 5065517.851, p < .05) is the only indicator of build time. Although, ‘in-
crease in perimeter’ and the combined effect of ‘size’ and ‘increase in perimeter’ seem
to be significant (p < .05), their percentage contribution (<0.0%) is neglectable. This is
consistent with our initial hypothesis that shape complexity does not affect line-wise
systems. Additionally, it also shows that the area of the layer does not alter printing
time as shown in the ANOVA results reported in Table 6.
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Table 6. ANOVA for build time in material jetting.

Source Type III sum of | df | Mean square | F Sig. | Percentage
squares contribution

AREA 1.042| 1 1.042 338 1.569| 0.0%

SIZE 15618680.042 | 1| 15618680.042 | 5065517.851 | .000 | 100.0%

INCREASE IN 22.042| 1 22.042 7.149.017| 0.0%

PERIMETER

AREA * SIZE 042 1 .042 .0141.909| 0.0%

AREA * 375 1 375 12217321 0.0%

INCREASE IN

PERIMETER

SIZE * 35.042 | 1 35.042 11.365].004| 0.0%

INCREASE IN

PERIMETER

AREA * SIZE * 1.042| 1 1.042 3381.569 | 0.0%

INCREASE IN

PERIMETER

Error 49.333 | 16 3.083

Total 122498731.000 | 24

Corrected total 15618788.958 | 23

A. R Squared = 1.000 (Adjusted R Squared = 1.000)

4 Discussion and Conclusion

For ME, the results of this experiment seem to confirm the conclusions of our previous
paper while adding more insights on the individual effects provided by ‘area’, ‘size’
and ‘increase in perimeter’ on build time. Although all three factors affect build time,
‘size’ has the strongest impact and therefore should be carefully considered when
designing components for ME. ‘Area’ has also an important impact on build time.
Moreover, it must be considered that we used a ‘low density’ infill in this experiment
and with a ‘solid’ infill a more prominent effect could be expected. Regarding the
‘increase in perimeter’, our experiment shows that it has also an impact on build time;
however, this impact is significantly smaller than those of ‘size’ and ‘area’. This might
be due to the amount of ‘increase in perimeter’ which was rather minor (15%). We do
not exclude that increasing the perimeter of higher values might have a more noticeable
influence. Additionally, we observed a much larger impact of ‘increase in perimeter’ at
small scales i.e. approaching the resolution of the ME machine (Please see ‘ac’ build
time).

This might suggest that designers should first consider the first two factors (i.e.
‘area’ and ‘size’) and then address the later (‘increase in perimeter’). Components with
low size, area, and perimeter should result more ‘efficient’ for ME. If the design target
is to minimize cost, build time can be reduced by minimising area, size and perimeter
of the component. However, in practice this is seldom possible, we therefore suggest
adopting a ‘priority’ approach. From this we can draw the following design principles
for ME:
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Minimise component size.
Minimise layer area.
e Minimise perimeter length.

Similarly, for MJ, the results show that ‘size’ is the main effect, but differently they
also indicate that there is no correlation between ‘area’ or ‘increase in perimeter’ and
build time. This confirms our initial hypothesis that build time in raster systems is
driven only by size. The implications for this are manifold. First, in MJ shape com-
plexity is really for “free” and the build time of complex geometries is the same of
simple ones given the size remains the same. However, it does not necessary imply that
designers should not carefully consider components’ geometry when designing for
M. In fact, if size is the only driver, shapes that minimise it or that make full advantage
of it should be preferred. Building big hollow shapes, such as shape ‘b’, might not be
the most efficient way of using this technology. Therefore, the design principles for MJ
that we can draw from this experiment are the following:

e Minimise component size.
e Avoid ‘empty’ big spaces.
e Use design space effectively.

These considerations can also have implications for part consolidation. If part
consolidation increases the size of the component, designers should have to address the
trade-off between increasing build time and reducing assembly cost. We imagine there
could be cases in which a straight part consolidation is not the most convenient design
approach.

This experiment presented different limitations. For instance, we considered only
two dimensional geometries without investigating the impact on the z axis. Although
there is an assumption that shape complexity does not impact build time on the z axis,
future studies will have to prove this assumption. Moreover, in this experiment we have
tested only relative small components (35 mm to 70 mm side). It cannot be excluded
that at large scales (i.e. closer to the size of building plate), with a substantially higher
number of layers or by filling the building plate, the same results will be obtained.
Future studies will have to investigate these scenarios.
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Abstract. In the last decades, the deployment of aluminium and its alloys in
engineering fields has been increased significantly, due to the material’s special
features accompanied by supportive technological and industrial development
such as the extrusion manufacturing method. However, the extent of aluminium
structural applications in building activities is still rather limited, and barriers
related to strength and stability issues prevent its wider use. In the context of
topology optimisation, appropriate design in aluminium cross-sections can
overcome inherent deficiencies, such as the material’s low elastic modulus.

The current study investigates the application of structural topology optimi-
sation to the design of aluminium beam and column cross-sections, through a
combination of 2D and 3D approaches, with focus on post-processing and
manufacturability. Ten unique cross-sectional profiles are proposed based on
structural testing through Finite Element Analysis (FEA). Conclusions attempt
to highlight the general characteristics of the optimised aluminium
cross-sections as well as the benefits of the using extrusion and 3D printed
manufacturing methods in order to realise these results.

Keywords: Manufacturing processes * Aluminium structural members - Novel
cross-section design - Structural topology optimisation - SIMP technique -
Extrusion - 3D printing

1 Introduction

Aluminium is a unique material that has the potential of competing within the con-
struction industry. Successful application of aluminium alloys in structural engineering
is connected to its inherent physical and mechanical properties: low density, which
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allows reduced loads on foundations and easier construction process; excellent cor-
rosion resistance, which reduces its maintenance requirements; and the extrusion
process, which allows the production of members with efficient and optimised
cross-sections [1]. In particular, although available for some other non-ferrous metals,
such as brass and bronze, it is with aluminium that the extrusion process has become a
major manufacturing method [2]. The extrusion process allows aluminium sections to
be formed in an almost unlimited range of shapes, while a significant advantage is the
ability to produce sections that are very thin relative to their overall size [3]. Additive
manufacturing and in particular 3D printing process delivers similar advantages in the
design and fabrication of monolithic structural elements of complex shapes, and in
particular those are irregular along the length of the member.

Aluminium cross-sections are separated into four classes based on b/t ratio limits of
reinforced and un-reinforced parts. When compared to standardise steel sections, alu-
minium cross-sections are often asymmetric, more complex, contain thin walls and are
reinforced with ribs, bulbs and lips [4]. Local instability is, therefore, the governing
factor when designing such sections. Another factor that is linearly related to buckling
resistance of beams and columns is the stiffness of cross-sections (EI). To compensate
for the low elastic modulus and achieve higher stiffness, the moment of inertia has to be
increased. When considering standard shapes this would result in deeper and slenderer
sections, which are more susceptible to buckling. However, sections obtained through
advanced topology optimisation techniques can achieve a high I-value with an optimal
amount of material.

Structural topology optimisation is based on the principle of optimising the number
and size of openings within a design space, in order to satisfy the applied loading and
constraints. There are numerous topology optimisation techniques available in the
literature. The currently most popular one is the Solid Isotropic Material Penalisation
(SIMP) technique, which is based on discretising the design domain into finite elements
and utilising FE analysis to vary the densities in each element. Depending on the
intensity of stresses, the elements are characterised as being low, high or intermediate
density [5]. The process is iterative until convergence is reached.

Topologies may resemble complex natural forms; therefore, it is often up to the
designer to interpret them. Interpretation is a crucial part of the overall optimisation
process and needs to be performed carefully with consideration of manufacturing and
practicality factors. This has been unaddressed in the existing literature [6—8], which is
limited to a selection of a few load conditions and there have not been any attempts
made yet at optimising aluminium cross-sections. Therefore, this study aims to utilise
the complimentary of the co-authors in optimisation and aluminium and propose new
efficient structural shapes by conducting cross-sectional topology optimisation anal-
ysis of 6063-T6 aluminium alloy beams and columns. It is intended to achieve a
minimum possible weight with maximum stiffness, as weight savings can render
significant reductions in manufacturing and construction costs, as well as environ-
mental impact.
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2 Manufacturing Processes

Aluminium is presently extracted exclusively from bauxite, however, it also exists in
other minerals within the earth’s crust to make it the third most abundant element.
Combined with the high recyclability rate of the end product, this ensures that there is
adequate material for continued sustainable construction for an almost indefinite
period.

Once combined with its alloying elements, the new material is classed as being a
casting or wrought alloy, dependent on whether it is to be melted before casting. As a
result, most hot rolled and extruded applications utilise wrought alloys. The heat
treatment process is then followed by quenching and ageing, during which the majority
of hardening occurs.

The current state-of-the-art manufacturing process for aluminium member is the
extrusion process Fig. 1(a)-left. The extrusion process creates cross-sectional shapes by
forcing hot metal, in the form of a billet, through an opening called a die (e.g., porthole
and bridge dies). The corresponding cross-section then matches the profile of the die,
regardless of it complexity. This enables designers to create specific sections to meet
requirements, simply by producing the appropriate die; such as the complex shapes
shown in Fig. 1(a)-right. This method provides a relatively high quality result with
national specifications allowing a deviation of approximately 5% from the nominal
thickness.

(a)

The Extrusion Process

Fig. 1. (a) Extrusion process (left) and products (right) (b) Biggest 3D printer (left) and
manageable complexity of product design (right)
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The cost influencing criterial as being very similar to those for rolled sections,
however, specific costs may vary dramatically for bespoke die designs. In general,
costs for hollow sections have been reported as being up to five times more expensive
than solid or open profiles. Cheaper manufacture methods are available, such as shell
casting rather than die casting, however, larger tolerances for imperfection may be
expected.

On the other hand, recently, designers are pushing technologies to realise the full
potential of 3D printing and overcome material quality, monitoring, and size limitations
(Fig. 1(b) — the biggest 3D printing for metallic members). This method of fabrication
is a new process of making a 3D solid object directly from a digital model. It is an
additive process where successive layers of material are laid down in a controlled way
to achieve the desired (optimised) shape, replacing traditional machining techniques,
dealing with material removal through cutting and splitting, sawing/drilling/rounding
off, and CNC turning/milling. There are three 3D printing techniques such as:
(i) Extrusion type — Fuse Deposition Modelling (FDM) used for thermoplastics: PLA,
ABS, nylon, alumide (a mix of nylon and aluminium); (ii) Granular type — Selective
Laser Sintering (SLS) used for thermoplastics, metal powders, and ceramic powders;
(iii) Liquid type — Multi Jet Modelling (MIM) used for acrylic plastic.

The cost of the 3D printing is comparable to the one of the extrusion process, but
cannot be precisely evaluated since massive production is required while the industry is
still experimenting. For this reason, this paper contributes to the effort demonstrating
the need for larger scale 3D printers as well as focus on high production of structural
elements through comprehensive comparisons between typical structural aluminium
cross-section members that can be produced by extrusion process, and fully optimised
structural aluminium members that can only be manufactured by 3D printers. Table 1
below, is the first attempt to compare the pros and cons of the two aforementioned
manufacturing processes and draw the overall picture of the current state-of-the-art.

Table 1. Overview of manufacturing processes

Extrusion 3D Printing
Advantages * Length (long span, <30 m) * No supply chain is required
* Quick production (20-70 m/min) * Achieve any optimised complex shape
* Similar cost to cold forming (decrease weight to stiffness ratio)
* No trimming or milling is
required

* Very few imperfections and
residual stresses

Disadvantages | « Constant cross-section along the | * Size limitations (so far)
length of the member * Brittle performance in certain occasions

* Need pre-production of the die |+ Cracking control is required

* Can be five times more expensive * Roughness control is required (direction
than solid or open profile dependent)

» Time expensive process

* Certain models only suitable for limited
temperature range
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3 Topology Optimisation Approach

This research undertook a combination of approaches, in order to consider all necessary
degrees of freedom identified in Fig. 2. A 2D approach was used to identify a wide
variety of cross-sectional profiles, however this approach did not consider variations in
bending and shear along the length of the member. A 3D approach was then used to
provide a series of comparative cross-sectional slices, to capture the effect of this
variation. All optimisation was performed using Altair Engineering’s software package
HyperWorks v13.0. Through this, more than 40 different combinations of loading and
support conditions were analysed. Loading conditions were chosen with reference to
the standard cross-section classification procedure for outstand and internal compres-
sion elements given by codified provisions [9].

X

Fig. 2. Considered directions of rotation and translation

Linear static analysis was performed on an elastic material model with the fol-
lowing properties: Young’s modulus of 70 GPa, Poisson’s ratio of 0.3, shear modulus
of 27 GPa and density of 2700 kg/m>. Shell elements with a nominal size of 1 mm and
solid elements with a nominal size of 5 mm were used to model the 2D and 3D
members, respectively. All models have been optimised for minimum compliance
(therefore maximum stiffness) subject to a constraint on the final volume fraction of
0.275. Manufacturability is addressed through constraints on symmetry and a minimum
member size of 7 mm. This optimisation problem has been validated in both the 2D
and 3D cases. When compared to the results obtained in existing literature [6, 8] a close
agreement of the patterns has been identified.

Identical analysis has been performed to compare topologies obtained with alu-
minium and steel. Aluminium alloy 6063-T6 (with a tensile strength of 245 N/mm?)
was compared to grade S355 steel with Young’s modulus of 210 GPa and Poisson’s
ratio of 0.3. Identical topologies reveal that the optimisation constraints and geometry
are dominant, therefore the results are applicable to both materials.

A 100 x 100 mm square section has been chosen as the initial design domain in
order to provide maximum flexibility in the resulting topologies. So as to provide a
comparison however, sections with aspect ratios of 100 x 200 mm and 200 x 100 mm
have also been optimised. Figure 3 demonstrates that very similar density plots are
achieved regardless of the aspect ratio, therefore the sections may be adapted into similar
forms as required.
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Fig. 3. Topologies of cross-sections with various aspect ratios

Topology optimisation results must be carefully interpreted into a suitable structure.
The results are highly sensitive to geometry, so a method of post-processing multiple
results to allow for these sensitivities is proposed. The contour plots shown previously
have been smoothed with a density threshold of 0.3 using Altair Engineering’s OSS-
mooth and extracted into AutoCAD. Afterwards, the results from multiple loading and
support conditions have been overlaid and presented in a form appearing similar to
x-rays. These show the most frequently stressed material to be darker in colour and
allow for the interaction of various load cases to be considered.

Optimisation processes for lightweight structures typically result in thin-walled
cross-sections. When combined with aluminium’s lower modulus of elasticity, local
instability modes including distortional and local buckling are typically dominant. In
order to minimise the likelihood of these failures, optimal placement of compression
members and stiffeners is of vital importance. Using the described post-processing
method, this stability criterion should be satisfied by comparing the typical stresses in
cross-sections subjected to torsion, compression, yielding and one or two plane
buckling.

4 Topology Optimisation of Cross-Sections

Beams. Pinned supports to 2 and 4 nodes are compared, in order to propose sections
suitable for simply supported and fixed beams respectively. Major axis bending and
torsion have then been applied. Figure 4 shows 5 beam cross-sections developed after
processing. Section properties are then presented in Table 2. For beams that are pri-
marily subjected to bending about one axis only, the proposed sections are symmetric
about one plane. Asymmetric cross-sections are also included for additional stiffness
when subjected to torsion. Regardless of the applied symmetry, it is noticed that the
topology results have a similar moment of inertia about both axes.

Fig. 4. Post-processing of beam cross-sections
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Table 2. Beam section properties

Section A B C D E

Area [cm?] 44.39| 30.32| 39.43| 48.84| 37.82
Moment of inertia, y [em?] | 340.26 | 337.32399.50 | 528.69 | 436.66
Moment of inertia, z [cm®*] | 448.14 | 312.46 | 423.15 | 479.10 | 426.65

3D optimisation was performed on a2 mextruded 100 mm square beam, with total of
six different loading and support combinations; including the case of fixed supports and a
uniformly distributed load to the top flange as shown in Fig. 5(a). These reveal constant
cross-sections such as elliptical hollow profile across 45-50% of the length of the beam.
The remaining portion shows three distinct regions of low stress at approximately 4, 72,
and % of the span, as seen in Fig. 5(b). These regions are observed to correspond with the
intersections of the lines of principal tensile and compressive stresses in a homogeneous
beam.

> i1 IO iR

Fig. 5. Beam 3D optimisation input (a) and resulting topology with cross-sectional slices (b)

Columns. Optimisation of 2D column cross-sections with various support and loading
conditions was initially attempted. Sections with two and four corner pin supports were
analysed, subjected to axial compression, which include failure by yielding and one or
two plane buckling. Column cross-sections found in practice are most commonly
symmetric and have high buckling resistance about one or more axes depending on
specific applications, hence this logic is followed in developing the final cross-sections
shown in Fig. 6. The first attempt considers a column under pure compression, such
cross-sectional profile would reach its yield stress limit and experience material failure.
The shape resembles a standard double webbed compound column cross-section used
in the industry. The second attempt considers column failure due to buckling.
Figure 6B and C represent a cross-sectional profile of a column having high stiffness in
the y-y axis. The cross-sections are a combination of resulting stress plots with loading
replicating compression and bending of a member as it buckles. Therefore, they are
applicable in cases when an eccentric axial load or a moment are applied triggering one
plane buckling. Sections presented in Fig. 6D and E are resistant to compression and
buckling in two axes. These profiles have equal stiffness in both axes and appear more
resistant to local buckling. The section properties are presented in Table 3.
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Fig. 6. Post-processing of column cross-sections

Table 3. Column section properties

Section A B C D E

Area [cm?] 35.36| 49.95| 52.00| 59.13| 49.10
Moment of inertia, y [cm®] | 461.63 | 565.23 | 582.67 | 608.38 | 442.67
Moment of inertia, z [em*] | 224.58 | 449.33 | 578.80 | 608.38 | 442.67

3D optimisation was performed on a 2 m extruded 100 x 100 mm square column
with fixed-pinned supports as shown in Fig. 7(a). An axial compressive load was
applied at the top and loads triggering buckling in two planes — in the middle of the
member. Symmetry manufacturing constraint was applied to the model about y-y and
z-z axes. When subjected to two plane buckling the column developed concentrations
of material at the four corners (Fig. 7), resembling a box section at multiple locations
along the length of the member. Formation of a web connecting the flanges is also
observed in the middle of the member at the location of the lateral load. The box shape
of the cross-section could be related to the fully symmetric profiles obtained through
2D optimisation (Fig. 6D and E).

a) b) :: G

Fig. 7. Column 3D optimisation input (a) and resulting topology with cross-sectional slices (b)

5 Finite Element Analysis

Analysis Parameters. Finite element analysis (FEA) software ANSYS v14.0 is
adopted in this study to assess the performance of the unique cross-sectional shapes.
Geometrical and material non-linear analysis was employed, which takes into account
the plastic behaviour of aluminium.
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Results - Beams. Two of the optimised beam cross-sections developed have been
tested through the FE analysis. In order to provide a reliable benchmark for how
suitable the optimisation method is for developing new cross-sections, the two chosen
have been compared against a selection of three conventional and two additional novel
cross-sections, each of which are shown in Fig. 8. SHS and UB profiles have been
included within the compared cross-sections as they are also available as steel profiles.
A conventional Y-profile has then also been included, as an additional section that is
only used in aluminium. Two novel cross-sections are then additionally included within
the comparison, one of which is the result of previous optimisation studies by Kim and
Kim [10]. As in the optimisation analysis, the models adopt a 100 mm square
cross-section, and have been tested with lengths of both 2 m and 1 m in order to
consider both extremities of span to depth ratios with 20 and 10.
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Fig. 8. Beam cross-sections employed in finite element analysis

All beams analysed have been subject to a uniformly distributed pressure to the top
flange, along with a variety of two different support conditions. The first set of models
have been analysed with fully fixed ends to prevent both translation and rotation, whilst
the second set was modelled using a pinned bottom flange.

The members with 2 m length experienced significant plastic deformation and
clearly demonstrate that serviceability criteria are the critical design aspect. Each of the
members was able to resist the maximum applied load of 2 MPa, however they show
significant mid-span deflections that are unacceptable in practice. At this ultimate load,
the optimised cross-section A shows the least deflection, and the conventional SHS
showing the most. Due to the large deflections however, the failure load of the
members has been taken as that at a serviceability limit of the deflections of span/250.
At the 8 mm deflection limit imposed by this criterion the performance of the various
cross-sections dramatically differs, with the conventional sections marginally
out-performing the optimised profiles. Due to the large mid-span deflections seen in the
beams analysed with span-depth ratios of 20, it was considered necessary to analyse a
series of stockier beams at span-depth ratios of 10. Pinned supports have been used in
this set of results, to enable failure of the cross-sections at the high stress concentrations
observed near the supports. These members were subjected to identical loading, and
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due to their alternate dimensions experienced much more acceptable levels of deflec-
tion at the ultimate load. The failure loads and corresponding deflections are presented
in Table 4, along with the load-deflection curves in Fig. 9. The results show a much
larger variation in the experienced deflections and failure loads, and therefore enable a
clearer comparison when looking at the load-deflection curve.

Table 4. Analysis results for 1 m pinned beams

Section A B C D E F G

Ultimate pressure [N/mm?] 1.75 1.69 1.82 1.63 1.89 1.95 1.61
Von-Mises stress [MPa] 179.91|169.81 | 169.91 | 179.67 | 177.16 | 169.80 | 185.52
Mid-span deflection [mm] | 12.98| 13.69| 16.82 | 18.49| 2393 | 11.45| 20.83
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Fig. 9. Load-deflection curves for 1 m pinned beams

Both optimised cross-sections A and B have performed well in this comparison,
and show relatively low levels of deflections. Novel cross-section F is quite signifi-
cantly the most efficient however, showing both the highest failure load and the lowest
deflection simultaneously.

Results - Columns. Two of the optimised shapes were chosen to be analysed; one
with large stiffness in one axis and one with equal stiffness about both axes. In addition,
two conventional and two novel shape sections with similar mass were chosen for a
comparative analysis similarly to the beams. The tested cross-sectional profiles are
shown in Fig. 10.

The models were constrained with pined support conditions. All translational
degrees of freedom were restrained at both ends, apart from the one in the axial
direction at one end. A compressive axial load was applied to the column extrusions by
specifying pressure on the top face. The critical buckling loads and their corresponding
deflections were extracted for all cross-section models (shown in Table 5). The per-
formance of all sections is also presented in the load-deflection curve Fig. 11.
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Fig. 10. Column cross-sections employed in finite element analysis
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Table 5. Analysis results for 2 m pinned columns

Section 1 2 3 4 5 6
Ultimate load [N/mm?] 154.09 | 144.94 | 151.01 | 144.94 | 155.44 | 151.01
Deflection at mid-span [mm] 0.67 1.66 0.53 1.43 0.59 0.72
Max lateral deflection [mm] 0.72 1.80 0.58 1.58 0.64 0.78
Vertical deflection [mm] 4.43 4.29 4.38 4.27 4.47 4.40
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Fig. 11. Load-deflection curves for 2 m pinned columns
A clear separation between Sections 2 and 4, and the rest of the specimens is

observed with Sections 2 and 4 indicating the worst performance. Despite the same load
limit, Section 2 shows a worse response due to the largest magnitude of the lateral
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deflection at mid-span. Even though Section 4 (H-section) column stiffness in the minor
axis (z-z) is lower than any other sections, it does not experience the largest deflection.
Instead, Section 2 was the one that performed poorly in terms of lateral deflection. Thus,
it can be concluded that Section 2 has the smallest stiffness and load-capacity out of all
the specimens, despite being one of the two optimised cross-sectional profiles. Analysis
results for Section 5 indicate the best performance. This box section with a circular
hollow, despite possessing a smaller cross-sectional area, performed better than a
standard box section (Section 3). Section 1 — one of the two optimised cross-sections —
indicated a better performance than most within the comparison. Therefore, Section 1 is
only slightly weaker than the stiffest (Section 5). Sections 3 and 6 also performed
relatively well. Surprisingly, a square box section without internal stiffeners (Section 3)
performed better than a square box section with stiffeners (Section 6).

6 Concluding Remarks

Extrusion processes and 3D printing provides engineers the freedom to design struc-
tural products that cannot be manufactured with traditional ways such as the typical
steel members made through a cold or a hot formed process. Especially, the most
recently developed 3D printed manufacturing process, is a process of adding material,
as opposed to subtracting material in the classic methods, and allows for more intricate
optimised shapes that inherently provide strength and stiffness. This has given engi-
neers an unprecedented chance to design lighter, more organic looking products which
are aesthetically pleasing and practical and fully exploit the advanced optimisation
tools to design new structural elements. Moreover, 3D printing offers another benefit to
design engineers; no supply chain is required. The final product does not need welding
and bolting anymore and this guarantees its long lasting performance.

In this paper, new cross-sectional topologies for aluminium structural members
have been investigated through structural topology optimisation. A series of unique
cross-sections have been generated using the SIMP technique, subject to different
loading and support conditions. A tailored method for post-processing the 2D planar
results is presented which aimed to address stability and manufacturability criteria. In
this way, different density plots have been overlaid to identify the most frequently
stressed areas of the cross-section, which resulted in five novel section profiles for
beams and columns. A 3D optimisation approach was also presented to identify cor-
relation between 2D and 3D results.

Both approaches for beams and columns predominantly result in complex
hollow-like sections, with a large central opening and other smaller peripheral open-
ings. Due to the square (but also the rectangular) design domain, most sections have a
similar moment of inertia about both axes. Beam sections have an approximately
central neutral axis despite only one plane of symmetry has been applied. As it was
expected, all column sections are symmetric about both axes and have high or equal
stiffness about one or two axes, respectively. Four of the optimised cross-sections are
compared with a range of more conventional aluminium profiles under static loads
using a FEA package. Results for beams and columns are presented, and indicate that
the optimised cross-sections are able to provide a large stiffness and out-perform some
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conventional profiles, with one typology demonstrating the best efficiency for both
beams and columns. The next step of this research project is to experimentally test the
optimised scaled beam and column members manufactured through extrusion and 3D
printing processes, with scope to investigate their structural performance under bend-
ing, compression (and combined actions) as well as fatigue. Due to the 3D printing
process, surface roughness and crack control should be also checked at that stage in
order to achieve similar stiffness in static and cyclic loads. Thus, safety factors will be
employed in an attempt to allow Eurocode 9 for the design of such 3D printed and
optimised aluminium structural elements.
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Abstract. The Marangoni effect caused by surface tension gradient is
modeled. The resulting convection flow in the melt pool is demonstrated
with different values of the Marangoni coefficient. Its influence on the
temperature distribution, the shape of melt pool and thus the shape of
solidified track is presented. The role of Marangoni convection on the
stability of melt pool and the surface quality of the final track are also
discussed.

Keywords: Additive Manufacturing - Selective Laser Melting - Melt
pool shape - Surface tension - Marangoni effect

1 Introduction

Additive Manufacturing (AM) is largely developed during the last decade and
many processes become available for different materials. Among them, Laser
Beam Melting (LBM), or Selective Laser Melting (SLM) process gets peoples’
attention, especially in the aeronautic industry, for the fabrication of complex
parts like turbines. On the other hand, ceramic materials like the AloO3 — ZrO-
eutectic are of interest for this kind of parts, due to their good performance at
high temperature. However, traditional forming processes of ceramics are limited
by the geometrical complexity of parts. Thus, the application of LBM(SLM) may
be a solution as it is reported that fully dense parts with near net shape can be
achieved [1].

In LBM(SLM) process, the surface tension and Marangoni effect play an
important role in the creation of convection flow in the melt pool. These con-
vection flows can eventually modify the temperature distribution and the melt
pool shape, thus leading to a different solidified track shape. The surface tension
results also into surface oscillations and even interrupted fragments of the melt
pool (balling effect) when the length/circumference ratio of melt pool attains
a limit [2]. The balling effect was observed and analyzed by Gu and Shen [3],
and reproduced by numerical simulation by Khairallah et al. [4]. Moreover, the
Marangoni effect also appears in the process, induced by the surface tension evo-
lution with respect to temperature. It is considered to be very important both
© Springer International Publishing AG 2018
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for the melt pool shape and the temperature distribution inside it [5]. Under this
effect, the convection flow is driven from low toward high surface tension domain.
Yuan and Gu [6] developed a 3D finite volume method taking into account the
Marangoni effect for SLM of TiC/AlSil0Mg nanocomposites. A wider and shal-
lower melt pool was obtained with a negative Marangoni coefficient. Qiu et al.
[7] modeled the surface tension and Marangoni flow together with recoil pressure
with regularly packed Ti-6Al-4V powder particles. They recognized the signifi-
cant influence of Marangoni force and recoil pressure on the melt splashing and
thus the instability of melt pool. Khairallah et al. [4] used a fine-scale model with
randomly packed 316 L stainless steel powder particles. They concluded that the
Marangoni flow induces the circulation of melt flow and hence cools the location
of the laser spot. It can also result into liquid spattering away from the surface
due to the low viscosity of liquid.

In this work, a Finite Element (FE) model with level set formulation is pro-
posed for the simulation of LBM(SLM) [8]. It is implemented in the numerical
simulation library Cimlib, developed in Cemef. The Marangoni effect is consid-
ered, in addition to the surface tension. The resulting convection flow is presented
and its influence on the temperature distribution is demonstrated. The melt pool
shape under different Marangoni coefficients is also discussed, together with its
consequence on the solidified track shape.

2 Modeling

The system consists of the gas and material domain, as shown in Fig. 1. Although
we intend to process the ceramic of AloO3 — ZrO4 eutectic in the project, we do
begin with pure alumina due to its simple properties compared to AloO3 — ZrO4
eutectic and tests have been carried out by our collaborators. This choice simplify
the modeling, but the model developed here is certainly more general and can
be used for other materials. Thus, alumina is chosen in our modeling, both for
the substrate and the powder. The porous powder layer is deposited on the fully
dense substrate. The densification by the melting of powder is modeled through
the variation of apparent density. A level set at the gas and material boundary is
employed in order to follow the evolution of the surface of melt pool (driven by
the surface tension, the Marangoni effect, etc.) and solidified track. The precision
of level set is guaranteed by the mesh adaptation. All conservation equations are
averaged over the whole system with different material properties for gas and
material domains. Principal assumptions are as follows:

— the powder is assimilated to a continuum,;

— no powder projection is considered (i.e. no powder loss);

— the possible residual porosity is not modeled (i.e. no release of dissolved gas
to form pores; no gas entrapment accounted for).

2.1 Level Set Method

As schematized in Fig. 1, the gas/material boundary is immersed in the system
and a level set (LS) function ¢ is defined to track this boundary () = 0). This
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Fig. 1. Modeling schema of AM by LBM(SLM) with the level set method to track
gas/material boundary ¥ = 0.

is a signed distance function with respect to the boundary which is taken as
positive in the gas and negative in the material domain. A continuous transition
zone is then introduced around the boundary with a half-thickness e, where a
Heaviside function 1 is defined continuously:

if1) < —e (material)
[14+ 2+ Loin (Z)] if v < (1)
ify > € (gas)

H(Y) =

= o O

The local value of any global property {x} is averaged between two domains by
the Heaviside [9] function:

) =ma” + (1= H)™ (2)
where (x)Pi (i = 1 for material and i = 2 for gas) denotes the volume aver-
age property homogenized between phases. This treatment is used for density,
enthalpy, thermal conductivity, absorption and viscosity. It avoids the sudden
change of properties and reduces the difficulty of numerical resolution.

2.2 Governing Equations

At first, the unsteady heat transfer equation taking into account the convection
and diffusion is solved:

o{ph}
ot
where T is the temperature, p is the density, h is the enthalpy per unit mass

and A is the thermal conductivity. The convection velocity, u, is deduced by
the solving the Navier-Stokes equation. ¢, is the heat loss by radiation at the

+V - {phu} =V - ({s}VT) = {q} — {¢:} 3)
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material surface. The volume heat source based on the Beer-Lambert law, ¢y,
writes:

, P, 72 ?
gr. (r,z) =(1—-R) 271-;2 exp (_W) o exp <_/0 ad l) (4)
L L

where R is the reflection coefficient at the material surface, Py is the nominal
laser power, « is the local absorption coeflicient, r is the radial distance to the
laser axe and z is the flux propagation direction. o, is the standard deviation of
the Gaussian distribution. It is equal to Ry, /2 if no laser dispersion in powder is
considered.

The velocity is calculated in the whole system by the resolution of the momen-
tum conservation equation:

W (B V) -V =ttt e 6

where w is the velocity, f is the surface tension force, f,, is the Marangoni force,
g is the gravity, and o is the stress tensor respecting a compressible Newtonian
constitutive law [8]. The surface tension f, and the Marangoni force f,, can be
respectively expressed by:

fs=7kn, f,= g—;VST (6)
where « is the surface tension coefficient, K = —V - n is the average curvature,
n is the unit vector normal to the interface and VT = VT — (VT - n)n is the
surface temperature gradient. Note that both the surface tension and Marangoni
force are imposed at the gas/liquid interface (light blue curve in Fig. 1) and at the
powder/liquid boundary (white curve in Fig. 1). As these interfaces are immersed
in the system, f, and f,, are multiplied by the Dirac function §(= OH/0¢) using
the CSF method [10] to transform them into volumetric forces. The momentum
conservation is coupled with the mass conservation:

V-{ul=6 (7)

where 6 is the shrinkage rate deduced from the variation of apparent density [8].
The velocity obtained by solving Egs. (5) and (7) is used to update the
gas/material boundary by the transport of the level set function :

dp 0y g

i Vi =0 8

TR ®)
where w5 denotes the velocity at the boundary represented by ¢ = 0. How-
ever, the distance obtained by this resolution is only geometrically valid at the
boundary ¢ = 0. Therefore, v is recomputed after the resolution of Eq. (8) by
a geometrical method [11] with respect to the new position ¢ = 0.
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2.3 Simulation Configuration

The dimension of the whole system is 3 x 0.5 x 1.1 mm?. The substrate with a
height of 1 mm is at the bottom and a layer of powder with thickness 30 wm is
deposited on it. The rest corresponds to the air domain. A laser beam with an
effective power Pr,(1 — R) = 80 W and a radius Ry, = 35 pwm is applied. It moves
from position (Xg,Ys) = (0.2,0.25) mm to position (Xg,Yr) = (2.8,0.25) mm
with a scanning velocity of 0.3m s~!. At the end, the heat source is abruptly
switched off but the simulation continues until all the liquid is solidified. Bound-
ary conditions and material properties are given in Tables 1 and 2, more details
can be found in [8]. The Marangoni coefficient 0y/9T is compared in literature
with values varying between —4.8 x 1074 to —6 x 10"°Nm~! K~! [12].

Table 1. Boundary conditions for thermal and mechanical resolutions

Thermal Fluid mechanic
Bottom Imposed convection with heat transfer coefficient | © = 0
4 lateral faces | hy = 40 Wm ™ 2K™! u-n=0
Top Adiabatic Free

Table 2. Alumina properties used in simulation

Properties Value Unit Ref.

Alumina density 3800 kgm™* [13]

Gas density 1.3 kgm™>

Specific enthalpy of alumina | Fig. 5(a) in [§] Jkg™* [14]

Heat capacity of gas 1000 Jkg 'K™!

Alumina conductivity 5.5 4+ 34.5 exp(—0.0033T) | Wm ™' K~ | [15]
T € [25,1300] °C

Gas conductivity 0.024 Wm tK™!

Viscosity of liquid alumina |0.069 Pas [16]

Viscosity of gas 2.4 x107° Pas

Surface tension liquid/gas | 0.67 Nm™! [17]

The Marangoni effect is investigated by case 1 to 3 with 9v/0T = —2x 1074,
0 and 2 x 107*Nm~! K~!, respectively. However, 9v/0T is only used for taking
into account the Marangoni effect, while a constant v = 0.67Nm™! is always
taken for the surface tension, considering its small variation under 0v/0T.

3 Results and Discussion

Figure 2(a) shows the temperature field and the iso-contours for case 1. One can
note that the tail shape of the iso-contour changes during cooling, from a convex
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T(C)
690 1360 2030 2700
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Fig. 2. (a) Temperature field (top view) with iso-contours (black line, 300 to 2700 °C
with the step AT = 200 °C, white line for T = T" = 2104 °C); (b) the shape of melt
pool (black lines for the surface position of substrate) and (c) the mesh at ¢ = 4 ms of
case 1.

contour shape at high temperature to a non-convex shape at low temperature.
For instance, the iso-contour 7' = 1100 °C reveals a tail hotter than the powder
on the sides while it is inversed for 7" = 300 °C. This is due to the low thermal
conductivity of the powder, leading to a slower heat extraction. The melt pool
shape is presented in Fig.2(b). It has a long tail and its penetration depth
into the substrate is about 50 pm. The mesh adaptation is shown in Fig.2(c).
Generally, the mesh size is fine in the melt pool and coarse in the scanning
direction in the solidified track. The surface with high curvature (e.g. droplets
at the front of melt pool) is furtherly refined and well represented.

The temperature field with iso-contours is shown in Fig. 3 for case 1 to 3.
Compared with case 2, case 1 with negative 9v/9T shows a slightly wider (more
visible for the iso-contours T' = 2300 and 2500 °C) and longer melt pool, while

()
2700
E2030

[1360

§ 690
E 20

Fig. 3. Comparison of temperature distribution with iso-contours (same as Fig. 2) and
the shape of melt pool (top and longitudinal cut view) in case 1 to 3 at t = 4 ms.
Dashed white line represents the surface of substrate.
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Fig. 4. Comparison of velocity field (top and transversal cut view) in case 1 to 3
at t = 4 ms, together with the temperature iso-contours 7' = T' = 2104 °C (red),
T = 2300, 2500, 2700 °C (black).

the influence on the depth is not obvious. This is due to the centrifugal convection
flow from the high to the low temperature region (i.e. from low to high - value).
This convection flow can homogenize the temperature in the melt pool. For case
3 with positive 9v/9T, the Marangoni effect creates a centripetal convection
from low to high temperature region (i.e from low to high + value), thus leading
to a shorter and narrower melt pool. Even though it is not very evident, one can
note that from the case 1 to 3, the melt pool becomes deeper and deeper. To
understand this effect, the convection flow induced by Marangoni force is shown
in Fig.4 in both top and transversal cross sections. Firstly, for all cases, at the
front of the melt pool, there is an unstable zone with high velocity. It is caused
by condensation of melted powder in liquid droplets that falls into the pool to
feed it. This phenomenon results into a wave towards the tail of the melt pool,
together with heat flux. For case 1 with negative 9v/9T, one can see that the
fluid has a tendency to flow toward the two sides of the melt pool. It is more
evident in the cut view A — A. At the center of the melt pool, the liquid rises
up. Two convection cells are seen with opposite and outward directions. The
melt pool is thus expanded by the liquid movement driven at the surface, from
the center to the two sides of melt pool. This means that the heat at the center
is also taken away to the two sides. However, as the Marangoni force applies
only at the gas/liquid interface, the convection cells are limited at certain depth
(~ 15um) bellow the substrate surface. By contrast, the convection cells are
inversed in case 3 with 9v/9T. Liquid moves inward from the sides to the center
at the melt pool surface. At the symmetric plan, the liquid flows downward,
trying to dig into the melt pool, consequently forming a deeper pool. The heat
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is indeed taken away from the surface center to the depth of the melt pool. It
should be mentioned that the Marangoni effect is not very pronounced on the
melt pool shape due to the high viscosity of alumina.

Figure5 aims at comparing the surface oscillations of the solidified track.
Color code represents the track height with respect to the substrate sur-
face. Height iso-contours are also presented, showing clearly surface oscillations
through hills and valleys. The quasi-periodical stable regime begin after a scan-
ning distance of about 0.2 mm. Comparing the color contrast between hills and
valleys for each case, one can easily find that the oscillations increase from case
1 to case 3. In fact, in case 3, the track has tendency to be fragmented at
the valleys. This does not occur as melt pool solidification takes place before
fragmentation, thus ensuring a continuous track. With a longer melt pool, the
balling effect may appear. There are less surface oscillations in case 1. This may
be due to the liquid movement from hills to valleys with a negative 0v/9T. It
means that a negative 9v/0T may help to obtain a smoother surface and avoid
balling effect. This observation may be useful for the process as we may change
0v/0T by slightly modifying the material composition or by consciously choose
the protection gas.

Az (mm)

Y
0.1 mm 0000 0006 0011 0017 0022
X e 1L LULLLLLLLLLLLLLLL
E . GTmm b 3 " i

Fig. 5. Height of solidified tracks with respect to the substrate surface and iso-contours
in case 1 to 3. Note that it is scaled by factor 2in the Y direction.

4 Conclusions

In this work, the Marangoni effect in LBM(SLM) is modeled and presented by
FE simulation with a LS approach at the scale of track formation. The convection
flow induced by Marangoni force is shown, as well as its important influence on
the temperature field and the melt pool shape. A negative Marangoni coefficient
leads to a wider and longer melt pool while a positive coefficient results into
a shorter, narrower and deeper one. The influence of Marangoni effect on the
surface quality is also investigated. A negative Marangoni coefficient may help to
decrease the surface oscillations of final tracks. This leads to a better thickness
homogeneity of the next powder layer and improves the quality of developed
tracks.
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Abstract. In Direct Energy Deposition of metal parts the powder deposition
efficiency is defined as the ratio of the nominal metal powder feed rate to the
amount of powder directly involved in the component manufacture. Generally,
the powder particles falling into the molten pool represent only a small portion
of the total amount of metal particles nominally provided by the feeding system
(less than 50% for most of the commercial systems), deteriorating the process
performances in terms of powder waste, production time and increasing the
production costs. For constant laser power, laser scan speed, and laser spot
diameter, the deposition efficiency is primarily associated to the nozzle geom-
etry, feeding system, and powder characteristics (e.g. particle size distribution,
particle shape and size).

The current work focuses on the analysis and characterization of the perfor-
mances of a new generation of high efficiency nozzles with an enhanced design
which adopts the inert Argon gas for a double purpose of Shielding and Carrier.
The proposed analysis consists in designing and executing an experimental
campaign structured as a full factorial Design of Experiments to map the impact
of Shielding gas, Carrier, and Ti-6Al-4V powder mass flow on the deposition
efficiency by monitoring the resulting geometry of the powder flow. A numeri-
cal CFD simulation is also carried out to verify the possibility in deducing a
control logic to modulate the aforementioned process parameters on a custom
feeding system demonstrator. The metal powder and the benefit of the approach
are assessed with regards to an industrial use case.

Keywords: Direct laser deposition * Deposition nozzle solution + Deposition
powder efficiency

1 Introduction

Direct Energy Deposition (DED) [1] systems employing powder feeding are getting a
large employment in industrial sectors such as aerospace, automotive, and biomedical
thanks to its capability to realize Functionally Graded Structures (FGS) with innovative
shapes and enhanced functionalities, limiting the metal powder consumption compared
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to the Selective Laser Melting (SLM) technology. Nevertheless, these systems are
highly sensitive to working conditions [2—4] and a still critical process challenge is
related to the high energy consumption and production costs related to the process [5].
In particular, the deposition efficiency (also called catchment efficiency) provided by
the actual feeding systems remains still low when fine laser spots are employed,
deteriorating the overall success and performance of DED technology and increasing
both the material waste and the production time [6]. The actual feeding systems employ
deposition head with different deposition nozzle solutions that ensure different per-
formances. The common deposition configurations are:

e off-axis configuration, where the deposition head is provided by only one later
nozzle not aligned with the laser beam;

e coaxial nozzle configuration, where a conical powder flow ensure an homogeneous
powder deposition that surrounds the melt pool;

e multiple-nozzles configuration, where several deposition nozzles not aligned with
the laser beam (up to 8 [7]) are arranged around the melt pool providing an
omnidirectional powder feeding.

The off-axis deposition nozzle configuration finds large application in welding and
cladding laser based technologies, thanks to its capability to get thicker coating layers
compared to the traditional technologies, getting an excellent bonding between coating
and substrate with reduced pore and crack formation. In DED systems, this solution can
ensure very high deposition efficiency (close to 90% [8]) when a perfect alignment
between powder and laser beam happens. Nevertheless, its performances strongly
depend on the traverse speed if other process parameters are held constant, showing
significant limitations in the case of high complex geometric patterns with bidirectional
motions and limiting the capabilities of a DED system [9]. On the contrary, coaxial and
multiple nozzle configurations ensure a constant and homogeneous powder deposition
surrounding the melt pool, independently from the geometry of the pattern and
allowing the manufacture of parts with a very complex shape. These nozzle solutions
find a widespread employment in DED technology even if their deposition efficiency
remains quite low (less than 50%).

The advantages related to the coaxial- and multi-nozzle configurations have
encouraged several authors to dedicate attention and efforts in the improvement of the
performances of several deposition nozzle solutions, characterizing their
fluid-dynamics and powder particle distributions. Lin in [10] underlined how the
deposition efficiency in DED strongly depends on the relative dimension between
molten pool and cross-sectional area of the powder flow reaching the deposition plane.
Particularly, he demonstrated that the Carrier mass flow affects the particle trajectories
and an enhanced catchment efficiency is possible by limiting the enlargement of the
powder flow in correspondence to the deposition plane. Zhu et al. observed that the
local geometry of the substrate affected the powder particle concentration in corre-
spondence to the molten pool, indicating the need to vary the feeder’s parameters
dynamically to ensure the higher deposition efficiency during the process. Zekovic
et al. [12] demonstrated that the stand-off distance plays an important role for an
accurate part manufacture and for preventing nozzle damages. Zhang et al. [13]
improved the DED deposition efficiency building a deposition vacuum chamber and
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replacing Argon with Helium as Carrier gas, but increasing the overall cost of the
system. Other authors as Yang [14] proposed numerical model to optimize the nozzle
geometry with focus in reducing the spread of the powder flux during deposition.
Despite the big efforts and researches, for multiple-nozzle deposition head the spread of
the powder flow in correspondence to the deposition plane remains still large with an
extension ranging between 6 and 8 mm [11, 15, 16], with a consequent very low
deposition efficiency for DED systems adopting laser spots of 1 mm or smaller [1].

In this paper, the performances of an innovative double chamber nozzle solution for
a multiple-nozzles deposition head are investigated, thus evaluating the shape of the
powder flow at the exit of the nozzle outlet and characterizing the spread of the powder
particles in correspondence to the deposition plane. Two prototype nozzles are installed
in a testing deposition chamber and a high-speed camera is employed to detect the width
variation of the powder flow during the experimental analysis. The results are employed
to validate a numerical CFD model. The employment of an annular Shielding flux
external to the Carrier-powder mixture results to be an effective solution in limiting the
spread of the powder flow, reducing the dispersion of the powder particles. This work is
part of a bigger research work that has the ambition to design a tailored deposition
closed loop control to improve the catchment efficiency of DED systems employing
laser spots of 1 mm or finer. The rest of the paper is structured as it follows: Sect. 2
outlines the metal powder and the equipment employed during the experimental tests;
Sect. 3 describes the experimental plan and the employed method for image analysis;
Sect. 4 briefly introduces the adopted CFD model; Sect. 5 introduces and discusses the
obtained experimental results; and Sect. 6 deals with the final conclusions.

2 Material and Equipment

The metal powder employed during this experimental investigation is a gas atomized
Ti-6Al-4V powder with a powder grain size ranging between 45 and 105 pm (supplier:
EOS GmbH - Electro Optical Systems). Only one batch of metal powder is tested since
only the effectiveness of this nozzle solution is investigated. Table 1 outlines the
chemical composition of Ti-6Al-4V metal powder.

Table 1. Chemical composition of Ti-6Al-4V powder employed during the experimental tests.

Al (%) |V (%) |C (%) |Fe (%) | O (%) |N (%) | Ti (%)
6 4 0.1 0.3 0.02 |0.05 |balance

The deposition nozzle solution [17] designed at the Department of Innovative
Technologies (DTI) of SUPSI (Manno-CH) is represented in Fig. 1(a) and (b). It
consists in a double chamber coaxial nozzle where the central powder-gas flow is
shielded by an external annular flux of inert gas with the task to:

e protect the molten pool from oxidation even for no-hermetic deposition chamber;
e limit the spread of the powder flow coming out from the nozzle outlet and reduce
the material waste during the deposition process.
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In opposition to other nozzle solutions for cladding and welding process, which
employ an external shielding gas [8], this modular deposition nozzle allows a more
compact design of the deposition head and a lower stand-off distance between the
nozzle outlet and the deposition plane. The reduction in the stand-off distance has the
double benefit of both increasing the effectiveness of the Shielding gas in limiting the
rebounding of the powder particles on the metal substrate, and reducing the laser
energy attenuation caused by metal powder scattering and reflection. No more details
or additional drawing can be provided since there is a patent pending concerning the
deposition nozzle solution introduced in this paper. The chosen Carrier and Shielding
inert gas is Argon. Two deposition nozzles are placed with an inclination of 30° inside
a custom deposition chamber demonstrator represented in Fig. 1(c). The deposition
nozzles are connected with a flexible feeding system that allows the independent and
precise control of Shielding, Carrier, and powder mass flow required for the experi-
mental tests.

Shielding Carrier/powder

a) b) entrance

entrance

Shielding exit

Carrier/powder
exit

Fig. 1. (a) New deposition nozzle solution; (b) Scheme of the entrance and exit of the Shielding
and Carrier gases; (c) Custom feeding system demonstrator at SUPSIL.
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3 Experimental Procedure

The objective of this experimental campaign is to investigate the performances of a
new nozzle solution analysing the powder spread at 15 mm from the nozzle outlet (i.e.
the location of the deposition plane). Such objectives have been investigated with a
2 x 3 x 2 full factorial design, according to Design of Experiments (DoE) approach,
taking into account the Carrier, Shielding, and powder mass flow rate as experimental
factors (see Table 2) and recognising three process conditions (see Fig. 2):

only one active nozzle without the presence of the substrate;
two active nozzles without the presence of the substrate;

e two active nozzles with the presence of a flat substrate placed at 15 mm from the
centre of the nozzle outlet to evaluate the efficiency of the nozzle solution.

The experimental levels for the experimental factors are chosen following the
common ranges adopted in DED [18] whereas a flat substrate is chosen to reproduce
the process condition at the first layer deposition. The spread of the powder particles is
analysed detecting the 95% of the total powder flow width at the deposition plane. The
experimental results are investigated taking into account a confidence interval of 95%
and running 3 repetitions for each parameter settings. A high-speed acquisition camera
is employed to record the variation of the powder flow for every combination of
process parameters.

Table 2. Evaluated experimental factors.

Process parameters for 1 nozzle | Low level | Medium level | High level
Carrier mass flow rate (kg/s) 451 5.41e7%
Shielding flow rate (kg/s) 0 1.95¢ % 2.92¢”
Powder feed rate (g/s) 0.1 0.14

Fig. 2. (a) One active nozzle; (b) 2 active nozzles; (c) 2 active nozzles with substrate at 15 mm.

3.1 Image Analysis Method

The method employed to characterize and measure the shape and width variation of the
powder flow is an image based analysis method performed with the open software
ImagelJ [19]. For each combination of process parameters, the powder flow coming out
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from the nozzle outlet is recorded after 30 precautionary seconds of flow stabilization.
Ten images are extracted from each experimental video and averaged each other to
improve the image quality, reducing the presence of undesired floating powder particles
which can deteriorate the edges of the powder flow (see Fig. 3a). From the resulting
averaged image, the corresponding image background is subtracted and a
“binary-mask™ filter is applied to show up the profile contours of the powder-gas
mixture (see Fig. 3b). The shape of the powder flow is characterized tracing 10 eval-
uation planes equally spaced as shown in Fig. 3b.

' ‘ centre of the nozzle outlet
A g

15 mm

1.5 mm
\

a) b)

centre of the nozzle outlet

r3

4

Fig. 3. (a) Acquired image; (b) Evaluation planes on the image filtered by binary-mask (mm);
(c) The five planes employed for the intensity threshold detection.

The intensity threshold required for applying the “binary-mask” filter is determined
applying an iterative method that forces an equal total intensity of the powder flow on
the last five evaluation planes, following the equation below (see Fig. 3c):

5 5 5 5
I, I, I, I,
Zkgl £ (Ekgl k)s% <l < Zkgl ‘4 (Zk; ")5% Vk=1,..,5 (3.1)

where I is the total intensity enclosed by the powder flow contours in correspondence
of the five evaluation planes located between 15 and 9 mm from the nozzle outlet.

This iterative methodology is performed for every averaged image extracted from
the 108 experimental videos.
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4 CFD Modeling

The employed numerical model is based on the actual State of the Art on CFD sim-
ulations applied at DED process, where the particle powders are modelled as a discrete
phase dispersed into a continuous phase represented by the Argon inert gas. This
approach is widely employed in the scientific literature to simulate fluid-dynamics
problems when a low volume fraction of powder particles is dispersed and dragged by
the gas [20, 21]. The numerical simulations are executed through ANSYS ® FLUENT
software taking into account a control volume big enough to allow the complete
development of the powder flow at the exit of the deposition nozzle. In the case of 2
active nozzles, a symmetry condition is assumed. The powder grain size distribution is
considered uniform with an average diameter of 70 pm, neglecting collision between
particles.

5 Results and Short Discussion

Table 3 summarizes the experimental results when no substrate is employed. In the case
of only one active nozzle, the effects of Shielding gas (p-value = 0.000) and of powder
feed rate (p-value = 0.001) are significant. By increasing the powder feed rate from 0.1
to 0.14 g/s, the 95% of the total spread of the powder flow at 15 mm decreases from
4.58 to 4.43 mm in average, thus obtaining an average absolute variation of —9.8%
when no Shielding is applied. This proves the effectiveness of the suggested nozzle
design. Indeed, it ensures a high particle powder concentration focused at the centre of
the flow, thus limiting the powder dispersion. The influence of the Shielding gas on the
powder flow profile is consistent for every evaluated combination of process parameters.
The external flow of inert gas compacts the powder particles at the exit of the nozzle.
Indeed, it contrasts the effect of the gravity force that tends to deflect the powder
particles from the nominal trajectory imposed by the nozzle geometry (see Fig. 4a).
Increasing the Shielding mass flow rate from 0 to 2.92e” % kg/s, the spread of the
powder flow at 15 mm from the nozzle outlet reduces up to —14.6% in average. To have
a quantitative estimation of the advantage in terms of catchment efficiency, further
deposition tests are required where the weight of the realized samples is compared with
the nominal quantity of powder provided during the process. Nevertheless, a prelimi-
nary estimation of the influence of this nozzle solution on the deposition efficiency can
be made considering the geometrical ratio between the nominal area of the melt pool and
the projected area of the powder flow on the deposition plane. In this context, taking into
account a nominal circular melt pool with a diameter of 1 mm, the deposition efficiency
increases from 5% to 7%, indicating an increase close to the 50% of the catchment
efficiency when no Shielding is applied. In terms of material and cost saving, an increase
in the catchment efficiency from 5% to 7% determines a material saving of 0.9 kg and a
significant cost saving of 207 EUR for the manufacture of a small-medium size
full-dense part in Ti-6A1-4V with a volume of 33000 mm’.
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Table 3. Summary of the experimental results without the presence of the substrate.

1 active nozzle Powder feed rate = 0.1 g/s Powder feed rate = 0.14 g/s
Carrier = 4.51¢™% kg/s | Carrier = 5.41¢™% kg/s | Carrier = 4.51¢™% kg/s | Carrier = 5.41¢™%° kg/s
95% width | Variation | 95% width | Variation | 95% width | Variation | 95% width | Variation
(mm) (%) (mm) (%) (mm) (%) (mm) (%)
Shielding = 0 kg/s 4.93 - 4.98 - 471 - 497 -
Shielding = 1.95¢ " kg/s | 4.33 -12 457 -83 441 -7.6 433 -12.8
Shielding = 2.92¢7% ke/s | 4.29 -13 4.35 -12.7 4.22 -11.5 391 -21.3
2 active nozzles Powder feed rate = 0.2 g/s Powder feed rate = 0.28 g/s

Carrier = 9.02¢™% kg/s | Carrier = 1.08¢ % kg/s | Carrier = 9.02¢ % kg/s | Carrier = 1.08¢”** kg/s
95% width | Variation | 95% width | Variation | 95% width | Variation | 95% width | Variation

(mm) (%) (mm) (%) (mm) (%) (mm) (%)
Shielding = 0 kg/s 5.73 - 6.34 - 5.27 - 5.56 -
Shielding = 3.9¢™ kg/s | 5.11 -10.9 5.22 -17.8 4.40 -16.5 5.68 -23
Shielding = 5.84e™* kg/s | 5.29 -7.8 5.58 -12.1 5.32 -1.1 5.64 -15

In the case of 2 active nozzles without the presence of substrate, the powder feed
rate has a negligible effect (p-value =0.064) compared to the Shielding
(p-value = 0.001) and Carrier gas (p-value = 0.000). By increasing the Carrier gas
from 9.02¢™% to 1.08¢ ™ kg/s, the spread of the powder flow increases (see Table 3).
This is mainly due to the increase in the Carrier inertia that reduces the effect of the
Shielding gas. Moreover, the influence of the Shielding gas is not linear as happened in
the process condition with only one active nozzle. In this case, the experimental
analysis shows a significant reduction in the powder particles diffusions for medium
values of the Shielding gas, followed by a critical enlargement at the highest values.
For medium values of the Shielding gas, the 95% of the powder flow width at 15 mm
decreases up to —11.8% in average, whereas for higher mass flow rates the width only
decreases up to —5.6%. The reason of this behaviour could be related to the location
where the two powder flows meet each other. Indeed, increasing the Shielding mass

powder flow profile a) b)

e

-
o
=

2
10 12 14 16 18 20 Shielding = 0 kg/s

Shielding = 3.9¢™ kg/s

L 2

Shielding = 5.84¢ " kg/s

: Lol

x coordinates (mm)

~

nominal trajectory

IS

&

y distance from the nozzle outlet (mm)

* centre of the nozzle outlet ing = 0 kg/s ielding = 1.94 kg/s ielding = 2.92 kg/s

Fig. 4. (a) Influence of the Shielding gas on the powder flow profile (1 active nozzle);
(b) Influence of the Shielding gas with the presence of the substrate (2 active nozzles,
Carrier = 1.08¢ ™ kg/s, powder feed rate = 0.2 g/s)
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flow rate from 3.9¢ % to 5.84e~** kg/s the zone where the two powder flows meet each
other results to be lowered in comparison with the previous case. This phenomenon
affects the measurements since the deposition plane is no more located at 15 mm from
the nozzle outlet.

Concerning the case of 2 active nozzles with the presence of the substrate at 15 mm
from the nozzle outlet, the acquired images are strongly affected by an high concen-
tration of bouncing powder particles that degrade the image analysis and prevent the
application of the image based method discussed in the Sect. 3.1.

For this reason, only a qualitative analysis is possible: it implies evaluating the
spectrum of the powder particles distribution in correspondence to the surface of the
substrate. Figure 4b shows the effect of the Shielding gas for constant values of Carrier
mass flow rate and powder feed rate. The zone with the higher particle concentration
results to be qualitatively smaller for higher values of the Shielding mass flow rate.
Nevertheless, to have a feedback and a quantitative analysis of the influence of
Shielding, Carrier, and powder mass flow on the deposition efficiency of the process
under this process conditions, further experimental tests are required.

6 Conclusions

In this paper, a new solution of double chamber deposition nozzle for DED application
is introduced and its performances evaluate. The influence of the Shielding mass flow
rate, Carrier flow rate, and powder feed rate on the spread of the powder flow coming
out from the deposition nozzle is analysed characterising the 95% of the width of the
powder flow at 15 mm from the nozzle outlet. The main outputs coming out from this
experimental analysis are:

e the three evaluated process conditions show a significant effect of the Shielding
mass flow rate;

e for 1 active nozzle, increasing the Shielding mass flow rate up to 2.92¢”** kg/s the
95% of the deposition area reduces up to —14.6% with a consequent increase in the
deposition efficiency;

e arough estimation of the catchment efficiency show an improvement close to 50%
when the Shielding mass flow increases from 0 to 2.92e** kg/s;

e the Shielding gas compacts the powder flow reducing the effect of both the gravity
force and Carrier gas inertia that are the main responsible of the spreading of the
powder flow;

e during the experimental campaign, the suggested deposition nozzle shows to be an
effective solution to reduce the powder spread and improve the performance of
DED technology;

e to have a quantitative evaluation of the performance of the deposition nozzles in
terms of catchment efficiency, further experimental tests are required, where the
weight of the deposited part is compared with the nominal powder feed rate pro-
vided during the process;

e the employed CFD model does not fit the experimental results correctly, but an
enhanced CFD model is necessary to simulate the process properly.
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Abstract. As additive manufacturing (AM) gains greater industrial exposure,
there is a drive towards defining practical, high-value processes and products.
Defining viable business cases is critical to ensure successful technology
adoption. Given the marine industry’s slow uptake of AM, the potential of Wire
Arc Additive Manufacturing (WAAM) to produce spare parts on demand is
promising. It has the potential to reduce storage and transportation costs of spare
parts by bringing production closer to end use locations.

Using a propeller as a familiar marine industry object for a case study, the
authors focused and explored four different design iterations to highlight the
opportunity and design freedom offered through AM for development time and
cost reductions by producing components on a needs basis in close proximity to
where they are required. Designing, preparing for manufacture, manufacturing
and post processing these components exposes a considerable portion of the
process chain from a hardware and software perspectives.

Current trend towards producing locally along with the intersection of Wire
and Arc AM, the flexibility offered by software and hardware coupled with high
cost pressures of the marine industry make this spare part on-demand concept
particularly attractive.

Keywords: Additive Manufacturing (AM) - Wire Arc Additive Manufacturing
(WAAM) - Propeller * Design + Welding strategy - Maritime

1 Introduction

Sustainable development and economic pressure drive industries to develop new
technologies to reduce cost by repairing or regenerating damaged components [1]. In
the past decades, additive manufacturing (AM) has moved from a novel manufacturing
process in mainstream research and heading towards industrial applications across
multiple sectors [2, 3].
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Metal AM implementations via different deposition techniques have been reviewed
by Frazier [4]. Although current AM research focuses on high energy beam with
powder based processes [5-9], Wire Arc AM (WAAM) is one of the promising
technologies to sustainably produce large components in a short time due to its low
setup cost and relatively high deposition rates. Research focus has centred around
aerospace [10] however, in the maritime industry, adoption of AM has been slow
therefore, defining and demonstrating viable business cases becomes critical in
ensuring successful adoption.

Consider the propeller, a familiar maritime object made from corrosion resistant
materials by either casting, forging, or by welding blades to a central hub. Casting
typically consists of the following manufacturing steps: designing, molding, and
casting, heat treatments, grinding and polishing. Casting porosities need to be inspected
if a new design is produced [11]. These times consuming steps were reviewed by Degu
and Sridhar [12].

For WAAM to be a viable manufacturing process for propellers, it must meet the
business drivers important to the industry. Primarily it would need to offer one or more
of the following: (i) cost effective production; (ii) cost reduction in supplier the chain;
(iii) comparable or enhanced product quality. This paper focuses on the design and
manufacturing process chain (workflow) to achieve the first two requirements. Four
different design iterations and fabrication are investigated and aimed at reductions in
time and cost. This paper also explores the concept of spare parts on demand as a route
to reducing spare parts stockpiles by producing components on a needs basis near to
where they are needed. In this case, production was done at the Port of Rotterdam’s
RAMLAB facility, where a minimalist footprint aims to reduce cost by reducing time
and the supply chain itself.

Material used and their properties are mentioned, however this is not the focus of
this present paper. Detailed material metallurgical and mechanical properties mea-
surements will be presented in future publications for the proper and intended maritime
material. The obtained final manufacturing design and WAAM workflow will be used
to implement future production.

2 Setup, Materials and Experiments

Setup and Welding Wire Used. WAAM experiments were performed using Active
Wire Production (AWP, MAG welding with 80 Ar/20 CO, shielding gas) with a
Panasonic TM-1400WG3-AWP 6-axis welding robot and an additional 2-axis work-
piece manipulator (type YA-1RJC62) with a maximum handling capacity of 300 kg.
Lincoln Electric SG II welding wire (diameter 1.0 mm and Table 1 shows its compo-
sition) was used in experiments primarily due to its low cost as this study focuses on
design exploration. Experimental conditions are shown in Fig. 1. Optimal conditions
were obtained and the corresponding weld bead geometry and processing conditions
were used as inputs into the AM module of Autodesk’s PowerMILL software to create
weld paths for deposition and for controlling and creating effective robot configurations.



72 W. Ya and K. Hamilton

Table 1. Chemical compositions of SG II welding wire.

Element | C Mn Si P S Cu Mo
Wt.% |0.07-0.10 | 1.4-1.6 | 0.7-1.0 | max 0.025 | max 0.025 | max 0.30

Welding wire (SG II)

Thin ST37 steel plate (250 x 60 x
3 mm)

With active cooling and clamping
Deposition rate (1.05 —3.14
kg/hour)

Welding current (85 —200 A)
Welding voltage (16.4 —23 V)
Welding speed (0.2-0.4 m/min)
Shielding gas (80 Ar/20 CO2, 16-
20 1/min)

Fig. 1. Samples and tested conditions.

Deposition Efficiency. To minimize geometrical errors (< = 0.1 mm), deposition rate
and efficiency were evaluated based on equations and methods presented by Ya [1].
Figure 2 shows that dense, porosity-free and crack-free layers can be produced with the
optimal weld conditions. This figure also shows the layer welding direction perpen-
dicular to the building direction.

Building direction
‘——

Fig. 2. Dense deposited weld layers.

Figure 3 shows the change of efficiency and microhardness with the energy input.
Microhardness was measured with the LECO microhardness tester (LM100AT). As
high energy input reduces the cooling rate, larger grains/phases are expected to appear
in the weld microstructure which do reduce the hardness. Desirable welding conditions
can be derived from Fig. 3 where the material retains enough hardness (energy input of
500 J/mm and 1.2 kg/h of deposition rate).
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walls (dimensions: 380 x 28 x 500 mm) as shown in Fig. 4. The lateral displacement

(step over) between adjacent weld was 3.8 mm and the single weld track width and
height are 5.2 mm and 2 mm respectively. After each deposited layer, the torch was

moved up 2.75 mm and its travel direction was reversed to control the build-up of

material at deposition start and end positions. Samples were then prepared from the
deposited walls for standard mechanical tests. The measured results are comparable to

the referenced values from the wire manufacturer. The effects of depositing conditions

and strategies on material properties will not be discussed as this paper focuses on

design aspects.

Fig. 4. Two wall deposited with different patterns, (a) top view; (b) side view.

(@)

-
(b)
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3 Process Chain: Design Exploration and Manufacture

With appropriate material properties and AM process conditions known, the designed
propeller can be manufactured. The propeller shapes were used to investigated not only
the new-found design freedom enabled by AM but the suitability of both rapid pro-
totyping and rapid manufacturing. The thermal and negative geometric effects on the
part as it is built were considered during the preform creation stage. To avoid excessive
heat and distortion during deposition, an active cooling system was used for thermal
management. The four designs are described in Figs. 5, 7, 9, and 11.

Fig. 5. Single blade with hollow shell (500 mm high).

Design #1 (Fig. 5): Single blade (~ 0.5 m in height) deposited using a single weld
bead contour strategy to create a hollow shell blade with 5 mm nominal wall thickness.
Additional 5 mm thick stiffening braces across the length of the blade were constructed
to provide stiffness. This design explores the potential of manufacturing a hollow

(b)

Fig. 6. As-deposited shape of Design #1, (a) during deposition; (b) after deposition.
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propeller which cannot be manufactured with traditional techniques. By changing how
material is distributed, this concept can be rapidly prototyped as less material needs to
be deposited. The design was manufactured as shown in Fig. 6. Alternately, during
service, a single blade of a propeller may be damaged. Regenerating the damaged blade
with AM will help to reduce the cost of down time.

Design #2 (Fig. 7): Full propeller (~0.5 m in diameter) with four hollow blades
deposited using an oscillation strategy to create blades with 10 mm nominal thick
walls. Although the blades are hollow, excess material (>15 mm thick) was left on the
leading and trailing edges to improve the overall strength of the blades. Additional
material was deposited to allow the realisation of the final blade fillet with the shaft.

This design, like Design #1, follows the rapid prototyping concept to manufacture a
full hollow propeller. It shows the limitation of substrate shapes on design is minimum.
The manufactured propeller is shown in Fig. 8.

(@)
(b)

Fig. 7. Full propeller with four hollow blades, (a) Final propeller shape; (b) overlay of the
deposition preform; (c) material deposition model (weld paths) — @500 mm tip to tip
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Fig. 8. As-deposited shape of Design #2, (a) initial; (b) during; (c) after deposition

Design #3 (Fig. 9): Propeller (~1.0 m in diameter) with three solid blades
deposited using multiple conformal parallel weld tracks to create blades with 15 mm
nominal wall thickness. Excess material was deposited to be able to realise the final
blade fillet with the shaft. The design was manufactured and shown in Fig. 10.

(a) (b)

Fig. 9. Three solid blade propeller, (a) net shape; (b) near net shape; (c) deposition model
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(a) (b)

(©)

Fig. 10. As-deposited shape of Design #3, (a) initial; (b) during; (c) after deposition —
?1000 mm tip to tip.

Design #4 (Fig. 11): Propeller (0.36 m in diameter) deposited using multiple
conformal parallel weld tracks to create blade with variable wall thickness. Additional
material was deposited to allow the realisation of the final blade fillet with the shaft.

(a) (b)

Fig. 11. Single solid blade ©360 mm tip to tip.
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This design is an improved version of Design #3 with additional material added to
allow a variable thickness fillet to be created. Less processing and post machining time
is required with this design as the additional material is near to the required net shape of
the final part. This near-net shape deposition is realized and manufactured propeller is
shown in Fig. 12.

(b)

Fig. 12. As-deposited shape of Design #4, (a) initial deposition; (b) after deposition.

Both Design #1 and #2 explore new design concepts that are otherwise
impossible/difficult to manufacture, however, through AM, new design concepts can be
conceived and prototypes rapidly produced to shorten the design cycle. Designs #3 and
#4 both take conventionally designed CAD models to AM manufacture without any
redesign.

Part Programming Workflow

1 2

AUTODESK’
FUSION 360 Part AUTODESK AUTODESK

POWERSHAPE Pre-form P powermie Setup

==V
o
=
Eh

Trajectory

Simulation &
: AUTODESK > AUTODES K
P powermiLe Trajectory | Prowenmic Decoration | Prowerwic  Sequence P powermiLe NC Program

AUTODESK AUTODESK

Fig. 13. Software programming workflow for Design #2.
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From a rapid manufacture/production perspective, this highlights that there are
subsets of components that are suited for rapid AM reproduction with reduced pro-
duction time. This avoids spare-parts piles up in the warehouse. For either route, the
part programming software workflow used for design exploration and manufacturing
can be identical as illustrated in Fig. 13. Software used for each step are given to show
extent of the process chain.

4 Post-processing

Each of the four designs produced a near net shape propeller which therefore require
post processing to bring these components to their final as-desired forms. Two post
processing techniques were successfully explored to give the desired surface finish.
Using conventional manual grinding tools, the surfaces of Design #1 and Design #3
were brought to acceptable surface finish (Fig. 14). To ensure that the blades are within
tolerance, a non-contact optical scanner was used to validate and control the surfaces.
For Design #2, 5-axis CNC milling was utilized to remove excel material from the
as-built geometry (Fig. 15). On-machine verification with a touch probe and optical
scanning methods were utilized to control the final as-machined surfaces.

Fig. 14. Ground face of Design #1 and #3. Fig. 15. CNC machined blade of Design #2

5 Discussion and Conclusion

Through design exploration and manufacturing of marine propellers with WAAM, the
authors show the potential for added value for industrial applications. The traditional
manufacturing method for propellers in general has a lead time of over 30 days. The
cost and time can be reduced through the removal of time consuming steps such as
molding and casting. This creates an opportunity for quicker production turnaround. It
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is known in the shipbuilding industrial that winglets on blade tips increase efficiency of
propellers in the order of 1-4% [13]. Up to now propellers with tip modified blades are
hardly used due to the high manufacturing cost, as blade tips tend to brake off during
casting processes. WAAM has a great potential of enabling these kinds of propeller
design. With fuel bills of large ships running in the order of millions per year, a few
percent efficiency gain has a positive effect on the business case of WAAM.

With this newfound design freedom, not only can rapid prototyping be realized but
rapid production can be implemented as well. This would enable locally produce spare
parts on demand from CAD to offer a marked opportunity to reduce storage and
transportation costs while reducing production time by shortening the design iteration
from a rapid prototyping perspective. Existing maritime components could already be
manufactured by WAAM as an alternative to conventional methods. Components such
as complex double curved parts of the bow section of special purpose vessels. These
components are now often machined from solid metal blocks or built up from plate
material requiring many man hours for shaping, leading to cost of 30-50 euro/kg of
structure. These kind of prices are in theory also achievable with WAAM which could
make it a competitive alternative method.

WAAM of maritime components has a positive effect on the supply chain of
component manufacture. Ships consist of many mission critical systems where failure
could result in the ship no longer able to fulfil its tasks. The propeller is a very mission
critical component where damaged from say a grounding event could leave the ship
unable to sail. Given that many ships operate on contracts posing heavy penalties on
unavailability of the ship, conventional manufacture on mission critical components
carry long lead times which create financial risks. WAAM can significantly reduce the
lead time of some components where even at higher cost price, WAAM produced
components could alleviate the risk, ultimately reducing overall cost.

WAAM has the potential to be a viable manufacturing process for maritime
components like propellers primarily because it offers the possibility to realize time and
cost effective production of component as well as reducing the overall size of the
supply chain by producing them locally.
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Abstract. A 3D finite element model is developed to study heat
exchange during the selective laser melting (SLM) process. The level set
functions are used to track the interface between the constructed work-
piece and non-melted powder, and interface between the gas domain
and the successive powder bed layers In order to reach the simulation
in macroscopic scale of real part geometries in a reasonable simulation
time, the energy input and the formation of the additive deposit are sim-
plified by considering them at the scale of an entire layer or fraction of
each layer. The layer fractions are identified directly from a description
(e.g. using G-code) of the global laser scan plan of the part construc-
tion. Each fraction is heated during a time interval corresponding to the
exposure time to the laser beam, and then cooled down during a time
interval equal to the scan time of the laser beam over the considered
layer fraction. The global heat transfer through the part under additive
construction and the powder material non-exposed to the laser beam is
simulated. To reduce the computational cost, mesh-adaptation is adopted
during the construction process. The proposed model is able to predict
the temperature distribution and evolution in the constructed workpiece
and non-melted powder during the SLM process at the macroscale, for
parts made of complex geometry. Application is shown for a nickel based
material (IN718), but the numerical model can be easily extended to
other materials by using their data sets.

Keywords: Selective laser melting - Macroscopic finite element thermal
modelling - Level set - Adaptive mesh - G-code

1 Introduction

Selective laser melting (SLM) is an advanced form of the selective laser sintering
(SLS) process with full melting of the powder bed particles takes place by using
one or more lasers. It was developed by Fockele and Schwarze in cooperation
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with the Fraunhofer institute of laser technology in 1999 and then commercial-
ized with MCP Realizer250 machine by MCP HEK Gmbh (now SLM Solutions
Gmbh) in 2004 [1]. It received great interest for both research and industry
aspects. Different metal alloys have been widely tested by SLM process [2-5].
Besides, the ceramic materials are also studied [6]. To avoid the costly trial
and error approach by repeated experiments, numerical modelling is introduced
for the simulation of different concurrent physical phenomena involved in the
process [7].

The finite element (FE) method is usually selected for the numerical model in
meso and macro scales. In the meso-scale, it’s possible to predict the phase trans-
formation, the formation of melt pool profiles and bead shapes [6]. In the macro
scale, the predictions of temperature and residual stress are preferred [8-10].

By the thermal analysis, it’s possible to improve the process parameters and
optimize the designed the geometry size and the support structure [10]. To reach
the thermal analysis in macro model, Zaeh et al. created a three dimensional FE-
model to investigate of transient physical effects in SLM called SIMUSINT [11].
For present macro scale models, the regular shape workpiece is usually selected
and powder bed is rarely considered [7]. The objective of the present approach
is to develop a finite element thermal model of SLM by depositing the energy
at the scale of a layer fraction for the workpiece of a complex geometrical form
and taking into account the non-melted powder bed.

2 DModelling Strategy

Figure 1 presents a schematic of the FEM strategy. Firstly, the geometry of the
workpiece, 2w p, is given by information extracted from a computer-aided design
(CAD) model. Tt includes the useful component of the part plus the supports,
which constitute the full consolidated geometry produced by SLM. The CAD
model is immersed in a larger analysis domain {2 also embedding a bottom
substrate, {2g, and enough gas, {2¢, to full surround the CAD model. A level
set function 1 is defined (red line in Fig. 1) that divides {2 into two regions, the
material, 257 (¢ < 0) and the above gas 2 (¢ > 0), thus defining the I'y;/¢
boundary (¢ = 0). The level set function ¢ is updated by

YO =yt AZy M)

where t is the time step and AZp is the layer thickness. The workpiece is split
into the bottom constructed part, Q% p, and the top virtual part to be built,
QI‘,/V p- At a given time during the construction of the part, the complement to
2a U 2y in 2)7 is the powder bed, 2pp, that was not exposed to SLM. The
level set function ¢ is also defined to track the Iy p,pp boundary in the material
domain. Finally, the whole domain (2 can be expressed as {2 = 2g U ), where
Oy = 2pp U Q%P U 2s.
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rM/G. surface between material and gas
rWF’/F’Di surface between workpiece and powder
rWF'/G' surface between workpiece and gas

Q: analysis domain
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Qu (lrh = O)l/ QI’[). powder zone

Non Q WP: workpiece
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Fig. 1. Scheme of the macro model

2.1 G-code Interpreter Module

Based on CAD information, the laser scan path is generated in the form of a
G-code file, by a software tool known as a “slicer”. The slicer intersects the CAD
model with a series of planes in order to define a set of cross sections. For each
plane, both perimeter and infill trajectories are computed to produce a layer
[12]. In the present work, the discretized laser trajectories are extracted from
the G-code. Then each trajectory is interpreted and transferred to the finite
element thermal solver. Each layer can in turn be decomposed into several layer
fractions, according to the effective scan path and a critical length, as illustrated
in Fig. 2. A size of 52 mm is selected as the critical length in this work, and more
“time-averaged” effect will be obtained for the temperature with higher value.

2.2 Scheme for Energy Input

Instead of applying the successive thermal input along the laser path, a different
strategy is proposed in this work. Each layer fraction is heated during a time
interval corresponding to the effective time during which the powder bed is
exposed to the laser beam. By the discretization of laser trajectory in macro
model, the time interval tilfeat is approximated by the time of the laser point
passing one laser diameter.

pr oo (2)

heat vy,
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fraction1  fraction2 faction3

Fig. 2. Decomposition of a layer into fractions

where ¢, is the laser beam diameter and vy, is the laser velocity. The scanning
time of each layer fraction t!f_ can be directly deduced from the exploitation
and analysis of the laser scan file. It is then assumed that after being heated
during the time interval tzfeat, the layer fraction cools (as well as the rest of
domain £2)7) during the time difference: ti’;ol =t - tilfeat.
The heat flux (¢z,) that should be applied to the layer fraction during the
heating time tilfeat can be easily calculated by the following energy balance,
(1—R) Pt =S g, i) (3)

scan heat

where Pr, is the nominal laser power, R is the reflexion coefficient of the laser
radiation at the surface of the powder bed, and SY is the surface of the layer
fraction. Actually, for the numerical implementation, this heat input is uniformly
applied to the whole thickness Az; of the powder bed, using a volumetric heat
source (Qr). This uniform volume source is then given by:

_ iy
(1 R) PL tSCG/I’L (4)

QL = T QI AL
f Lf
S Azt theat

2.3 Refining and Unrefining the Mesh

To consider both the computationally elegant and physically realistic perfor-
mance, the local mesh size and the total mesh number must be controlled. To
refine the mesh in the deposited layer, an objective metric M is defined by apply-
ing the error estimation method [13] to the Heaviside function H () according to
the boundary I'y;/¢ and to the Heaviside function H(¢) related to the boundary
I'wp/pp-

1/h2 0 0

0 0 1/
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where h,, is the mesh size in the normal direction of the interface corresponding
to the progress direction of the workpiece upper interface. Similarly h,, and h,
are mesh sizes in the two tangent directions of the interface. In addition, to avoid
numerical perturbations in time and space associated with thermal shock, the
local mesh size h should follow the mesh limitation condition [14]:

h |22 (6)
PCp
where At is the time step, x the thermal conductivity, p is the density and ¢, is
the specific heat of the material at the local position.
For the constructed workpiece and gas far from the heated zone, an un-
refining strategy is also applied by the adaptive remeshing technique.

3 Application

Using the strategy presented above, SLM of a part made of the nickel-based
alloy IN718 in argon gas is simulated.

3.1 Geometrical Parameters

As shown in Fig. 3(a), the simulated domain is 30 x 30 x 16 mm?, including the
1 mm-thick substrate. The workpiece under construction is initially immersed
in the non-consolidated powder bed. Argon gas is considered over the powder
bed, the height of this gas domain decreasing continuously during construction
to reach a minimum value of 4 mm at the end of the process.

{"'/'
Adia.
cond.«~
z 10 mm
w 30 mm
conv. 7w— v
(a) simulated system ) 3d view

Fig. 3. Geometrical description of the studied case showing: (a) the part to be con-
structed in red color, while the surrounding powder bed is in grey color, and the gas
domain is in white color. (b) the top and perspective views of the part
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The workpiece is an impeller with 4 spiral blades, the thickness of which is
1mm. The radius of the lower plate and the height of the workpiece are 10 mm.
Moreover, a vertical central hole goes through the workpiece (Fig.3(b)). The
deposition of energy is considered by layer fractions, which are based on the
laser trajectories from the G-code description as detailed previously. Besides,
the additional cooling time between the layers (Atgyperr) of 15 is considered.

3.2 Thermal Modelling

The temperature history is calculated by a 3D Lagrangian transient thermal
analysis considering solid and powder properties of the metallic materials as
well as argon gas properties. The local properties are estimated by a mixing rue
based on the defined two level set functions ¢ and .

Concerning the boundary conditions (as shown in Fig. 3(a)), the conductive
heat exchange with machine environment is considered for the lateral surface of
the material part, while the convective heat exchange is considered for bottom
surface. The adiabatic condition is applied for the external surface of the gas
zone (0f2g N 02). For the interfaces of Iy and I'yp/pp, only the diffusive
heat exchange is considered.

The thermal properties of the different simulated materials together with the
parameters of thermal exchange and the laser inputs are given in Table 1. In the
initial stage to develop this strategy, the thermal properties are considered as
constant values, the temperature dependant properties will be implemented in
the future model.

Table 1. Material properties and process conditions [7,15]

Properties Workpiece | Powder bed | Argon gas
Materials Density, p [kgm™3] 8185 3191.5 1.3

Thermal conductivity, x [Wm™1 K~1] |10.8 0.19 0.024

Specific heat, Cp [Jkg™! K1] 427 427 1000
Heat exchange | Ambient temperature, T [°C] 20

Convection coefficient, h [Wm™2K~1]|15

Emissivity 0.25
Laser Nominal power, P [W] 96

Scan speed, vy, [mms™1] 55.03

Reflexion coefficient, R 0.45

Diameter of laser beam, ¢, [mm)] 0.2

Thickness of deposited layer, Az [mm] |0.2

Inter-layer dwell time, Atgy e [S] 15

3.3 Mesh Adaptation

As shown in Fig. 4(a), the mesh in the gas region far from the construction front
is coarse, while the zone close to the construction front is kept fine enough to
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avoid thermal shock. For the constructed workpiece, fine elements are located
at its surface to preserve the geometrical shape, while coarser ones can be found
inside Fig. 4(b). By the adaptive strategy, the number of elements in the system
can be stabilized around 2 million, and the computation time reaches 17h on a
50 processor cluster.

(a) Entire model (b) Constructed workpiece

Fig. 4. Illustration of the mesh adaptation, close to the end of the simulation process:
the mesh is shown (a) in the entire model, evidencing refining at the I'y;,¢ boundary
and unrefining in the powder bed far from the workpiece and (b) details of the mesh
close to the substrate and within the manufactured component, illustrating variations
in the vivinity of the Iy p,pp

3.4 Model Validation

By the above strategy, the adiabatic boundary condition is assumed to validate
the energy conservation for the prescribed model. The energy evolution is given
in Fig. 5 for the calculated value and the input one, respectively. In the final stage

20000 T T T T T

16000 {

Input value
— Adiabatic condition

12000 B

8000 ~ B

Energy (J)

4000 -

T T T T T
0 200 400 600 800 1000 1200
Time (s)

Fig. 5. Energy comparison with adiabatic boundary condition
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of the simulation, 3% difference is obtained for the calculated energy compared
with the theoretical input one, which means the developed model is acceptable
form the energy point of view.

3.5 Simulation Results

After cooling down with a final dwelling time of 15s, the simulated result for
the temperature field of the entire model is given in Fig.6(a) at the end of
the 50 layers. By removing the upper gas zone, the material zone is presented
in Fig. 6(b). This presentation allows observing the temperature distribution in
the powder bed and in the consolidated workpiece along the top and lateral
surfaces. The highest temperature located in the last heated zones is around
610 °C, while the lowest temperature, around 52 °C, appears along the lateral
surfaces. By removing the non-exposed powder, a vertical temperature gradient
can be seen in the part, the temperature in the bottom plate and the 400°C
(Fig.6(c)). To better evaluate the 3D temperature distribution, vertical and
horizontal profiles are displayed in Fig.7(a). The chosen lines (H2 and V2) in
the cold zone go through one blade, while the ones in the hot zone (H1 and V1)
intersect the longitudinal axis of the geometry. Even if the temperature tends
to be homogeneous in the cold zone (green color in Figs. 7(b)), transitions can
be found for the blue lines H2 and V2 (Figs. 7(c) and 7(d)). Line H2 traverses
the powder and one blade, while V2 goes through substrate, workpiece, powder,
blade, powder and gas, as indicated by the red circles read from left to right.
The capture lines in the hot zone go through the red colour in Fig.7(b). The
vertical line V1 successively crosses the substrate from 0 to 2mm, the powder
bed from 2 to 12mm and argon gas from 12 to 16 mm. The temperature in
the substrate varies slightly, while the temperature increases in the powder and
decreases in the gas zone with high temperature gradient. The horizontal line
H1 crosses several times the powder and the workpiece when the central hole is
encountered. The corresponding variations in the temperature profile can clearly

Te0)

2 W @ a0 60
' i

(a) Whole model (b) Workpiece with non- (¢) Workpiece with sub-
exposed powder strate (powder bed re-
moved)

Fig. 6. Temperature distribution in the simulated system, at the end of the construc-
tion process
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Fig. 7. Temperature profiles through the entire model with H1 (X = 15mm, Y =
[0, 30) mm, Z = 8 mm), V1 (X = 15mm, Y = 15mm, Z = [0, 16] mm), H2 (X = 7mm,
Y = [0, 30mm, Z = 5mm), V2 (X =7mm, Y = 11mm Z = [0, 16] mm)

be seen. Due to the low thermal conductivity, the temperatures in the powder
are still high after 15s dwelling time for each layer construction.

For profiles (H1, V1) in the construction center, the maximum temperature
always locates at the powder zone, and the temperature gradient of the powder
is higher than that of the workpiece. For the profiles out of the center (H2, V2),
the maximum temperature locates the interface between workpiece and powder.

4 Conclusions

A 3D finite element thermal model at the macroscopic scale of the constructed
workpiece has been developed. The simulation encompasses the non-consolidated
powder bed and the surrounding gas. A layer fraction strategy based on the
G-code description of the global laser scan plan for a complex geometrical work-
piece has been implemented. The level set functions are used to track the inter-
faces of material-gas and workpiece-powder. Using an adaptive mesh technique,
local refinement and de-refinement of the mesh is continuously controlled in the
whole model during the construction process in a reasonable computation time.
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By the transient thermal analysis, the temperature gradient in the material zone
can be easily observed: the temperature in the substrate tends to be homoge-
neous, while the temperature gradient near the interface is high. The boundary
conditions are applied in a reasonable way by considering the non-exposed pow-
der. The influence of the latter on the temperature profile of the entire model
can be easily observed. The developed 3D macroscopic model can be applied
to the thermal analysis of SLM additive manufacturing of metal parts, without
limitation regarding the geometrical complexity.

Due to the simplification of fraction layer, the local high temperature fluctua-
tions encountered by the deposited material (due to the successive laser impacts)
might not be well reproduced by such a macro calculation. However, regarding
the global build up of stress(at the scale of the part), it’s essentially of a more
“time-averaged” temperature history that can be effectively captured by such
model. It will be interesting in the future to see whether such hypotheses are
correct by comparing calculated stress and distortions with the measured ones.

5 Outlook

The next developments will consider temperature dependent material properties
and the implementation of a thermo-mechanical module in order to predict the
stress build-up in the part during its construction. In addition, the comparison
with the experimental measurements, it’s in progress. Based on the validated
model by experiments, the parametric optimisation of SLM process will also be
expected.
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Abstract. Fused deposition of ceramics (FDC) is an additive manufacturing
technique, were thermoplastic filaments are used for the fabrication of intricate
structures that are difficult or impossible to produce with traditional techniques.
This processing technique is utilized in the domestic and industrial appliance
market. However, this simple and cheap manufacturing method is not widely
used for the fabrication of traditional, high performance or functional ceramics.
The objective of this contribution is to manufacture grid structures by means of
FDC and subsequently investigate their electromechanical properties. Highly
loaded ceramic - EVA (ethyl vinyl acetate) based filament is produced, as a
feedstock for FDC. After successful printing and sintering of the grid structures,
ferroelectric investigations were performed. Moreover, the grid structures are
impregnated with a polymer resin resulting in a piezoelectric 3-3 composite that
can be used as a hydrophone in under water noise detection.

Keywords: Fused deposition of ceramics - Additive manufacturing
Thermoplastic processing - PZT - BaTiO;

1 Introduction

Piezoelectric materials have the ability to convert electrical energy to mechanical
vibrations or vice versa depending on their applications. Although monolithic ceramics
are relatively inexpensive and show good piezoelectric properties, the direct applica-
tions are limited due to the mismatch in acoustic impedance between the media and
ceramic through which signals are transmitted or received [1]. Piezoelectric compos-
ites, which consist of a piezoelectric ceramic embedded in an inactive polymer phase
provides an alternative solution. Researches have proved that piezoelectric composites
show better properties compared to monolithic ceramics for ultrasonic applications due
to better acoustic impedance matching and lower dielectric permittivity [2]. The
properties of a composite can be tailored to suit the applications by changing the
ceramic/polymer volume fractions and the constituent materials. The connectivity of
the ceramic phase within the polymer matrix also governs the final electromechanical
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properties and Newnham et al. proposed ten connectivity patterns for a 2-phase system,
where each phase could be continuous in zero, one, two or three dimensions [3]. The
internationally accepted nomenclature are (0-0), (0-1), (0-2), (0-3), (1-1), (1-2), (1-3),
(2-2), (2-3) and (3-3), where the first number in the parenthesis represents the con-
nectivity of piezoelectric active phase and the second number refers to the polymer
inactive phase [3]. A series of different types of connectivity of the 2-phase composite
system is shown in Fig. 1.
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Fig. 1. Different types of connectivity of the 2-phase composite system [4]

Various processing techniques have been used to fabricate piezoelectric composites
[5-9]. Empa has prior experience in fabricating 1-3 fibre composites using extrusion
and 0-3 composite fibers [10, 11]. Techniques such as injection moulding and dice &
fill method are also used widely to produce 1-3 and 2-2 composites [12, 13]. 3-3
composites are fabricated mainly using lost mould method [14]. Since the mould needs
to be burned out and the inability to rapidly prototype samples restricts the wide scale
usage of this technique. In this contribution, additive manufacturing via fused depo-
sition modelling of ceramics was used to fabricate 3-3 composites that overcome these
drawbacks and provides flexibility in the fabrication process. Fused deposition mod-
elling of ceramics is a 3D printing process that extrudes a continuous thermoplastic
filament to form it into a continuous profile and is particularly useful at producing
complicated models layer by layer [7]. With this technique, complicated structures can
be made and modified by changing the computer aided design (CAD) file. Furthermore,
complicated shapes such as curved surface, used for focussing ultrasound beams can be
fabricated easily. While fused deposition technique is not as cost effective as mass
production, the new 3D printing technologies have permitted the ability to build
intricate structures and prototypes by reducing high costs in time and capital [15].
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The 3-3 connectivity composites discussed in this contribution is particularly used
in hydrophone applications for under water low frequency noise exploration [16].
Hydrophone sensitivity is characterized by hydrostatic voltage constant (g;), which is
the electric field generated during the applied hydrostatic stress. It is calculated using
the formula g, = d;/(go * K), where d, is the hydrostatic strain constant, ¢, is the
permittivity of free space and K is the dielectric constant [16]. However in this article,
the focus is given on the fabrication of 3-3 composites and suitability of the same for
hydrophone applications will be discussed in a future contribution.

The flexibility offered by the fused filament fabrication process enables the volume
fraction of the piezoelectric ceramic phase in a 3D printed 3-3 structure to be varied, by
varying the width and spacing within the ceramic grid structure. Among the many
ferroelectric ceramic materials, two of the most widely researched ones, lead zirconate
titanate (PZT) and barium titanate (BT) owing to their superior piezoelectric, ferro-
electric and dielectric properties [17] and was thus used in this work to produce
scaffolds with a grid structure. By showing the feasibility of this process, would enable
the processing of several useful types of complex shaped monolithic and composite
ferroelectric devices.

2 Experimental

The production of fused deposition ceramic structures is divided into several steps
which include production of the thermoplastic feedstock, extruding the filament, 3D
printing, debinding, sintering and the measurement of the ferroelectric properties. For
the feedstock formulation, density, BET and grain size of the ceramic powders are
essential. The density of the commercially obtained PZT and BT powder was measured
with the Helium pycnometer (Accu-Pyc II 1340, Micromeritics, USA), specific surface
area was determined by BET (Beckman-Coulter SA3100, Beckman-Coulter, USA) and
particle size was measured using laser diffraction (LS 230, Beckman Coulter, USA).
Phase analyses of the ferroelectric powders were performed using X-ray diffraction
(XRD, X’Pert Pro MPD, PANalytical, Netherlands). To identify the phase composi-
tion, perovskite peaks were examined from the 26 angles 20-60°.

2.1 Preparation of Feedstock

Feedstocks of PZT EC65 (Harris corporation, USA) and BT (Ferro, GmbH) were
prepared using a high-shear mixer (Haake PolyLab Mixer Rheomix 600, Thermo
Fisher Scientific), mixing with the thermoplastic polymer i.e. Ethyl vinyl acetate
copolymer (EVA, DuPont, USA) and stearic acid (Sigma Aldrich, GmbH). The
preparation parameters of the feedstocks are shown in Table 1. The extrusion was
performed with the Rosand RH7 Flowmaster (Bohlin Instruments - Malvern Instru-
ments, UK). The filaments were extruded into a beaker and were tailored to be flexible
enough to wind on a roll for use with the 3D printer.
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Table 1. Preparation parameters for thermoplastic feedstock

Ceramic | vol.% ceramic | vol.% SA | vol.% EVA | Applied monolayer’s SA
PZT 49.0 104 40.5 7.5
BT 52.0 5.6 424 3.0

2.2 3D Printing of Feedstock

The 3D printer was built from a 3D printer construction kit (Velleman K8200/3Drag
with a Bulldog XL drive mechanism and E3D hot end). A glass plate was used as the
printing bed covered with a tape (width: 50 mm, length: 50 m, thickness: 0.14 mm)
from 3D-printerstore.ch. The K8200 was built from open source hardware and soft-
ware, allowing physical component and software modification. At the other side of the
frame, the unpowered roll pushes the filament against the powered roll. When the
pressure is too high, the filament may buckle and when the filament is too soft, then it is
not forced through the channel, extruder and the nozzle resulting in clogging.
A 0.8 mm nozzle was used with a printing temperature between 150 °C to 180 °C and
the printing bed was heated to 60 °C. Structures with a printing gap range of 0.15 mm
to 0.4 mm were fabricated. 3D scaffolds with the infill percentages between 10 vol.%
and 100 vol.% were printed for PZT. A schematic of 3D printing process and the
printed grid structure is shown in Fig. 2. BT filament was only used for printing
scaffolds with 50 vol.% filling.

Fig. 2. (a) Simulation of 3D printing and (b) 50 vol.% BT ceramic scaffold structure

The discs were printed with a diameter of 20 mm, a thickness of 2 mm. 8§ layers
were printed by cross-ply design. The model was programmed with OpenSCAD and
saved in a STL file format (STereoLithographie). The 3D printer is programmed by
Simplyfy3D software.
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2.3 Debinding and Sintering of 3D Printed Ceramic Structures

For the thermal treatment (debinding and sintering processing step), PZT scaffolds
were debinded for 2 h at 500 °C followed by sintering at 1200 °C whereas BaTiO;
scaffolds were debinded at 500 °C for 2 h followed by sintering at 1350 °C for 5 h.
The debining and sintering profile used for the PZT and BT scaffolds are shown in
Fig. 3. Because of the different sintering behaviour, PZT samples were sintered using
the furnace (Pyrotec PY12H, GmbH) and BT samples were sintered using the furnace
(Nabertherm LHT 04/17, Switzerland). The samples were heated at 3 °C/min until
200 °C followed by 0.25 °C/min until 500 °C. The samples were further heated up to
their respective sintering temperatures. For the PZT scaffolds, alumina crucible was
coated with 0.08 g zirconium dioxide powder (NANOVATION, GmbH) and 0.92 g
lead zirconate powder (Sigma-Aldrich Chemie GmbH) per disc to achieve vapour
pressure during sintering, to restrict lead oxide volatilization. 1 g of PZT powder was
also added to the sintering base as a bed to avoid the disc sticking to the crucible [18].
Al,O3 powder is used to seal the crucible completely.
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Fig. 3. Debinding and sintering profile for PZT and BT scaffolds

2.4 Piezoelectric Composite Fabrication

Sintered PZT ceramic scaffolds were impregnated with epoxy EpoThin™ 2 (Buehler,
GmbH), consisting of resin and hardener that are mixed in a volume ratio of 2:1 to
fabricate piezoelectric 3-3 composites. Curing was executed at room temperature for at
least 9 h. The samples were polished on both sides parallel to each other until first layer
of ceramics is exposed, using the polishing machine (Struers Tegramin 30, Switzerland)
with a 40 pm diamond pad and ground with water.
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2.5 Characterization of 3D Printed Ceramic Structures

On the scaffolds, electrodes with a diameter of 8 mm were prepared from silver paste
(Electrodag 5195, Henkel, GmbH), placed in the centre on both sides of each disc and
fired at 150 °C for 15 min. Ferroelectric and piezoelectric behaviour of each sintered
disc was measured with a piezoelectric evaluation system, aixPES (aixACCT, GmbH),
the details of this setup has been described previously [19-21]. A sketch of the
instrument is shown in Fig. 4. To prevent arcing and extract excessive heat while
applying high electric field, sample was immersed in silicone oil (Therm 180, Lauda
Dr. R. Wobser GmbH & Co. KG).

Laser/Interferometer

Wave generator
amplifier
Mirror

Probe

Electrodes Data analysis

Bottom contact

Fig. 4. Sketch of the FerroFib equipment with scaffold sample structure between two electrodes

The large signal polarization and strain hysteresis as a function of applied electric
field was recorded at 0.1 Hz and 2 kVmm™'. After these measurements the samples
were electrically poled with a direct current at an electric field of 2 kVmm™" for 300 s
at room temperature. Small signal stimulus (100 V at 0.2 Hz) was applied, and the
displacement was measured with a laser interferometer.

3 Results and Discussion
Powder properties of the used ceramic materials are given in Table 2. Both materials

have similar dso. However the PZT powder has a slightly higher mean value and a
smaller d;o. This will result in a larger grain size distribution.

Table 2. Powder properties of the ceramic

Powder | Properties

SSA in m?/g | p in glem® | d;o in pm | dsg in pm | dgo in pm | Mean in pm
PZT 1.325 8.01 0.89 1.67 591 2.77
BT 221 6.10 1.03 1.74 343 2.00
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X-ray diffraction of as-received and sintered powders is shown in Fig. 5. It is clear
that all the analysed powders are of single phase and no impurities can be detected.
PZT show rhombohedral and tetragonal phases (43—46°) which correspond to mor-
photropic phase boundary (MPB) composition. Peaks at 20 values 43.7°, 44.9° cor-
respond to tetragonal phase and 20 value at 44.3° correspond to the rhombohedral
phase. The as-received BT powder is of tetragonal phase, as characterized by the peak
splitting in 200, peak. During heat treatment/sintering of the PZT powder at 1200 °C,
due to lead loss, the morphotropic phase became predominantly tetragonal rich
[22, 23]. This is characterized by the double peak splitting of the 200, pseudocubic
peak. As expected, heat treatment of BT powder did not result in any change of the
chemical composition.

—PLZT - as received

PZT - sintered 1200 °C/2hours

~——BaTiO3 - as received

——BaTiO3 - sintered 1350 °C/5hours
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Fig. 5. X-ray diffraction of as-received and sintered BT and PZT ceramic powders

3.1 3D-Printing

The extruded filament was wound on a spool and fed into a feeder of the commercial
3D printer for FDC process. Hence, the filament must exhibit certain flexibility so as
not to break while this process. In Fig. 6, the flexibility of PZT and BT filament is
shown. It is evident that PZT filament displays higher flexibility than BT and is
therefore much easier to feed into the printer. Nevertheless, filament made of BT was
still able to be fed in the printer as smaller fragments and continuous printing can still
be achieved. The white lines displayed in Fig. 6 represent angular distances of 30°
each.

In Fig. 7, PZT ceramic scaffolds of ceramic filling content from 10-100% are
shown. All the samples were printed at a temperature of 150 °C and a nozzle-bed gap
of 0.2 mm was used.
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Fig. 6. Proof of flexibility with PZT (a) and BT (b)

AR

Fig. 7. Printed grid structure of PZT with different filling content (vol.%)

3.2 Piezoelectric Composites

Piezoelectric composites with 3-3 connectivity were fabricated by impregnating sin-
tered PZT ceramic scaffolds with an epoxy resin. Since the piezoelectric properties of
PZT are much higher than BT, only 3D printed PZT scaffolds are considered here for
making piezoelectric 3-3 composites. A series of samples were investigated with
ceramic volume contents starting from 10 to 70 vol.%. The electromechanical prop-
erties of these samples were measured at 2 kVmm ™" at room temperature. The results
are shown in Figs. 8 and 9. As expected, increase of ceramic content in the 3-3
composite results in an increase of remnant polarization (Fig. 10(a)), piezoelectric
constant and strain (Fig. 10(b)). However discrepancies can be observed for low filling
level, like <25 vol.%, since the sample was too lossy. The sample with ceramic content
of 80% formed blisters while sintering as evident from the multiple cracks visible in the
micrograph, see, Fig. 11. Hence the investigation is limited to 70% maximum ceramic
loading. The coercive field of all the samples seems to fall within a narrow range. Any
noticeable change in ds; and the maximum strain could be observed with increasing
ceramic content. It could be expected that embedding the ceramic in a polymer resin
would restrict its displacement (clamping effect) on application of an electric field.
However, it seems that the used resin has negligible effect on the strain behavior.
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Fig. 11. Cross section of sintered PZT void grid structured ceramic samples (80% ceramic
filling level). Blisters are formed on the surface of sample representing too much ceramic loading.
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4 Conclusions

Additive manufacturing, especially Fused Deposition of Ceramics was successfully
used for manufacturing ferroelectric PZT and BT grid/scaffold structures. The ceramic
powder was compounded with a thermoplastic (EVA) binder and a surfactant (SA) to
prepare a highly load filament as the feedstock for 3D printing process. Both lead and
lead-free ferroelectric grid structures were fabricated successfully. PZT grid structures
were further processed into piezoelectric composites and their electromechanical
properties were studied in detail. It was found that a maximum of electromechanical
properties can be attained at a ceramic filling level of 70 vol.% of ceramic.

This contribution acts as a proof of concept showing intricate structures with
electroceramic materials can be fabricated for various applications using fused depo-
sition technique. Further enhancement in printing performance, especially optimizing
the layer height, along with improved binder burn out and sintering process shall lead
to dense ceramic end products and over and above to outstanding ferroelectric prop-
erties. Interestingly, already at low powder content a d;; ~245 pm/V could be
achieved. Only P, depends significantly on the ceramic content in the 3-3 composite
structure. Total strain, piezoelectric constant and coercive field values show larger
deviation and does not show a significant difference in relation to the ceramic content in
the piezoelectric composite.

Acknowledgements. The authors would like to acknowledge the COST Action MP 1202; SBFI
No.C14.0991 and C14.0099 and the SNF No. 206021 133833 for financing the project and the
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Abstract. Currently, Additive Manufacturing (AM) is limited to three classes
of materials: ceramics, polymers and metals. Even within these classes, only a
small number of materials can be processed by AM, either in a powder bed
approach or in a direct energy deposition approach.

We propose to extend AM to a new class of materials: semiconductors. We
process silicon powders by direct laser melting (DLM), and we present the
experimental setup in details.

AM in general and more precisely DLM of brittle materials is challenging due
to thermal stresses and cracks that build up during the process. In this contri-
bution, we demonstrate the possibility of attaching Si pillars built by DLM to a
monocrystalline wafer by increasing the pre-heating temperature of the substrate
thanks to a hot plate.

Keywords: Silicon - Direct laser melting - Thermal stress

1 Introduction

Additive manufacturing (AM) is an innovative production technology which has been
increasingly attracting attention during the past few years. It holds promise in a wide
variety of fields including aerospace and defense, medical applications and automotive
industries. It provides numerous advantages over conventional manufacturing, such as
a high degree of customization, material savings, design of complex parts and creation
of lightweight pieces.

Currently, three categories of materials have mostly been studied for AM: ceramics,
polymers and metals. There is a need to extend AM to new materials as “improvements
to feedstock materials or development of new materials could have a direct impact on
facilitating more widespread use of AM” [1].

This contribution investigates silicon as a potential material for AM, to open new
horizons for both semiconductor and AM technologies. Semiconductor nanoparticles
(such as TiO,) have already been used in AM materials as additives to improve their
mechanical properties [2]. Free form patterning of Si has been achieved by means of
layers of chemical vapor deposition of silicon followed by Ga ion implantation by FIB
and etching [3]. The features obtained had dimensions ranging from dozens of
nanometers to micrometers. However, only one paper was found to have tried AM of a

© Springer International Publishing AG 2018

M. Meboldt and C. Klahn (eds.), Industrializing Additive Manufacturing - Proceedings
of Additive Manufacturing in Products and Applications - AMPA2017,

DOI 10.1007/978-3-319-66866-6_10



Additive Manufacturing of Semiconductor Silicon 105

semiconductor material in a powder-bed approach: El-Desouky et al. [4] managed to
melt Bi,Te; powders by SLM, opening novel routes to a new class of materials.

Currently, the semiconductor industry is able to make 2.5D structures out of Si,
mostly through materials removal approach usually involving photolithography and
etching. 3D structures are obtained by more complicated SOI technologies. However,
the third dimension is missing to reach total freedom in design, which could be pro-
vided by AM. Additionally, it would be interesting to have an alternative process for
producing a small number of high-aspect ratio structures on a wafer. In this case, one
could avoid material waste caused by extensive etching and decrease the need for
harmful chemicals such as HF. Potential applications in MEMS or watch parts are
imaginable. Moreover, as standard and most well-known semiconductor, silicon is a
good starting point to study the feasibility of AM of semiconductors. Silicon has not
yet been published as a possible material in AM using a powder-bed or a direct energy
deposition approach.

Silicon is very brittle at room temperature, which makes it difficult to process
without cracking due to thermal stresses caused by high thermal gradients across the
wafer during the process. In AM of metals, this problem has already been encountered
with various other materials. For the alloy Fe-30Al-10Ti, Weisheit and Rolink [5]
showed that DLM was only possible if the piece was pre-heated above 700 °C. Rolink
et al. showed that Fe—28Al should be pre-heated to 200 °C to obtain defect free
samples by DLM [6]. The brittle-to-ductile transition temperature of this alloy was
150 °C. Rittinghaus et al. [7] showed that the titanium alloy Ti-48Al-2Nb-2Cr could
not be processed without defects unless an inert atmosphere and pre-heating above
700 °C were used. This temperature also corresponds to the brittle-to-ductile transition
of the material. Furthermore, silicon is very sensitive to oxidation.

In this paper, we demonstrate the feasibility of processing silicon powders by DLM
by building perpendicular pillar-like shapes onto a monocrystalline silicon wafer. This
simple geometry is best for preliminary experimental investigations.

2 Experimental

2.1 Direct Laser Melting (DLM) Setup

The set-up is a flexible research installation allowing for rapid modification or
exchange of individual components. A large volume (550 mm height and 580 mm
diameter) ultra-high vacuum (UHV) multiflange reactor of more than 200 kg weight
acts as chamber and mechanical base for the installation. A photo of the setup is
presented in Fig. 1. Flanges are used as feed-through for gases, powders, electric cables
or as windows for the laser beam or optical observation purposes. The massive
chamber allows for high acceleration and high speed movements of the integrated
moving stages.

Moving Stages. Presently, three high precision linear motor driven stages are mounted
to a x-y-z system (2 LINAX® Lxs 160F60 and 1 LINAX® Lxc 44F08 from Jenny
Science, Switzerland), each with a resolution of 1 um and an accuracy of £2 um.
Therefore, this installation can reach a 3D precision of better than 5 pm. The stroke in x
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Fig. 1. (a) Photo of the laser processing chamber, (b) photo of the powder feeding system and
(c) schematic of the configuration inside the chamber

and y directions is 160 mm and 44 mm in the z-direction. Very high maximum speeds
of 3 m/s in the x and y direction, and 2 m/s in the z direction, can respectively be
reached. The 3 stages (and further stages, if added) are piloted by a Beckhoff
TwinCAT3 PLC system with feed-back control and data I/O exchange up to 20 kHz
(Beckhoff Automation AG, Switzerland). Furthermore, other parameters such as
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powder feeding rates, laser parameters such as pulse energy, pulse duration, pulse
modulation and a laser trigger will be controlled also by this state-of-the-art control
unit.

Laser. The illumination system used is a pulsed 1064 nm Nd:YAG solid state laser
(SLS 200 C60 from LASAG AG, Switzerland). The Nd:YAG is excited with a pulsed
flash lamp under free running pulse conditions. Pulse durations can be in the range of
0.1-20 ms and the energy limit per pulse is about 50 J. The laser beam is coupled into
a 400 pum core diameter step index fiber (LL422 from Rofin-LASAG, Switzerland) to
deliver the beam to the laser beam head (LLBK45, from Rofin-LASAG, Switzerland)
fixed on a z-moving stage to adjust the image plane on the substrate surface. The fiber
exit is magnified by 1.5, resulting in a focal spot of 600 um diameter on the substrate
plate. Average peak intensity of up to 177 MW/cm? can be delivered to the work-piece
through the focal spot. The laser intensity is controlled through the flash lamp current,
with a modulation frequency of 20 kHz. Due to the applied coupling into the multi-
mode fiber a flat cone topped hat intensity profile is obtained (see Fig. 2, top line in the
focal plane (0 mm) with about 20% intensity maximum in the center as compared to
the edge). The laser intensity had to be strongly reduced for measuring the beam profile
by a beam splitter and neutral density filters. The very large depth of field deforms this
intensity profile slightly by increasing the distance between the lens and the observation
plane by 0.5 mm and 1 mm, at 2 mm out of focus, the intensity profile approaches a
Gaussian-like intensity distribution that widens with further increase of the distance.

[Wrem2]

0
[um]

Fig. 2. Strongly reduced intensity beam profile in and out of focus for the pulsed 1064 nm
Nd:YAG solid state laser (SLS 200 from LASAG AG, Switzerland)

Powder Feeder. The powder injection takes place through a lateral injection nozzle
linked to a powder feeder. The powder jet center is aligned with the laser beam focus
on the surface of the substrate (Fig. 1c). The powder feeder, Impakt™, was purchased
from P&S Powder and Surface GmbH in Germany. The feeder consists of a powder
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container, a feeder chamber with two cells and a control unit. It is connected to an
Argon pressure bottle delivering the inert transport gas. The powder transport is based
on the pressure difference between the feeder cells and the process chamber. The
functional principle in brief: first, the feeder cell is evacuated using a vacuum pump,
then powder is sucked into the cell due to the pressure difference between the powder
container and the evacuated feeder cell. A filter membrane is retaining the powder in
the cell. Argon is pressed into the powder containing feeder cell to increase the pressure
and then the valve to the process chamber is opened leading to transport of the powder
into the chamber. Continuous repetition of this process results in a pulsed powder
transport. In our case, one cell was working at 5 Hz. Several chambers can run con-
secutively resulting in a pulsed quasi-continuous gas transported powder feed. The
feeding rate can be changed by adjusting the vacuum (pressure) inside the intermediate
chamber or by adapting the opening-closing time of the different valves governing the
transport process.

The powder is sucked into the feeder cell from a rotating container, inclined with an
angle of 25° with respect to horizontal, to keep powders moving. The container has a
diameter of 20 cm and a height of 20 cm, and can contain up to 2 kg of powder. The
sucking tube and the lid of the container are held in a fixed position. The container
atmosphere is kept under a slight overpressure of Argon. A special stirring plate was
mounted in the powder feeder container to keep the powder flowing during the feeding
process. Two tubes are linking the cell and the nozzle: the first one made out of plastic,
of inner diameter 4 mm and outer diameter 6 mm, followed by a stainless steel tube of
inner diameter 3 mm and outer diameter 6 mm. The first tube is 105 cm long and the
second one is 36.2 cm long.

Nozzle. The powder nozzle consists of two coaxial tubes. The inner one, for powder
transportation, has an inner diameter of 3 mm and an outer diameter of 6 mm. The
outer tube, for the argon shield, has an inner diameter of 7 mm. The argon supply is
delivered through a tube placed perpendicularly to the powder tube (see Fig. 1c). The
shielding gas flow of 14.6 L/min of argon protects the powder from remaining traces of
water or oxygen in the process chamber. The argon flow is controlled through a
flowmeter, and forms a laminar flow at the exit of the tube, according to the calculated
Reynold’s number equal to 1500. The angle of the injection nozzle with respect to the
laser beam is 40°, and the nozzle-to-substrate distance is 8 mm.

Hot Plate. A resistively heated silicon nitride hot plate (Bach Resistor Ceramics
GmbH) was mounted on the moving stage to pre-heat the wafer substrates. Its tem-
perature is controlled by a PID unit (LabHeat®, SAF Wirmetechnik GmbH) by reading
out the signal of a K-type thermocouple recording the temperature of the plate. The hot
plate is thermally isolated from the motion stage platform with a 15 mm thick ceramic
plate.

2.2 Process

As schematically presented in Fig. lc, the process was made under an Argon shielding
gas at 14.6 L/min. The substrate was heated up in steps of 100 °C every 5 min to avoid
overshooting. The final temperature of the hot plate was set to 980 °C. The heating
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cycle was realized under 14.6 L/min of argon to avoid further oxidation of the Si wafer.
The laser started shooting to create a melt pool before the powders were injected. If not
otherwise specified, the laser parameters were: output power set at 600 W, pulse
duration 1 ms, frequency 50 Hz, resulting in 395 mJ per pulse. The pillars were built
with a stage in z-motion, at a speed of 0.1 mm/s. The building time was about 50 s.
However, the pillars are built at a slightly faster rate of about 0.12 to 0.16 mm/s. After
growth, the laser, and the heating stage were switched off and the substrate cooled
down to room temperature.

2.3 Materials

The silicon powder used in this study was obtained from the company Keyvest, Bel-
gium. It was metallurgical grade, with 98% purity. The particle size distribution as
given by the manufacturer was dsg = 16.33 um, d¢ = 3.37 pum and dgy = 41.74 pm.
The powders are kept under vacuum at a temperature of 100 °C when not used, to
avoid water adsorption and further oxidation.

The wafers used are p-doped (boron) monocrystalline test wafers having a resis-
tivity ranging between 0.1 and 100 Q cm, and thickness of 525 um. Their orientation
was <100> and they were polished on one side. The polished side was used in all the
experiments presented.

2.4 Powder Characterization

The particle morphology was observed by Scanning Electron Microscopy Hitachi
S-4800. The particle size distribution was analyzed by HELOS&RODOS Laser
Diffraction Sensor of Sympatec GmbH. The powder oxygen content was determined by
combustion and infrared analysis with a LECO TC-500. The powder was placed in a
tin capsule with nickel chips. The sample was then melted in a graphite crucible in an
electrode furnace at about 3000 °C. The oxygen was detected as CO, after reaction
with the graphite crucible by quantitative infrared analysis.

2.5 Temperature Measurements

The temperature at the surface of the wafer was difficult to estimate. Optical methods
are under investigation for wafer surface temperature measurements. So far, the hot
plate was set to 980 °C, resulting in an estimated temperature of more than 700 °C at
the surface of the wafer.

2.6 Pillar Characterization

All the samples produced by DLM were embedded in a resin and mechanically grinded
to observe their cross-section. The morphology of the cross-sections as well as its
microstructure were then observed by optical microscopy and scanning electron
microscopy (Hitachi S-4800). The chemical analyses were performed by EDX analysis.



110 M. Le Dantec et al.

3 Results

3.1 Powder Characterization

Figure 3 illustrates the silicon powder size distribution with 3.37, 16.33 and 41.74 pm
for Do, Dsg and Dy, respectively. The measured oxygen content was 0.7 wt%.
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Fig. 3. Silicon powder particle size distribution

The morphology of the silicon powder investigated by Scanning Electron Micro-
scopy is shown in Fig. 4. The particles show sharp edges and they are not spherical.
They also show a broad particle size distribution. Thus, the flowability of the powder is
poor even when it is dried in a furnace for several hours. Standardized flowability

Fig. 4. SEM pictures of silicon powder: (a) low magnification and (b) higher magnification



Additive Manufacturing of Semiconductor Silicon 111

measurements failed, as no powder was flowing through the 18 mm cone hole diameter
resulting in no flowability value. Nevertheless the powder transport with the used
pulsed powder feeder was realized.

X-ray fluorescence (XRF) of silicon powder is shown in Fig. 5. The results show
that the powder is containing metallic impurities such as iron, nickel, manganese and
tungsten. The Si signal size underestimates the amount of silicon, due to the lower
atomic number of Si.
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Fig. 5. X-ray fluorescence of silicon powder. The main contaminant was found to be Fe.

3.2 Deposition Experiments

The deposition process is carried out by switching the pulsed laser on for 1 to 2 s in
order to preheat or melt the substrate before adding the powder supply. The latter
modifies the temperature profile strongly due to adding “cold” powder and gas to the
laser irradiated system. To which extend this shock cooling results in cracking of the
substrate is presently under investigation.

Pillars Built at Room Temperature. Pictures of pillars built at room temperature on a
wafer substrate are shown in Fig. 6. An optical microscope picture of the cross-section
of a Si pillar built on a Si monocrystalline wafer at room temperature is shown on
Fig. 7. The stage was moving at 0.1 mm/s. After processing, a large crack appears at
the base of the pillar in contact with the wafer. However, the pillars could also be built
into tall needles without breaking in the middle of the process, as shown in Fig. 6,
thanks to the presence of unmolten sintered silicon powders that consolidated the base
of the latter. However, the pillars were often broken at this very location.
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Fig. 6. (a) Photo of a Si pillar built on a monocrystalline wafer. The stage was moving in the
z-direction at 0.1 mm/s. It was 8 mm tall. (b) Photo of a Si pillar embedded in resin and
mechanically grinded to reveal its cross-section. Its height was 8 mm and width 600 pm.

Even if the base of the pillar is broken, it is still possible to embed it in resin
because a large amount of consolidated powder is stuck around the pillar, making it
stable enough for the embedding (see Fig. 7). It is unlikely that the pillar breaks during
embedding because all of them clearly present different features from the ones for
which the substrate heater was set to 980 °C. Moreover, its microstructure is discon-
tinuous on both sides of the cracks: the wafer side shows a monocrystalline
microstructure whereas the pillar side shows a multicrystalline microstructure (Fig. 8).
This suggests that the crack appeared during laser processing.
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Fig. 7. Optical microscope observation of the cross-section of a Si pillar built on a
monocrystalline Si wafer at room temperature. The stage was moving in the z-direction at
0.1 mm/s. The base of the pillar is not attached to the wafer, and presents a crack.
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Fig. 8. SEM pictures of the microstructure of a Si pillar built at room temperature, with a power
of 500 W (332 mJ per pulse). The stage was moving in the z-direction at a speed of 0.1 mm/s.
The arrow represents the pillar building direction (z-direction). The microstructure shows
directional growth. Inclusions of metallic impurities were found to be more numerous at the top
of the pillar. The inclusions were mostly Fe and Al, as measured by EDX.

The microstructure of a pillar on the longitudinal cross-section was observed by
SEM. The pictures are displayed in Fig. 8. From bottom to top, the grains are several
dozens of micrometers long. The growth is directional, as we see elongated grains in
the direction of pillar building. The pillars contained impurities. These impurities were
more and more visible as we reach the top of the pillar. The SEM image also shows that
they segregated at the grain boundaries. EDX analysis of the inclusions was performed.
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It showed that they were mostly containing Fe, and some Al. XRF of the powders,
displayed in Fig. 5 demonstrates that Fe is the main impurity in the Si powder used in
the process. Moreover, stainless steel powder was also used previously in the same
chamber. Therefore, we concluded that impurities were coming from these two sources.
The use of metallurgical grade silicon instead of highly pure silicon on a highly pure
silicon substrate can influence the microstructure.

Pillars Built with Pre-heating Under Ar with a Hot Plate Set at 980 °C. After
setting the hot plate at 980 °C, and performing the heating ramp of the wafer under an
inert gas shield of argon, we processed the powders under the same conditions as in
Fig. 7. The cross-section of the obtained sample is presented in Fig. 9. This time, there
is a clear connection between the wafer and the pillar. Some cracks can however be
seen on the sides of the pillar.

Fig. 9. Optical microscope observation of the cross-section of a Si pillar built on a
monocrystalline Si wafer. The wafer was heated under a flow of Ar of 14.6 L/min. The hot
plate was set at 980 °C. The pillar is now attached to the substrate, even if cracks are visible on
the sides of the pillar.

4 Discussion

As seen in Fig. 8, when a crack appears between the wafer and the pillar, the latter’s
microstructure is polycrystalline, with directional growth. The directional growth of the
pillar, as well as the impurity segregation location, are well-known phenomena
described in the literature for crystal growth. Segregation coefficients of iron and
aluminum impurities are 6.4.107® and 0.002 respectively [8]. Therefore, their con-
centration will be higher in the melt, hence their preferential location at the top of the
pillar. They are also well-known for segregating at the grain boundaries. The direc-
tional growth is similar to the one we find in the crystal growth industry when the
crystal is pulled out of the heating zone.
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By pre-heating the silicon wafer prior to silicon deposition, successful attachment
of the pillar to the wafer was obtained as presented in Fig. 9. We explain it by a
reduction of the temperature difference between the substrate and the melt and therefore
a reduction of thermal stresses during processing. Two different cases could be
assumed: either the brittle-to-ductile transition temperature of our substrate was over-
come by heating the latter with the hot plate, or simply reducing thermal gradients was
sufficient to avoid cracking at the base of the structure.

As mentioned in the introduction, the AM process of many brittle alloys was
successful when the substrate was heated at a temperature higher than the
brittle-to-ductile transition. The brittle-to-ductile transition of silicon can range from
500 to 1000 °C. It is widely accepted that the brittle-to-ductile transition of silicon
occurs over a very narrow range of temperatures, of the order of 10 K. However the
transition temperature depends on the resistivity of the wafer. It also depends on the
strain rate used in the experiments. The transition temperature can vary by 100 °C
when the strain rate is changed by 10 times [9]. If the loading rate decreases, the
transition temperature decreases as well [10]. Our wafers are p-doped test wafers
having a resistivity ranging between 0.1 and 100 Q cm (intrinsic to slightly doped,
10" to 10'® atoms/cm?). Hirsch et al. [9] found that for an intrinsic Si single crystal at
the lowest strain rate the transition temperature was 550 °C. Therefore, it is possible
that the brittle-to-ductile transition in our case is relatively low, below the temperature
at which the silicon wafer has been pre-heated during our experiments. Therefore, the
success in connecting the pillar to the wafer substrate could be owed to pre-heating of
the substrate to a temperature higher than the brittle-to-ductile transition.

On the other hand, reducing thermal gradients throughout the structure by
pre-heating the wafer substrate may also have been sufficient to reduce thermal stresses
enough so that no cracking occurs at the interface between the wafer and the pillar.

Despite the attachment between the pillar and the wafer, horizontal cracks are often
present in the Si pillar structure. During deposition, the pillar is much warmer than the
wafer substrate, due to the pulsed laser exposure. On the contrary, when the laser is
turned off, the pillar is convectively cooled by the continuous flow of argon shielding
gas to a lower temperature than the pre-heated substrate. Therefore, a strong thermal
gradient is present across the whole structure. Due to thermal expansion, stress is
induced between the lower and the upper part of the structure, which could explain the
cracking.

Cracks at the border between the melt pool and the unmolten material appear in all
the samples, one shown as example in Fig. 9. Again too high thermal gradients
between the wafer and the melt pool during processing could be the cause of these
cracks. They could also be the results of high heating rate during the first laser pulses.

5 Conclusions

A home-built DLM system allowing transport of non-flowable powder in the form of
an inert gas transported jet into a laser melt pool is described. This system enabled us to
grow material perpendicular to the surface of a monocrystalline silicon wafer substrate.
First results show that without wafer preheating the silicon pillars did not attach to the
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wafer probably due to thermal stresses caused by too high temperature gradients.
However, the build pillars possess a multi-crystalline microstructure with directional
growth along the direction of pillar building. Preheating the wafer probably above the
brittle ductile transition temperature of the silicon wafer by setting the temperature of
the hot plate to 980 °C pillars grew on the silicon wafer attached on the wafer, still
showing a crack in the wafer close to the pillar.

In the future, improvements can be made by using the moving stage to grow pillars
of better shape. Additionally, very slow cooling rate could be applied to avoid as much
as possible the residual thermal stresses. Higher grade silicon will be used in further
studies.
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Abstract. Additive manufacturing (AM) has the potential to revolutionise
engineering because of its advantages in the product development phase. The
revolution consists in the fact that components can be designed for their function
and no longer for their manufacturability. This is already a reality for plastic and
metallic components where new disruptive designs have been already produced
at competitive costs.

Following the AM hype, the ceramic industry is now thinking to adopt this
technique for industrial components. Stereolithography (SLA) is nowadays used
to fabricate complex structures in all the material classes.

Two components designed for their function and produced by SLA are here
presented along with their unique features. These components were developed
for industrial applications in the automotive industry as well as for heat man-
agement (production, transfer and storage).

1 Introduction

Cellular structures are hybrid materials comprised of a solid and a gaseous phase. In
random cellular materials their effective properties can be modified mostly by con-
trolling the amount of the solid phase (i.e. their density). Periodic cellular structures
though, are obtained by placing the solid phase according to a unit cell which is then
reproduced into the space. The use of these structures allows a real material’s engi-
neering by working on their topology.

In a recent paper we reviewed different methods to design and produce cellular
ceramic by 3D printing [1] while leaving the interested reader to a more general view
on additive manufacturing of ceramics [2, 3] here focus on one of them: stere-
olithography. Several components were designed following end users’ requirements
and produced by SLA. These components were developed for industrial applications in
the automotive industry as well as for heat management (production, transfer and
storage). Before their final employment it is necessary to endorse some of their
effective properties by experimental testing. In this work we show some of them,
namely: pressure drop and heat exchange ability (for heat exchangers) and mechanical
strength (for handling).

SLA is an additive manufacturing (AM) process in which ultraviolet (UV) light is
used to cure a polymer. SLA was first used to manufacture polymeric structures,
however further modifications allowed SLA to be used for processing ceramic
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materials [4, 5]. Ceramic particles are dispersed in a resin containing a photo initiator.
This reactive system allows the fabrication of three dimensional ceramic/plastic parts
thanks to UV light that induces their polymerization and further thermal treatments.
The object is built layer by layer, obtained by slicing a 3D numerical model (.stl file).

Printing flexibility of different geometrical features, high accuracy of ceramic
structures are the main advantages of SLA. However, supporting structures during
manufacturing are needed while printing (Fig. 1 bottom-left) [4].

Slurry 3D printing

Photosensitive resin <+— ZAxis

Alumina ceramic powder

Photoinitiator q Printed object ———»

—_—
CAD file Photocurable slurry —t I

<+—— UV Light beam

<+—— Projector

g

Green body

Final body

Thermal
treatment

Debinding
+
Sintering

Fig. 1. Flowchart of the process developed

2 Experimental Procedure

A literature review helped us to formulate a suitable slurry (i.e. a dispersion of ceramic
powders into the reactive monomer) for stereolithography. The composition of the
slurry plays a fundamental role. According to [6-8], a stable suspension can be
achieved by mixing a reactive resin with a diluent (constituting the UV curable sys-
tem), and then adding a photo initiator and a dispersant. The ceramic powder represents
the filler. Often, the particles are previously de-agglomerated and dried before dis-
persing them into the resin. Once cured, the polymer creates a rigid matrix around
ceramic particles which confers cohesion to the body.

The final slurry receipt developed for this study comprises an acrylic resin TPGDA
56.8 vol% (Allnex, Luxenburg, Luxenburg) mixed with ceramic powders (D90: 2 pm)
42 vol% (Nabaltec, Schwandorf, Germany) and UV photo initiator: Irgacure 819 1.2
wt% (BASF, Ludwigshafen, Germany). Slurry was thoroughly mixed by ball mixing
for 24 h with zirconia balls ® = 8.5 mm.
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The main steps to generate a ceramic body from a three dimensional numerical
model are shown in Fig. 1. In case of periodic structures, component design consists in
building a large numerical domain made by staking cells and then intersecting it with a
desired shape [1]. The edges and nodes of the resulting architecture are then substituted
with cylinders and spheres respectively. Models were designed using commercial CAD
software (UGS NX 10.0, Siemens, Munich, D) and a Matlab script (The Mathworks
Inc., Natick, MA).

Printing was performed with a 3DLPrinter — HD 2.0 (RobotFactory, Mirano, Italy).
Printing parameters were set as following: slice thickness: 0.05 mm, slice exposure
time: 1.1 s.

The polymerized resin in the 3D printed body was subsequently removed by an
appropriate thermal treatment at low temperatures. Then the sintering of the green part
at high temperature ensured the final properties of the ceramic.

Thermal treatment (Nabertherm, Lilienthal, Germany) on the green bodies were
performed as following: de-binding with 1 °C/min heating rate until 300 °C with a
dwell of 0.5 h, followed by 0.8 °C/min up to 400 °C. Sintering of the part with a ramp
of 2.5 °C/min up to 1600 °C with a dwell of 2 h.

3 Applications

This paragraph presents a couple of applications of periodic cellular architectures for
high temperature, harsh working conditions. Their peculiarity stands in the opportunity
to design these structures for their function without considering the limits brought by
conventional ceramic manufacturing. Usually ceramic manufacturing utilizes molds or
similar tools in order to shape the green body. With such an approach it is impossible to
produce such architectures. As for metal or plastic additive manufacturing, ceramic 3D
printing allows to realize components with unmatched properties: we show here some
of them.

4 Automotive Catalytic Supports

In some industrial applications, like catalytic supports, foams structures are used. This
solution presents several advantages over the standard honeycomb solution. On the
other hand foams cannot be engineered in terms of their end user requirements since
they employ random foams [9].

With our methodology [1] it was possible to produce catalyst for engine exhaust
with the desired shape, optimized in terms of his final requirements [10—12].

Thanks to this method, smaller catalyst based on specifically designed engineered
structures has been developed, with a very low amount of precious metal and without
sacrificing pollutant conversion.

Another advantage of this technique is that the 3D printed strut has a surface area
which is 26% wider than the nominal one (Fig. 2), thanks to the “staircase” mor-
phology typical of this additive manufacturing process.

This larger surface means more reaction and better catalytic effect.
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Fig. 2. 3D printed strut compared with a theoretical strut: on the left a strut surface reconstructed
from CT micro tomography (source EMPA), on the right the surface of the corresponding strut
realized by CAD.

On the other hand this “stair case” effect has some influence on the overall
mechanical properties of the component. Ceramic architectures were printed five times
with four different orientations in respect of the building direction with the goal to
induce a different layering angle. Samples were tested under compression at
0.5 mm/min (Zwick/Roell Z050 Germany), cross head displacements and loads were
recorded with a 5 kN load cell (Zwick/Roell, D).

Table 1 shows how this orientation affects mechanical properties of the component.
An ideal orientation must be selected in order to trade off surface enhancement and
mechanical properties.

Table 1. Mean failure load [N] and the standard deviation [N] for different printing angles of the
same component. The orientation in respect to the building direction is depicted in the second
row of the table.

Horizontal Horizontal Tilted Tilted Vertical
(A) (B) (A) (B)

| LU 19 R L U \ I W Ty
SN TF

A | B | AT 5

35.8+16.2 | 27.0+6.5 16.0£6.6 | 21.4+6.2 19.4+6.7

5 Heat Exchangers

Currently, the demand for ceramic heat transfer systems is increasing to answer the
needs of energy-intensive industry, such as in cement, metals and petro-chemical plants
as well as in concentrated solar energy field. Tubular heat exchanger are widely used in
several applications because they are easy to assemble and maintain. The drawback of
this solution is its low efficiency [12] which is related with the capacity of the system to
drain the heat from the outside to the air flowing inside it. Engineered cellular archi-
tectures, possibly inserted inside a dense tubular skin, enhance the heat exchange
efficiency due to the favourable convection and radiation phenomena induced by the
inner architecture [5, 12, 13].
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Thanks to an high temperature pressure drop test rig developed in-house (Fig. 3), it
was possible to measure these properties of the 3D printed ceramic architectures.
A controlled air flow was forced into an alumina tube with and without alumina
periodic architectures. The tube was then placed through a furnace which was heated in
its central part (Fig. 3).

Fig. 3. On the left the test apparatus: (1) flow metering, (2) furnace, (3) exhaust, (4) control unit.
On the right a ceramic architecture during high temperature test (700 °C)

Figure 4 compares the temperature of the air at the outlet with and without the
presence of an alumina 3D printed lattice inside the tube. The outlet temperature
increase significantly with the presence of the lattice. On the other hand the pressure
drop increases as shown in Fig. 5.
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Fig. 4. Pressure drop vs mass flow rate
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Fig. 5. Outlet temperature vs mass flow rate

Even though the lattice was made by alumina, known to have a low thermal
conductivity (25 [W/m K] at room temperature for a 96% dense Al,O3), a significant
increase of the heat exchange capability of the system was experienced. This because
of the favourable combination of radiative and convective heat exchange regime
introduced by the lattice. The overall efficiency can be increased depending on the
cellular architecture employed without scarifying too much the pressure drop [12].

6 Conclusions

Stereolithography, modified for ceramic suspensions, allows the production of complex
ceramic architectures with engineered features. Thanks to this technique complex
structures can be designed and realized. Former simulation work allows to realize an
optimal geometry in respect of the properties which needs to be maximised. Two
examples of periodic ceramic architectures which were realized via this method were
presented: a structure for automotive catalysts and a tubular heat exchanger.
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Abstract. Additive manufacturing processes, initially only reserved for the
manufacturing of prototypes, now allow the manufacturing of high-value
functional products with a wide range of materials. These processes can con-
siderably change the process chain organization and therefore are growing
interest in both academics and industrials. Despite these developments in this
field, many problems remain on current digital chain that uses old format such as
STL and G-code. A solution to challenge this issue is the development of a new
digital chain based on the STEP-NC standard (Standard for the Exchange of
Product Model Data compliant Numerical Control). This paper intends to pro-
pose a methodology for the integration of additive manufacturing to a new
STEP-NC model. In order to illustrate this model’s possibilities a STEP-NC
Platform for Advanced Additive Manufacturing is presented. Finally the inte-
gration of this platform in a multi-process context and satisfying Industry 4.0
requirements is highlighted as perspective.

Keywords: Additive Manufacturing - STEP-NC - Digital thread - Digital
chain  Industry 4.0

1 Introduction

Additive Manufacturing (AM) processes are defining by the ISO TC 261 standard as
“the process of joining materials to make objects from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing methodologies” [1]. They have
known major changes for the past 30 years and have evolved from processes allowing
prototypes manufacturing to the manufacture of functional products [2].

At the same time, the digital chain (also known as digital thread) of AM processes
still uses old digital tools like STL (Surface Tessellation Language, 1987) and ISO
6983 also known as G-code (1982) [3]. Even though industrial companies are
responding to competitive pressures by “digitizing” their process chain and have to
manage huge amount of data [4]. In addition to this observation, new challenges for a
manufacturing integrated in an advanced, intelligent and connected factory using
cyber-physical systems, Internet of things and cloud manufacturing [5] include that the
current digital chain is no more adapted and is one of the major issue of AM industrials
and academics [6, 7].
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Same issues have been identified for machining processes in the beginning of the
2000’s and a solution to challenge the problem has been the development of the
STEP-NC standard (Standard for the Exchange of Product model data compliant
Numerical Control). This is a language of computerized numerical control (CNC) and a
data model for the CAD-CAPP-CAM-CNC (Computer Aided Design, Computer Aided
Process Planning, Computer Aided Manufacturing, Computer Numerical Control)
chain, formalized as ISO 14649 [8] and ISO 10303 Application Protocol (AP) 238 [9],
and has been developed by ISO TC184 SC1 and SC4 committees. Studies have been
conducted for the evaluation of the relevance of STEP-NC for AM processes and all
results agreed that STEP-NC is an appropriate format for AM [10-14].

In this context, this paper intends to evaluate the current situation of AM digital
chain in order to identify fundamental requirements for new developments. Also, a new
STEP-NC data model for AM and a platform compliant STEP-NC for AM are pre-
sented. And finally, a multi-process platform proposition satisfying Industry 4.0
requirements is highlighted as perspective.

2 Current Situation of Additive Manufacturing Digital Chain
and Recent Alternatives

AM digital chain is composed of different steps involving different systems from the
3D CAD model of the product to the fabrication of the physical product. The adopted
vision in this paper decomposes the AM digital chain in five main steps (see Fig. 1).
Transitions between each step of the CAx chain are models conversions and/or
parameters settings.

Manufacturing and a—
Post-processing of p‘

the final product
Transfer to AM Machine, @
—

STL file manipulation and

machine setup |
Generation of a G- CNC o
Conversion to code readable by
STL file format \ the AM machine \
Execution of

CAD STL model CAPP/CAM

~

the G-code

3.1 Part positionning

3.2 Slicing

3.3 Manufacturing settings
3.4 Toolpaths generation

Fig. 1. Current digital chain with STL format and G-code
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The first step of the AM digital chain consists of the design of a 3D model of the
product thanks to a CAD system, it can also be provided by a 3D scanner. This 3D
model is converted in STL format which is the most commonly used standard for the
AM CAM and/or hardware of the AM machine [15]. During this process of conversion
many data concerning geometry, tolerancing, material and texture are lost [16, 17]. The
next step is usually the set of manufacturing parameters and the definition of process
planning, even if some AM systems accept directly the STL file. Most of the AM
machines need a G-code file that contains basic axis movements and actions on the
process. Finally the product is built on the AM system and some post-processing
operations are operated.

At this stage, issues of the AM digital chain are identified as: (i) there is an
important amount of files which can be responsible of redundancy and transparency
problems, (ii) multiplication of format and digital supports does not enable to integrate
simultaneous optimization., (iii) closed-loop manufacturing is hard to operate,
(iv) digital chain is not modular and scalable, (v) bidirectional data flow and interop-
erability are not possible and (vi) digital chain is AM specific and does not allow
multi-process manufacturing.

In parallel of STEP-NC developments other propositions have been made by the
international community in order to solve the shortcomings of AM digital chain. This
led to the proposition of two newer formats as a substitution of the STL standard:
(i) AMF (Additive Manufacturing Format) and (ii) 3MF (3D Manufacturing Format).
Both formats are XML [18] based file format defined by an XSD schema. AMF is
developed by ASTM F42 committee on AM Technologies [19] and co-branded with
the ISO TC 261 standards committee [20]. Its development is done with the idea of
reducing the shortcomings of the STL format in relation to the new possibilities offered
by AM processes. Principal qualities of this format are listed by Hiller and Lipson [19]
as: simplicity, flexibility, evolutionary, easy understanding and open-source. The 3MF
consortium, which is composed of CAD and AM software vendors, proposed in 2015
the 3MF [21]. It is developed to guarantee interoperability between CAD software and
CAM solution and/or AM machines hardware. 3MF structure is organized in two parts:
the 3MF core and, materials and properties.

These two solutions are real improvements of the de-facto STL standard for
geometry representation. Despite of this, they are an answer of AM digital chain
shortcomings only for the transition between CAD and CAM or AM hardware system.
It does not propose a global approach in order to challenge to all digital chain
challenges.

3 New Vision of the Digital Chain with STEP-NC Standard

As highlighted previously, AM digital chain is currently using old standards of the
1980s and 1990s, and do not challenge the 21* century manufacturing problematics.
From this consideration, international works have been carried out in order to propose a
new standard for CNC programming. The new STEP compliant NC standard is based on
the Standard for Exchange of Product data model (STEP) [22]. Like every Application
Protocol of STEP standard, there is an Application Reference Model (ISO 14649 [8])
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and an Application Interpreted Model (ISO 10303 AP 238 [9]). ISO 10303-238 results
of a mapping obtained from ISO 14649. Consequently AP 238 has the best integration in
STEP ISO 10303 but it is more complex and increases data storage [23]. The presented
study intends to use ISO 14649 standard for this reason.

AM digital chain compliant STEP-NC does not have to be seen as a STL
replacement like AMF or 3MF but as a complete new rebuilding of manufacturing
numerical chain. As illustrated in Fig. 2, STEP-NC enables new possibilities for the
exchange of high-level data in the whole digital chain. With this standard the digital
thread adopts a new overall logic with a unique data file which covers all design and
manufacturing information that guarantees transparency, avoids loss of information
and, allows bidirectional data flow and interoperability. In addition, its structure is
feature-based that provides a generic file non machine depending and scalability. With
this standard simulations and optimizations are possible in all stages of the digital chain
and STEP-NC file is automatically updated. Finally with AP 219 [24] and Inspection in
part 16 of ISO 14649 [25], the new digital chain provides closed-loop manufacturing
[26] and possibly a knowledge database also allows cloud manufacturing [5].

Vand Optimization Modules

k- §
=l
- E /
CAD CAPP =
é&« 2
fa
STEP-NC update Knowledge Inspection &
Database Manufacturing data

Fig. 2. STEP-NC digital chain.

4 Additive Manufacturing STEP-NC Model Proposition

ISO 14649 standard is developed for machining since the beginning of the 2000’s. It is
with the expansion of AM processes and their ability to manufacture functional product
that the international committee has begun works for the integration of AM. A new ISO
14649 model obtained from data of a complete Hierarchical Object-Oriented Model of
AM [27] has been proposed by ISO TC184/SC1 Committee in part 17 of ISO 14649
[28] and is still under review. This model is written in EXPRESS and EXPRESS-G,
languages of the STEP-NC standard. The information contents of ISO 14649 are
composed of: (i) task description, (ii) geometry description, (iii) structure and product
model description, and (iv) tools and technology description. The task description
contains the logical sequence of executable tasks and data types. Each workingstep’s
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details are covered in the product model description in relation with the technology and
tools description, and the geometry description.

As a result, a STEP-NC file of an AM part, based on features, can be defined (see
Fig. 3). This test part is fabricated in ABS with a Fused Deposition Modeling
(FDM) machine. STEP-NC file contains all information on workpiece, features,
technology, strategy, part structure, geometry and tools.

Test part: Fused Deposition Modeling
ISO 10303-21
HEADER;
#1 = PROJECT(‘EXECUTE PIECE_TEST #2,(#41,$,$.9);

== | #2 = WORKPLAN('MAIN WORKPLAN',(#10,#11,#12,#13,#14),$ #8,$);

#10 = AM_WORKINGSTEP('WS ADDITIVE MANUFACTURING', #5#21 #24,5);
- #4 = AM_WORKPIECE(AMWP' #6.0.1.5..5.0);
AM_workpiece | == | ¢ _ |ATERIAL (ABS' 'ABS-M30',(#7):

. #18 = SUB_WORKPIECE1(‘ADDITIVE MANUFACTURING SUBWORKPIECE #1,#19,(#20,#21),#194,
Sub_workpiece | (=== #198, #200),

[ Features | ¢=== [#19 =FEATURE_1(FEATURE 1'#1) #194 #198, #200); ..
#20 =PLANE_LAYER_BY_LAYER_OPERATION($,$, PLANE LAYER BY LAYER
P = OPERATIONT' #1,(#21,#22)#194,#198, #200,0.2); ...
#60 =AM_MACHINE_FUNCTION(#65,1,5,$,9);
Technology | ¢=== |#61 =AM_TECHNOLOGY($,150,100,220,80,20 #62);
#62 =LIQUID_TECHNOLOGY(‘MATTER EXTRUSION TECHNOLOGY',$,$,#82);
#70 =AM_LAYER_BY_LAYER_STRATEGY(BIDIRECTIONAL #71,#97 #72,$,$.,5);

¢== | #71 =AM_LAYER BY _LAYER_SLICING(PLANE SLICING #84,487,#38);
#72 =CORE_SUPPORT_PATTERN(‘FULL'#81,#01#04);

‘ Structure ‘ = ‘#80 =AM_STRUCTURE(#81,#87 #95#101); ‘

[ Geometry | ¢e=== [#120 =AM_GEOMETRY (#131,#135,#142,#161); ... |
#200 =AM_TOOL(‘AM PROJECTION TOOL' #201 #202 );

¢== |#201 =AM_TRANSFER_TOOL('STEPPER MOTOR', PLATFORM'#207,#209 );

#202 =AM_TRANSFORMATION_TOOL('NOZZLE' #210,#212);

ENDSEC:

Material supplier

Perimeters

Core road width Stepper motor

+ Gear System
X-Y axis
&

Skin road width . = Extruder

Layer thickness

Bidirectional strategy )
with 80% full pattern Z axis
Platform

Fig. 3. Example of an AM STEP-NC program of a FDM test part.

5 Advanced STEP-NC Platform for Additive Manufacturing
Architecture

A STEP-NC file is almost impossible to read and write, therefore the elaboration of a
STEP-NC Platform is the necessary step to interpret and execute STEP-NC data for
oriented-object manufacturing. Many studies have illustrated STEP-NC platform for
machining processes [29-31]. Works of Professor Hascoét in France leads to a
multi-process platform including AM [31, 32] but the implementation have been done
on a laser cladding machine equipped with an industrial CNC similar to subtractive
machines. That is not the case of the majority of AM systems.
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The architecture of the Open Intelligent STEP-NC Platform for Advanced Additive
Manufacturing proposed, intends to be generic and possibly integrated in every AM
systems (see Fig. 4). Eight principal modules of the platform have been identified. The
first module is a CAD model whose format is ISO 10303-203 [33]. The second module,
developed with Python and PythonOCC [34], is the identification of the AM features
from the previous STEP model. The third module, also developed in Python provides
the AM process-planning and a STEP-NC data file is generated (module 4). Modules
five to seven are part of the open advanced CNC controller based on LinuxCNC solution
[35]. Module 5 is composed of two sub-modules: a visualization and simulation module
(using LinuxCNC tools) and a module that enables shop-floor modifications. Module 6
is an optimization module of the manufacturing. Module seven enables inspection and
caption of machine monitoring data. Information of modules six and seven are then
archived in a cloud knowledge data base. Optimizations and shop-floor modifications
operate automatic update of the STEP-NC file. STEP-NC file also beneficiates the
knowledge of past manufacturing thanks to the cloud database and it guarantees
closed-loop manufacturing. Modules six to eight are still under development.

( )

CAD Model (1) AN-features recognition - (2)

1SO 10303-203 PythonOcc
AM_sub_workpiece 1 AM_sub_workpiece 3 & 4
AM_sub_workpiece_6 & 7. b U
| -

AM_sub_work 2
AM_sub. workglBee 5 SC -

CAM/CAPP Model - Python

Slicing
4
‘W Parameters
- ——— choices
e i 3
CNC
Controller H.MI e . . . e
Visualisation - Simulation - Virtualization
Knowledge M\« Inspection@_
Database MtConnect
Optimizations NG finux visualisation/ Vismach
J simulation virtualization
B STEP-NC
Manufacturing visualisation
parameters
_ J

Open Intelligent STEP-NC Platform for Advanced Additive Manufacturing

N\ J

Fig. 4. Open Intelligent STEP-NC Platform for Advanced Additive Manufacturing.
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Experimental tests have been conducted to validate the AM STEP-NC data model
and the open STEP-NC platform. These tests consisted of fabricating a test part (see
Fig. 5). The test part comprised manufacturing a principal workpiece, the manufac-
turing of two AM features and a hole with material support, with a FDM machine. Each
workpiece has different manufacturing parameters, which is normally not possible with
classical process-planning for FDM, in order to validate new STEP-NC capabilities.

Feature 1
Feature 3

(hole with
support material)

Feature 2

Principal
workingstep

Fig. 5. Resulting test part manufactured on open STEP-NC platform.

Open Intelligent STEP-NC Platform for Advanced AM demonstrates advanced
programming. The next section will illustrate how this platform enables also
multi-process manufacturing.

6 Toward the Integration of Additive Manufacturing
in a Multi-process STEP-NC Platform

An important concern in manufacturing industries is the possibility to combine additive
and subtractive manufacturing. Indeed, with huge progresses in design for AM, it is
now possible to manufacture lighter products than with machining, but with the same
mechanical characteristics. In order to challenge this, many studies have been con-
ducted in order to optimize both the design [36] and process-planning [37] of
hybrid-manufacturing products. Such a manufacture is not easy to take in place because
of different digital thread of additive and subtractive processes. STEP-NC is a perfect
standard to address this problematic because of its unique feature-based structure
integrating these two processes. The demonstration of a STEP-NC multi-process
platform have been done by Professor Hascoét [31, 32].

The Fig. 6 illustrates the architecture toward a multi-process STEP-NC platform
enabling cloud manufacturing in an industrial collaborative network. Each CNC of the
machines’ network is compliant STEP-NC. Then from the information of both design
and production engineering a STEP-NC file is generated. The first algorithm analyses
all manufacturing features of the file and determines for each feature which processes
are the best thanks to a feature-based cloud manufacturing knowledge data base shared
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in the network. This database is alimented by inspection results and MTConnect’s [38]
manufacturing data. The second algorithm determines which machines can manufac-
ture the product in terms of functional specification and which are available in order to
complete manufacturing before deadline and with competitive price. Then a STEP-NC
file is generated and the manufacturing is operated. These new developments for
multi-process feature-based cloud manufacturing are still under development.

Principal Industrial

Ak

— = Feature-based Cloud
Manufacturing

° :.._-_jl Knowledge Database

------- MtConnect

------- Database interrogation

Fig. 6. Intelligent multi-process STEP-NC platform for cloud manufacturing.

7 Conclusion

This paper proposes a new open and intelligent platform for advanced AM that can be
implemented on every AM systems. The architecture of the platform enables the
introduction of new modules for optimizing, simulating or monitoring. Some works are
under development in this way for closed-loop manufacturing and integration of cloud
manufacturing. Integrations of this platform in an intelligent multi-process platform
enabling cloud manufacturing is also introduced and it is part of further developments
toward advanced and intelligent manufacturing.
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Abstract. Additive manufacturing (AM) is currently at the heart of the digital
manufacturing trends. It englobes more than 15 different technologies. They are
relying on the fabrication of a part made from mainly 1 or sometimes 2 materials
with only 1 fabrication technology. In this study, we are developing technolo-
gies and materials to create 3D components on substrates or on 3D objects to
form new components with an increase of functionality and complexity. We are
particularly focusing on the realization of hybrids millimeter scale components
for application in watch and medical field.

One example that we are presenting is the key technologies for the realization
of a 3D printed prosthesis fitting the patient’s morphology (for example a knee
or an ankle) integrating printed force sensors for monitoring the pressure dis-
tribution over the prosthesis surface. It shall give the opportunity to analyze the
motion of the prosthesis to detect potential need of kinesiotherapy, minor sur-
gery for prosthesis adjustment or entire replacement in case of failure. It shall
lead to a pain reduction and a better recovery of the motor function after surgery.
The mechanical part of the prosthesis has been fabricated by Fused Deposition
Modelling (FDM), electrical connections and sensors by Aerosol Jet Printing.
Two different sensing technologies are under evaluation: LC resonant circuits, to
avoid the need of communication circuit inside the prosthesis and resistive
Sensors.

Several others examples are presented over previously cited application fields.

1 Introduction

Additive manufacturing is not a recent technology as some of the principal technolo-
gies (FDM, SLA) are more than 25 years old. This number was the key in the
development of the technology to a new level and a broader utilization. It corresponds
to the end of the patent right, opening the field to new companies like Ultimaker©,
Makerbot©, Formlabs©, supported by the crowdfunded generation to make affordable
systems and open the marker to new users like academia, non-specialized industries,
fablabs, and consumers. This dynamism is pushing the number of new functionalities
and performances increase. One example is the release of a new SLA system, called
CLIP “Continuous Liquid Interface Production” [1], enabling a continuous printing and
then the disappearing of apparent layering of the process and the need of separation
from a PDMS (or assimilate) film, and so increase the printing speed. Already
SLS/SLM, is seeing the number of system manufacturers increasing as well as the
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number of industrial applications, like in aerospace or medical market. One interesting
recent fact is the 1.5 billion dollars investment from General Electric© on Arcam AB
and SLM Solutions Group, demonstrating that the technology is ready for being used
as an industrial manufacturing technology and no more only for rapid prototyping. And
this is just the beginning as more patents will fall soon in the public domain.

What could be the next steps? Functionality and performance improvements will
continue for at least 10 years and with the possibility to make and process new
materials. This is a common trend to all technology developments. One additional
trend, which is for us of high interest, is the apparition of some multi process and multi
material printing systems, like the Aetherl for which CSEM is taking part to the beta
test phase. It includes 2 FDM heads, up to 12 droplet heads, 8 syringes with the
possibility to be heated at 200 °C, a UV LED, a laser for engraving and a CNC milling
head. This system will allow many possibilities in bioprinting, printed electronics,
functional objects and everything in between.

Additionally, one can imagine to combine different materials or technologies in
different systems to obtain more complex or intelligent or “smart” systems. For
example it can be silicon based microsystems with micrometer resolutions with 3D
printing functions like sensors, actuators, mechanical (shock absorber...), or interfacing
(fluidic channel, electrical connection, optical waveguide).

In this article, a study on “how to couple different AM technologies together?”” will
be presented with the application case of smart prosthesis. An introduction of the next
steps and others applications will be concluded the study.

2 The Example of Smart Prosthesis

Mankind’s history of physical trauma and injuries dates back to the birth of life itself,
so does the ingenuity deployed and the apparatus envisioned to tackle and overcome
any arising inconveniences. Since the artificial toe crafted under the Egyptian era, to the
development of comprehensive limbs made necessary by wars, the technological
development consistently matured the functionality, aesthetics and performance of
prosthetic limbs. Nowadays, a higher life expectancy and an aging population causing a
rise in prosthetic based surgery (estimated to grow by 174% between 2005 and 2030
for hip and knee arthroplasty surgeries [2]) is the main driver for prosthesis develop-
ment. Foreseen by many as a strong driver too, the 3D printing role in the continuous
improvement of prosthesis mimicking patient’s morphology became more tangible
with the fall into the public domain of key patents in 2009. Since then, many indi-
viduals strove toward the development of cost effective, “one fits them all”, ready to
print prosthetics, which eventually lead to the release of the Raptor Hand by e-NABLE
(Fig. 1): a free prosthetic hand designed for kids suffering from atrophy or agenesis.
Meanwhile, corporations focused on the development of high-end printed prosthesis
based on CT-scan [3] to provide patients with the best health care.

Such developments paved the way for the further functionalization of printed parts
namely with printed electronics. Thus enabling prosthesis to communicate and
exchange data regarding the medical conditions of the prosthesis bearer (gait analysis,
temperature, infection...).
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Fig. 1. Evolution of prostheses with time. From left to right, Egyptian era, Victorian era,
Modern era [4]

In 1966, Rydell [5] proposed the integration of a strain gauge in a prosthesis during
a knee arthroplasty. Strain gauges were placed in the femoral head and the data col-
lection was made possible through the use of wires, severed as soon as the study was
finished. The overall purpose of this study was the determination of the forces acting on
the femoral head prosthesis. The main challenges faced during this study dealt with the
space available to fit the prosthesis with the strain gauges and the abnormal gait caused
by the prosthesis. Similar development were carried out by Bergmann [6] in 1997 and
Graichen et al. in 1999, with improved performances. Furthermore, more and more
activities are ongoing through the acquisition of post-operative data to improve the
fabrication of prosthesis, post-operative recovery procedure and evolution of the
prosthesis with time up to its replacement. So far, mainly the post-operative procedure
was evaluated.

The present study aims to develop the key technologies to fabricate smart prosthesis
using only printing technologies giving the capability to produce patient custom based
systems at a low cost with integrated force and/or temperature sensors. It will give the
opportunity to massive application of the technology for prosthesis fabrication and data
acquisition.

2.1 Sensors and Communication Solutions

One important part of the design of the force sensors and the communication system
rely on the integration of batteries inside the prosthesis. 2 different solutions were
evaluated.

The first proposed solution is relying on a RLC circuit, with the capacitor that can
vary depending of the force applied and the inductance acting as the communication.
A change in the capacitor will induce a frequency shift of the resonant LC circuit. An
increase of the resistance will reduce the quality factor and so the sensitivity. This
circuit do not need battery and is powered by the readout system, making it easy to be
integrated.

The second proposed solution is relying on a metal resistive sensor also called
strain gauge. The pressure will induce a deformation of the metal conductor changing
its conductivity which is read by an electronics. This solution will require a battery, an
integrated electronics with wireless communication.
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2.2 Development of Key Fabrication Steps

The fabrication of the implant/prosthesis is achieved using a Fused Deposition
Modeling printer (FDM), with material like PET-g and PLA, or a UV stereolithography
printer (SLA), with material like poly-acrylate or poly-urethane. The sensors and
conductive lines are realized with an Aerosol Jet printer (AJP) from Optomec© with
capability to deposit conductive or dielectric inks from several hundred nanometers to
several tens micrometers. It also presents the advantage to work to a distance up to
5 mm and to be programmed to have an in-plane our out-of-plane motion which is
compatible with printing on a 3D surface made by additive manufacturing. The sin-
tering of the ink was achieved with a photonic curing system from Novacentrix©
giving the advantage to cure an ink at a high temperature without heating the substrate
or damaging it.

Figure 2 presents the typical test structures for evaluating key fabrication tech-
nologies and a typical surface made by FDM with an average RMS roughness of
3.5 pm. Figure 3 demonstrates a typical challenge by forming a conductive line of
several centimeters length on a FDM printed surface with some abrupt slope and also
by dealing with photonic curing which is also creating defects and inhomogeneity
during curing. It was also difficult to achieve low resistivity compared to oven curing or
bulk material, particularly with gold ink for which typical annealing temperature is
between 200 and 250 °C. Table 1 is resuming the best achieved results for the different
tested material. It appears to be difficult to fully sintered Au ink without defects either
on the metal lines or substrate (over-curing) or a low resistivity (insufficient curing).
Because similar results were expected for silver, curing was only achieved on an oven
and deposition on glass or SLA based substrate compatible with a curing temperature
of 150 °C. Silver resistivity was 1.8 times the bulk value. For substrate with abrupt
surface defects an epoxy resin was dispensed on the surface to achieve a smooth
surface.

D>
&

8.1 [mm]

1
15 [mm] Detail 1 Detail 2

Fig. 2. (Left) typical test sample with an example of Au printed lines; (right) typical surface of a
FDM printed samples.
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Fig. 3. Slopes as main reason of defects when printing on a FDM surface.

Table 1. Typical achieved resistivity for Au ink on different substrate and for different curing
technics.

Substrate material PET-g (FDM) PLA (FDM) Glass (microscope blade)
Ra ~ 3.5 pm Ra ~ 3.5 um Ra < 20 nm

Resistivity compared to | x12.9 x27.6 x2

Au bulk value

Curing Photonic Photonic Oven

2.3 Fabrication and Testing of Sensors

RLC Sensor

The fabrication of capacitive sensors was split in 2 parts, the coil and the capacitance.
The coil design was consisting of an Ag layer of 1 to 1.5 pm thick. Table 2 is resuming
the geometry of the coil fabricated. The resistance value is higher due to a higher bulk
value of 2.5 times corresponding to a resistivity of 4.5 x 107® Q m, taking into
account the extra line width of 82 um. An example of achieved coil is presented in
Fig. 4(left). The capacitance is fabricated in 2 parts, both by UV stereolithography to
obtain a sufficient accuracy (<25 pm) from a polymer-ceramic composite material from
Tethon3D®©. Silver ink was deposited on the surface without post processing, electrical
contact was ensured all along the structure. So far achieved testing of RLC circuit have
not shown any detectable change of capacity through the shift of the resonant fre-
quency. The reason can be attributed to a low quality factor due to the higher resistance
or a low capacity change (Fig. 5).

Table 2. Design and measured parameters of the coil.

Avg. track width | Track spacing |Nb Inductance | Resistance
(nm) (pm) turns | (uH) (%)
Design | 60 340 7 0.75 130
Measured | 82 318 7 29 232
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ceramic  —

Fixed parallel plate

Fig. 5. (Left) fixed electrode of the capacitive sensor; (right) moveable electrode of the
capacitive sensor.

Resistive Sensor

To evaluate the performance of the resistive sensors, a simple testing structure fabri-
cated by UV stereolithography, with CLIP™ process with a representative roughness
of FDM (several micrometers roughness) but resistant to a temperature up to 250 °C.
An epoxy glue was dispensed at the surface to smooth the surface. Finally, the Ag
resistance was deposited by AJP printing, followed by an annealing at 150 °C for
duration of 30, 60 or 90 min. 2 different resistor designs (CLIP1 and CLIP2) were
evaluated with different sensor lengths respectively 40.5 and 139.9 mm. The fabricated
device with CLIP2 design is presented in Fig. 6(right).

Fig. 6. (Left) testing structure design for resistive sensor; (center) FEA simulation of the
structure; (right) fabricated testing structure with design sensor No. 2.

The resistance measured for each design and for each curing time is presented in
Table 3. As expected, the resistance is decreasing with the curing temperature but the
resistivity is far from the bulk value, particularly for the design CLIP2 with longer
resistor. This is attributed to variation of the conductor section that vary along the
resistance due to defects and surface roughness.
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Table 3. Resistance value with respect to curing time.

Sample | 30 min at 150 °C 60 min at 150 °C 90 min at 150 °C
CLIP1 |569.7 Q (223 x Bulk) |111.5 Q (48 x Bulk) |82.2 Q (33 x Bulk)
CLIP2 |4578.7 Q (652 x Bulk) | 2129.7 Q (303 x Bulk) | 1259.6 Q (179 x Bulk)

Drift and hysteresis were measured for the different designs and for different curing
times. Drift measured for each device is composed of a transient state and a steady
state, with values respectively of <0.1% and 0.01%. Transient state, with a time
constant measured between 10 to 600 s respectively dependant to curing time (long
curing time give shorter time constant), is attributed to a heating effect and to the curing
level of the ink. Hysteresis, represented in Fig. 7 for sample CLIP2, was measured for
an applied force of 10.5 N and repeated 3 times per curing time. Curing time of 30 min
have a higher hysteresis than for 60 min and 90 min which lead to a lower stability.
The design of CLIP2 was given a more stable gauge factor (GF) of 0.56 up to 0.68
(increasing with curing time).

30min 60min 90min
4592 21345 1262 —Runi
2134
4590 12615
21335
4588 1261
2133
4586 21325 12605
4584 E 2132 E 1260
21315
4582 1259.5
2131
4580 2130.5 | an@ar=r05w360 125 AR(AF
4578 2130 1258.5
0 10 20 0 10 20 10 20
Force[N]) Force [N) Force [N]

Fig. 7. Sensor response for different annealing time, from left to right: 30 min, 60 min and
90 min.

3 Discussion and Future Developments

Both sensing technologies were applied to a 3D printed components to evaluate their
performances. So far, only metal resistive sensors have demonstrated sufficient sensi-
tivity to be applied as force sensors on 3D printed prosthesis. Most of components
fabricated by FDM and UV SLA are requiring a post processing prior AJP printing of a
conductive ink. RLC sensors have to be redesigned with a higher capacity (gap
reduction) value to compensate the low quality factor due to the high resistance of the
conductive lines. Future developments will be directed to increase the conductive
material thickness to reduce the total resistance. In parallel, the curing process will be
optimized to reduce the resistivity to a lower value.
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So far, sensors were tested on simple geometries and main steps will be to evaluate
then of a closer geometry of prosthesis as for example presented in Fig. 8 for a knee
prosthesis. Ideally, the sensors would further be integrated on the plastic spacer and
being placed inside the parts thanks to layer by layer process of additive manufacturing.
This concept will be evaluate using an Aetherl™ printing system with the capacity to
deposit materials with FDM, syringe or droplet dispensing. As, so far the integration of
electronics and batteries are complex, particularly biocompatibility of these compo-
nents, the RLC sensors are still the most promising technologies.

Femoral Component

g ‘ v Tibial Comp
'

Fig. 8. Knee prosthesis with it components [7].

Plastic Spacer

Such development could also easily be re-utilized for many applications and some
are already of interest like 3D printing on microsystem or fully printed microfluidic
chip with embedded electrical functionalities.
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Abstract. The integration of several printing techniques into a single
platform requires to miniaturize each additive manufacturing tool.

With this aim in mind, we have developed a compact toolkit for high-
resolution additive manufacturing of polymers. This toolkit is made of
two ultra-thin nozzles, a multimode optical fiber (MMF) for the curing
unit, and a glass capillary for the drop-on-demand device (DOD). Poly-
merization of micrometric patterns is achieved by delivering laser light
in a structured manner through a 5-cm long, 200 pm-wide MMF. Along
with this curing unit, the combined DOD device is made of a 10-cm
long and 300-pm wide glass capillary through which viscous materials
are delivered via laser-actuation.

We envision that our compact additive manufacturing toolkit could
be integrated within other manufacturing platforms as an add-on tool,
thus enabling multi-resolution processing.

Keywords: Laser - Direct-writing -+ Compact : Drop-on-demand -
Laser-actuation

1 Introduction

The increasing interest in additive manufacturing (AM) over the recent years
has led to the development of numerous printing techniques [1-3]. The resolu-
tion of these AM technologies ranges from the macro- [1] to the micro- [4] or
even nano-scale [5]. Integrating various AM techniques into a single printing plat-
form would allow multi-resolution processing of parts. A multi-resolution system
would not only enable the embedment of fine details into bulk parts but would
also dramatically improve the printing speed as well as the part functionality.

However current AM systems are large and require robotic arms to transfer
parts from one AM platform to another [6]. Thus, the integration of several
printing techniques into a single platform requires to miniaturize each additive
manufacturing tool.

Here, we report on a compact toolkit we have developed for both dispensing
and laser-processing polymer materials. This toolkit is made of two ultra-thin
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nozzles, a glass capillary for the drop-on-demand device (DOD) and a multimode
optical fiber (MMF) for the curing unit. The DOD device is made of a 10-cm long
and 300-pm wide glass capillary through which materials are delivered via laser-
actuation [7,8]. Micro-droplets of polymers, composite hydrogels (up to 20 Pas
viscosity) and proteins of size 50 pm to 300 pm have been successfully printed
without degrading their functionality using this laser-actuated DOD system.
Laser direct-writing through the 5-cm long, 200 pm-wide MMF is achieved by
delivering and modulating continuous-wave laser light in a structured manner
with a phase control system.

2 Materials and Methods

2.1 Laser Direct-Writing Through Multimode Optical Fibers

Micrometric patterns are produced through a MMF by adapting the endoscopic
imaging setup (see Fig. 1(a)) of Loterie et al. [9].

Owing to their large number of modes, multimode fibers can transmit images
with multiple pixels and a diffraction-limited resolution. Thus they represent a
very compact means for image transfer. However, due to the different propa-
gation constants of the different modes in the fiber, laser light coupled into a
multimode fiber will be scrambled at the output resulting in an unstructured
speckle pattern (see Fig.1(b)). This limitation can be overcome by measuring

5000x
Phase
control

. system
CW laser

light (488 nm) 100x
10x
A
! 0.1x
| (b) Fiber output
| without phase control
Multimode | 5000x
Optical Fiber |
| 1000x
0200 um _ _ 1,00 -
NA0.39 1
I 100x
|
>5cm |
10x
|
|
|
Y Focused
[~ beam
0.1x
Printed micro-structure < © Fiber output
@ = with phase control

Fig. 1. (a) Experimental setup for micro-additive manufacturing through a MMF (b)
speckle observed at the distal tip of a MMF without phase control (c) focal spot
generated through a MMF using a phase control system
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the transmission and propagation of the different modes inside the fiber, after
which an image can eventually be reconstructed from the speckle pattern. Fur-
ther details on the methods to characterize the fiber propagation constants and
image reconstruction can be found in previous works [10,11].

In this work, CW laser light (Coherent, Sapphire 488 SF) is focused
(see Fig.1(c)) and scanned 200 pm ahead of the distal tip of a thin MMF
(Thorlabs, FT200EMT, ¢200pum NA 0.39). As shown in Fig.1(a), prior to
being coupled in the fiber, light is modulated with a phase control system
(Holoeye, Pluto) to account for the fiber modal scrambling. This modal scram-
bling is measured before each experiment using the methods described in [9].
In order to write micrometric polymer patterns, the fiber is dipped into a pho-
toresist made of the organic polymer precursor trimethylolpropane triacrylate
(TMPTA; >70%, Aldrich, USA) and 1wt% of the Norrish type II photoinitiator
camphorquinone (CQ; 97%, Aldrich, USA) and 0.5wt% of the synergist Ethyl
4-(dimethylamino)benzoate (EDAB; =97%, Aldrich, USA). Confinement of the
polymerization to the focal spot is enabled by oxygen scavenging of the free-
radicals generated along the propagation of the beam into the photoresist, as
demonstrated by Maruo and Ikuta [12].

2.2 Compact Drop-on-Demand System

Microdrops are produced at room temperature by focusing a 5-ns laser pulse
(Continuum, ML-IT, 532 nm) with a 10x microscope objective on a liquid-filled
glass micro-capillary (see Fig. 2(a)). The experimental dynamics of a flow-focused
droplet generation of a viscous Newtonian liquid (a mixture of water and glycerol
at 80% (v/v), corresponding to a 67 mPa s viscosity at 25 °C) are described in
Fig.2(b—c). In Fig. 2(b) the liquid-air interface is highlighted with respectively a
solid and dashed white line for clarity on the first two images corresponding to
pre-firing and post-firing of the laser. Moreover, the lateral borders of the images
correspond to the inner capillary walls. Distortion, due to the glass thickness
of the capillary, is responsible for the black surroundings below the meniscus.
Finally, in Fig. 2(c), the blue circles correspond to the pictures of Fig. 2(b). The
dashed line is a spline interpolation of the jet dynamics and the dotted lines
delimitates the phases of jetting. The inks were Newtonian water-glycerol mix-
tures and non-Newtonian polymer precursors such as TMPTA.

Absorption of the laser pulse by the stained ink leads to the generation of a
cavitation bubble and a shockwave. The consequent impact of the pressure pulse
on the liquid-air interface first accounts for the acceleration of the liquid. The
liquid is further accelerated thanks to a flow-focusing phenomenon due to the
concavity of the liquid’s meniscus [8,13]. The subsequent thin jet is then slowed
down by surface tension and the bubble collapse until it finally breaks up to form
one or more droplets. Tagawa et al. [8] showed that, among other parameters,
the contact angle 6 is crucial for the generation of high-speed flow-focused jets,
with narrow contact angles resulting in thinner and faster jets.
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Fig. 2. (a) Experimental setup and description of the experimental parameters impact-
ing the droplet size and velocity (b) time-resolved imaging of the flow-focusing phe-
nomenon. Scale bar: 200 pm (c) Interpolated jet dynamics corresponding to the droplet
formation depicted in Fig.2(b), adapted from [7].

3 Results and Discussion

3.1 Laser Direct-Writing Through Multimode Optical Fibers

Our first results show that two-dimensional micrometric patterns can be printed
through an ultrathin multimode fiber onto a glass substrate with CW laser light,
as shown in Fig. 3(a). The use of a CW laser to print micro-patterns deep into
a photoresist represents a significant cost reduction compared to state-of-the-
art systems relying on two-photon polymerization induced by the absorption of
femtosecond laser pulses [5]. Moreover, our results show that the technique of
CW laser direct-writing deep into a photopolymer originally demonstrated by
Maruo and Ikuta [12] with a large numerical aperture (NA) microscope objec-
tive (NA =1.0) can be extended to low-NA multimode optical fibers. However,
as polymerization is a cumulative process, the overlap of several spots during the
printing process of three-dimensional structures is likely to generate proximity
effects and a divergence of the printed structure from the model [16]. There-
fore, further developments accounting for proximity effects correction will be
needed to print complex three-dimensional micro-structures with our compact
fiber-based system.

3.2 Compact Drop-on-Demand System

Figure 3(b) also shows that the range of printable liquids with our laser-assisted
drop-on-demand device is significantly broadened compared to conventional
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Fig. 3. (a) Two-dimensional pattern printed through a MMF in TMPTA (b) conven-
tional inkjet printability region as defined in [14,15] superimposed with the experimen-
tal data points obtained with our laser-assisted flow-focusing device in the satellite- free
jetting regime and with the water-glycerol Newtonian mixtures. Red, yellow and blue
dots were respectively obtained for 300, 200 and 100-um capillary diameters. Error
bars are omitted for clarity, each data point is the results of at least 10 experiments,
adapted from [7]

inkjet printing [7]. A standard printable region has been defined in the literature
using two dimensionless numbers. The Reynolds number Re = pRV. represents
the ratio of inertial and viscous forces, with p, R, V and n being respectively
the liquid density, the drop diameter, the liquid velocity and the liquid dynamic
viscosity. The Ohnesorge number Oh = ﬁ corresponds to the ratio of the
viscous forces over the geometric mean of the inertial and surface tension forces,
with o being the liquid surface tension. Using these dimensionless numbers, sev-
eral criteria were derived from experimental measurements and numerical models
[3,7,14] to map the regime for stable satellite-free drop generation from a noz-
zle in the frame of conventional thermal and piezoelectric inkjet printers (see
gray region gray in Fig.3(b)). By superimposing our experimental data points
for viscous Newtonian water-glycerol mixtures to this diagram, we observe that
the range of Ohnesorge numbers for which satellite-free droplets were generated
is extended to ~0.01 < Oh < ~1.5 with our laser-assisted flow-focusing DOD
system. The most plausible explanation for this extension of the satellite-free
ejection regime with respect to conventional inkjet printers is that our device
is less sensitive to viscosity owing to the flow-focusing phenomenon. Indeed,
the measured initial velocities of the droplets correspond to Re ~ 200 for the
least viscous inks and to Re ~ 5 for the most viscous ones. Hence, the initial
acceleration phase was dominated by inertia for the range of viscous liquid stud-
ied, which is also consistent with previous works [13,17] on both inviscid and
low-viscosity liquids.
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3.3 Possible Industrial Applications of the System

Combining the curing unit (see Fig.4(a)) and the DOD device would yield a com-
pact multi-resolution additive manufacturing platform as illustrated in Fig. 4(b).
Such a compact system could be used in the industry for rectifying AM parts
that are not matching the specifications of the CAD model, thus reducing the
number of iterations needed to print a compliant part.

However as seen in Fig.4(a), the current experimental setups are large and
future endeavours should be devoted to the miniaturization of the devices.

Translation §~—>

stage

Fig. 4. (a) Experimental setup for single-photon printing through a MMF, SLM: Spa-
tial Light Modulator. The dashed blue line indicates the path of the laser beam, which
is first enlarged, modulated by the SLM and finally coupled in the thin MMF'. The setup
is mounted on a translation stage in an upright configuration in order to dip the MMF
in the photopolymer. (b) Illustration of the proposed multi-resolution additive manu-
facturing system: a combination of the curing unit and the drop-on-demand system.

4 Conclusion

In this paper, we experimentally demonstrate satellite-free droplet generation
via laser-actuation of viscous Newtonian and non-Newtonian inks as well as
laser direct-writing through a 200-pm thin MMF of micro-patterns deep into a
photopolymer.

Further miniaturization of the drop-on-demand device could be achieved by
delivering the nanosecond laser pulses through a MMF inserted into the capillary
instead of focusing light with a microscope objective. Moreover, combining the
two tools we have developed into a compact device could enable their use as add-
ons to other additive manufacturing platforms for multi-resolution processing.
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Abstract. The additive process of Direct Metal Deposition shows great
potential for the production and repair of large-scale metallic compo-
nents due to its high deposition rate and easy integration into CNC
machining and robot systems. Conventional CAM software applies only
geometric information to calculate the toolpath, requiring still high man-
ual input for the production of complex parts. An enhanced approach
is proposed that gathers relevant information from product development
and hands it over as “distinctive” CAD data, which describes a set of
features that is used by the CAM system for the generation of the tool-
path. Zigzag patterns, contour patterns as well as the combination called
“hybrid toolpath” are discussed and distinctive data is applied to build
thin-walled elements. The experimental validation reveals a high surface
quality and shape accuracy of demonstrator parts built with optimized
process parameters and toolpath strategies.

Keywords: Direct Metal Deposition - Laser cladding - Additive Man-
ufacturing -+ Toolpath strategies - CAM

1 Introduction

Direct Metal Deposition (DMD) is a laser-based Additive Manufacturing (AM)
process where metallic powder is directly blown into the melt pool. The moving
processing head deposits a track, overlapping tracks form a layer, and multiple
layers create a three-dimensional part. Since the DMD processing head is usually
attached to a multi-axis machine, the design space is only limited by the available
axis range. Further advantages are the high deposition rate, the control over
the microstructure, and the ability to use multiple materials to produce graded
components as stated by Gibson et al. [1]. Thus, DMD is suitable for the additive
production of large-scale components, adding features to or repairing existing
parts as described by Nowotny et al. [2]. However, the achievable part complexity
using DMD is currently behind other AM processes. Shamsaei et al. [3] argue
that one main reason for this deficit is the complexity of the toolpath generation
© Springer International Publishing AG 2018
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and its impact on the part properties. Therefore, the industrial use of DMD
requires still a lot of manual input and adaptation for each individual application.
This publication aims to contribute to the challenge of process automation by
proposing an enhanced toolpath generation method, using distinctive CAD data.
Applying this generation method in combination with further toolpath strategies
shall result in a more reliable and predictable process for different geometric
elements.

2 Concept of Distinctive CAD Data

Regarding the process chain from CAD data to the finished part, Gibson et al.
[1] define eight steps that are generally applicable to all AM processes. These are:

CAD

Conversion to STL

Transfer to AM machine and STL file manipulation
Machine setup

Build

Removal

Post-processing

Application

PN AW

The weak link in this process chain is the data transfer from CAD via STL
to the machine: The STL file format is the most common interface in AM,
describing any solid as a surface consisting of multiple triangles, each of them
with a normal vector pointing to the outside. The advantage of the STL format
is the standardized representation of any geometry. Conventionally, only the
STL file and information about the desired material is handed over from the
design to the manufacturing software system, which means from CAD to CAM.
In comparison to technical drawings, which may contain dimensional, shape and
position tolerances, the transfer via STL discards a lot of valuable engineering
information at this stage. Due to the complexity of the DMD technology, manual
input and expertise from manufacturing engineers is mostly required for CAM
systems to generate the NC code from STL data. A newly developed standard is
the AMF file format, but Gibson et al. [1] point out that it considers mainly the
requirements of powder-bed and fused deposition modeling AM, such as data
for color, material, and print orientation.

Hereafter, an approach is presented that takes advantage of the know-how
and intention of the engineers who design and dimension the part as well as of the
possibilities of current CAD systems. Besides the geometric shape, most parts
possess functional and non-functional surfaces, leading to different shape and
position tolerances as well as maximum surface roughness. Various applications
lead to lowly and highly loaded sections and different load directions in the part.
Support or clamping structures may be required for subsequent manufacturing
steps (e.g. assembly), which are finally removed or fulfill no further function.
This information is generated during product development and can be stored
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by distinctive CAD data. This term covers additional points, vectors, triangles,
surfaces, solids or any other form of data output. If the CAM software is able
to read these additional data, the manual effort by the manufacturing engineer
can be reduced significantly. Furthermore, design engineers can consider the
strengths and weaknesses of the DMD process in terms of “design for AM”
during development, leading to higher process efficiency and lower manufacturing
costs. Figure 1 illustrates the common process chain and the enhanced approach.
Although this approach addresses primarily the needs of the DMD process, it
can be beneficial for any industrial AM process with multiple input parameters.

4[ Material H Product development: Design and dimensioning ]
L ) (Non-) functional surfaces,
Geometric information
tolerances, surface roughness
i

1
1
1
:
1
[ STL solid ] : —'[ Load type and direction
1
1
1
1
1
1
1
1

—'[ Support, clamping structures
fManuaI n put *[ CAM software system ]‘1—[ Distinctive CAD data
rom engineer

( : |
l AM machine ] :
T |
1

1 Enhanced

1 Conventional [ Product ] ! approach
T

| approach

Fig. 1. Conventional and enhanced approach for an AM process chain

3 Toolpath Strategies

The toolpath of the processing head is one key factor for additive manufacturing.
Together with the process parameters, it determines the achievable part com-
plexity, quality and process efficiency in terms of time and resource consumption.
Different geometries and part requirements demand different toolpath strategies.
Additive technologies are characterized by a layer-wise buildup, where each layer
is filled subsequently. Generally the layers have a constant thickness. Separating
a solid geometry into various layers by CAM software is called “slicing”.

A raster pattern is the easiest way to fill a surface. It is widely applicable
and does not require special cases for calculation as described by Farouki et al.
[4]. Due to the straight path, there are no inhomogeneities or defects which arise
from turns of the processing head inside the part. However, Jin et al. [5] state
that the surface quality of the wall is mostly insufficient. Changing the direction
of the raster in each layer (e.g. by 90°) reduces the anisotropy in the material.
Although for some applications, certain anisotropy of the mechanical properties
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can be beneficial. The high number of switch-on and switch-off events of the laser
passing the boundary of the part creates discontinuities within the traveling melt
pool. To overcome this problem, Rajan et al. [6] developed an algorithm that
optimizes the raster direction regarding the number of laser beam interruptions.
The zigzag pattern is the combination of all raster lines to a connected path.
It reduces the number of on and off events, but creates the problem of under-
and overfilling at turning points as described by Jin et al. [7]. Both raster and
zigzag pattern cannot fill a surface exactly if the dimension of the part is no
multiple of the track pitch. Otherwise, under- and overfilled areas are inevitable.
Both patterns are not suitable for thin-walled parts, as they generate very short
tracks and therefore plenty discontinuities.

An alternative approach is the contour pattern. Here, the contour of the
surface equals the outermost toolpath. The adjacent paths are generated by a
shrinking operation of the outer contour. The computation of contour toolpaths
is challenging: The geometric algorithm named “straight skeleton” is able to
process arbitrary two-dimensional surfaces, but has to consider multiple special
cases as further described by Felkel and Obdrzalek [8]. Ding et al. [9] point out
that under- and overfilling is a problem in the middle of the part where the inner
paths meet. Farouki et al. [4] show that the contour pattern creates an almost
seamless wall surface with the best achievable quality. Therefore, it is perfectly
suited for thin-walled parts with constant wall thickness. A modification of the
contour pattern is the spiral pattern which does not interrupt the laser beam,
but is only applicable to simple geometries. The toolpath patterns of raster,
zigzag, contour, and spiral are illustrated in Fig. 2.

U u

c) d)

2

b)

.,

Fig. 2. Common toolpath patterns: (a) raster, (b) zigzag, (c) contour, (d) spiral

A hybrid strategy is a combination of different approaches. Combining zigzag
and contour patterns provides several advantages: The surface of the wall is
determined by the contour toolpath, whereas the inner quality is determined
by the zigzag path, leading to both high surface quality and uniform filling of
the inner structure. Different process parameters can be applied to each pattern
in order to optimize the quality or process performance. The computational
complexity is rather low, since the contour path follows the part boundary. Jin
et al. [5] state that the biggest challenge of hybrid strategies is the interface
between contour and zigzag path. There, under- and overfilling areas can occur,
leading to bonding defects. The track distance and the resulting overlap of tracks
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are crucial parameters for an accurate interface. Figure 3 shows a possible hybrid
toolpath for the demonstrator part “milling head”: A CAD file (a) is transferred
to an STL model (b) and is sliced into various layers (c). The toolpath in one
layer is depicted in (d). The blue line shows the outer contour path; the red lines
depict the zigzag pattern. It can be seen that the zigzag pattern needs to be
interrupted due to the intrusions.

a) b)

Fig. 3. Demonstrator “milling head”: (a) CAD part, (b) STL geometry, (c) sliced
layers, (d) hybrid toolpath

4 Implementation of the CAM Algorithm

The objective of the presented research is to increase the achievable part com-
plexity and quality by a reliable toolpath generation method, which is initiated
by the designer in the CAD system. The goal is to make use of the engineer’s
know-how to account for specific features, whereas the algorithm adds gener-
ally applicable strategies and calculates the toolpath according to a clear set of
rules. The CAD system itself is not modified but used to provide multiple STL
files that define the additive buildup with additional information, distinguishing
functional and non-functional surfaces. A CAM software based on MATLAB has
been developed at the institute. It reads STL files and multiple parameter sets,
calculates the toolpath based on different strategies, and outputs the NC code
to the DMD machine. It is currently limited to 3-axis buildup. A module for
5-axis DMD is being developed.

Figure 4 shows the demonstrator part “impeller”, which consists of both mas-
sive and thin-walled elements, namely the core cone and the blades. The blades
and the outer wall are functional surfaces, requiring a low roughness for minimum
friction. A suitable toolpath is then crucial. Within the conventional approach,
the part would be represented by one volume as shown in image (a) of Fig.4.
An automated algorithm that distinguishes massive and thin-walled elements
for arbitrary geometries would be complex and hard to control. This problem is
eliminated by splitting the geometry into a zigzag subset and a contour subset
in the CAD software, as shown by images (b) and (c). Thus, the massive interior
of the impeller will be built by the zigzag subset, whereas the outer surface and
the blades will be built by the contour subset. The minimum blade thickness
here is two tracks as a back and forth movement of the processing head. For
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thicker blades, additional contour paths can be added by an enlarged contour
subset, as shown in image (d). The advantage of distinctive CAD data is the full
control of the toolpath already in the design phase of a part. Thus, either the
geometry can be adapted to meet the manufacturing requirements of the DMD
process, or the toolpath can be adjusted to prevent bonding defects. Image (e)
depicts the hybrid toolpath in one layer.

Fig. 4. Additional CAD data to model massive and thin-walled elements for the hybrid
toolpath of the “impeller” demonstrator

Only if the blades exceed a certain thickness, it is suitable to fill the interior
with a zigzag pattern. Tapered geometries are critical elements that need to be
analyzed thoroughly, since the interface between zigzag and contour path is prone
to bonding defects. A sharp edge can be realized by a single-track wall. Figure 5
shows the toolpath for a tapered geometry. Underfilling between the zigzag and
the contour path in the edge can be prevented by optimized distance parameters.
In order to create a sharp edge by a contour path, the laser is switched off at
the tip and switched on again as soon as the paths diverge to a specific gap, as
shown in the magnified area of Fig.5. This strategy requires a local adaptation
of the process parameters as described in the next section.

accelerate
Nﬂ decelerate
gap—= |

Fig. 5. Hybrid toolpath for a tapered geometry, showing 0° (left) and 90° (right) zigzag
pattern and local parameter adaptation of the contour path in the sharp edge
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5 Experimental Validation

The CAM algorithm has been validated by the fabrication and cross-sectional
analysis of various demonstrator parts. A 5-axis CNC-machine “TRUMPF Tru-
Laser Cell 7020” was used together with a 3 kW disk laser, emitting a laser beam
with 1030 nm wave length. The processing head enables a variable laser spot size.
The powder from the three-jet nozzle focuses in an area of 4mm in diameter.
All experiments were conducted with stainless steel type 1.4404 powder, having
a grain size distribution from 45 to 106 pm. As substrate, bright steel grade
S235JRC with a thickness of 8 mm was used.

The advantages of hybrid strategies are revealed by Fig. 6. The CAD geome-
try of the milling head is taken from Fig. 3. The process and toolpath parameters
are listed in Tablel. Part (a) in Fig.6 was made with a hybrid toolpath with
constant process parameters as listed in column “zigzag”. It shows a poor sur-
face roughness and bad shape tolerances. The resolution is too low to shape the
pockets for the cutting inserts. For part (b), the contour path was optimized: A
decreased laser spot size led to an increased surface quality. The laser spot size
was adjusted in order that the height of two contour layers is equal to the height
of one zigzag layer. The smaller laser spot size decreased the overall powder
efficiency from 60% to 50%. Besides the improved surface roughness and shape
tolerances, the pockets of part (b) are shaped accurately. The critical interface
between the zigzag and the contour path does not show large bonding defects.

Fig. 6. Image and cross-section of the produced milling head, using standard zigzag
(a) and optimized (b) process parameters for the contour toolpath, indicated by the
dashed lines
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Table 1. Process parameters for “milling head”, “tapered geometry”, and “impeller”

Parameter Zigzag (a, b) | Contour (b)
Laser power 600 W 490 W

Laser spot size 2.7 mm 2.2mm

Feed speed 830 mm/min | 830 mm/min
Powder feed rate | 6.5 g/min 6.5 g/min
Track pitch 1.1mm 1.1mm
Layer height 0.6 mm 0.3 mm

Laser on Laser off

Deceleration z

10 mm

Fig. 7. Produced tapered geometry in isometric and side view, showing the laser on
and off positions as well as the deceleration zone

However, the cross sections reveal lack of fusion in the interior of both parts,
thus further optimization of the zigzag path is needed.

A tapered geometry with optimized parameters is shown in Fig. 7. The laser
was switched on where the gap in the edge reaches 0.55 mm, visible by an accu-
mulation of material. The sharp edge was built by a specific reduction of the
feed speed (with constant laser power) before switching off the laser as depicted
in Fig. 8. In this graph, the x-axis denotes the distance to the edge; the y-axis
denotes the factor k that is multiplied with the feed speed. This profile was nec-
essary to create an edge with constant buildup height. Using this strategy, an
edge radius of less than 1 mm and a smooth transition within the tapered area
could be achieved.

The impeller as shown in Fig. 9 was made with the same optimized parame-
ters, leading to good shape accuracy of the blades. The cross section of a similar
impeller proofs that the microstructure at the blade root is fully dense. The
tip of the two-track blade is thickened due to the turn of the processing head.
For larger, highly inclined blades, a 5-axis buildup would be required. Lack of
fusion in the zigzag area is due to the small track length and the high number
of laser-on and -off events, leading to an unstable melt pool.
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Fig. 8. Deceleration zone of the tapered geometry: Feed speed factor k as a function
of the horizontal distance to the edge, where the laser is switched off

Fig. 9. Image and cross-section of the produced impeller

6 Conclusion

Toolpaths are a critical issue for the DMD process and constrain the achievable
part complexity. It was stated that the enhanced approach of distinctive CAD
data could reduce the required manual input for toolpath generation. By trans-
ferring additional information such as load directions or functional surfaces from
the part development process to a CAM software, a suitable NC code can be
calculated in a reliable and predictable manner. The hybrid toolpath is a combi-
nation of a zigzag filling and an outer contour path, showing various advantages
regarding the process characteristics and the computational effort. By splitting
a part into a zigzag subset and a contour subset in the CAD software, a CAM
algorithm can calculate a suitable toolpath to build parts with both massive and
thin-walled elements. Further optimization of the contour path and the process
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parameters lead to a significant increase in surface quality and shape accuracy,
even for tapered geometries. Bonding defects at the interface of zigzag and con-
tour path could be diminished. However, the zigzag pattern requires improve-
ments to gain a fully dense microstructure. 5-axis toolpath strategies need to be
developed for a further increase of the part complexity.
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Abstract. Injection molding soft tooling inserts manufactured addi-
tively with vat photopolymerization represent a valid technology for pro-
totyping and pilot production of polymer parts. However, a significant
drawback is the low heat conductivity of photopolymers influencing cycle
time and part quality. In this research, the thermal performance of a
20 x 20 x 2.7mm?® injection molding insert was simulated. A thermal
camera was used to assess the quality and accuracy of the simulation.
Both, simulation and measurements showed that the temperature cycle
during injection molding becomes stationary within 3 to 5 cycles. After
2800 injection molding cycles, the experiment was stopped and the insert
was still intact.

Keywords: Additive manufacturing - Micro injection molding - Soft
tooling - Simulation

1 Introduction

Soft tooling injection molding inserts manufactured with vat photopolymeriza-
tion enable fast and cost effective prototyping and pilot production. Available
materials generally enable either high accuracy or have high resitance to heat [1].
The lifetime of vat photopolymerization soft tooling inserts has been reported
mainly in the two- to three-digits cycle range [3,5]. However, [2] reported a life-
time of more than 2500 cycles when injection molding polyethylene low-density
with carbon fiber-reinforced soft tooling inserts. The suitability of additive man-
ufacturing for the production of inserts for micro injection molding has been
demonstrated, e.g. in [3,4]. This research benchmarks the thermal performance
of vat photopolymerization soft tooling injection molding inserts against con-
ventional injection molding with a brass insert.
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2 Materials and Methods

2.1 Design of Test Part

The test part consisted of a cuboid structure comprising two heart shaped struc-
tures (Fig. 1). The cuboid’s outer dimensions were 20 x 20 x 2.7 mm?. In addition,
two cuboid structures with micro cylinders (800 pm diameter, (300 wm high)
were present.
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Fig. 1. CAD model of test part. Areas A and B are marked with letters.

2.2 Tooling

The inserts were manufactured in SOMOS®perform using a stereolithography
vat photopolymerization printer.

2.3 Simulation

Five injection molding cycles were simulated in COMSOL Multiphysics®. One
injection molding cycle consisted of the following periods resulting in a total
cycle time of 20s.

— Injection and packing: 8.5s
— Mold opening, cooling down, and mold closing: 11.5s

The material properties of the photopolymer were set to 0.167 W/mK for the
thermal conductivity, 1100 kg/m? for the density, and 1400 J/kgK for the heat
capacity.

2.4 Injection Molding and Thermal Imaging

An Engel®injection molding machine was used to injection mold acrylonitrile
butadiene styrene (ABS) with an injection pressure of 300 bar.

A thermal camera (FLIR®AG655sc) was installed and driven down from above
the machine to take thermal images when the mold was open. About five seconds
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Fig. 2. Simulated and measured temperature development over the first five injection
molding cycles.

passed from when the mold started opening to when the camera could start tak-
ing images. The images were analyzed with the camera manufacturer’s software
requiring the emissivity of the photopolymer. As a consequence, the emissivity
was calibrated and set to 0.95.

Two different temperature measurements were conducted:

— An image series over 100 injection molding cycles (one image taken after each
cycle). The first five cycles are presented in Fig. 2.

— A video capture of the natural cooling process after one injection molding
cycle (2 frames per second, Fig. 3)

2.5 Metrological Assessment

The injection molded parts as well as the inserts were analyzed with a scanning
electron microscope (SEM) as well as a laser scanning microscope (OLYMPUS
Lext®). SEM pictures were taken before injection molding, after about 100 shots
and after 2800 shots.

3 Results

3.1 Comparison of Thermal Simulations and Temperature
Measurements

Figure 3 shows that the measured values (starting 5s after mold opening) are
matching the simulated values closely. Consequently, it can be assumed that
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Fig. 3. Simulated and measured temperature development during the first injection
molding cycle after mold opening.

the simulation presents a plausible calculation of the temperature development
over the whole injection molding cycle, providing valuable information for future
research and investigations on thermal ageing of soft tooling inserts.

3.2 Temperature Development

The temperature cycles became stationary within three to five cycles in both
simulations and measurements.

The maximum temperature present on the insert was found to be below
410K.

The high thermal inertia of the photopolymer became visible in Fig. 2 since
the photopolymer insert was still heating up when the brass insert already
started cooling down.

Figure4 shows the temperature development in the insert symmetry plane
as well as in a local symmetry plane in the heart/cuboid/cylinder region of the
insert,.

3.3 Imsert Life Time

A soft tooling micro injection molding insert was used successfully for 2800 shots
of ABS. The insert was still intact after the experiment which demonstrates a
significant improvement when compared to, e.g., [2].
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300

Fig. 4. Temperature development in the insert symmetry plane (left column: after
3, 5, 85, 12, and 17s from top to bottom) and in a local symmetry plane in the
heart/cuboid/cylinder region of the insert (right column: after 3, 8.5, and 17s from top
to bottom). In the right column, the ABS injection molded part is present during the
injection and packing phase (8.5s).

Fig.5. Area A of a brass insert before injection molding (left) and after about 100
shots ABS (right).

Fig. 6. Area A of a photopolymer insert before injection molding (left) and after about
100 shots (right).
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Fig. 7. Area B of a photopolymer insert after 2800 shots ABS.

3.4 Inserts Before and After Injection Molding

Figures5, 6, and 7 show SEM images of the inserts before and after injection
molding. On the photopolymer insert, no insert degradation or wear was detected
during metrological analysis with a laser scanning microscope after 2800 injection
molding cycles.

4 Conclusions

— The thermal simulation was found to be an accurate tool for the investigation
of the temperature development in the injection molding inserts.

— The very low thermal conductivity of the photopolymer compared to brass
(ca. 650x smaller) leads to a significantly longer injection molding cycle time
(the cooling time was set to 11.5s for an insert geometry of 20 x 20 x 2.7 mm?).

— After 2800 injection molding cycles with ABS, the photopolymer insert was
still intact which represents a significant increase in lifetime when compared
to numbers reported in, e.g., [1] or [2]. No insert wearing was detected in a
metrological analysis with an SEM and laser scanning microscopy.

Suggestions for Future Research: It is suggested to investigate

— thermal simulations with a larger insert geometry,

— model fiber-reinforced and/or coated injection molding inserts to quantify the
influence of these modifications on cycle time and insert lifetime,

— the thermal ageing process to increase the predictability and reliability of vat
photopolymerization soft tooling inserts.
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Abstract. The repair process for complex components is complicated and time
consuming, and the traditional repair methods cannot handle these challenges.
Therefore, introducing new solutions to repair parts is a necessity in the
industrial world. Additive manufacturing is considered one of the modest
manufacturing techniques. Using this technique in components repair is the state
of the art in the industry of maintenance. This paper is based on previous work
to develop an additive repair design approach, with focus on the Selective Laser
Melting technique. A bending load case on beams made of two metals (cast part
and sintered part) is discussed, and the induced stresses and deflections are
investigated for various building directions and interface planes geometries. The
used metals of the cast parts are Al-6082 and Al-7075 alloys, and the used
powder to build-over with the Selective Laser Melting machine is AlSi10Mg.
The analysis carried out by means of a finite element numerical model to esti-
mate bending loading and the induced flexural stresses. Experimental work is
implemented, and all analytical and experimental results are discussed and
compared. This work aims to develop scientific basics for parts repair using
additive manufacturing technologies.

1 Introduction

Components usually suffer from wear, distortion, defects and cracks during their life
cycle, and sometimes repairing is considered more cost effective and time saving than
replacing these components. For complex geometry, especially for aerospace compo-
nents, the repair process becomes more complicated, and the traditional repair methods
cannot handle these challenges. Therefore, introducing new solutions by using additive
manufacturing techniques to repair parts is necessary [1]. Since the additive tech-
nologies are used in repair, the term “Additive Repair” can be defined as “additive
manufacturing process for reconstruct and modify prebuilt components” [1]. Compa-
nies like RPM Innovations, have already provided services using laser deposition
technologies, such as laser engineered net shaping, advanced additive manufacturing
and repair and laser repair technology (LRT) [2]. Siemens has already used additive
repair technology to repair gas turbines [3]. EOS Company also stated the possibility to
use additive manufacturing to repair damaged tool inserts [4]. “The experimental
results show also that the parts built-up additively (part of an aluminum extrusion die)
withstand the high mechanical and thermal loads which occur during hot aluminum
extrusion” Holker said [5]. Huan Qi., used Laser powder deposition based method
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called Laser Net Shape Manufacturing (LNSM) to repair turbine compressor airfoil in
his research due to the advantage of fine microstructure, small heat affected zone and to
cast superior material properties [6]. Among diverse established additive layer manu-
facturing technologies, Selective Laser Melting (SLM) has become a promising
manufacturing route for engineering parts, and that’s due to its higher accuracy, god
surface quality and less post machining compared to laser deposition method. From the
other side, contributing SLM technology within machine elements repair is a big
challenge, because of all variants surrounding the element in its working space, and the
process limitations. Such as, loads and the way they act. The size of parts has to be
considered, because of limited building rooms sizes. Also the available metals powders
used in SLM machine are not covering a wide range. The additive repair process using
SLM is based on preparing the damaged part to get a plane smooth surface so that it
would be possible to build over it, and then to design and prepare a CAD model of the
volume that has to be substituted, and finally to start the building process to get final
repaired part. In this work, a method for conceptual design of Additive Repair is
defined, and investigated to facilitate the steps required to make the conceptual designs
for component repair for the designer. Since SLM can only build on flat planes, two
possible building procedures of the added volume are introduced to satisfy the load
type and magnitude. Later a transvers load case is defined, and the possible solutions to
design the added volume are discussed. Six possible solutions are implemented
numerically and experimentally for two selected metals. Finally, the results are com-
pared and discussed.

2 Developed Method for Conceptual Design of Additive
Repair

All design approaches must verify the relationship between the applied stresses on a
part and the strength of its metal [7]. By taking all the advantages of additive manu-
facturing process, and specifying all the process capabilities and constraints, the
designing process can be modified by AM technologies [8]. The objective of this
approach is to define a methodology to help the designers in the early conceptual phase
of a design process to design the damaged volume of parts by taking the advantage of
additive manufacturing abilities. This methodology consists of two main steps (see
Fig. 1). The first one is to define a new metals library, in which each metal alloy
powder is assigned to be weld-able with several metal alloys. So that, it would be
possible to know which powder fits to the metal of the part intended to repair, and that
the bonding between the two metals are strong enough to carry the same loads. After
analysis and the specifications of the part to be repaired are proposed, the second step is
to make the design concept of the added repaired volume. The designer has to take the
stress concentration planes in consideration, the position of cut plane (where the added
volume will start from), the building direction and number of building stages. The
designer has also the possibility to modify the added repaired volume in accordance
with service conditions, and optimizing in relation to the specifications and the man-
ufacturing constraints.
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Fig. 1. Developed design method for additive repair.

This paper is based on previous work [9, 10]. The metals selection and the interface
planes design and building strategies will be adopted from it. One of the load cases will
be investigated to verify and assign some design principals to the interface plane
between the damaged part and its added repaired volume.

3 Beam Under Transverse Load

All mechanical parts, during operation, are subjected to variants of static or dynamic
loads. The building direction in SLM is considerable, and the metal produced is
orthotropic. Building in vertical direction will produce less durable structure than the
other directions [11, 12]. So, care must be taken during the design of the repaired
volume of the part, and designer have to find the best building position according to the
load type that will be applied on part, even if it divides the building process into more
than one building stage. The loads, in which parts in engines or structures could be
subjected to, are mainly either a tension, compression, torsion or bending loads, and in
many cases it could be a combination of more than one of them. In this work, a bending
load case of simply supported beam is investigated. According to the beam theories of
maximum transverse and shear stresses, and to the limitations of the SLM machines to
build over plane surfaces, six profiles of the interface between the original and sintered
volume are designed. The design is mainly made to avoid the maximum stresses in the
interface plane, and to take in consideration the ability to be built with SLM machine.
Figure 2 shows the six suggested profiles, and the corresponding loads positions. The
participated metals that will be used as the damaged cast models are Al-6082 and
Al-7075 aluminum alloys respectively, and the metal powder that will be used for
repair is AISil0OMg aluminum alloy.
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Fig. 2. Different interface planes profiles for simply supported beams under transverse load.

4 Case Study: Simply Supported Beam Under Static
Transverse Load

4.1 Numerical Analysis

In this part of the work, a numerical analysis with finite element method will be
implemented to determine stresses, deflections in specimens and the location of the
expected fracture zone. The analysis will study the transverse load case on the six
profiles, and the deflection of 19 selected points on the upper surface of the specimens.
Consider the simply supported beam shown in Fig. 3 with length L, subjected to a load
F over half its length. From the beam theories, the maximum flexural stress within the
3FL
2bh”>
sectional area of the beam. Since the models are made out of two metals and each metal

has a different modulus of elasticity, the expected deformations and stresses of each
half are not the same. For the given metal combination, the simulated applied force will
be determined according to the weakest metal by using maximum transverse stress
formula. For the case study beam, where the length is taken as 80 mm, and the square
cross section dimension as 10 mm, the loads within the elastic limit must not exceed
the values shown in Table 1. When the bilinear metals behaviors are defined, and all
the geometry entities, meshing specs, boundary conditions, loads and analysis settings
are set up, then the solve is executed.

elastic limit is given by Gy = where b, h are the dimensions of the cross
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Fig. 3. Deflection curve of a two metals beam.
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Table 1. Metals yield stresses and corresponding transverse yield forces.

Material Yield stress (MPa) | Applied force for yield stress (N)
Al-6082 200 1666.67

Al-7075 400 3333.34

AlSil0 Mg 216 1800

6082 + AlSil0 Mg | 200 1666.67

7075 + AlSil0 Mg | 216 1800

On the upper surface of each model, the deflection readings of the 19 points are
recorded. By drawing these readings against the beam length, the deflection curves of
the beams are obtained for each profile (see Fig. 4).
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Fig. 4. Simulated deflection curves of the beams at 1.5KN and 2.5 KN for
(a) Al-6082/A1Si10Mg, (b) Al-7075/Al1Sil0Mg.

4.2 Experimental Analysis

The design of the interface plane layer, between the cast and sintered part, depends on
the layer thickness and the laser power required to melt the cast part in sufficient depth
to perform good bonding between the two metals. The laser power required varies from
one metal to another, depending on different variables. In this work, the building
strategy, including the interface plane design, part orientation and building direction,
will be adopted from previous work that verified successfully in tension loads [9, 10].
First, the cast part of the specimens is machined, and fixed in the supposed position
inside the building room in the machine. The machine used in this experiment is EOS
280M. Later, all the machine parameters are set up, and the CAD model of the second
half of the specimens is uploaded. Six models are built in one building stage, while the
rest are built in two building stages. At the end, all specimens are cleaned and
machined to the final dimensions, and 19 points are marked on the surface to enable
later the measurement of the deflection along the beam length. Figure 5 shows the
specimens after each building step.
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Fig. 5. Specimens building steps. (a) cast part, (b) First stage, (c) Second stage, d. final model.

5 Results and Discussion

The test of the models is performed by using a bending test bench at room temperature.
The load is applied with 500 N increment, and the force deformation curve is obtained
for all profiles. The deflection of the marked points is recorded at different loads, and
hence the deflection curves are obtained. It could be observed from Fig. 6 that all
fractures are located in the interface planes, but with different total deflections and
fracture loads. To recognize which of the six profiles represent the best solution to
stand against the transvers loads, all the theoretical, numerical and experimental curves
should be examined and compared. The adopted criteria to evaluate the best profiles is
depending on the stress produced on the middle of the lower surface of the beam, the
total deflection of the midpoint, and finally on the percentage deflection difference (the
difference in deflection of two symmetric points in each halve of the specimen around
the midpoint). The lower value is the better profile. Figure 7 shows the values of the
above parameters for different loads, simulated and tested, and the percentage deflec-
tion difference is taken for the points 7 and 13 on the cast and sintered parts respec-
tively. For the Al-6082/A1Si10 Mg specimens, the simulation values show that Profiles
1, 2 and 6 have lower stress values within the interface plane area, but the other profiles
are only around 6% higher. Deflection at 1.5 KN load is almost the same for all
profiles, while at 2.5 KN load the variation is about 12% from profile 5 to profile 3.
Profiles 2 and 6 show the best percentage deflection difference between point 7 and 13
of the specimens within the elastic limit, while profile 6 is the best at higher load

Al-6082/AISi10Mg Group Al-7075/AISi10Mg Group
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Fig. 6. Fractures location of the specimens, (a) Al-6082/A1Si10 Mg, (b) Al-7075/A1Si10 Mg.
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Fig. 7. Readings and results used in the profiles evaluating criteria.
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beyond the yield. The Experimental results show that within the elastic limit, profiles 2
and 3 have lower deflection values. The percentage deflection difference of profiles 4, 5
and 6 are less than the other profiles with a considerable value. Beyond the elastic limit,
profiles 2 and 3 keep the lower deflection, and the percentage deflection difference of
profile 3 decreases. The average fracture force for all specimens is 4.5, but the total
deflection is differing with a percentage of 99%.

The simulation of Al-7075/A1Si10 Mg specimens within the elastic limit shows
that profile 1 and 4 have the lowest stress values, followed by profiles 5 and 6. There is
no considerable difference in the deflection values, or the percentage deflection dif-
ference of all profiles. When the load increased beyond the elastic limit, the deflection
of profiles 1 and 6 are increased rapidly. The percentage deflection difference of
profiles 4 and 5 is lower than the other profiles. The experimental results within the
elastic limit indicate that profile 3 has a slight difference in deflection compared to the
other profiles, while the percentage deflection difference of profiles 4 and 6 is positively
noticeable. The recorded values of deflection of profile 3 beyond the yield is relatively
lower than the others. The best recorded values of the percentage deflection difference
are for profiles 2, 3 and 6. The average fracture force is 5.1 KN, and the total deflection
of all profiles differ with 36%. According to the above discussion, the highlighted
blocks of the experimental work in Fig. 7 are considered as a positive grade. By
summing these grades for each profile of both groups, then profile 3 gets 5 points and
profile 6 gets 3 points. Both profiles have good percentage deflection differences and
high total deflection. The simulation results predict the deflection of the first specimens
group within the elastic limit with an approximate error of 17% from the experimental
results, while within the plastic region, the deflection error is around 8%. But the results
of percentage deflection difference, within the elastic and plastic regions, deviate
strongly from the experimental results, and it differ from profile to another. For the
second group of specimens, the deflection error between simulation and experimental
results within the elastic limit is around 2%, and varies from 5% to 18% beyond the
elastic limit. The same big error for percentage deflection difference is noticed within
both elastic and plastic regions.

6 Conclusions

It can be concluded that the best interface profiles to carry a static transvers load without
very big difference in deflection between the cast part and the sintered part are profiles 3
and 6, for both specimen’s groups. The bonding between the cast and sintered halve of
the specimen for these profiles are strong enough to carry 4.6 KN for the
Al-6082/A1Si10 Mg and 5.4 KN for the Al-7075/A1Si10 Mg specimens although the
transverse fracture load for pure AISil0 Mg powder is 5 KN. Which means, especially
for the second group, this profile enhanced the specimen strength. The ANSYS error is
acceptable for the deflection calculation in both regions, elastic and plastic. But the error
of the percentage deflection difference is not acceptable, and therefore it is not adopted.
In the next work steps, a post heat treatment of the repaired part will be studied, and
another case study will investigate a dynamic bending load for another demonstrator, to
evaluate the efficiency of the selected profiles in a life cycle test.
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Abstract. Stochastic and non-stochastic porous structures, are used in a variety
of applications such as biomedical implants, heat exchangers mass and gas
separation, water purification, energy conversion and storage due to their
interesting combinations of physical and mechanical properties, such as high
stiffness in conjunction with very low specific weight or high gas permeability
combined with high thermal conductivity. Among the technologies for the
production of these porous structures, the additive manufacturing (AM) pro-
cesses, such as the powder bed based selective laser melting (SLM), are of
particular interest. In order to obtain this kind of structures with SLM, it is
important to know the relationship between process parameters and material
employed. A series of experiments were carried out to analyze the influence of
the main SLM process parameters on the width and continuity of manufacture of
non-stochastic porous structures and to manufacture stochastic porous structures
through the scanning strategy.

Keywords: Non-stochastic porous structure - Stochastic porous structure -
Selective laser melting + Aluminum alloy - Titanium alloy

1 Introduction

Selective laser melting (SLM) or laser powder bed fusion (LPBF) process as defined by
ISO/ASTM 52900, is an additive manufacturing (AM) technology which allows to
build metal components with complex shapes, thanks to manufacture by melting
subsequent layers of powders, starting from a three-dimensional (3D) computer
aided-design (CAD) model. This has made the SLM technology, in recent years, very
attractive for engineering designers who have the opportunity to fabricate new shapes,
including porous structures, without the use of fixtures, tooling and mold. This
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characteristic of SLM reduces and/or eliminates the design constraints of conventional
manufacturing processes, expanding the design freedom, but also inserting a new set of
process-specific design rules. Some of these new constraints are visible in one of the
most promising applications of AM technologies: the realization of stochastic (random)
and non-stochastic (periodic) porous structures, that are difficult or impossible to be
produced by conventional manufacturing. Stochastic porous structures have been used
as filters for years because they exhibit important filter properties such as fine filtration
capacity, good particle retention, mechanical properties, corrosion resistance [1-4].
Instead, non-stochastic porous structures have been main utilized in applications such
as heat exchangers and biomedical prostheses. Only recently, thanks to the metal AM
technologies, non-stochastic porous structures have been used to create a filter design
with holes in-line to the direction of fluid flow [1]. Burns [5] and Vijayakumar et al. [6]
have suggested that AM technology such as SLM could be used in improving the filters
efficiency and in reducing manufacturing costs. There are numerous designs for these
structures, including octahedron, hexagon and rhombic dodecahedron that exhibit
different mechanical properties [7]. In the recent years, some studies have focused on a
kind of non-stochastic structures that are the thin wall porous structures. These
structures offer higher surface area per unit volume, which increases their efficiency and
may be applied, for example, in catalytic converter systems [4]. Some researchers have
studied the relations between process parameters, CAD model, composition and
microstructure of the obtained thin wall structures and/or the realization of these
structures directly using process parameters. Yadroitsev et al. [4] analyzes the accurate
reproduction of the parts geometry, strategy of manufacturing thin-walled 3D filters
and filters with customized pattern of the micron-sized channels from stainless steel,
nickel alloys and metal-polymer powders. Abele et al. [8] studied the generation of thin
wall elements in stainless steel through the analysis of the influences of the SLM
process parameters (laser power, scan speed, and hatch distance) on porosity. Porosity,
permeability, pore size distribution, and tensile strength were also correlated. For
example, Song et al. [9] investigated the W-Cu alloy thin wall components manufac-
tured using directly the SLM process parameters. The effects of size and overlapping of
melt pool on the thickness of single track wall were analyzed. Mumtaz and Hopkinson
[10] analyzed the influence of laser pulse modes on width and surface quality of thin
walls from Inconel 625 in the range of 400-500 pm. Stamp et al. [11] developed a
scanning strategy for manufacturing porous structures in commercially pure titanium
using the SLM. Zhang et al. [12] investigated the influence of scan line spacing on the
SLM-made porous implants in Ti6Al4V alloy for biomedical applications.

The purpose of this study was to analyze the influence of the manufacturing
strategy in the creation of stochastic and non-stochastic porous metals in AISi10Mg and
Ti6Al4V alloys by SLM. The aluminum alloy exhibits several properties such as low
density, high strength-to-weight ratio and high thermal conductivity, resistance to
corrosion that makes AlSilOMg lightweight structures ideal for architectural, marine,
and automotive applications. The titanium alloy due to its high corrosion resistance,
very high specific strength and biocompatibility has a range of applications including
customized medical implants, like lattice structures with mechanical properties opti-
mized for compatibility with bones, and aerospace components.
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2 SLM Process

The non-stochastic structures designed for automotive, aerospace and biomedical
applications often contain features with dimensions of 1 mm or smaller, such as thin
walls, which are often near the limit of the SLM process. The SLM process starts from
the creation of a three-dimensional CAD (computer-aided design) model subsequently
converted into STL format readable by AM software. In this software, the part is
oriented on the building platform and support structures for overhanging surfaces are
inserted to avoid cracks, warping and collapse from the part. Once the final STL file has
been created, the 3D model is sliced in layers and the file is saved again in the format
required by the SLM machine. The process consists on a recoating system that spreads
uniformly a thin layer of metal powder over the building platform, and then the laser
melts the powder following the cross section of the layer. Once the layer is solidified,
the building platform is lowered and the chain is repeated until the part is finished.
During the melting process the metal undergoes several cycles of rapid melting fol-
lowed by fast cooling and solidification [13—18]. The change in phase of the metal from
powder to liquid to solid is accompanied by shrinkage in the metal volume [19, 20].
The melt pool shape as well as the heat transfer and thermal flow are also significantly
affected by local arrangement of powder particles in the powder bed which can vary
from location to location due to randomness of the particles distribution. The volume
shrinkage and thermal gradients together can lead to warpage and distortion which
results in dimensional inaccuracies and loss of quality in the final part. As a result, thin
and small features generated by SLM process often include defects such as un-melted
powder inclusions, internal voids, cracks and shape irregularities [21-23]. Therefore,
the factors that influence mainly the geometrical characteristics of the parts produced
by SLM are: the building orientation of the part, the support structures, the properties of
the powders, and the principal process parameters. To manufacture a SLM part, it is
necessary to identify the correct orientation of the part on the building platform and,
consequently, the correct positioning of the support structures required by process in
order to fix the part to the platform, to conduct excess heat away from the part and to
prevent the warping and/or collapse of the part [24]. Powder particles size, shape and
distribution, and main process parameters, such as scanning strategy, laser power and
speed, are also key factors for understanding quality control in SLM processes [25, 26].
Recent studies [27-29] have shown that the particle size distribution of a metallic
powder has a high influence on the density, the surface quality and the mechanical
properties of the samples by SLM.

2.1 SLM Scanning Strategy

Initially, all contour of the layer structure is exposed with a selected laser power and
contour speed. As the diameter of the melted zone is usually larger than the laser
diameter, it is necessary to compensate the dimensional error and the laser beam must
be shifted by half the width from the contour to the inside, to make sure that the contour
of the later part will correspond exactly to the original CAD data. This correction of the
position is called Beam Offset (BO) [25]. The BO value is again defined with respect to
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the edge of the boundary, and if this value is higher or less than the correct value, the
particles of the irradiated region may be not melted or over-melted.

Then, during hatching, the laser beam moves line after line several times to assure
that the melting process can unroll completely. The distance between the lines is called
hatching distance (h,). If the h,; of the adjacent melt pools is appropriate, the manu-
factured parts are dense and with high precision. Instead, if the distance is too small, the
melt line would be too large because too much overlap. If there is not enough A,
between the melt pools, the melt line would appear as dots. Depending on the A,
values, it is possible to obtain a controlled porosity inside the parts.

Many scanning options are provided in commercial SLM machines which include
hatch pattern (or scanning strategy) in order to reduce residual stress and deformations
through influencing the heat intensity input distributions [4]. Four choices for hatch
pattern selection are generally available, i.e., along x, along y, both in xy or alternating in
xy as shown in Fig. 1. Scanning can be done either along x or along y (Fig. 1a and b). If
both in x and y options are selected than there will be double exposure on the layer, once
along x and then along y (Fig. 1c). In alternating in xy choice, direction of scanning is
changed for alternating layers (Fig. 1d). Figure le shows the direction of scanning
rotated of 67° between consecutive layers.

Fig. 1. Different hatch patterns or scanning strategies [30]

3 Materials and Methods

3.1 Experimental Equipment and Material

The AlSi10Mg and Ti6Al4V samples were prepared by EOSINT M270 Dual Mode
(EOS GmbH) machine. A 200 W Yb (Ytterbium) fiber laser is used to melt powders in
an argon atmosphere with a spot of 100 um and a scan speed up to 5000 mm/s. To
reduce thermal residual stresses between the substrate and the part, as well as in the
growing part itself, the building platform was kept at 100 °C. A layer thickness of
30 um was chosen. The gas atomized AISi10Mg and Ti6Al4V powders have a dis-
tribution with particle sizes of 12.87 pm (d;q), 27.06 um (dsp), 42.59 um (dgg), and
22.03 pum (dyp), 33.35 pm (dsp), 47.08 pm (dgy) respectively.

3.2 Building of Porous Structures by SLM

Box porous samples (10 mm x 10 mm x 6 mm) were fabricated on a first dense
stack of 1.5 mm height, anchored to the building platform by optimized support
structures [24] in order not to damage the samples during the removal of these from the
platform (Fig. 2a). Then, the thin wall structures were chosen as non-stochastic porous
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structures [4, 31]. They were built with two different scanning strategies: with line
spacing both in x- and y-direction, also named cross-ply, and alternative scanning
pattern with line spacing only in the x- or in the y-direction, from a stack of 1.5 mm
height to another (Fig. 2b). Foams were chosen as stochastic structures and they were
built adopting a rotated scanning strategy, with an angle of 67° with respect to the
previous layer (Fig. 1c). The porosity patterns were investigated by taking micrographs
of cross sections of the samples by Optical Microscopy (OM - Leica DMI 5000M). The
samples were prepared for observation by grinding surface up to 4000 SiC papers.
A magnification of 8x and 10x were chosen and 2 images (side and top views) were
taken per sample. The thin-walled structures were formed with the choice of the
process parameters to obtain a part with the highest density: a laser power of 195 W
and a scanning speed of 800 mm/s for AlSilOMg alloy [24]; while in Ti6Al4V alloy
with a laser power of 170 W and a scanning speed of 1250 mm/s. Four different values
of hatching distance were chosen for both materials: 0.20 mm, 0.30 mm, 0.40 mm and
0.50 mm.

(a) ) / Z /
ZT L - Y 4
Stack (c) <

height p—
Support /" //"
Base structures V/ = /

N
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Y 4

Fig. 2. Schematic representation of the manufacturing porous structures: (a) stl file;
(b) non-stochastic porous structures; (c) foams.

4 Results and Discussion

4.1 Non-stochastic Porous Structures

Table 1 shows the results obtained for the as-manufactured thin walls structures.
Figure 3 shows the samples built with different scanning strategies to obtain
non-stochastic porous structures and foams in aluminum and titanium alloys. In the
case of the aluminum samples, a 4, of 0.20 mm does not allow to create defined thin
walls but only small scattered porosities. This is mainly due to the size distribution of
the starting powders. AlSi10Mg powder, compared to that of Ti6Al4V, has many small
particles (<12 um) that tend to agglomerate on the surface of the bigger ones (dyg),
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creating some clusters of greater than 60 pm. For this reason, it is necessary to consider
h, greater than 0.20 mm. Increasing hatching distance from 0.20 mm to 0.30 mm, the
pores grow by creating well-defined walls and therefore well-defined periodic struc-
tures. Increasing hatching distance to 0.40 mm leads to the formation of more open
channels in which the presence of un-fused particles is reduced (Fig. 4).

Table 1. As-manufactured thin wall structures in A1SilOMg and Ti6A14V

Sample | hg [mm] | Orient. | Gapygn [mm] | St. dev. [mm] | Wally,;qq, [mm] | St. dev. [mm]
1 AlSiMg 0.20 X O - - -

2 AlSiMg 0.20 y 0 - - -

3 asimg | 0.30 X 0.090 +0.011 0.222 +0.019
4 Arsivg | 0.30 y 0.095 +0.009 0.219 +0.013
5 aisimg | 0.40 X 0.193 +0.014 0.229 +0.018
6 aisimg | 0.40 y 0.207 +0.017 0.218 +0.015
7 assimg | 0.50 X 0.360 +0.018 0.150 +0.016
8 asimg | 0.50 y 0.372 +0.022 0.173 +0.025
1 1i6a  10.20 X 0.086 +0.010 0.130 +0.017
2 tiea | 0.20 y 0.086 +0.006 0.147 +0.016
3 1iea | 0.30 X 0.148 +0.017 0.158 +0.014
4 164 10.30 y 0.150 +0.011 0.150 +0.019
5 tiesa | 0.40 X 0.243 +0.016 0.151 +0.017
6 1iea | 0.40 y 0.259 +0.027 0.140 +0.015
7 tiea | 0.50 X 0.355 +0.020 0.139 +0.017
8 1iea | 0.50 y 0.360 +0.038 0.161 +0.034

(a) Contour (b) (C)

,\/‘ x-direction
y-direction

1000 pm

500 pm
Upper face y-direction  x-direction Upper face

Fig. 3. As built and optical images for A1Si10Mg samples: (a) x- and y-directions; (b) alternative
scanning pattern; (c) rotation of 67°.
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Fig. 4. (a) Optical images of tracks (top view) with various hatching distance: (a) AlSi10Mg and
(b) Ti6AI4V samples

If the channel has a size equal to or less than the size of the biggest particles that
adhere on the borders, it can be blocked by the powders.

Both materials exhibit dimensional differences of the width of the wall based on the
orientation of the walls during the construction. During the formation of the powder
layer, some factors contribute to create considerable frictional forces between the blade
and the previously melted layer that can cause geometric variations. Among these
factors, there is the surface roughness of the previously layer, comparable to the layer
thickness, which causes an interference between it and the blade. In addition, the
recoating blade pushes a quantity of powder which can cause dynamic pressures
against the leading edge of the part being developed. High aspect ratio (tall or wide
compared to thickness) wall-like features are particularly vulnerable to these interfer-
ences which can also damage the part. For this reason, generally, a part should be
oriented so there is not a long line of parallel contact between the part and recoating
blade.

The analysis of the structures has confirmed that, irrespective of the material used,
the width of the walls depends not only of the laser spot size but also of the process
parameters used.

4.2 Foams

Figure 5 shows a foam obtained using the rotated scanning strategy and a hatching
distance of 0.50 mm in Al and Ti alloys. By OM image analysis, it was measured a
mean porosity value of 43% for AlSi10Mg and 45% for Ti6Al4V foams. The samples
have closed pores and two types of open pores, blind and through pores, which have a
connection to the surface (Fig. 5c). With lower values of hatching of 0.20 mm and
0.40 mm, foam structures could not be obtained: they were more like dense samples
with no interconnected porosity. In all the samples, it was noticed a correct transition
from the solid base to the porous structures of the stacks.
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e
200pm
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Fig. 5. Foams built by SLM in (a) AlSil0Mg alloy and (b) Ti6Al4V alloy with A, of 0.50 mm;
(c) type of pores.

5 Conclusion

In this study different strategies of manufacturing non-stochastic structures and foams
in aluminum and titanium alloys by SLM were analyzed. The results showed that it is
possible to obtain porous structure with regular pores that can be tailored by adjusting
the hatching distance.

The powder size influences the obstruction of the channels and the size of the walls.
From the information that can be obtained by building a well-defined wall using the
manufacturing strategy, it’s possible to derive a real value of the minimum features,
such as thin wall, for certain materials and use it in CAD modeling.

Porous structures have been built on dense bases. This demonstrates the advantage
introduced by the AM technologies to minimize the number of components allowing to
build structures that possess simultaneously high density zones, necessary to sustain
structural loads, and areas with gradual and controlled porosity suitable for other
properties, e.g. filters media.
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Abstract. Injection nozzles design in Direct Metal Deposition (DMD) critically
affects the performances of the process in terms of powder deposition efficiency.
In fact, the fluid-dynamic behavior of the powder particles falling into the
molten pool strongly depends both on the internal geometry of the deposition
nozzle and on the geometry of the nozzle outlet. This efficiency, for commercial
nozzles, is usually under 50%, thus implying an unaffordable powder waste.
SUPSI implemented an innovative nozzle concept, designed as a coaxial double
chamber that enables the concurrent flow of the powder-carrier gas mixture and
of the shielding gas. In this configuration, the shielding gas allows to reduce the
spread of the blown powder particles, constraining the carrier gas flow and
limiting its divergence. Such innovative design also enables the integration of
various modules - different in shape - to be nested to the bottom end of the
nozzle, in order to adapt its outlet geometry. The main objective of the design is
to influence the shape of the powder flux ejected from the nozzle outlet by
exploiting the shielding gas while limiting oxidation processes. In order to
assess the influence of the feeding parameters on the flow geometry, different
concepts and shapes of nozzle outlet have been tested and investigated against
the deposition efficiency, both numerically and experimentally. The testing
campaign relies upon an image analysis performed on a demonstration setup
where the powder flux is tracked using a high-speed camera. Experimental
results demonstrate improved deposition efficiency through a significant (up to
18%) spread reduction.

Keywords: Direct Metal Deposition - Nozzle design powder - Deposition
efficiency

1 Introduction

Metal Additive Manufacturing (AM) technologies have been deeply studied in the last
few years, since the need of sustainable processes has been increasing more and more.
In metals AM processing, Direct Metal Deposition (DMD) is widely adopted to
manufacture big and complex shaped parts for various sectors, such as aerospace and
automotive [1, 3]. This process is obtained by melting the powders ejected from one or
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more nozzles through a high-energy source, e.g. a laser, which allows generating a high
temperature area, i.e. the molten pool, either on the substrate or on a previously
deposited layer [2]. Once the molten material cools down by heat dissipation, a con-
tinuous metallurgical bond is created, thus forming a new solid layer.

The deposition efficiency, defined as the ratio between the amount of powder
directly involved in the component manufacture and the nominal metal powders feed
rate, is drastically affected by the solution adopted for the ejecting nozzle.

Commercial nozzles, frequently constituted by axis-symmetric or lateral configu-
rations, exhibit unaffordable deposition efficiency (under 50%) and consequently
unreasonable powder waste and high production costs [4, 5]. In such nozzles, the
shielding is adopted only for preventing oxidation and not for limiting the powder
spread.

In the last years, several authors investigated the fluid-dynamic behaviour of
nozzles depending on their geometry. For example, authors like Lin in 1999, Zekovic
in 2007, Yang in 2009 and Liu in 2015 [6-9] tried to evaluate the nozzle geometry,
proposing different numerical models, with the objective to reduce the powder dis-
persion during the deposition.

An innovative double chamber nozzle solution, realized by SUPSI [8], is capable of
exploiting the shielding gas not only to avoid oxidation, but also as a constrainer for the
carrier flow, thus reducing the powder dispersion. For this purpose, the nozzle is
conceived with two coaxial chambers (Fig. 1a), where the outer one enables the flow of
the shielding gas, which is exploited to control the profile of the particles’ flow. The
developed nozzle is designed also as a modular solution: different outlets can be nested
on the main body. In this way, based on the specific process requirements, the nozzle
can rely upon the optimal outlet geometry. In this paper, different outlet geometries,
mountable on the aforementioned nozzle, have been tested in order to optimize the
powder behaviour. The analysis and assessment of the geometries have been performed
firstly at simulation level through CFD analysis; successively, the physical nozzle
prototypes have been tested while operating in a desktop demo application.

The rest of the paper is structured as it follows: Sect. 2 describes the investigated
geometries, the adopted equipment and the relative experimental methodologies;
Sect. 3 outlines the CFD model assumptions; Sect. 4 summarizes the obtained results;
Sect. 5 presents conclusions and future work.

2 Experimental Campaign

2.1 Evaluated Geometries and Experimental Apparatus

The optimization of the outlet geometry has been carried out for the nozzle shown in
Fig. 1a. The shielding nozzle outlet, depicted in white, can be nested on the rest of the
nozzle body, creating a duct through which the gas can flow. In order to understand the
dependency of the powder behavior with respect to a certain shape of the nozzle, three
different versions, characterized respectively by a slicing angle of 0, 15 and 30°, have
been considered (Fig. 1b). For the sake of demonstration, the three different geometries
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» <— 15° cutting angle
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Carrier nozzle

Fig. 1. a. Up-Left: SUPSI modular nozzle b. Up-Right: evaluated geometries. c. Below: printed
geometries.

of the complete nozzle (body + modular outlet) have been reproduced in acrylic resin
using PolyJet technology, in order to obtain the established cutting angles for both
shielding and carrier nozzles (Fig. 1c).

The demonstration setup has been conceived to allow the testing of multiple
nozzles. It is constituted by a hermetic box with transparent walls and an internal
structure where the nozzles can be positioned and manually adjusted with regard to
deposition distance, deposition angle and reciprocal distance. Outside the demonstra-
tion setup, a high-speed camera (Emergent HR-4000 CMOS camera) has been posi-
tioned with the purpose of monitoring the process flow (Fig. 2). The powders are
released through a screw system and transported with Argon gas inside the chamber.

2.2 Experimental Procedure

In order to assess the proposed nozzle efficiency with respect to commercial solutions,
some tests at different levels of shielding (0—1.95e—4 kg/s) have been performed on the
same initial geometry. The enhancement of the outlet geometry has been studied by
relying upon several experiments, performed by maintaining the same fluid-dynamics
parameters. Both cases with one and two nozzles were considered for the experimental
campaign, aiming at understanding the mutual interaction between fluxes. The
demonstration refers to Ti-6Al-4V alloy powder, as demanded by several industrial
scenarios that the authors are considering in the aerospace sector [1]. Table 1 resumes
the parameters adopted during the experimental campaign.
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Nozzles
High-speed
camera
Angle regulation
Stand-off distance
regulation
Background
light
Fig. 2. Experimental setup picture.
Table 1. Experimental campaign parameters.
Fluid-dynamics parameters Outlet angle | Nozzles number
Powder mass flow: 0.1 g/s 0° 172

Carrier gas mass flow: 4.51e—5 kg/s
Shielding gas mass flow: 0 kg/s

Powder mass flow: 0.1 g/s 0° 172
Carrier gas mass flow: 4.51e—5 kg/s | 15° 12
Shielding gas mass flow: 1.95e—4 kg/s 3(° 12
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The nozzles, in order to replicate a usual setup in DMD applications, were mounted
at 30° with respect to the vertical direction. In the 2 nozzles analysis, the distance
between the intersection point of the two nozzles and the outlet point is fixed at 15 mm,
equal to the distance of a hypothetical deposition plane (Fig. 3). The nozzle internal
section is not shown, since the geometry is still patent pending [10].

Fig. 3. Disposition of the nozzles for numerical simulations and experimental analysis.

3 Simulations and Numerical Analysis

For the sake of numerical simulation, the nozzle is synthetized by modelling a
two-phase flow for the carrier gas and a single continuous phase for the shielding one.
The two phases of the carrier flow are composed by the Argon gas, as continuous
primary phase, and by the Ti-6Al-4V alloy particles, as the discrete secondary one.

The model has been solved through Ansys Fluent software, considering the
Eulerian-Lagrangian approach [7, 11-15]. Carrier and Shielding gas flows were
modelled as continuous-phase, applying the standard k-¢ turbulent flow model for
Navier-Stokes equations, available in Ansys Fluent. The discrete phase representing the
powder particles was computed integrating the differential equation of particle force
balance in a Lagrangian coordinate system, considering only drag, inertia and gravity
forces. Collisions among particles, which are considered negligible for what concerns
their influence on the gas, are not computed during simulations.

Considering two nozzles, a symmetry condition is applied in the vertical plane with
respect to the intersection point between nozzles, as represented in Fig. 3. In order to
accomplish the geometry variation, a slight modification in the nozzle-domain junction
is necessary (Fig. 4). Table 2 synthesizes the boundary conditions adopted for the
continuous phase calculation, while Table 3 lists the properties related to the discrete
phase.
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1 nozzle 2 nozzles

— Reflective walls

— Pressure outlet conditions

—— Symmetry condition

--9 Shielding gas mass flow inlet

— Carrier gas mass flow inlet and
discrete phase injection
Reference lines //

a. b. c.
Fig. 4. Boundary conditions of the CFD model and domain adaption for a. (0°), b. (15°) and c.
(30°) geometry.

Table 2. Continuous phase boundary conditions.

Boundary Value [Unit] Description
Pressure outlet 0 [Pa] Ambient pressure in the environment

Carrier gas mass flow inlet | 4.51e—05 [kg/s] | Argon gas flowing in the carrier nozzle
Shielding gas mass flow inlet | 1.95e—04 [kg/s] | Argon gas flowing in the shielding nozzle

Table 3. Discrete phase properties.

Properties Value [Unit] | Description

Diameter 70 [um] Particle diameter, considering uniform distribution
Velocity magnitude | 3.937 [m/s] | Particles injection velocity magnitude

Total flow rate 1le—04 [kg/s] | Particles total mass flow

4 Results and Discussion

4.1 TImage Elaboration Methodology

The method employed to characterize the powder flow shape and profile from the
experimental data acquired by the high-speed camera is based on process image anal-
ysis. The open source software employed for this scope is Image] [16]. For each
different parameter values combination, 10 images of the powder flow are averaged, and
the resulting image is subtracted from the image with no powder flow. In this way, the
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contours of the powder flow can be better separated from background noise and from the
dispersed particles (Fig. 5a). The residual noise remaining in the resulting images can be
reduced by applying a band-pass filter for low wavelengths (Fig. 5b). At this stage, an
intensity threshold is defined to clearly identify the powder flow from the background.
Successively, a binary mask based on this threshold value is applied (Fig. 5¢). To
characterize the entire profile of the powder flux, 10 lines are drawn along the flow
extension with a distance of 1.5 mm from each other. In this way, the last line is located
at 15 mm from the nozzle outlet (Fig. 5d). At this distance, similar to the deposition
plane location with respect to the nozzle outlet, the width measurement is performed.

Fig. 5. From left: a. Flux after subtraction b. Flux after band-pass filter c. Flux after binary mask
application d. Evaluation line at 15 mm from the outlet.

4.2 Experimental Results

Preliminary experimental results shows how the external shielding gas can reduce the
powder spread at the nozzle outlet. For a given value of 1.95e—4 kg/s per nozzle, the
powder cross sectional area is reduced from 5.01 mm to 4.37 mm for the one nozzle
case and from 5.79 mm to 5.17 mm for the 2 nozzles case, thus targeting an average
reduction of 12% (Table 4). Considering the different nozzle geometries, we can see
how increasing the slicing angle to 15° provides a significant reduction of the flow
width (—5.75% in average) respect to the original geometry with shielding gas, while
the results for the 30° geometry are worst with respect to the shielded 0° geometry
(+2% deviation in average). For the given shielding velocity, a 30° cut risks to cause
turbulence and consequently to increase the dispersion. Values obtained considering
only one nozzle are generally lower; nevertheless, considering two nozzles the incre-
ment is around 0.8 mm, for all the cases.

Table 4. Preliminary results.

No shielding ‘ Shielding: 1.95e—4 kg/s
0° slice 15° slice 30° slice
95% Variation |95% Variation |95% Variation | 95% Variation
width |[%] width | [%] width | [%] width | [%]
[mm] [mm] [mm)] [mm)]
1 nozzle |5.01 - 4.37 —13% 4.12 —18% 4.44 -11.5%
2 nozzles | 5.79 - 5.17 -11% 4.89 -155% |5.31 —8.5%
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Numerical values computed through Ansys Fluent simulations, with the methods
described in Sect. 3, are close but not equal to the experimental ones (average differ-
ence 2 mm) with respect to absolute values. For this reason, additional analysis
exploiting different methods should be performed in order to obtain a robust numerical
model. Since the geometry results are affected by fluid dynamics parameters, further
analysis combining the geometry and fluid dynamics parameters can better discriminate
the respective influence on the results.

5 Conclusions

In this paper, a new double chamber nozzle solution for DMD is introduced and its
performances analysed. Different outlet geometries were exploited in order to further
optimize the nozzle behaviour in terms of powder deposition efficiency. The influence
of the outlet geometry on the powder flow spread was analysed taking into account the
variation of the powder flow at 15 mm from the nozzle outlet. A positive effect in terms
of powder distribution, and consequently on powder efficiency, is obtained by the
employing an inclined nozzle outlet, which ensures a reduction of the powder spread
(up to 18%) while maintaining the same process parameters.

Future works will focus on more efficient experimental validation techniques that
do not rely purely upon CFD analysis, in terms of powder spread values. Particularly,
an experimental plan with combined fluid-dynamic and geometric parameters will be
designed in order to fully understand the parameters mutual influences.
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Abstract. At present, the quality control in additive manufacturing is diligently
based on temperature of the process zone or high resolution imaging. Hence,
various sensors such as pyrometers, photo diodes and matrix CCD detectors are
used. The discrepancies in temperature measurements and the real temperature
distribution inside the powder medium reduce the reliability of this method. The
high resolution imaging monitors the quality post factum, after a part is man-
ufactured. So far, no methods are known to monitor the quality of additive
manufacturing in situ and in real-time. To achieve the goal of accurate real-time
quality control, we propose an approach that relies on acoustic emission, which
is further analyzed within artificial intelligence framework. We show that the
additive manufacturing process has a number of unique acoustic signatures that
can be detected, extracted and interpreted in terms of quality.

In this contribution, the processing parameters for the selective laser melting
of a 316L steel were modified to create a specimen consisting of sections with
three quality levels. During the process, the acoustic emission data were
acquired and then processed prior validation. The confidence level achieved in
the classification is 79—84% that demonstrates the applicability of this approach
for in situ and real-time quality monitoring in additive manufacturing. Finally,
the proposed method is very flexible in terms of realization and can be integrated
in any additive manufacturing machine.

Keywords: Additive manufacturing - Quality control - Acoustic emission -
Fiber optical sensors - Artificial intelligence

1 Introduction

In recent years, additive manufacturing (AM) has attracted considerable attention from
the industrial world [1, 2]. The main reason is that unlike conventional material
removal methods, AM is based on additive material method [3]. This manufacturing
strategy has placed AM as one of the most promising future technologies [4] and is
recognized, today and by many, as the next industrial revolution [5]. The main reason
for this is that AM reduces the geometrical constraints of the parts as compared to
conventional manufacturing [5, 6].
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Several AM technologies exist such as Laser Cusing, Direct Metal Laser Melting,
Laser Metal Fusing or Selective Laser Melting (SLM) [7]. In this work, we focused on
SLM technology, which is a powder bed AM technology allowing building highly
complex 3D geometries layer by layer parts from an alloy powder. This technology has
been successfully applied for fast prototyping of unique workpieces and for production
of small series of individualized products [7, 8].

Unfortunately, the high expectations are not completely fulfilled as AM is not
matured enough. The reason is in the high sensitivity of the AM process to different
factors, such as laser parameters, laser optics, mechanical and optical material prop-
erties, particles configuration of the powder in the melt zone, etc. [9-11]. Hence, any
small changes can have a direct impact on the part quality in terms of pronounced
porosity, cracking and accumulation of residual stress inside a part [12]. Under such
circumstances, it is obvious that the repeatability of AM processes are limited, pre-
venting the technology from being used in a much wider range. A probable way out of
this situation is the development of in sifu and real-time quality monitoring and control
of the part quality [12]. The challenges in such a development are in the complex
underlying physics that require interdisciplinary investigations in materials, laser-
matter interactions, optical properties of powders and heat propagation [6]. The lack of
this knowledge prevents the design of quality monitoring systems [9-12].

At present, the two most common approach for quality monitoring is based on
temperature measurements of the process zone and this information is used to keep the
melt pool stable [12—14]. The other methodology is based on the image processing of
the surface of the manufactured layer [12, 13, 15-18]. Both approaches have draw-
backs. The temperature measurements are taken from the surface and no precise esti-
mation of its propagation in depth exists so that the inaccuracies lead to uncontrollable
formation of defects. The image processing is a post mortem analysis that is carried out
after the workpiece is manufactured and no quality improvements are possible [12, 13,
15—18]. Hence, there is a consensus among scientists and industries that there is a lack
in reproducibility when producing a workpiece in mass production [1, 3, 12-18].

In recent years, acoustic emission (AE) has been involved for quality monitoring of
some industrial processes [19, 20]. Its advantages are in the fast data acquisition and
processing since it is represented by 1D sequences, whereas imaging is 2D. Addi-
tionally, cutting edge AE sensors, in particular fiber Bragg grating (FBG), are known to
be highly sensitive [20, 21]. Thus, some attempts to use either active or passive AE for
AM process exist in the literature [22-26] but no link was found between the AE and
the quality of the part.

In recent years, significant progresses have been made in terms of artificial intel-
ligence (AI). In a first try of combining FBG sensor and artificial intelligence, we
evaluated spectral convolutional neural networks (SCNN) and conventional CNN [27].
The classification accuracy for SCNN was higher than CNN and ranged between 83 to
89% for the three quality levels. In this contribution, a convolutional neural network
(CNN) was employed since it is top notch method used in acoustic signals processing,
principally for speech recognition [28]. CNN incorporates self-features extraction
layers that produce the optimal features for a given task. This makes CNN very
interesting for industrial applications as CNN is able to self-optimize the algorithm with
a minimum human participation.
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2 Experimental Setup, Material and Acoustic Datasets

The experiments were performed on an industrial Concept M2 machine (Concept Laser
GmbH, Germany). This machine is based on a selective laser melting (SLM) process.
The machine had a fiber laser with wavelength of 1071 nm, a spot diameter of 90 pm,
a beam quality M = 1.02 and operating in continuous mode. The powder had a
particle size distribution ranging from 10 to 45 pm and was made of CL20ES stainless
steel (1.4404/316L).

The part produced was a cube with dimensions 10 x 10 x 20 mm® shown in
Fig. la. The process was carried out under N, atmosphere so that the O, content stayed
below 1% during the entire process. Except the laser scanning velocity, the process
parameters were kept constant. The laser power P was 125 W, the hatching distance
h was 0.105 mm and the layer thickness ¢ was 0.03 mm. Three laser scanning speeds
were selected and they were 300, 500 and 800 mm/s. The corresponding energy
densities were calculated to be 132, 79, 50 J/mm?> [29]. The scanning regimes resulted
in three pore concentrations inside the part, which was measured on cross-sections via
visual inspection of light microscope images. The porosity concentration were
0.07 £ 0.02% (high quality; 500 mm/s; 79 J/mm?), 0.3 + 0.18% (medium quality;
300 mm/s; 132 J/mm3), and 1.42 £ 0.85% (poor quality; 800 mm/s; 50 J/mm3). The
light microscope images of the different qualities are shown in Fig. 1b—d.

VORI . (d)

T

2 200um 200 um 200 um
m——| — —

Fig. 1. (a) SLM test part produced with three energy densities where 50 J/mm® are bright

regions, 79 J/mm? are dark regions and 132 J/mm® are blueish regions; (b) — (d) Typical light
microscope cross-section images of regions produced with (a) 50 J/mm?, 800 mm/s, poor quality
with pores concentration of 1.42 £ 0.85%, (b) 132 J/mm®, 300 mm/s, medium quality with
pores concentration 0.3 & 0.18% and (c) 79 J/mm>, 500 mm/s, high quality with pores
concentration of 0.07 £ 0.02%.

In this study, the acoustic emission emitted during the process was recorded using a
fiber Bragg gratings (FBG) during the whole manufacturing of the part. The FBG was
placed inside the machine chamber, at a distance of 20 cm from the process zone.
The FBG sensor was pumped with a narrow band laser irradiation at a wavelength of
1547 + 0.01 nm and a light power of 4 mW. The FBG sensor provided a 50% of
reflectivity in the optical read out signal and more details about FBGs can be found in
[20, 21]. The reflected signal was additional digitized using a high speed photo-diode,
connected to data acquisition unit and a data recording software. Both were from
Vallen (Vallen Gmbh., Germany). All signals were digitized with a sampling rate of
1 MHz. As an example, the AE signal of a full high quality layer (79 J/mm?,
500 mm/s) is shown in Fig. 2a.
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Fig. 2. (a) A typical AE signal from one complete layer of medium quality (132 J/mm?,
300 mm/s). LRW (red box) and SRW (green box) are the long and short running windows
scanning the acquired signal; (b) the complete reconstructed spectrogram from the relative
energies of the M-band wavelets for the LRW time span bounded by red lines in Fig. 2(a).

3 Data Processing

3.1 Wavelet Spectrograms

In this specific work, the search of distinct features in convolution neural network
(CNN) is carried out in the time-frequency domain using wavelet spectrograms. The
intensity measurement of the AE components in spectrograms was taken as the relative
energies of the narrow frequency bands obtained with M-band wavelets.

M-band wavelets are extensions of the traditional wavelet transform [30, 31]. Its
advantage is to operate wavelets at various signal subspaces so that they become
insensitive to shift-invariance artifacts [31]. The representation of M-band wavelets as a
multi-channel filtering is defined through finite impulse response filters (FIR) [31]:

¢i(n) =Y ho(k)VMe(Mn — k), k C Z (1)
Wii(n) =Y bt (k) VMy(Mn — k), k C Z )

where M is the channels number, ¢(n) is a scaling function, j is the current scale, /() is
the wavelet function, hy, h,,—>, h,,—; are the low pass, narrow pass and high pass filters,
respectively. The outcomes of Egs. (1) and (2) are the extraction of the low, narrow and
high frequency contents of the signal at a fixed scale j. This is represented by a set of
decomposition coefficients d; ; where s denotes the shift within a single frequency band
at scale j. In this contribution, the algebraic wavelets from Lin et al. [31] were used.

The use of relative energies allows tracking the energy redistribution between the
different frequency bands and those are computed as:

pnormjA,m - E]m/EJ (3)

where Ej,, = [ ‘a’]m(t) ’zdt => |d“‘2 is the energy of frequency band m at scale j and
k

E;; is a summary of the energy of all frequency bands within the spectrogram. The
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outcome of Eq. (3) is a spectrogram. An example of an AE signal and a spectrogram
are presented in Fig. 2. The spectrogram is reconstructed from a pattern of the signal in
Fig. 2a that is bounded by the red lines between 0.2 and 0.4 s.

In this investigation, two AE patterns from the AE signal were analyzed and
marked in Fig. 2a by a red and green boxes. These patterns are defined as a LRW
(Long Range Window, red box) and SRW (Short Range Window, green box). Both
have different span time and have different purposes. The AE signals will be scanned
by these two windows. The SRW will provide a higher resolution for more precise
spatial localization of single process events in the future. But, its short time span makes
it sensitive to noise. This problem is expected to be surmounted thank to the LRW that
will be responsible for the whole classification stability. In this work, the LRW is a
short term memory of a set of several previous and one current SRW.

3.2 Introduction to Wavelet Spectrograms

In this study, the CNN structure was adjusted to process the flows of the spectrograms
from both the LRW and SRW, simultaneously. The scheme of the new CNN structure
is presented in Fig. 3. The two spectrograms go through two separate convolution
layers from which we get a series of perception maps 1. The information from those is
further aggregated in the pooling layers 1. Then, the information from both flows is
forwarded into the common convolution layer 2 which is followed by an additional
repentance of the pooling operation (see pooling 2 in Fig. 3). The final classification is
carried out in fully connected layers as schematically presented in Fig. 3. The classi-
fication result is the output of the procedure and this is given in Table 1. More details
can be found in Thomas et al. [32] for the pooling operation and Krizhevsky et al. [33]
for self-feature extraction and CNN operation principles.

Q — self-feature
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Fig. 3. The structure of the CNN, where LRW and SRW denote the long rang window and short
range window, respectively.
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Table 1. Test results for different categories (in rows) versus ground truth (in columns). The
color intensity encodes the match of the test result to the ground truth. In brackets the
classification results only for LRW/SRW are shown

Ground truth Poor
Test categories

Poor (1.42 £ 0.85 %, 800 mm/s)
Medium (0.3 + 0.18 %, 300 mm/s) | 7 (9/10)

High (0.07 £ 0.02 %, 500 mm/s) | 11 (12/18)

11 (11/27)

10 (9/21)

4 Results and Discussion

4.1 Dynamical Range

As mentioned in Sect. 2, the AM machine employed in this investigation is an industrial
Concept M2. Due to their conceptions, such industrial machines have a non-negligible
background noise, in particular for acoustic emission (AE). Consequently, it is of utmost
importance to be able to decouple the AE of the AM process from the background noise.
This was accomplished by recording the machine internal noises without the AM
process. Those signals were, then, utilized for the evaluation of the noise background.

It was found from the spectrograms that the background noise of the Concept M2
machine appears in a wide spectral range as for the AM process. However, some
discernible dissimilarity was discovered in the range of 9 to 15 KHz (not shown here).

The noise reduction in the industrial mechanic systems are well known and can be
effectively suppressed by design of filters. These noises are mainly characterized by
low frequencies [34]. But, in this current study, we relied on the ability of CNN to
suppress the stationary noises.

4.2 Classification Results

The training dataset included in total 1.200 LRWs and 4.800 SRWs from the three
quality categories, which were extracted from the AE signals. In this dataset, each
category had the same number of signals. After the training, to test the data, we used a
different dataset that was not used in the training procedure. This can be assimilated to
newly data recorded for a new part. The test dataset was also constituted by the same
number of LRWs and SRWs for each category.

The accuracies of the classification results using the test dataset are given in
Table 1. In this table, the numbers without brackets represent the total accuracies
(LRW and SRW). The numbers in brackets are the classification results for only either
the LRW or the SLRW, respectively. The ground truths, in this table, are given in the
columns whereas the classification test categories are in rows. The accuracy is calcu-
lated from the number of the true positives divided by the total number of the tests for
the individual categories. The total accuracies achieved using the aforementioned time
spans for both windows lie between 79 and 84%. The classification errors for each
category correspond to the values in the non-diagonal cells of Table 1. For example,
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the AE test data from poor quality was classified with an accuracy rate of 84% and so it
has the lowest error rate. The classification error is the lowest (7%) for the medium
quality and the highest (9%) for the highest quality. The situation is completely invers
for the medium quality. Finally, the classification error, for the high quality, is almost
the same for medium and poor quality.

We would like to point out again here that the poorest quality is made with the
highest speed (800 mm/s), followed by the high quality (500 mm/s) and finally the
medium quality (300 mm/s). It is also interesting to note that, for the poor quality, the
error rates decrease as the differences in the laser scanning speed increases. In contrast,
this statement is not valid for the medium quality. In this case, the error rate is highest
for the high quality, although the laser scanning speed difference is the smallest as
compared to the poor quality, and the error rate is lowest for the poor quality, despite
having the largest laser scanning speed difference. As far as the high quality is con-
cerned, although the error rates between the two other quality levels, the lowest value is
found to be for the medium quality (10%, 300 mm/s) which has, actually, the closest
laser scanning speed with the high quality (500 mm/s) as compared to the poor quality
(11%, 800 mm/s). Hence, we can conclude that the laser scanning velocity has no
impact on the self-extraction of the distinct features in CNN.

Another source of error may be due to the acoustic echo and noise behavior pro-
duced during the additive process. As already mentioned, there are some overlaps in the
AE signals coming from the AM process and the noise of the machine. Considering also
the stochastic behavior of the AM process and the noise of the machine, it cannot be
excluded that some features are not well classified during the training. Such behaviors
complicate the extraction of the distinct frequencies and increase the error rates.

The results of the AE signal classification for the LRW and SRW only are pre-
sented in brackets in Table 1. It is found that the classification accuracy obtained only
considering the LRW is very close or equal to the total classification accuracy, which is
obtained from the combined LWR and SRW. In contrast, the classification accuracy of
the SRW only is significantly lower than the total and LRW only accuracies. Two
reasons may account for this result. First, this may be due to the fact that the SRWs are
extremely sensitive to the noises as they operate at much smaller time scales. Second,
this could be due to the fluctuations of the acoustic signal from the additive process.
The local fluctuations might be caused by very local events which are different from
each other due to the non-uniformities of the laser-material interactions. Those are
probably caught by the SRWs due to their much smaller time scales. This conveys to
higher error rates when splitting all signals only in three categories. Despite its poor
classification accuracy, the SRW will bring benefits in the future. Due to the shorter
time spans, we will be able to localize more precisely the defects. But, this was out of
the scope of this contribution and is the subject for further developments.

5 Conclusions

The main goal of this contribution was to study the feasibility of a very innovative
approach which combines acoustic emission (AE) with artificial intelligence (AI) for
in situ and real-time monitoring of additive manufacturing (AM) processes.
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To answer the question, we used an industrial selective laser melting (SLM) ma-
chine Concept M2. The material used was a CL20ES stainless steel (1.4404/316L)
powder (J 10-45 um). The acoustic sensor selected was a fiber Bragg grating
(FBG) due to its high sensitivity. In terms of artificial intelligence, a convolution neural
network (CNN) was employed. The CNN employed was modified to be able to
analysis input data at two time scales. The CNN was fed with wavelet spectrograms
that were are a representation of the AE signals. A part was produced with constant
process parameters except for the laser scanning velocity. Three laser scanning speeds
were selected to give three levels of quality levels in terms of porosity. The measured
porosity concentration were 0.07 & 0.02% (high quality; 500 mm/s; 79 J/mm?),
0.3 £ 0.18% (medium quality; 300 mm/s; 132 J/mm3), and 1.42 £+ 0.85% (poor
quality; 800 mm/s; 50 J/mm?). The recorded AE signals were grouped accordingly.

It is known that industrial machines, such as the Concept M2 machine, produce
high noise levels resulting in a low signal/noise ratio leading to classification inaccu-
racies. The approach considered in this work has two tools for effective noise sup-
pression. To start with, we used wavelet spectrograms which allow suppressing noises
by excluding the noisy frequency bands. Secondly, the noises can be partly eliminated
by the artificial intelligence framework during the training procedure.

The CNN was trained and tested on two different datasets. The classification
accuracy was in the range of 79-84%. It was also found that the long range window
(LRW) had a very close classification accuracy as compared to the total classification
accuracy. The results of the short range window (SRW) are much lower than the LRW
and this was explained by the fact that SRW was very sensitive to the local fluctuations
of the AE signals.

To conclude, our results show that there are distinct AE features for each manu-
facturing quality. The extracted features can be differentiated with artificial intelligence
technique. Taking into account that it is the first tests carried out, the classification
results can be considered as very promising and they showed the feasibility of the
quality monitoring of AM process by combining acoustic emission and artificial
intelligence.

For improving our actual algorithm to deal with very noisy atmosphere, it requires
additional investigation of noises nature and types. Moreover, a further increase of the
sensitivity of the AE sensor is possible by utilizing other optical structures. Both
ameliorations are our future work.
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Abstract. Additive manufacturing technology selective laser melting (SLM) is
an emergent technology allowing generation of complex metal parts layer by
layer. During the past years the range of available and processable materials for
SLM has been widely extended. However, there is a still a lack of SLM pro-
cessable high carbon content steels. In the fields of machine elements, especially
in advanced cutting tools a large potential of laser melting is identified regarding
function integration, topology optimisation and implementation of bionic con-
cepts. In these fields of application high carbon content steels are frequently
used. The M2 High Speed Steel (HSS) is a high carbon content steel that
belongs to the group of tool steels. As other high carbon content steels, M2 HSS
tends to a high susceptibility to cracking. Therefore, the strongly pronounced
temperature gradients occurring during the laser melting process lead to part
deformation and crack formation. Heating of the SLM baseplate represents a
promising approach to reduce temperature gradients and internal stresses. In the
present study the quality related effects of reduced temperature gradients on
SLM parts were evaluated using a baseplate heating system. Optimized process
parameters allowed a stable processing of M2 HSS leading to a relative part
density of 99%. Residual stresses decreased with increasing baseplate temper-
ature by trend.

Keywords: High carbon content steel - Selective laser melting - M2 HSS -
Tool steel * Internal stresses

1 Introduction

Selective laser melting (SLM) is an emergent additive manufacturing technology,
which allows layer-wise generation of complex metal parts based on 3D models [1].
The enormous market expansion of SLM machines in the last years points out the
increasing importance of additive manufacturing, particularly in the processing of
metals [2]. Due to the new design opportunities offered by SLM, great potential is
identified in function integration, topology optimisation and implementation of bionic
concepts [1, 3]. In the fields of machine elements, especially in advanced cutting tools
high carbon content steels are frequently used.
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The M2 High Speed Steel (HSS) is a high carbon content steel that belongs to the
group of tool steels and is widely used for cutting tools, due to its high hardness, high
wear resistance and relatively high toughness [4]. Therefore, processing of M2 HSS is
of high interest for advanced tools with high complexity e.g. including internal cooling
or lubrication channels. However, high carbon content steels do not yet belong to the
standard materials for laser melting, due to their high susceptibility to cracking and
deformation when processed with SLM [4-6]. The strongly pronounced temperature
gradients occurring during the SLM process are associated with high cooling rates
inducing residual stresses [4, 5]. Residual stresses may ultimately lead to warping, part
deformation and crack formation. These factors complicate the SLM processing of
M2 HSS and currently limit the achievable part quality.

By analogy to laser welding of high carbon content steels, where preheating is a
necessity, heating of the SLM baseplate represents a promising approach to reduce
occurring temperature gradients. Preliminary studies showed that increased baseplate
temperature of up to 200 °C is capable of reducing crack formation in M2 HSS [4, 5].
However, the direct effect of the baseplate temperature on residual stresses remains
unknown.

The present work includes a parameter study with focus on scan velocity to allow a
stable laser melting process of M2 HSS leading to low porosity. To reduce thermal
gradients and internal stresses, a preheating system to heat the baseplate up to 400 °C is
applied. Evaluation of porosity and residual stresses in relation to the baseplate tem-
perature represent the main focus.

2 Methods and Experiments

2.1 Powder

Inert gas atomized M2 HSS powder with 0.83% carbon content was supplied from
SANDVIK OSPREY LTD. As shown in Fig. 1, the powder has a prevalent spherical
shape with small satellites, especially at the larger fraction. The powder has a Gaussian
particle size distribution with particle size of 15-48 um.

Fig. 1. SEM image of used M2 HSS powder.
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2.2 Laser Melting

Selective laser melting is a powder bed based additive manufacturing technology that
allows generation of metal parts with low porosity layer by layer. For each layer, a thin
powder layer is added, which is selectively melted and connected to the underlying
layer, according to 3D data (Fig. 2). Then, the baseplate is lowered and the afore-
mentioned procedure repeated for subsequent layers until the build is completed.

X-Y scanner

laser beam built part
laser source il
-
s support structures
solidification zone -
e powder bed

powder coating

system chilled housing

retractable plate with heating device

Z-axis

Fig. 2. Schematic representation of the SLM process including the baseplate heating system.

Experiments were carried out on a Renishaw AM 250 laser melting system, which
is equipped with a 200 W fiber laser operated in pulsed mode. The beam has a M>
of < 1.1 and a spot diameter of 70 um. Argon was used as inert gas with an oxygen
threshold of maximum 1000 ppm. An additional baseplate heating device was inte-
grated in the Renishaw AM 250 laser melting system (Fig. 2), which is located below
the baseplate.

In order to evaluate effects of scan velocity and baseplate temperature on the part
density, cubic specimens were manufactured (2.3). On the basis of specifically
designed cantilevers, residual stresses were evaluated with the previously optimized
parameter set (2.4). All specimens were manufactured with meander scan strategy,
40 um layer thickness, 200 W laser power and 80 um hatch space. Scan velocity
varied between 500 mm/s and 1500 mm/s and baseplate temperature between 160 °C
and 400 °C for cubic specimens. Cantilevers were manufactured with optimized scan
velocity of 750 mm/s and baseplate temperatures of 160 °C—400 °C (2.4).

2.3 Porosity

Low porosity is an essential quality criterion of SLM parts, due to its direct relation to
mechanical properties and the demand for comparable strength to bulk material [8].
Porosity is strongly dependent on process parameters and process conditions. Fur-
thermore, an adequate energy input into the powder layer is needed in order to achieve
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complete melting and generate a homogenous melt track. Therefore, optimum process
parameters are required in order to allow a stable SLM process resulting in high part
density.

Thereby, the energy density (Ep) represents a common term to describe the energy
input of the laser into a defined volume of material [9], whereas the most important
parameters are taken into account (Eq. 1). These include the laser power (P q.,), Scan
velocity (Vscqn), hatch space (Sgqw) and layer thickness (2;4yer).

P ser
Ep = = (1)

VScan * SHatch * TLayer

To evaluate the effects of scan velocity on part density when processing the
M2 HSS, specimens with 10 x 10 x 10 mm° dimension were manufactured with base
parameters as mentioned in (2.2) and varying scan velocity of 500 mm/s—1500 mm/s at
400 °C baseplate temperature. For each set of parameters three specimens were
manufactured. As the scan velocity contributes to the energy density, the consequent
energy density decreases accordingly with increasing scan velocity (Table 1).

Table 1. Evaluated field of scan velocity and corresponding energy density at 400 °C baseplate
temperature.

Sample | Scan velocity [mm/s] | Energy density [Ws/mm®]
1 1500 42
2 1375 45
3 1250 50
4 1125 56
5 1000 63
6 875 72
7 750 83
8 625 100
9 500 125

The density was evaluated according to the archimedes’ principle following the
VDI 3405 guideline [10]. Specimens were analyzed using a KERN ABJ 220-4NM
measuring device with water as displacement fluid. The relative density was deter-
mined based on the ASTM M2 standard density of 8.138 g/cm® [11].

2.4 Temperature Gradient Induced Residual Stresses

Previous studies showed the applicability of cantilevers to evaluate residual stresses
induced by SLM in various process conditions [12, 13]. Therefore, investigation of
residual stresses in the solidified material is carried out using defined cantilever con-
structions. Subsequent separation of the support structures creates a controlled defor-
mation in the form of deflection. These deflections provide insight into presence of
residual stresses. The separation was implemented with a band saw. Subsequent
deflections in Z-axis were assessed using a Mitutoyo 192—106 height measuring device.
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Cantilevers with two branches are designed and slightly modified to facilitate
reproducible support separation (Fig. 3). The cantilever consists of a massive centrally
located socket and two symmetrically arranged and supported branches. Supports are
0.5 mm thick arranged with 0.8 mm spacing. The endings of both branches are firmly
connected to the base plate, to avoid spontaneous detaching prior to separation. Can-
tilevers were manufactured at 160 °C, 240 °C, 320 °C and 400 °C with all other
parameters remaining identical. At each baseplate temperature, one cantilever per
branch thicknesses of 1 mm, 1.5 mm, 2 mm and 4 mm was manufactured. The can-
tilever dimensions were identical except for the thickness of the branches.

Separation

(var.)

Branches

Fig. 3. Dimensions of cantilevers with two branches to evaluate residual stresses.

3 Results and Discussion

3.1 Process Parameters

Investigated specimens possessed a relative density between 98.2% and 99.2%. As
displayed in Fig. 4, the density increased with decreasing scan velocity by trend,
peaking at around 750-625 mm/s. Considering the melt track homogeneity, scan
velocity of 500 mm/s led to strongly pronounced irregularities (Fig. 5).

Scanning electron microscopic evaluation showed homogenous melt tracks at
750 mm/s scan velocity (Fig. 6A). Therefore, scan velocity of 750 mm/s and corre-
sponding energy density of 83 Ws/mm® led to both, high part density (Fig. 4) and
homogenous melt tracks (Fig. 6A). Besides that, no effect of the baseplate temperature
on the specimen density has been recognized (Fig. 6B). Therefore, further experiments
were carried out based on the base parameters described in 2.2 and a scan velocity of
750 mm/s.
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Fig. 4. Absolute and relative density of cubic specimens in relation to scan velocity at 400 °C
base plate temperature. Values represent mean =+ standard deviation.
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Fig. 5. Top view of cubic specimens with varying scan velocity of 1500 mm/s—500 mm/.
Baseplate temperature: 400 °C.
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Fig. 6. SEM image of top surface of a cubic specimen manufactured with 750 mm/s scan
velocity and 400 °C baseplate temperature (A) and density in relation to baseplate temperature.
Values represent mean =+ standard deviation (B).

Metallographic cross-sections in horizontal and vertical direction demonstrated a
homogenous distribution of spherical shaped pores within specimens manufactured
with 750 mm/s scan velocity and 400 °C baseplate temperature (Fig. 7).
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Fig. 7. Cross-sections of cubic specimens (A) in vertical (B) and horizontal (C) direction.

3.2 Effect of Baseplate Temperature on Residual Stresses

As demonstrated in Fig. 8, manufactured cantilevers already contained imperfections,
deformations or cracks prior to separation from supports. Early cracking was exclu-
sively observed at baseplate temperatures of 160 °C and below. However, imperfec-
tions and deformations were present at baseplate temperatures up to 400 °C. Some of
these imperfections have even led to cracking and complete failure during separation,
especially at 1 mm branch thickness. Therefore, cantilevers of 1 mm branch thickness
were not further pursued.

Fig. 8. Cantilevers with 4 mm branches and imperfections at 240 °C baseplate temperature (A);
Early deformations and cracks prior to separation at 160 °C baseplate temperature (B).

Deformations of evaluated cantilevers at baseplate temperatures of 160 °C—400 °C
are shown in Fig. 9. In consideration of 1.5-4 mm branch thicknesses, the deflection
decreased with increasing thickness. The two branches of all cantilevers showed slight
deviations between each other. On one hand occurring deviations may be attributed to
inconsistent presence of imperfections, but also to temperature differences on the
heated baseplate. At 400 °C baseplate temperature negative deflections of cantilever
branches with 2 mm and 4 mm thickness were observed. The change of positive to
negative deflection from 320 °C to 400 °C indicates a change of tensile stresses to
compressive stresses. A similar phenomenon was also observed on H13 tool steel [7].
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Fig. 9. Deflection of cantilevers with 1.5 mm, 2 mm and 4 mm thickness at different baseplate
temperatures of 160-400 °C.

As demonstrated in Fig. 10, the deflection of cantilever branches of 4 mm thick-
ness decreased with increasing baseplate temperature above 240 °C. Therefore,
residual stresses are expected to decrease with increasing baseplate temperatures above
240 °C accordingly.
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Fig. 10. Influence of temperature on deflection of cantilevers with 4 mm thickness.

Porosity is reported to have an influence on residual stresses [14]. As porosity has
been found to be independent of the baseplate temperature within the investigated
range (Fig. 6), no such effect is expected to interfere with the aforementioned finding.
In contrary, deflection of the cantilever manufactured at 160 °C baseplate temperature
was lower than the one at 240 °C (Fig. 10). It is suspected that this result originates
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from internal stresses above the strength of the material resulting in early relieve of
stresses by deformation (Fig. 8B) and micro cracking during manufacturing, lowering
the final deflection of the cantilever.

Based on the aforementioned findings, demonstrators of drillers with internal
cooling channels were successfully manufactured with 750 mm/s scan velocity and
400 °C baseplate temperature (Fig. 11).

15mm

Fig. 11. Sectional view of the 3D model of a driller with internal cooling channels (A) and laser
melted M2 HSS drillers (B).

4 Conclusions

Present results showed that M2 HSS may be processed using SLM and a baseplate
heating system. Furthermore, the high potential of baseplate heating to reduce internal
stresses has been demonstrated. However, residual stresses, imperfections and slight
deformations still remained at 400 °C baseplate temperature under investigated con-
ditions. Internal stresses are assumed to be increasingly critical at decreasing feature
sizes, especially in parts where a combination of filigree and massive structures is
present. By further optimization of process parameters a further reduction of internal
stresses, but also porosity are suspected. This includes investigation of the effects of
hatch spacing on part porosity and internal stresses. Besides that, investigation of
formation of micro cracks and microstructure is of high interest. Further work is also
recommended to focus on the characterization of the baseplate heating system and
temperature distribution within the build part as a function of build height. It is sug-
gested also to take a combination of the baseplate heating system with additional pre
heating systems into account, e.g. infrared radiators to achieve a homogenous pre-
heating temperature throughout the part as well as on the actual powder layer.

Acknowledgements. The authors acknowledge Renishaw plc. for supporting this project.
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Abstract. The automotive sector has been very progressive to experiment with
additive manufacturing (AM) and early started to adopt it for rapid prototyping.
Nonetheless, until the present day the integration of AM in the production of car
parts, such as spare parts, proved to be difficult. Spare parts are generally
characterized by demand uncertainty. Therefore they require high inventory
levels to guarantee short lead times and high service levels for maintenance,
repair and overhaul firms. The deployment of AM technologies in spare parts
production has the potential to overcome these supply chain-related challenges.
This research conceptually investigates the effects of AM in the automotive
spare parts business for different supply chain scenarios. As a main contribution
of this paper, four scenarios are developed and systematically analyzed
regarding their suitability and implications for an AM implementation in the
automotive spare parts supply chain.

The results suggest that centralized AM settings generally seem to be bene-
ficial in terms of capacity utilization. Additionally, centralized production
appears favorable when short lead-times and minimal downtime costs do not
depict major priorities for OEMs. A hybrid scenario offers a high level of
flexibility for OEMs to adjust to local demand patterns. In this case, AM is
implemented in regional distribution centers. A decentralized production
eventually signifies that spare parts are fabricated at repair shops of car dealers.
This scenario implies high investment costs paired with considerable uncertainty
concerning a sufficient capacity utilization. In contrast to that, a decentralized
AM deployment seems to offer the highest potential for a customization of parts
and timely deliveries. The outsourcing of AM to an external provider was
considered as a fourth scenario. By transferring the production of spare parts to
another company, the roles and responsibilities of the OEM shift considerably
towards the management of the external production network.

Keywords: Additive manufacturing - Automotive spare parts - Supply chain -
Scenario analysis

1 Introduction

Spare parts handling has become a multi-billion dollar business for industry sectors
producing durable goods such as cars, planes, machines, household appliances or
electronics. (Gallagher et al. 2005). In fact, companies derive a large share of their
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earnings from the aftermarket business, which also includes services and labour. In
certain industries, the aftermarket has become four to five times bigger than the market
for first sales and is an important source of profits for original equipment manufacturers
(OEM) (Agrawal et al. 2006). About half of the profits of carmakers in the European
automotive industry are generated in the aftermarket (Capgemini Consulting & ITEM
University of St. Gallen 2010). In Germany, even 75 to 80% of profits originate from
the aftermarket (Roland Berger Strategy Consultants 2013). Despite the enormous
revenue potential, it remains a great challenge for manufacturers to provide high ser-
vice levels while at the same time keeping costs for spare parts low (Holmstrom et al.
2014). Currently, it is often the case that spare parts are produced in high quantities and
have to be transported over long distances. They are then stocked in warehouses only to
be scrapped at a later point in time if they remain used (Brans and Ponfoort 2012).

Considering the financial importance of the aftermarket business and the challenges
that have to be faced, OEMs are continuously trying to find ways to improve their
processes. This is the point where additive manufacturing (AM) technologies come into
play. However, little is known about the deployment possibilities for AM in automotive
spare parts supply chains. Holmstrom et al. (2014) suggest that the adoption of AM in
industries with reduced downtime costs — such as to the automotive sector — is inad-
equately researched.

The before mentioned aspects suggest that the automotive industry is a relevant
research context for studies about the application of AM technologies. It is assumed
that AM will not fully substitute conventional manufacturing practices such as injection
moulding or subtractive manufacturing, but rather complement established techniques
(Johnson and Sasson 2016). The main research question of this paper is as follows:

What are the effects of AM in automotive spare parts supply chains when different imple-
mentation options (i.e. supply chain scenarios) are considered?

In order to answer this question, a comprehensive framework is developed, which
guides the analyses about the impact of AM technology deployment for different SC
scenarios within the automotive spare part sector. Several propositions are elaborated to
help practitioners to detect appropriate implementation options for AM.

2 Literature Review

The following literature review assesses the current state of the scientific and profes-
sional knowledge with regard to the automotive aftermarket, AM, as well as AM
deployments in the automotive spare parts industry.

2.1 Automotive Aftermarket

The spare parts market constitutes around 2 to 4% of all investments in industrial
equipment (Brans and Ponfoort 2012). The aftermarket retail value of the European
automotive industry was calculated to be around 174 billion Euros in 2008 (Capgemini
Consulting & University of St. Gallen 2010). Current spare parts SCs are characterized
by high volume production, long transportation distances and capacious warehousing
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(Brans and Ponfoort 2012). This leads to high stock levels and eventually obsolete
parts, which often need to be scrapped later on (Brans and Ponfoort 2012). The
application of AM is perceived as a potential tool to further improve the profitability of
the automotive aftermarket by enabling a better customer service and reduced costs.

Different car manufacturers are already experimenting with AM for end-use parts.
Audi is testing AM for metal parts construction and has already managed to build a
complete 1936 Grand Prix racing car. The accuracy of the parts is claimed to be around
half the width of a human hair (Koslow 2015). Although Audi has not applied the AM
parts in series production, “using metal 3D printed parts within actual automobile
production has suddenly become an arm’s reach away from becoming a reality”
(Koslow 2015, para. 1). Similarly, BMW is increasingly employing AM for building
final parts. “BMW will soon offer their customers the option to include custom 3D
printed components made specifically for their car. They have also recently begun
using 3D scanning and 3D printing to reproduce hard-to-find parts for classic or
collectible cars” (Grunewald 2015, para. 4). The examples from practice demonstrate
that spare parts production with AM is a hot topic in the automotive industry, which
seems worth investigating.

In the European automotive aftermarket, there is typically an authorized and an
independent channel for spare parts. The authorized channel consists of the OEM, its
country organizations which operate the warehouses, and the dealer networks with their
single- or multi-branded repair shops, e.g. AMAG. The original equipment suppliers
(OES) sell their parts to both channels. In the independent channel, wholesalers and
distributors are buying from independent parts manufacturers and OESs. On the retail
level, the parts are then sold to franchise workshops, automotive centres/fast fitters such
as Carglass or ATU, and autonomous repair shops (Boston Consulting Group 2012;
Roland Berger Strategy Consultants 2013). In the authorized channel, spare parts are
either delivered from the OEM’s production facilities or directly from the OES to the
regional distribution centres (RDC). From there, they are transported downstream to the
parts distribution centres (PDC) and eventually to the branded service department of
the dealership. The OEM typically operates the RDCs and PDCs. Hence, the car
dealers’ service departments are usually strongly dependent on the distribution network
of the OEM (Douglas 2013).

2.2 Additive Manufacturing

AM, sometimes referred to as direct manufacturing (DM), rapid manufacturing
(RM) or 3D printing, seems like a fairly new phenomenon. However, the technology
has been around for over three decades now (Johnson and Sasson 2016). In recent
years, AM has become more advanced in terms of precision, quality and surface finish.
Therefore, production of end use products with AM has increasingly become a viable
option in several industries (Brooks et al. 2014; Holmstrom et al. 2014).

In the automotive industry, the AM market is expected to generate revenues of
around 1.1 billion USD by 2019 (PR Newswire 2015). Not surprisingly, “Enterprise
3D Printing” has thus arrived in the slope of enlightenment within the Hype Cycle
analysis for 2015 (Gartner Inc. 2015). This phase marks the step just before mainstream
adoption is achieved. It is not assumed that AM will substitute mass production but
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rather complements it with specific opportunities like a high productivity of smaller lot
sizes, reduced material consumption, optimized designs or faster set-up times (Harrison
and Scott 2015; Holmstrom et al. 2014; Fischer and Rommel 2013; Holmstrom et al.
2010).

2.3 Current State of Research on AM in the Automotive Spare Parts
Industry

Mendis and Reeves (2015) conducted a study concerning AM for spare parts pro-
duction, specifically in the automotive sector. The authors analysed the general
dynamics and drivers for AM adoption in the spare parts market. Most car parts do not
seem to be suitable for AM and the ones that are can mostly not be produced at
competitive costs (Mendis and Reeves 2015). It is argued that AM for end-use parts
will not be a major topic for the automotive industry within the next ten years (Mendis
and Reeves 2015). However, the authors do not consider the possibility to improve
parts with AM instead of merely replicating them, e.g. through simpler designs, better
technical properties or reduced material usage (Berman 2012). If such improvements
materialize, parts might be sold at higher prices (Kleer et al. 2015), which could benefit
the competitiveness of AM.

At present, an in-depth analysis in the automotive sector about AM deployments in
spare parts SCs is still missing. However, the examples of Audi and BMW clearly
indicate that the automotive sector is intensively experimenting with the technology to
produce not only prototypes but also spare parts or original car parts. This affirms a
relevance of research about the requirements and potentials of AM in automotive spare
parts SCs.

3 Results

In this chapter, four automotive SC scenarios analysed. The findings are based on a
reflection of the relevant literature and conceptual considerations. The idea of con-
sidering different SC scenarios draws upon Hou et al. (2014) as well as Holmstrom
et al. (2010, 2014), who conducted a scenario analysis in the aircraft industry. The
conceptual analysis of each scenario ultimately yields different testable propositions.

3.1 Centralized AM Implementation

Centralized AM is the first hypothetical scenario that will be illuminated. It is assumed
that AM capacities are implemented in the first echelon of the SC at the OEM pro-
duction facility. Figure 1 provides a schematic and simplified overview of the autho-
rized aftermarket channel with centralized AM. Once the AM parts are finished, they
are transported and stocked throughout the SC in RDCs, PDCs and eventually deliv-
ered to the dealers. The dealers subsequently mount the AM part in the customer’s car.
The three different types of arrows illustrate the different process flows between the SC
agents, i.e. material, information, and financial flows.
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Fig. 1. Centralized SC scenario (Own illustration based on Douglas 2013, para. 12-13)

The main insights from the centralized SC scenario are summarized and translated
into propositions, which are the result of the conceptual research approach and have to
prove valid in empirical studies within the automotive industry. The first proposition
takes up the issue of capacity utilization, which was already tested to some degree in
the aerospace industry (Holmstrom et al. 2010, 2014).

Proposition la: A centralized implementation of AM in the automotive spare
parts supply chain is associated with bundling advantages in terms of capacity
utilization, machine maintenance, and the sourcing of AM materials.

It can be expected that the more central AM is implemented in the supply chain, the
higher are the possibilities to monitor and optimize capacity utilization of AM
machines. At first, a small number of AM machines can be installed and continually be
increased as demand picks up. A centralized scenario may also reduce complexity in
the maintenance and operation of the AM facilities. Know-how and manpower for
running the AM facilities can be concentrated in fewer locations, which might enable
efficiency and cost improvements. Furthermore, raw materials can be sourced centrally
and do not have to be supplied to multiple different locations. In contrast to that, all
relevant locations need to be equipped with AM machines in a decentralized scenario,
which means that there remains less room for improving capacity utilization, but higher
flexibility to adapt to demand changes (Holmstrom et al. 2014). This time aspect
informs the next proposition, which reads as follows:

Proposition 2a: A centralized implementation of AM in the automotive spare
parts supply chain is favourable when short lead-times and low downtime costs
are not key priorities for the OEM.

In order to illustrate this proposition, the aerospace industry serves as an example.
Each day an airplane is not operational results in very high costs. For this reason,
decentralized production offers advantages, as parts can be produced very quickly
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on-site. In comparison, the downtime costs in the automotive sector are not as high
(Holmstrém et al. 2014). It is hence reasoned that when short lead-times are not crucial
and downtime costs not extremely high, it is advantageous to produce AM spare parts
centrally.

Overall, it is concluded that in most cases, centralized AM offers more advantages
in the early implementation phase. A pilot project can be started with centralized
production and can later be extended gradually to decentralized locations if demand
picks up, quality issues are under control and more spare parts become available for
AM. Holmstrom et al. (2004) already introduced this notion for the aircraft industry.
Due to the similar circumstances in the automotive industry, it can be assumed that the
finding also holds there:

Proposition 3a: A centralized implementation of AM in the automotive spare
parts supply chain is more suitable at the beginning, when AM is initially
deployed and little specific AM know-how exists. At a more advanced stage,
spare parts production with AM can gradually be extended to decentralized
locations.

3.2 Hybrid AM Implementation

It is important to note that the term “hybrid AM implementation” is not to be confused
with hybrid production in the sense of simultaneous use of conventional manufacturing
and AM. Throughout this paper, the term “hybrid” refers to a SC setting that is neither
centralized nor decentralized. Essentially, it represents a middle course between the
centralized and the decentralized scenario.

Hybrid AM in the automotive context means that production is either implemented
on RDC level or alternatively on PDC level, depending on the practical circumstances
evaluated in a cost-benefit analysis. If the market in a larger region is not particularly
big, it can be sensible to install AM facilities in a RDC and then distribute the AM parts
through the PDCs to the dealers. This specific situation is illustrated in Fig. 2.

AM facilities @ Customer
LSP i 3
_______ RDC PDC ERERREERRRRRES Customer
T LSP

Customer

Information flow Material flow " N i Raw material

..... AM facili X
(CAD files) — (AM parts) » Financial flow - ty . supplier

Fig. 2. Hybrid SC scenario on RDC level (Own illustration based on Douglas 2013, para. 12—13)
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Alternatively, if demand in a geographical area is high enough to justify AM on
PDC level or if markets are very remote to serve, the deployment of AM at PDC level
is the preferred solution, as the PDC is located closer to the point-of-use. As Fig. 3
suggests, the horizontal SC is shortened because the RDC, as an additional echelon in
the SC, is eliminated.

AM facilities
eI
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LSP
Information flow Material flow . . i Raw material
- — ) e AM facili .
> (CAD files) (AM parts) ¥ Financial flow - v . supplier

Fig. 3. Hybrid SC scenario on PDC level (Own illustration based on Douglas 2013, para. 12—13)

The two before mentioned scenarios about AM implementations at RDC or PDC
level assume that the raw material supplier is responsible for providing the warehouses
with AM materials and is refunded by the OEM. Alternatively, it could also be the case
that the raw materials are delivered to the OEM, from where the distribution to the
warehouses is managed.

The first proposition concerning hybrid deployments of AM in the automotive
spare parts SC takes up the fact that this scenario is essentially a compromise between a
centralized and a decentralized AM implementation. It corresponds to the results of
Hou et al. (2014), who analysed the situation in the aerospace industry:

Proposition 1b: A hybrid implementation of AM in the automotive spare parts
supply chain is likely to be an advantageous compromise between a centralized
and a decentralized deployment if neither the demand level nor demand fluctu-
ations or manufacturing lead-times are particularly extreme.

When envisaging a hybrid SC scenario as an option for AM technology application,
the OEM needs to be aware that the implementation of AM will potentially pose some
challenges for the firm’s logistics hubs. Most likely, exists little technical know-how to
operate the AM machinery. It is assumed that this lack is more evident than in the other
settings of AM deployment, particularly the centralized scenario, where profound
general manufacturing know-how should readily be available. Hence, the second
proposition suggests that considerable investments may be needed in order to build up
the required competences at the stage of the RDC or PDC.
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Proposition 2b: A hybrid implementation of AM in the automotive spare parts
supply chain is associated with a significant need to build up technical know-how
since AM is introduced into a logistics environment.

Thirdly, the hybrid scenario has another specific characteristic, which is summa-
rized in the third proposition. It provides the possibility to implement AM on two
different echelons in the SC, depending on demand volume and demand variability. In
comparison to the centralized approach, flexibility is higher because production hap-
pens closer to the customer. In the hybrid, the OEM can carefully evaluate on which
level AM should be implemented. Essentially, this means that the hybrid scenario
potentially leads to the best mix of quick demand reaction and sufficient capacity
utilization. Hence, the following proposition is stated:

Proposition 3b: A hybrid implementation of AM in the automotive spare parts
supply chain offers a higher flexibility and greater steering opportunities for the
OEM to adjust to local demand patterns compared to a centralized deployment,
while at the same time potentially retaining a high capacity utilization.

3.3 Decentralized AM Implementation

The decentralized scenario locates the AM facilities further downstream and hence
close to the point of use. In the automotive SC this means to locate AM facilities at the
repair shops of the authorized dealer. It represents the highest degree of manufacturing
postponement and decentralization analysed within the scope of this paper.

The statement of the American carmaker Ford Motor Company (2016, para. 5)
indicates that OEMs consider this production scenario for the future: “As the tech-
nology improves, dealer garages might have 3D printers of their own to create
replacement parts, making repairs easier than ever”. Figure 4 shows how much the
automotive SC for AM spare parts could potentially be streamlined.

Customer
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Customer

Information flow Material flow . . e Raw material
- —_ F 1 fl
’ (CAD files) (AM parts) b Financia.flow . AM facility - supplier

Fig. 4. Decentralized SC scenario (Own illustration based on Douglas 2013, para. 12-13)
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The first proposition for the decentralized SC scenario addresses some distinct
limitations of a decentralized AM, which refer to capacity utilization and investment
costs. The argument is related to existing findings from the aircraft industry
(cp. Holmstrom et al. 2010, 2014).

Proposition 1c: A decentralized implementation of AM in the automotive spare
parts supply chain is impeded by the challenge to obtain a high capacity uti-
lization and high investment costs in AM equipment as well as the build-up of
specific AM know-how.

Compared to the aircraft industry, the automotive industry has more service points
(dealers), which even strengthens the case for this argument. Hence, it seems likely that
automotive spare parts SC face even greater challenges in this regard as the aircraft
sector. Nonetheless, a decentralized spare parts production can also offer distinct
opportunities, which are mainly related to the improved possibility for on-demand and
on-location production. No inventory of AM parts needs to be held throughout the SC,
which lowers working capital and potential obsolescence risks. Additionally, the
transport volume decreases and the SC becomes less prone to disruptions (e.g. bullwhip
effect) in case of demand fluctuations (Fischer and Rommel 2013; Holmstrom et al.
2014). This notion, which relates to logistics, is summarized in the following
proposition:

Proposition 2¢c: A decentralized implementation of AM in the automotive spare
parts supply chain is associated with a reduction in transportation and inventory
holding costs as well as less distortions in demand information.

In general, any effort undertaken in the field of AM should either lead to reduced
overall costs, an improved customer service, or both. The third proposition focuses on
the latter. The analysis suggests that decentralized spare parts production with AM
offers the highest potential for a better customer service compared to the other three
scenarios. On the one hand, on-demand production fosters parts availability and hence
speeds up car repair times. On the other hand, a decentralized spare parts production
provides the greatest customization opportunities for dealers. Eventually, customers
can configure or choose individualized parts, which are then produced upon request.
These improved services can lead to a price premium for dealers. In contrast to that,
customizing parts in a more centralized setup takes longer and is more complex
because production happens farther away from the point-of-use, which results in higher
logistics and coordination efforts.



232 T. Eggenberger et al.

Proposition 3c: A decentralized implementation of AM in the automotive spare
parts supply chain is associated with a higher customer service level. On the one
hand, a faster response time can be offered and on the other hand, the cus-
tomization of parts is facilitated, which can potentially lead to a price premium.

3.4 Outsourcing of AM

The last scenario that will be analysed subsequently is not different in terms of the
degree of centralization or decentralization, but considers a new actor in the SC. It
delineates how the automotive spare parts SC will be affected if logistics service
providers (LSPs) or independent AM providers perform AM. This means that the OEM
takes a strategic decision to outsource AM to a third party, which then becomes an
OES. In the following, particularly the case with LSPs as AM providers will be
discussed. Figure 5 illustrates what such a scenario, where spare parts production is
outsourced to an LSP could look like. The LSP’s warehouses basically replace the
RDCs and PDCs of the OEM, apart from that the setup greatly resembles the hybrid
scenario.

AM facilities

.
m .............. ﬁ ------------- Customer

Customer

Information flow Material flow . . a5 Raw material
- —p TN L F 1l AM facility N
»> (CAD files) (AM parts) p. Hinanclal fow . . supplier

Fig. 5. Outsourcing SC scenario (Own illustration)

By outsourcing the AM activities to an external producer, the tasks for the OEM
shift considerably. Even though the OEM is not directly involved in spare parts pro-
duction with AM anymore, it is important that they still pursue research and devel-
opment in the field. Only in this way they are able to continuously make more
conventional parts available for AM and guarantee premium quality of the blueprints.
The blueprints can then be licenced to external producers. By doing so, the OEM needs
to make sure that they are designed in a way that the part’s originality can be tracked at
all times. Additionally, specific processes and management tools need to be in place to
monitor the quality of the externally manufactured parts. The following proposition
summarizes this change in the responsibilities of the OEM:
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Proposition 1d: The outsourcing of automotive spare parts production with AM
to an external provider is associated with a rising relevance of product devel-
opment, quality control, and counterfeit protection tasks for OEMs.

Obviously, the tasks also change substantially for the LSP who was previously only
concerned with logistics activities. If LSPs manage to build AM spare parts, they may
integrate an additional part of the value chain in their service offering. Moreover,
OEMs that outsource AM to LSPs or other providers become more dependent and need
to engage in collaborative relationships. This clearly opens up new business oppor-
tunities for LSPs:

Proposition 2d: The utilization of AM technologies in the automotive spare
parts supply chain by LSPs provides LSPs with additional revenue potential and
enables them to internalize an additional step of the automotive value chain.

In automotive spare parts supply chains with AM, the question for the OEM is not
just whether to outsource or not, but also to whom. LSPs are not the only players on the
market. For example, the development of specialized AM supercentres has to be
considered as well. Their business model is to transform manufacturing capacity into a
tradeable commodity (Johnson and Sasson 2016). In comparison to LSPs, their core
competences are in the field of technology and they operate in big complexes “with no
asset specificity and zero changeover costs” (Johnson and Sasson 2016, p. 91). LSPs on
the other hand have traditionally been specializing on SC related services and AM
represents a rather new business for them. This could have implications that OEMs
need to be aware of:

Proposition 3d: Compared to specialized AM providers, the use of an LSP for
automotive spare parts production provides the benefit of giving OEMs access to
the LSP’s existing distribution network. In order to engage in automotive spare
parts production, LSPs may require high investments to build up the necessary
AM know-how.

The previous proposition does not suggest that one type of an AM provider or the
other is more suitable for the purposes of the OEM. If a LSP is chosen, then it is
possible that the OEM needs to enter a strategic partnership in which AM capabilities
are developed together with the LSP. In turn, the OEM benefits since it can integrate
the AM operations within the distribution network of the LSP. In contrast, if a spe-
cialized AM supercentre is selected, the OEM likely does not need to provide assis-
tance in technology development. However, the OEM has to evaluate whether this
supplier can be integrated in their logistics processes.
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4 Discussion and Conclusion

T. Eggenberger et al.

This paper conceptually investigated the effects of AM in the automotive spare parts
business for different supply chain scenarios. As a main contribution of this paper, four
scenarios were developed and systematically analyzed regarding their suitability and
implications for an AM implementation in the automotive spare parts supply chain.
Since the application of AM technologies for the production of spare parts is not well
established yet in practice — neither in the automotive industry nor in other sectors, the
business cases for the proposed supply chain scenarios cannot easily be studied based
on empirical insights. The authors of this paper therefore conceptually derived some
first indicatives about specific economic prerequisites, opportunities, and challenges of
the scenarios, which are presented in Fig. 6.

Supply chain
scenario

Economic prerequisites /
feasibility

Opportunities

Challenges

Centralized AM
implementation

Hybrid AM
implementation

Decentralized
AM
implementation

Outsourcing of
AM

= Sufficiently high global
demand volumes for AM
spare parts

=  Low logistics costs

= Sufficiently high regional
demand volumes for AM
spare parts

= Moderate logistics costs

= Spare part design
blueprints are provided to
the PRC or RDC by the
OEM

= Sufficiently high local
demand volumes for AM
spare parts

=  High logistics costs

= Spare part design
blueprints are provided to
the dealers by the OEM

=  Sufficiently high demand
volumes for spare parts
across clients allows the
AM provider to obtain
scale economies in
manufacturing

= Spare part design data
blueprints are provided by
the OEM

= On-demand production of
spare parts

=  Scale economies in
manufacturing

= Bundling of design and
manufacturing
competences

= High level of control over
product quality and
distribution for the OEM

= On-demand production of
spare parts

=  Speed advantage / higher
proximity to the customer
compared to the
centralized scenario

= On-demand production of
spare parts at the point of
consumption

=  Speed advantage /
proximity to the customer

= No inventory risk for the
OEM

= No investments in AM
machines, materials and
employee trainings
needed by the OEM

= Specific know-how of the
AM provider

= Scale economies in
manufacturing

=  Bundling of design and
manufacturing
competences

= Scale economies in
manufacturing

=  Bundling of design and
manufacturing
competences

= Limited level of control
over product quality and
distribution for the OEM

= Speed advantage /
proximity to the customer

= Low level of control over
product quality and spare
parts distribution for the
OEM

= Requirement for know-
how buildup at the
dealers’ sites

= OEM has no control over
product quality and spare
parts distribution

= Risk of knowledge spills
to competitors (e.g.
clients of the AM
provider)

Fig. 6. Economic prerequisites, opportunities, and challenges of the supply chain scenarios

Until the present day, AM is not an established fabrication technique for spare parts
production in the automotive industry yet. Mendis and Reeves (2015) argue that it will
be first necessary for OEMs to start applying AM in their regular manufacturing
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processes for original car parts. According to them, AM is only an interesting option
for spare parts when the respective original car part was already fabricated with AM.
Assumingly, they make this point because they do not consider it to be efficient to
fabricate a given part with AM and conventional manufacturing at the same time.

Although the technical dimension was not discussed in detail, it is important to
understand that technical and economic aspects of AM deployments cannot easily be
separated. Especially the reengineering of parts can have significant economic conse-
quences and has to be fostered (Holmstrom and Partanen 2014). Moreover, redesigning
parts can lead to more parts becoming suitable for AM production, which increases AM
capacity utilization (Holmstrom and Partanen 2014). On the other hand, less costly
designs in terms of material usage are possible (Petrovic et al. 2011). This in turn
allows for a more decentralized production in the long run and can result in cost
benefits. In this context, Khan et al. (2012) refer to the importance of “aligning product
design with the supply chain”. It can be argued that the more parts are “designed for
AM” or “AM compatible”, the more likely it is that the technology becomes com-
petitive and eventually will be widely adopted. For this reason, R&D and product
development are the starting points to leverage AM in the long-term. However, this
paper showed that economic impacts of AM need to be researched and considered as
well in order to exploit the full potential of AM.

The results of this paper have several implications for research and practice. First
and foremost, they support practitioners in their decision-making process for AM
implementation. From a strategic perspective, it is emphasized that automotive OEMs
have to become even more aware of the disruptive potential of AM for producing spare
parts. In fact, the earlier they start to evaluate possible application fields within their
operations, the better prepared they are when AM technology is fully ready to fabricate
a wide range of car spare parts. In this context, OEMs also have to determine whether it
is beneficial to incorporate AM solely in the production of spare parts or whether it can
and should be extended to original car parts as well (Mendis and Reeves 2015). From
an operational perspective, the conducted scenario analysis highlighted in different
scenarios the effects of AM, depending on the degree of centralization. Managers in
charge of AM implementations can consult the propositions as guidelines and assess
their validity in their specific industrial context.

The research adds to the literature by illuminating the effects of AM implemen-
tations in automotive spare parts SCs based on different scenarios. Since AM is not an
established technology in automotive spare parts production, the present research lacks
a broad data sample of use-cases and tackled this deficiency with a conceptual research
approach. Future could provide more detailed insights in this topic and test the
developed propositions in empirical studies.
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Abstract. The tool-less manufacturing of lot-size one components by
means of Selective Laser Sintering (SLS) can enable companies to
enhance their manufacturing flexibility. Especially in the case of high
variety manufacturing, companies adopting SLS can potentially reduce
order lead times and manufacturing costs. This paper introduces a
methodology suitable to assess different manufacturing strategies for high
variety component families and leverages a case study from a global man-
ufacturer of packaging machines to show the implications of AM adop-
tion. The case study quantifies the reduction of both manufacturing costs
and order lead time in the case of a component with a large amount of
possible variants. In the case study, two possible operational strategies
for the manufacturing of such with SLS are identified. In a first strat-
egy, SLS adoption can be focused on optimising the specific volume-unit
operating cost for producing all component variants, and thus obtain a
total manufacturing cost reduction of up to 17% compared to the current
conventional set-up. As a second strategy, SLS can be employed for the
improvement of service quality. By focusing on the reduction of order
lead times over the whole component family, this can be reduced by 48%
compared the incumbent set-up. The trade-off among the two strategies
is explained with the introduced concept of aggregated lot size.

Keywords: High-variety manufacturing - Selective Laser Sintering -
Business case + Cost reduction - Service improvement

1 Introduction

Additive Manufacturing (AM) encompasses a set of production technologies
allowing to create physical objects starting from digital models [1]. Selective
Laser Sintering is an AM process for the production of polymeric components
[2]. Compared to other AM processes, SLS shows the major advantages of not
requiring support structures, and of enabling higher throughput [3]. SLS achieves
very similar mechanical properties to the ones obtained by injection moulding
[4,5]. For these reasons, SLS is often the AM process of choice for the production
of polymeric series components [6].

© Springer International Publishing AG 2018

M. Meboldt and C. Klahn (eds.), Industrializing Additive Manufacturing - Proceedings
of Additive Manufacturing in Products and Applications - AMPA2017,

DOI 10.1007/978-3-319-66866-6_23



Selection of High-Variety Components for SLS 239

AM technologies in general have seen an increased adoption in manufacturing
[7]. The work [8] identifies industrial adoption of AM technologies in Aerospace,
Automotive and Medical industries. The proliferation of AM technologies in the
manufacturing ecosystem [7], has given rise to interest of scholars, with regard
to the implications such technologies have on firms operations. The work [9]
leverage a case studies approach and interviews, to show that AM can reduce
the trade-off between scale and variety, in the domain of highly customised prod-
ucts. They furthermore conclude that, adopters of AM achieve unprecedented
flexibility by producing batches of customer tailored products. In [10] the impact
of SLS deployment on the aircraft spare parts supply chain is investigated. The
authors identify applicability of SLS especially for the manufacturing of spare
parts with low average demand. The study shows that AM adoption can reduce
inventory along the entire supply chain, however effects on costs are not quan-
tified. The work [11] presents a case study focusing on the manufacturing of
an environmental control system for a military aircraft by means of SLS. The
contribution identifies that, the deployment of SLS technology can lead to a
simplified and less complex supply chain set-up. The same case study is further
leveraged by [12] to provide quantitative insights about operating costs for AM
in scenarios with a different degree of decentralization.

The manufacturing costs for AM are investigated by [13] among others. The
contribution shows that the cost structure of SLS is dominated by machine costs
in a first place, followed by material costs. It further defines the inverse rela-
tionship between manufacturing costs and build chamber utilization. Findings
suggest that unit costs of additively producing components quickly drop and
stabilize to a certain value, with increasing filling of the machine chamber. The
work [14], investigates the cost structure for the manufacturing of metal parts
with Selective Laser Melting (SLM). The contribution argues, that optimisation
of the SLM process chain can lead to 50% reduction in manufacturing costs.
AM implications in the domain of operations [15], and especially for the efficient
production of spare parts have been identified by some scholars, as introduced
above. Industrials also attribute vivid interest to the topic, often with strate-
gic commitment of top managers [16]. However applications in the industry are
nowadays not widespread, and positive business cases are rare. Companies are
still struggling in the mainstream adoption of additive manufacturing for the
manufacturing of high variety components. Few scholars address this novel field
of research in a quantitative manner. This contribution addresses this gap, and
investigates the improvements, that SLS can enable for companies operating in
the domain of high-variety manufacturing. The authors therefore formulate the
following two research questions to be answered: 1. Which specific variants of a
given high-variety component should be produced with SLS? 2. What are the
benefits, that SLS can offer in terms of cost and lead time reduction.

2 Methods

The present work uses a case study approach, collecting data from a global
manufacturer of machines for food processing with a portfolio of around 800’000
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active Stock Keeping Units (SKUs). The project team performed an heuristic
component search, combining process expertise about SLS together with sev-
eral key functions from the company including engineering, service and business
development. While conducting the portfolio analysis, the team first set the focus
on finding products with an inefficient, intricate and costly order processes, and
only in a second phase evaluated technical feasibility with SLS. The component
search identified lugs as the subject of the case study.

Lugs are customer specific wear components mounted on a series of roller
chains, moving food units along the machine track, for packaging purposes. The
lugs portfolio shows an high extent of variability. A customer specific lug variant
is shown in Fig. 1. Requirements set on lugs include: resistance to wear, reduced
mass, and use of food grade material. Lugs are currently made out of PA6, how-
ever tests performed by the company showed that Laser Sintered PA12 also fulfils
all application requirements. Customer specific variants of lugs are engineered,
depending on food processing format requirements and machine type where the
component is mounted on. Data has been collected for 392 lug variants from the
company ERP and PDM systems, covering a time-frame of five years from year
2011 to 2015. Collected data is introduced in Table 1.

Fig. 1. Customer specific lug variant, manufactured in laser sintered PA12.

The consolidated demand of lugs has been stable over the considered five
years time-frame. On average only 31 units of a given variant are produced
in a given year. Considering all product variants, the average manufacturing
cost per unit produced amounts to about 20 CHF. Two dimensions define the
possible manufacturing set-ups for lugs: stock management policy and produc-
tion site. The stock management policy is decided according to the amount of
units historically sold for a given variant. Variants showing stable and relatively
high demand are produced in a Make-to-Stock (MTS) configuration. In MTS,
inventory is held for the variant, and customer orders are fulfilled from stock.
Variants with sporadic and relatively lower sales are produced in a Make-to-
Order (MTO) configuration. In MTO, the product is either manufactured from
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Table 1. Variant specific data collected from company PDM and ERP information
systems.

Data | Description Unit | Descriptive statistics
o Median | o Min | Max NAs
m; Mass of the a finished lug unit g 21.57 | 20.00 14.41 | 3.00 |211.00 5
v; Actual material volume of a given | cm® | 19.88 | 17.86 13.13|3.19 | 188.39 0
lug variant
ci Manufacturing cost per unit of CHF | 25.21 | 21.66 13.112.97 | 75.00 0

manufacturing one specific variant
i, includes direct material costs,
direct labour costs and
work-center rates

0; Order or manufacturing lot-size Units | 52.70 | 37.00 58.88 | 3.00 | 570.00 47
for lugs ordered from internal or
external suppliers in year 2015
N;,y | Amount of units of variant 4 Units | 30.11 | 14.00 67.68 | 0.20 | 1'034.80 0
produced in year y. Data collected
for five years from 2011 to 2015.
The descriptive statistic considers
the average over five years

T; Order-lead time for delivery of lug | Days | 24.83 | 28.00 4.04 | 14.00 | 36.00 271
variant ¢ to the company from
supplier

raw materials or adapted from a semi-finished version kept in stock, upon the
issue of a customer order. Lugs manufactured from a semi-finished product are
usually processed in house, whereas manufacturing of variants with no parent
version is usually outsourced. When lugs share a similar geometry, the company
can use common parent versions to reduce the complexity of the process chain
and increase its responsiveness. In the current set-up, only 15 variants are man-
ufactured in a MTS configuration, but these few variants account for 23% of
the consolidated unit production. All other lug variants show very reduced per
variant sales, and are therefore produced in a MTO configuration. Distribution
of variants and units produced according to the above discussed dimensions are
shown in Table 2. Currently, delivery lead time for lugs, depends on production
location, supplier and stock management policy.

Table 2. Characterisation of lug portfolio according to production site and stock man-
agement policy.

In-house Outsourced In-house Outsourced
MTO 47 (12%) 330 (84%) MTO 1’601 (14%) 7428 (63%)
MTS 4 (1%) 11 (3%) MTS 122 (1%) 2’651 (22%)

(a) Distribution of product vari- (b) Distribution of average yearly total
ants. units manufactured.
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This research compares the current situation of producing the product port-
folio, with other new scenarios, where SLS is introduced. The reader shall notice
that these new scenarios do not necessarily imply the additive production of all
lugs variants, but rather a combination of conventional and SLS manufacturing.
In order to clearly distinguish variants conventionally produced from the ones
manufactured with SLS, a strict notation is defined. Let us consider a lug variant
¢ in the set of all variants considered in this study £. For a given scenario we
denote C, where:

ccct

as the subset of variants produced with current manufacturing technologies, and
S with:
SCCL

as the subset of variants produced by means of SLS. Furthermore, we define, that
in a given scenario a product variant ¢ can only be produced either conventionally
or with SLS, and therefore following statements apply.

CNS =10
cus==¢,

2.1 Operating Costs for Conventional Production

The authors define the total operating costs for conventionally producing variant
1, in year y as:
TCy, = MC{, + OCY, +1CY,

whereas MC, ,, are total manufacturing costs, OC, , are total order costs and
IC;,, are total inventory costs for corresponding lug variant ¢ in year y.

MCSy is computationally obtained form the manufacturing cost per unit ¢;
and the amount of units produced V; ,, as follows.

MCSy =C; - Ni,y

OCSy are estimated through a per-order fee k€, heuristically defined by the
company. An order fee of CHF100 is applied for each order issued for outsourced
components, and a fee of CHF50 is applied to each order of in-house produced
variants. Hence, total order costs depend on order lot-size, total units produced,
and production location.

Oiy

| k€ = 100 CHF Vi € Outsourced
~ | 50CHF Vi € In — house

Total inventory costs are computed and apply only for MTS variants, or in
the case of MTO variants with a parent version kept in stock. Computations are
performed as follows:

Ing =Siy-ci-C | Siy=075-0;,
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Fig. 2. Volume specific average operating cost distribution of lug variants produced
conventionally.

where S; ,, is the average stock level and ( is the inventory rate. The average
stock level is assumed to be 75% of the order lot-size using a common order point
technique [17]. This value includes a 25% safety stock. The average inventory
level of a variant is consequently multiplied by the holding costs per variant. We
assume an inventory rate ¢ of 13% which includes a 9% capital expenses and a
4% warehousing cost. These rates have been suggested by the company, and are
applied for internal financial calculations.

The average total operating costs for producing lug variant ¢ over the con-
sidered time period can therefore be computed as follows.

o 1 o

Eval ¢

TC, = - E TC;,
y=2011

This value can be further divided by total amount of lugs produced during the
observed time period for a given variant, and by the actual material volume of
the lug variant.

—C 2015

_ TC, — 1

fe, ==~ | N;=: Y Niy
Ni-v; 5 y=2011

The volume specific average operating costs per variant unit are therefore
obtained. This value and its distribution shown in Fig. 2 can be used as a baseline
for comparing the current manufacturing set-up, with other possible production
scenarios based on the adoption of additive manufacturing.

2.2 Operating Costs for SLS Production

Analogously to the previous section, the authors define the average total oper-
ating costs for SLS produced variant i, as follows.

TC,® = MC;,” +0C;
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Inventory costs do not apply for SLS parts as these are produced in a MTO
configuration only. Manufacturing costs per variant unit ¢ in the case of SLS

. ——=SLS . .
manufacturing MC, — assume a constant, volume specific manufacturing cost
for SLS v.

MC;

i =V-v;- N@

The reason behind this assumption is that manufacturing costs with SLS do not
depend on part specific geometry, but rather on how the SLS equipment is oper-
ated [13]. Order costs in the case of SLS manufacturing are differently as from
the current situation. With SLS it is more convenient to consolidate small orders
of different lug variants, even of lot size one, into a single manufacturing job and
then release a larger order [18]. For this purpose the concept of aggregated lot
size is introduced. Aggregated order lot size a is defined as the minimum amount
of lugs not necessarily of the same variant, required to release a manufacturing
order. The research assumes, that an order is released, as soon as this trigger
value is reached. Therefore, average per year order costs for variant ¢ can be
expressed as:

aests _ Nio SLS

oc; "~ =
a

where a can be arbitrarily defined by planners. The decision on how to set a, has

important implications on the overall order costs, as well as on customer order
. . . —SLS
lead-time. We can define the mean maximal order lead time for SLS T .. as

follows.

TSLS == Lﬁ . 365 + TSLS

This value estimates the amount of time the company waits, in the worst case,
when placing an order for a lug unit. The value is obtained by adding the mean
time between SLS orders to the delivery lead time for SLS TSMS. The formula
further highlights the trade-off between cost of orders and lead-time, proportional
the parameter a.

Hence, the volume specific average operating costs per variant unit are
obtained for SLS produced variants as follows.

oSS _ TC;
! Nz - Vg

The research considers two possible outsourcing approaches for the produc-
tion of lugs with SLS: market and partnership. An in house approach has been
discarded a priori, as the production of all variants in the considered portfo-
lio with SLS, would imply an average capacity utilisation of a small industrial
SLS system of 6% per year.! At this capacity utilisation level, operation of SLS
equipment is not cost efficient.

In the SLS Market approach, the company relies on a different supplier on
the marketplace for each order. Here, a per order fee of 100CHF together with

1 An EOS Formiga P110 was used as a reference system for capacity utilization cal-
culations.
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Table 3. Assumptions for considered outsourcing approaches

SLS market | SLS partnership
Order lead time TS [days] 5 5
Volume specific manufacturing cost v [CHF /cm®] | 1.50 1.30
Cost per order k55 [CHF] 100 60

a volume specific manufacturing cost of 1.50CHF/cm? are assumed. In a part-
nership approach, the company commits to sourcing from a single supplier, and
therefore can achieve a reduced per order fee of 60CHF as well as a reduced
volume specific manufacturing cost of 1.30CHF /cm?, thanks to higher negotia-
tion power and consolidation of larger volumes. Assumptions for volume specific
manufacturing cost are based on quotes collected from suppliers, and are in line
with values proposed by [19]. All approach specific assumptions are reported
in Table3. The reported cost per order k5SS relies on estimations performed
together with managers from the company.

2.3 Observed Optimisation Scenarios

The research considers two optimization scenarios targeting distinct parameters.
First, a cost minimizing production strategy is addressed. Here, we observe the
optimal combination of variants produced conventionally, and variants produced
with SLS, such that the total operating costs for offering the entire product
portfolio to customers is minimal. Therefore, we define for this scenario the sets
C and S as follows.

C={ieL]|fe <ic "}

S={iel|te >t "}
The research observes the effects, caused by the introduction of SLS, on the
average total operating costs for managing the entire portfolio.

TC =Y TC; + Y TC; "

ieC €S

Calculations in the cost minimisation scenario furthermore must ensure, that the
company can experience at least the same order lead time as the one offered in
the current production scenario. To be on the safe side, and ensure the meeting
of customer demand the targeted maximal order lead time for SLS has to be
lower than 21 days.

In a second scenario, the research observes the costs for improving the service
quality over all lugs variants. Target is therefore, to reduce the order lead time
from customer perspective, hence applying the most responsive order fulfilment
combination. We therefore observe the average total operating costs for manag-
ing the entire portfolio, where all MTO variants are produced with SLS. Here,
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Table 4. Implications of aggregated lot-size a on machine powder bed filling of a small
SLS production system.

Lot-size a | Machine filling

26 One horizontal layer

52 Two horizontal layers
182 Half machine chamber
364 Entire machine chamber

MTS variants are still produced conventionally, as these can be delivered imme-
diately to customer from stock. For this scenario, the sets C and S are defined
as follows.
C={ieLl]|smi=MTS}
S={ieLl]|sm=MTO}

2.4 Definition of Aggregated Lot-Size

Decision about setting the aggregated lot-size a has crucial implications on
the results of the case study. The choice of a not only influences directly the
order costs, but must also comply with the assumptions for efficient equipment
operation. For the computation of the optimization scenarios, the values pre-
sented in Table 4 apply. Predictions are based on test jobs performed on an EOS
Formiga P 110.

3 Results and Discussion

Results of the calculations for the cost minimization scenario are reported in
Table 5. Results show cost reductions compared to the baseline total operat-
ing costs in all computed approaches. Reductions span from a minimum of 9%
up to a maximum of 19% depending on selected parameters. However, for both
outsourcing approaches SLS Market and SLS Partnership, solutions related to
aggregated lot-sizes of a = 182 and a = 364, show order lead-time values equal or
longer than the current situation, and should therefore be discarded. An aggre-
gated lot-size of a = 52 provides feasible results in both observed outsourcing
scenarios. A detailed comparison of both outsourcing approaches for a = 52 is
depicted in Fig. 3. As the figure shows, in such cost minimization scenario 46%
of product variants are produced with SLS in the market outsourcing approach,
and 51% of the variants are produced with SLS in the partnership outsourcing
approach. In both outsourcing approaches, no MTS variant has experienced a
manufacturing technology switch to SLS. This highlights an already cost effective
production of MTS variants. Evidence for this is further supported by a volume
specific average operating cost per MTS lug unit of 0.62CHF /cm? in the cur-
rent scenario. Therefore, in this particular case study, SLS is not a cost effective



Selection of High-Variety Components for SLS

247

Table 5. Results of calculations for the cost minimization production strategy in both

outsourcing approaches.

SLS market
Lot-size a | |S]| Trsnli ATC
26 149 (40%) | 10 | CHF — 24’590 (09%)
52 179 (47%) |11 | CHF — 30'139 (12%)
182 194 (51%) | 24 CHF — 34’857 (13%)
364 200 (53%) | 41 CHF — 35’865 (14%)
SLS Partnership
Lot-size a | |S| 5 | ATC
26 210(56%) 8 | CHF — 39'182 (15%)
52 223 (59%) | 10 CHF —43'792 (17%)
182 231(61%) | 21 | CHF — 47296 (18%)
364 232 (62%) | 36 | CHF — 48016 (19%)

Variants Share

C,
100%
CHF 300000

CHF 258'859
CHF 250'000
CHF 200'000
CHF 150'000

CHF 100'000

CHF 50'000

CHF 0

Current

m Manufacturing cost

SLS, 46%

¢«

CHF -34'857
(-13%)

CHF 228719

SLS Market

Order management cost  m Inventory cost

SLS, 57%

4

CHF -43'793
(-17%)

CHF 215'066

SLS Partnership

Fig. 3. Comparison of resulting total average operating costs for managing the entire
lugs portfolio, in the case of an aggregated lot size a = 52.

substitute for MTS variants. Hence, the case study provides evidence for the
fact that, components with stable, predictable and relatively high demand are
optimally produced conventionally. Furthermore, calculations show, that inven-
tory costs even in the current scenario account up to a very reduced portion of
the total costs. The reduction of inventory enabled by SLS is often theorised
as one of the possible major advantages of introducing this technology. How-
ever, by applying the cost structure defined earlier, the present case study shows
that, inventory costs hardly have an impact on total operating costs. This low



248 F. Fontana et al.

magnitude of inventory costs can be explained by the consideration of capital
expenses only. The inclusion of other hidden costs such as obsolescence might
have an impact on the presented figures.

Calculations furthermore show, that SLS has rather a considerable impact
on reducing order management costs and manufacturing costs. Lower order costs
are achieved through the effects of the aggregated orders, whereas manufacturing
costs are reduced by the more variable nature of the SLS cost structure. MTO
components conventionally produced show a cost structure largely dominated
by fixed-costs originated in frequent equipment set-up and changeover. Such
fixed costs are less pronounced in the case of SLS. Further savings from the
reduction in complexity in the case of a full switch to SLS might be also of
relevance. In the current scenario, lugs undergo different processing routes, and
are made of different materials. The manufacturing of all lugs with SLS can
reduce this complexity by having one manufacturing process and one material
for all variants.

AM Manufacturing cost AM Manufacturing cost AM Manufacturing cost

[Fr./cm”3] Fr.1.30 [Fr./cmA3] Fr.1.40 [Fr./cm"3] Fr.1.50

Fr. 40'000 —_— 15
Fr. 34'141
o Fr. 31221
Fr. 30'000 1.125
Fr. 20'000 Fr. 17'506 0.75
Fr. 14'586
Fr. 10'000 0.375
Fr. 871
Fr. - —— 0

Fr.-2'049

Fr.-10'000 -0.375
Partnership Market

m Cost per order - 60 Fr. Cost per order - 100 Fr.

Fig. 4. Difference of total yearly average operating costs for producing the entire lug
portgolio between the conventional and the SLS scenarios. Positive values imply lower
costs in the conventional set-up.

Results for the service improvement scenario are reported in Fig. 4. The figure
shows the difference between the total operating costs in the current scenario
and the ones where all MTO lugs are produced with SLS. Varying assumptions
of order fees k%75 and volume specific manufacturing costs v apply. Calculations
show that, producing all MTO lugs with SLS is CHF34’141 more expensive than
the current baseline, when applying market outsourcing assumptions. In this
case, the aggregated lot size equals a = 124 and the maximal order lead-time
is equal to 10 days. However, by considering the SLS partnership outsourcing
approach, computed total costs are similar to the ones in the current baseline.
Here, the same aggregated lot-size of a = 124 and maximal order lead-time of 10
days as above apply. This implies that, a reduction of the maximal order lead-
time by 52% can be achieved when producing all MTO lugs additively under SLS
partnership outsourcing assumptions, without penalties in total operating costs.
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Results show that SLS can be profitably employed in manufacturing, without
performing of component redesign, and without the need of owning equipment.
However, the re-design of SLS produced variants according to SLS process spe-
cific optimization criteria, can further extend the cost savings and further reduce
the manufacturing costs [20]. Furthermore, after performing redesign, even more
variants might be eligible for manufacturing at a lower cost with SLS than in the
current situation. Automation of the order process might also have an impact
on reducing the order management costs. For this purpose, a solution including
a web configuration portal, where customers can configure and release orders
for their specific variants can be of interest. Other possibilities for reducing the
order lead time could be to implement shipping of products directly from the SLS
provider to the customer, without the need of transiting through the company.

4 Conclusions

The present study provides quantitative results supporting the conclusion that,
SLS can enable substantial efficiency improvements for companies operating in
the domain of high-variety manufacturing, even without performing component
redesign.

With regard to the first proposed research question, the computation and
comparison of volume specific average operating costs per variant unit, as defined
in this paper, represent a sold basis to algorithmically identify component vari-
ants to be produced either with SLS or conventionally. The procedure applied
in this work is directly applicable to other high variety component families.

Concerning the second research question addressed in the paper, the pro-
posed model describes the major trade-off encountered in the case of outsourced
SLS production, between total operating costs and order lead-time. The critical
parameter underpinning this trade-off between time and cost is represented by
the definition of the aggregated order lot size. For the specific case of lugs, the
paper identifies two counter-posed operating strategies, feasible for either cost
reduction or improvement of order-lead time. Calculations performed for the lugs
case show that, either an operating cost reductions of 17% or an order-lead time
improvement of 52% can be achieved when introducing the SLS manufacturing
technology.

Limitations of the study include the fact that, the computations are per-
formed based on the arithmetic mean of the produced units over five years.
Therefore, effects of volatility in produced units and in demand are not fully
captured by the model. To overcome this limitation, a more sound statistical
approach is required. The case study further excludes a make approach a pri-
ori, as the conditions for efficient in-house production are not given. However,
it can be of interest to capture how in-house production would affect the total
costs compared to the presented outsourcing approaches. Furthermore, results
are highly dependent upon the definition of the exogenous aggregated lot size a.
Hidden costs of inventory are further not considered, in the presented cost struc-
ture. Further attempts to include such hidden costs of inventory management of
high variety components are much required.
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The lug case represent a very specific component, and the possibility to gen-
eralise results based on this example is limited. Validity, and range of improve-
ments for other high variety components have to be further investigated. Further
effects on the process chain, provided by the introduction of a web based prod-
uct configuration, allowing the customers to directly order parts with custom
dimensions shall be further investigated.

Despite the simplicity of the approach, the case study provides valuable
insights about the influence of the most important parameters, and provide
decision makers with a set of tools to compare different operating strategies.
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Abstract. In the water industry a strong market demand exists for small, high
pressure pump systems. However, the casting of impellers for such small pumps
in the required quality is difficult or impossible because of their low wall
thickness and their unfavorable ratio of impeller diameter to channel height.
Selective Laser Melting (SLM), one of the primary metal additive manufac-
turing technologies, is well-suited to be used for such impellers as the full
potential of SLM can be achieved best with such small, complex parts. In this
work, we describe the SLM manufacturing of an already existing impeller
design at the lower limit of castability. This is motivated by the fact that if this
geometry can successfully be SLM-manufactured, there should be no major
obstacle for a scale-down to smaller sizes (up to a certain limit), but this
SLM-manufactured existing impeller design can be tested on an already existing
pump prototype and directly compared to the cast counterpart. The effort
described here therefore was to find the optimal orientation of build direction as
well as to design suitable support structures. This was done in a heuristic and
iterative process with concurrent manufacturing trials. The final SLM-processed
prototype impeller fulfilled all geometrical requirements and will be tested in the
existing prototype pump in the near future. While the full potential of SLM
manufacturing is reached by fundamental part redesigns, the process setup
(build orientation optimization and support structure design) for a pre-existing
part geometry as performed here is of large practical importance in the service
and reconditioning market in the water industry and beyond.

1 Introduction

Starting with the patent by Meiners and co-workers [1] in 1996, there has been a
steadily growing interest in the powder-bed additive manufacturing process of Selec-
tive Laser Melting (SLM). Over the last decade, industrial applications in different
fields have undergone the process from research effort to full-scale serial production
[2]. Most prominent among these fields are the biomedical, tool-making, aerospace,
and power generation industries (cf., e.g., Yap et al. [3] and references therein).
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Chief benefit of the SLM technology is that it enables a dramatic size increase of the
design space for a given product, meaning that SLM is capable of producing parts that
are not manufacturable through any other technology [4]. Furthermore it allows for lead
time reduction because no tooling is required. In the pumps industry, pump impellers are
complex parts that have long caused manufacturing difficulties [5]. Moreover, there is a
size limit below which impellers are not manufacturable anymore at all since the most
suited conventional manufacturing method, investment casting, cannot handle the
complex 3D geometry at very small scales. There is, however, a large market demand
for small, high-pressure pumps - and accordingly, small impellers (below an outer
diameter of roughly 100 mm). This makes them a suited target for SLM manufacturing.

For SLM, the situation regarding (impeller) part size is effectively reversed as
compared to investment casting. The smaller a part is, the simpler it is to manufacture
by SLM (up to a certain limit on the order of SLM manufacturing accuracy of around
0.1 mm). This is because of the main SLM manufacturing constraint, which is the
necessity to add support structures to overhang geometries forming an angle of typi-
cally less than about 45° with the horizontal [6]. These supports are not needed
however if the extent of the overhang is small enough. Thus if scaled down suitably, a
given geometry can be SLM-processed without supports even though its scaled-up
counterpart cannot.

Because of the above considerations, in this work we describe the manufacturing of
a pump impeller by SLM whose size is at the lower limit of castability'. We do this
with the reasoning that if we can produce this impeller size, there should be no major
obstacle to scale it down to smaller sizes. At the same time, the impeller so produced
can directly be compared to its cast counterpart in terms of its features and perfor-
mance. For this endeavor, we choose an already existing impeller geometry, allowing
this direct comparison with the cast part also in a full-engine test. The effort therefore
lies entirely in finding optimal part orientation, designing the support structure, as well
as determining the adequate post-SLM machining steps to obtain the desired geometry.
In this work, we describe our heuristic and iterative design process through which we
were able to produce the desired impeller with suitable accuracy. While there have been
some efforts in the past to manufacture a pump impeller by additive manufacturing via
the fused deposition method using polymeric material [9, 10], to our knowledge there
exists thus far no documented attempt in the literature toward an SLM processed pump
impeller.

We further point out the following: while the potential of SLM manufacturing is
greatest if one can come up with an entirely new design that makes use of all design
possibilities enabled by SLM, the development of a new design is not possible if a
conventionally-produced part shall be produced again by SLM (e.g. as spare part due to
shorter lead time). There is thus considerable practical interest in the type of procedure
described herein where the SLM support structure for a pre-existing geometry is
designed and optimized.

! The other existing powder bed Additive Manufacturing technique of Electron Beam Melting
(EBM) would equally be a possible choice for manufacturing the impeller. SLM and EBM each have
their advantages and drawbacks (see, e.g., Niendorf et al. [7] and references therein). In this work we
make use of SLM due to its advantage in surface quality as opposed to EBM [8].
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2 Impeller Geometry

The part under consideration is a radial impeller with an outside diameter of 92.4 mm
and a height of 46 mm; see Figs. 1 and 2. Final machining by milling and turning is
possible on all outer surfaces and the shaft bore, however not in the impeller channels.
In operation the fluid flows axially into the impeller channels (between hub and cover
disk). Due to the rotating blades, the fluid is redirected and finally ejected radially with
an increased relative pressure.

Fig. 1. Investigated impeller geometry.

3 Optimization of Build Direction

In order to determine a suitable orientation of the impeller in the build chamber of the
SLM machine, all surfaces of the impeller were first analyzed and divided up into three
categories:

A. support removal easily feasible
B. support removal requiring effort but certainly possible
C. support removal difficult or impossible.

These three categories are depicted in Fig. 3. Next, two angles, o and 3, were
introduced specifying part orientation. oo and B stand for rotations about the local
(part-specific) x- and z-axis, respectively; see Fig. 4. The range of o and B is 0-72° and
0-180°, respectively, due to cyclic symmetry of the impeller.

Apart from the blades the impeller is completely axisymmetric. The angle o thus
has no influence on the orientation of the hub and cover disk regions of the impeller (cf.
Fig. 2). It was therefore decided to first examine different angles B and their conse-
quence for necessary support structures of type C on hub and disk, while disregarding
necessary support for the blades. The blade support areas could then be optimized via
the angle o after finding a suitable p.

Downskin angles (angle between the horizontal plane and a downskin surface,
lying between 0° for a horizontal downskin plane and 90° for a vertical plane; cf. the
recent VDI norm on Additive Manufacturing [11]) between 0° and 45° were deemed to
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Fig. 2. Impeller nomenclature and main dimensions in mm.

Fig. 3. Surface categorization. Support removal easy: A (green); support removal possible: B
(yellow); support removal difficult or impossible: C (red).

Fig. 4. Definition of orientation parameters o and f.
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need supports as mentioned above. In the CAD suite Siemens NX 10.0, downskin
angles of surfaces can be suitably visualized.

As evident from Fig. 5, the orientations B = 0° and B = 180° both produce large
areas on the hub and cover disk needing supports of type C. Effectively, as B is
increased from 0° and beyond 45°, the hub and cover disk areas needing support
gradually decrease as shown in Fig. 6. They reach a minimum at = 90° and then
increase again. An angle [ of close to 90° thus seems suitable.

(b)

Fig. 5. (a) Impeller for B = 0° and o arbitrary (dashed arrow: build-up direction). (b) Horizontal
cut through the blades showing large areas needing support in dark red (green: no support
necessary).

Next, for angles B close to 90°, the angle oo was examined revealing that the C
supports on the blades increase strongly as B approaches 90°. § = 80° was therefore
chosen as a first orientation.

Varying o for this B showed that the amount of necessary C supports on the blades
is only weakly coupled to o. Minimum C supports are reached for o around 10°,
leading to o = 10° as second orientation parameter”.

We point out that this choice of the two parameters also keeps reasonable the
maximum molten cross section in a single layer.

4 Support Design Iteration 1

After the optimal build orientation was determined, a first support structure design was
carried out. This was done entirely in the commercial software Materialise Magics 20.0.
We generally put supports in all areas with an overhang angle (angle between surface
and the horizontal plane) of less than 45°. For all areas accessible with a chisel and lathe,
we chose simple block supports as shown in Fig. 7. For the areas not accessible this
way, lying mainly between the blades, gusset supports were used as shown in Fig. 8.
(Note that both block and gusset supports consist of single laser melt tracks.)

2 We note that instead of our manual approach chosen here, optimization of build orientation can also
be performed in commercial programs such as, e.g. Materialise Magics 20.0. However, easy-to-reach
surfaces, where support structure removal does not pose a problem, cannot be excluded from the
optimization.
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B = 45° B =50 B =60 B =70°

Fig. 6. Analysis of impeller for B between 45° and 70° (red: areas needing support; green: no
support necessary). It can be seen that the boomerang-shaped red area (encircled with a dashed
line for B = 45°) decreases as P increases.

Fig. 7. Block supports in support design iteration 1.

—_—

Fig. 8. Gusset supports in support design iteration 1 (on the right, only every fourth gusset is
shown for illustration).
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A manufacturing trial was performed for the first support design iteration. The
target material for the impeller is the nickel-base superalloy IN625; however, the
manufacturing trial was performed with a stainless steel of inferior strength than IN625
due to short-term powder unavailability. For this manufacturing trial as well as all
manufacturing further discussed in this work, an SLM machine of type Realizer
SLM125 was used.

In Fig. 9 the result of the manufacturing trial is depicted. It is clearly visible that the
block supports macroscopically cracked in several locations. The reason for the cracks in
the supports is the insufficient strength of the supports to “tie down” the massive impeller
to the substrate plate, as well as their insufficient ability to conduct heat away from the
part being built. This cracking rendered the built part unusable due to excessive part
distortion resulting from the supports losing their function. An example of such dis-
tortion is the lower hub region of the impeller that is shown in detail on the right in Fig. 9.

Fig. 9. Manufacturing trial of the first support design iteration. Left: on the substrate plate after
SLM, showing large-scale cracking in several areas. Right: after support removal (and
post-machining trial), showing severe geometric irregularity in the lower part of the hub.

Removal of the part from the substrate plate was performed with a band saw. The
block supports were then broken off with hammer and chisel, while the gussets were
successfully removed by shot peening. The part was subsequently used for a trial of the
post-machining steps on the lathe.

5 Support Design Iteration 2

Due to the widespread cracking observed in the first manufacturing trial, the support
design strategy was subsequently altered. For the second support design iteration, the
cracked block supports were replaced by supports created in the native CAD program
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Siemens NX 10.0. These new supports are beams as shown in Fig. 10, possessing higher
strength and allowing greater heat flux away from the processing zone than in the earlier
support design®. Their rectangular cross sections have more massive dimensions
between 1.5 and 12 mm and are hence termed volume supports. Further, as mentioned
before, the angle o only very weakly influences the amount of necessary supports. In
order to provide as much local strength as possible in the regions where volume supports
are connected to the impeller, the o angle was therefore changed to oo = 54°.

Fig. 10. Volume supports connecting the impeller to the substrate plate in support design
iteration 2.

For the lower hub region, volume supports were used too. They are shown in
Fig. 11.

Cut view:

Fig. 11. Volume supports for hub region in support design iteration 2.

3 In SLM, pre-heating of the substrate plate decreases the temperature gradient across the part being
built, and hence also decreases thermal stresses. An equally possible strategy for crack mitigation
would therefore be to increase substrate pre-heating. In our specific case, however, the pre-heating
was already set to its maximum of 200 °C and thus did not allow pursuing this strategy.
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A manufacturing trial was then performed in IN625. The result of the trial is shown
in Fig. 12. The cracking earlier observed was successfully suppressed. The lower hub
region shown in Fig. 13, too, showed clear improvement. The gusset supports, however,
were not all successfully removed by shot peening due to the superior strength of IN625
used in this case. For the subsequent prototype manufacturing it was thus decided to
attempt the manufacturing with no gussets at all (except single ones at the very ends of
two blades), owing to the rather small typical channel widths of around 5 mm.

Fig. 12. Manufacturing trial of the second support design iteration on the substrate plate after
SLM (tensile specimens also visible).

Fig. 13. Manufacturing trial of the second support design iteration: volume supports in the hub
region showing clearly improved lower hub geometry.

Regarding the lower hub region, due to the remnants of the volume supports after
their removal, this area needed to be post machined on the lathe. Apart from being an
additional post-SLM process step, a consequence of this was also the creation of a
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sharp transition between machined and unmachined surfaces in the waterways that is
deemed hydraulically unfavorable. For the prototype a further support modification in
this region was therefore decided upon.

6 Prototype Design and Manufacturing

The final prototype design was largely the same as the one of the second support design
iteration except for the hub region. There, the volume supports were modified as shown
in Fig. 14. Both ends of these volume supports lie on machining stock material; thus
any remaining support stub is machined away automatically. Behind these volume
supports, only thin line supports are needed (width of one laser melt track) that can be
removed without any remainders, thus eliminating the need for post-machining in the
waterways.

machining stock

modified volume
supports

fine line supports not
necessitating post-
machining after
removal (shown
schematically)

Fig. 14. Modified volume supports in the hub region for prototype.

The prototype was manufactured by SLM in IN625. The result is shown in Fig. 15.
The manufacturing of the waterways without gusset support proved successful. No
cracks were visible, and the modified supports in the hub region also served their
purpose as intended.

The prototype was subsequently removed from the substrate, supports were
removed, a stress-relief heat treatment was performed, and post-SLM machining
followed.

A detailed 3D scan performed with a 3D scanner (type GOM ATOS III Rev. 02)
revealed that geometric accuracy of the prototype lies within £0.2 mm, satisfying the
requirements for full-engine testing scheduled in the near future.
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Fig. 15. Left: prototype on the substrate plate after SLM (tensile specimens also visible). Right:
prototype after all post-SLM processing steps.

7 Conclusion and Outlook

In this work we demonstrated a process setup to manufacture a pump impeller via
SLM. The process setup comprised (a) finding the optimal build direction as well as
(b) designing suitable support structures in a heuristic and iterative approach.

First, all impeller surfaces were analyzed and categorized according to the degree of
difficulty to remove possible support structures thereon. Possible impeller orientations
were considered via two angular parameters and a suitable build direction was chosen.
Subsequently, support structures were designed in the commercial software Materialise
Magics 20.0. A manufacturing trial, however, showed severe support cracking and part
deformation. Therefore a second support design was elaborated with more massive
supports designed directly in the native CAD program Siemens NX 10.0. The corre-
sponding manufacturing trial confirmed elimination of the cracking earlier observed.
Finally, a prototype was successfully manufactured which fulfilled all geometric
requirements. This prototype impeller will be tested in a prototype pump in the near
future.

Since a scale-down of size typically increases SLM manufacturability due to small
overhang areas being able to support themselves, the successful prototype production
implies a large potential for SLM production of impellers of smaller size in the future.

Finally, we point out that the effort documented herein was focused on an existing
impeller design in order to be able to test the impeller prototype in an existing pump
system prototype. While the full potential is typically reached by fundamental part
redesigns unlike done here, the SLM process setup for an existing geometry as
described here is of large practical importance in the service and reconditioning market
in the water industry and beyond.

Acknowledgment. This work was financially supported by the Commission for Technology
and Innovation (CTTI).
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Abstract. An innovative electronic system assembly approach, i.e. hybrid
integration combining printed electronic components with/on Flexible Circuit
Boards (FCBs) equipped with conventional Surface-Mounted components
(SMDs) was implemented in order to realize a sun sensor. Technology-wise, a
clear benefit was achieved from the combination of the advantages of both large
area printed electronics based on printing processes (e.g. flexibility, light weight,
cost effectiveness, etc.) and SMDs with high-end functionalities and robustness.
Printed electronics uses additive deposition methods similar to conventional press
printing — such as inkjet printing, screen printing, gravure printing, etc. — applying
a stack of layers on flexible substrates. By depositing electrically active layers
(e.g. conductors, semiconductors and insulators), basic electronic building blocks
such as resistors, capacitors, thin film transistors, etc. can be made. On the other
hand, FCBs are commonly used where flexibility, space savings, or production
constraints limit the use of rigid PCBs. Typically, conventional photolithography
and standard SMD integration are combined to realize FCBs. A hybrid sun sensor
was demonstrated within the Swiss Space Office funded project hybSat (2014—
2016), by HIGHTEC and CSEM. The developed sun sensor comprises inkjet
printed organic photodiodes (OPDs), printed resistors, printed capacitors,
high-end SMDs and operational amplifiers on a FCB. The fabricated flexible sun
sensor is suitable for cube satellites since it is extremely thin, light weight and cost
effective. The exampled hybrid technology offers new possibilities to the system
designers (towards smart PCBs), material providers (printable functional inks)
and extends the current range of products (e.g. wearable, flexible electronics).

Keywords: Printed photo diodes - Hybrid integration - Sun sensor - Cube
satellites - Printed electronics

1 Introduction

An innovative electronic system assembly approach, i.e. hybrid integration combines
printed electronic components with/on Flexible Circuit Boards (FCBs) equipped with
conventional Surface-Mounted components (SMDs). Technology-wise, a clear benefit
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was derived from the combination of the advantages of both large area printed elec-
tronics based on solution processes (e.g. flexibility, light weight, cost effectiveness,
etc.) and SMDs with high-end functionalities and robustness. On the one hand, printed
electronics uses additive deposition methods similar to conventional press printing —
such as inkjet printing, screen printing, gravure printing, etc. — applying a stack of
functional ink layers on flexible (lightweight) substrates. By depositing electrically
active layers (e.g. conductors, semiconductors and insulators), basic electronic building
blocks (such as resistors, capacitors, thin film transistors, invertors, etc.) can be made.
At CSEM, the above-mentioned printed building blocks are already demonstrated
through their application in smart FCBs by integrating them in a high-pass audio filter
[1] or on the recently developed printed pressure sensor embedded in collaboration
robots [2]. On the other hand, FCBs are established products, commonly used where
flexibility, space savings, or production constraints limit the use of rigid PCBs. Typ-
ically, conventional photolithography and standard SMD integration are combined to
realize FCBs. Their fabrication may also involve some printing technologies, such as
screen printing for very simple device components or functionalities (e.g. connectors).
The current trend in the domain is to introduce more added functionalities into FCBs,
such as printed large area sensors, energy harvesting elements, etc.

Within the Swiss Space Office funded project hybSat (2014-2016), HIGHTEC and
CSEM have developed a hybrid sun sensor comprising inkjet printed organic photo-
diodes (OPDs), printed resistors, printed capacitors, high-end SMDs and integrated
circuits (operational amplifiers) on a FCB. The fabricated flexible sun sensor is suitable
for cube satellites since it is extremely thin and light weight.

Generally speaking a wide range of smart flexible FCB-based products as such
(smart FCB) are expected out of this hybrid technology such as: health monitoring
sensors (heartbeat, temperature sensors, etc.), environment monitoring sensors (pres-
sure, irradiation, etc.), etc.

2 Sun Sensor Fabrication, Characterization and Validation

2.1 Quad Cell Approach

A sun sensor is a device that senses the direction and measures the position of the sun
(or another light source) with respect to the sensor position. The working principle of a
realized sun sensor is the following: light reaches the sensor through a thin slit on top of
a rectangular chamber, whose bottom part is aligned with a group of light-sensitive
cells. They convert the incoming photons into electrons and hence a current (analog
signal) is generated which is amplified and converted to a digital signal. When two (or
four) sensors are placed perpendicular to each other, i.e. quad cell sensing approach, the
direction of the sun/light source with respect to the reference of the sensor axis can be
determined, see Fig. 1.
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Fig. 1. Quad cell approach (left hand side: image credit: the aerospace corporation) and red spot
mimicking light source for visualization reason (right hand side: image credit: A. Cordes and A.
Davidson, Detectors: CMOS cameras allow robust active stabilization of laser beams)

Finally the electronics part calculates the position/angle of the sun/light source. The
light source position is then calculated using (1):

y o latip) = (ip+ic) ,_ (ia+is) — (ip+ic) (1)

ia+ip+ic+ip ia+ip+ic+ip

For example, this approach is followed by Moog Bradford in their Mini Fine Sun
Sensor [3]. According to the datasheet of this particular product, the detector active
element is made of p-type epitaxial silicon. Common sun sensors e.g. CMOS [4-6],
MEMS [7], CCD [8] or photodiodes [9, 10] are indeed produced using processes
requiring all silicon industry production facilities such as vacuum, ion implantation
(p-type wafer). On the other hand the active material of the proposed hybrid sun sensor
is deposited in ambient atmosphere by a digital additive printing process on a flexible
substrate. The geometry of the active part can thus be tuned by updating the layout file
i.e. omitting masks. The absorbance of the printed active material can be additionally
tuned by changing the active material without affecting the process flow. Last but not
least the substrate of the hybrid sun sensor can be replaced to fulfil the product
requirements.

2.2 Printed Components Fabrication and Characterization

Stand-alone passive and active sun sensor’s components such as resistors and OPDs
were printed by CSEM on HIGHTEC’s pre-patterned polyimide (PI) substrates and
characterized. The measured ranges of resistances and photocurrents were used to size
the preliminary front-end circuit on standard Printed Circuit Board (PCB). The tem-
perature dependence of the printed resistors was also characterized in order to evaluate
the possibility of making a printed thermistor for the demonstrator.
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Concerning printed resistors, several different materials based on Poly (3,
4-ethylenedioxythiophene) polystyrene sulfonates (PEDOT:PSS) have been tested on
Al pre-patterned PI substrates. Inkjet printed resistors were characterized and assessed
with respect to the operating life time, Fig. 3. It shows that with one single conductive
ink, several resistance values can be obtained by varying either the geometrical design
or the layer thickness/material density (through the variation of the dot spacing). The
lowest resistance could withstand 30 mA under 5 V without changes within the
measured timeframe (days). The obtained sheet resistances are comprised between
86 /O and 290 Q/O1.

An aluminium oxide precursor ink was tested as dielectric material candidate for
printed capacitors (Fig. 3). The fabrication of the capacitors was performed combining
printing techniques (blade and spin coating) to deposit the dielectric film on HIGHTEC
pre-patterned PI substrates and photonic sintering to functionalize the dielectric film.
CSEM’s photonic sintering tool (Novacentrix PF1300) was used to sinter properly the
aluminium oxide precursor instead of thermal annealing. Finally working capacitors
were obtained, but at low yield and reliability. According to the final demonstrator
design the targeted capacitance was fixed to 1 pF. From the obtained results (22.5
nF/cm? up to 100 kHz), the capacitor footprint required to achieve the targeted
capacitance is 6.7 x 6.7 cm” at this dielectric thickness or less by further thinning
down the dielectric film. The latter case however increases the short circuit probability
of the capacitor.

Finally, a blend of bulk heterojunction Poly-3-hexyl thiophene (P3HT) and
Phenyl-C61-butyric acid methyl ester (PCBM) in 1:1 wt./wt. ratio was dissolved in a
mixture of ortho-dichlorobenzene and chloroform in a concentration of 80 mg/mL. The
printing of OPDs (Fig. 2) was carried out with a single nozzle inkjet printer by
Microdrop equipped with a MDK-140 print head. The OPD fabrication details were
published elsewhere [11].
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Fig. 2. Top row: inkjet printed resistor (left), capacitor (centre) and OPDs (right) used for
realizing the sun sensor bottom row: resistance vs time (left), capacitance vs frequency (centre)
and current vs voltage (right) of the printed resistor, capacitor and OPD, respectively.
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This thick film was used for minimizing the short-cut risk, decreasing the off
current, and increasing the on/off ratio. After printing, annealing on a hotplate was done
in a Np-filled glovebox. The 15-nm Au semi-transparent anode was thermally evapo-
rated through a shadow mask. The fabricated devices were tested using a Keithley 2400
in dark and under illumination in glovebox.

2.3 Sun Sensor Layout and Fabrication

The selected quad cell sensing approach consisting of 4 photodiodes is shown
schematically in Fig. 1. Therefore four single Organic Photo Diodes (OPDs) were
processed with common bottom contact (a thin aluminum layer), inkjet printed active
polymer-based layer, and individual top contacts (a semi-transparent thin gold layer), as
described in Sect. 2.2. The sun sensor demonstrator layout is shown in Fig. 3.

Quad OPD sensor  SMD Thermistor
|

______ Open-circuit SMD and
| printedR (left part)
- - -.- and C (right part)
Ill e _7_ == |—
e I
JF (i li i <1 Input/Output connector
II. :\
R; l = Ill ™ SMD amplifier
T
- <= FCB

Reference OPD Foldlng zone

Fig. 3. Sun sensor demonstrator layout

The FCB design relies on the connection-on-demand approach which consists in
putting stand-alone printed (see Fig. 2 and Sect. 2.2) and SMD components
side-by-side. The connection of the selected printed/SMD component to the whole
system is done after characterization of the printed component by inkjet printing a
conductive ink. This approach allows enhancing the production yield (on the system
level) and minimizing the system integration risks.

After realizing the printed stand-alone components, the sun sensor demonstrator
was fabricated according to the layout (Fig. 3). CSEM has printed on the delivered
FCBs (HIGHTEC) resistors, capacitors and OPDs, see Fig. 4.

As discussed earlier, attempts were made to print a thinner dielectric film for the
capacitors in order to meet the circuit requirements. As discussed earlier, only shorted
capacitors were obtained therefore the SMD counterparts were connected to the system.
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Printed Printed
resistors capacitors

Fig. 4. Printed components on the FCBs with embedded SMDs

Aperture plate

Printed passive
components and SMDs

Fig. 5. Design of the proposed sun sensor applying the quad cell approach given in Fig. 1.
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Instead the SMD capacitors were connected according to the layout (Fig. 3). The
stiffeners (of a proper thickness) were purchased from the 3M company while the top
lids (for the illumination aperture shown in Fig. 1) were opened by laser drilling
(Fig. 5). In order to easily fold the PI foil, as shown in Fig. 5, pre-perforation was also
performed by laser drilling.

Finally, CSEM and HIGHTEC fabricated and folded the sun sensor demonstrator
addressing unique properties of the hybrid technology (Fig. 6) in terms of volume,
flexibility, thickness, and weight.

45 mm

Printed
OPDs

Side
view

Fig. 6. Assembled and folded flexible sun sensor demonstrator

2.4 Sun Sensor Validation

In order to operate the sun sensor demonstrator CSEM realized a PC interface with a
data acquisition card (DAQ) from National Instruments. Figure 7 shows the successful
measurement of the OPDs from a quad cell. The light source used is a green laser
pointer which was manually aimed at each of the 4 cells (see Figs. 1 and 5).

A green laser pointer was manually aimed at each of the 4 cells and the light spot
position was calculated by the software. The quad response is shown in the top graph of
each sub-figure of Fig. 7 and the resulting position is illustrated by the red point in the
bottom graph. The calculated position follows well the illuminated pattern.

Note: in each sub-figure in Fig. 7, the left 2D graph corresponds to the calculated
spot position, sketched with the green dot. The right scale shows the corresponding
calculated angle equal to the set one. This validates the demonstration of the working
sun sensor between —60° to 60° through the developed PC interface. The accuracy of
~ 6° was obtained out of this measurements.
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Fig. 7. Hybrid sun sensor validation. Top: —60° incidence angle. Middle: Normal incidence
angle. Bottom: +60° incidence angle

3 Conclusions

The presented flexible, hybrid sun sensor is a new kind class of product for e.g.
cube-satellites. It demonstrates that the new hybrid sun sensor can be highly compact
and tailored out of the selected and designed stand-alone printed components (large
area and extremely thin) coupled with high-end SMDs (e.g. amplifier) on flexible FCB.
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The gain is in extremely thin sun sensor (thickness of the embedded SMD, i.e. <2 mm),
extremely light weight (<2 g), low power (power supply £5 V), cost-effective (pro-
jected cost significantly lower than current solution e.g. Moog Bradford Fine Sun
Sensor), etc. whereas the sensor performances are similar.

Furthermore, printing more complex devices, such as Organic Thin Films (OTFTs)
and integrated circuits (IC) on FCB can be envisioned in the future which could lead to
the next integration level. Thus having more embedded printed components on FCB
can further decrease system thickness, weight, costs, etc.

The exampled hybrid technology offers new possibilities to the system designers
(towards smart PCBs), material providers (printable functional inks) and extends the
current range of products (e.g. wearable, flexible electronics).
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Mesures de Positionnement 2014. The authors especially thank to Dr. Tobias Bandi from SSC for
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Abstract. Selective Laser Melting (SLM) offers various new possibilities for
the production of metallic components with respect to their design and com-
plexity. The manufacturing process in layers enables accessibility and the
possibility for manipulation and modification to each section of the part’s
geometry. Hence the integration of sensors into the component during its
manufacturing process is feasible. This approach is of enormous interest for
various industrial sectors since sensor integration is a key enabler of industry
4.0. A sensor that has been embedded into a part during SLM production
process facilitates not only a monitoring of this metallic part during its use phase
in general but a monitoring of a spatially well-defined location within this
part. The work presented in this paper specifically targets the integration of a
temperature sensor into an SLM part. The sensor is embedded in a section of the
part which is not accessible after the production process any more. Different
concepts and strategies of sensor positioning and integration are investigated,
focussing on an evaluation of the operating ability of these sensors after their
embedding with the SLM process. Thus different methods to attach the sensor to
the metallic part are presented. Furthermore the paper reports on the analysis of
the influence of geometrical design features on the response behaviour and
accuracy of the temperature measurement compared to conventionally con-
ducted reference measurements.

Keywords: Selective Laser Melting (SLM) - Industry 4.0 - Part monitoring -
Sensor integration - Added value

1 Motivation

Selective Laser Melting (SLM) is an additive manufacturing (AM) technology that
currently receives significant attention in the global production industry since it offers
entirely new possibilities and strategies for the manufacturing of functional metallic
parts. The prime benefits utilised are the option to produce highly complex internal and
external geometries and the possibility to design a part based on its core functional
purposes, not on the restrictions and limitations of the traditional manufacturing
technologies. This results in SLM parts typically exhibiting complex design features,
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bionic shapes or topology optimized lightweight structures that are of enormous
interest for various industrial sectors. Besides design, there is another aspect that is
raising industry’s interest in SLM technology. Due to the layer by layer manufacturing
process, SLM facilitates the integration of functional elements like sensors into the
parts produced. Thereby the sensors can be placed in the immediate vicinity of critical
locations to be monitored. Thus the users get a more detailed monitoring and conse-
quently a more comprehensive understanding of the conditions within their systems,
particularly during operation. The most promising variables to monitor the status of a
system or a single work piece are temperature and strain. Knowledge of both param-
eters is essential to determine structural health and ageing conditions which are of
crucial importance for a safe operation mode of various applications. The embedment
of sensors into work pieces sets not merely the base line for structural health moni-
toring applications but also for much wider topics like industry 4.0 or internet of things.
These concepts are based on the acquisition of as much data as possible.

The research presented in this paper deals with the embedding of temperature
sensors (Pt 100 elements) into stainless steel parts during the SLM manufacturing
process. The procedure for the sensor integration is presented focussing on not nega-
tively influencing the sensing capabilities by the embedment process. Additionally a
detailed analysis of the measurement accuracy of embedded sensors is conducted.

2 State of the Art

Gausemeier et al. [1] have shown in their roadmap that integration of external com-
ponents into SLM parts is a field of research that gets more and more attention in
industry. They particularly emphasize that the integration of functional elements will be
of significant importance in the next years, currently it is just starting. Several research
groups have already conducted trials in embedding external elements into SLM parts
during the manufacturing process. While Paz et al. [2] investigated the integration of
RFID tags into components during the SLM production process, focussing on the
analysis of penetration depth with respect to the transmission frequency of the
transponder, Sehrt and Witt [3] raised research questions in their paper on RFID tag
integration into SLM parts, that are significant for various embedded components in
general: beside the analysis of the ability of the embedded component to survive the
harsh environmental conditions in an SLM system as well as the SLM process itself,
the influence of geometrical features on the sensing or data transmitting capability of
integrated elements is a key aspect for further research work in this field. The sensors
whose integration into SLM parts during the manufacturing process has recently been
investigated in most detail are fibre optical sensors. Li [4] has shown in his dissertation
that fibre embedment into metallic parts is feasible in the direct metal deposition
(DMD) process. Nevertheless his work can be seen as the fundamental research for
integration of external components into metallic parts during additive manufacturing
processes in general. His approach is based on a hybrid manufacturing process with
alternating additive — laser metal deposition — and subtractive process steps, but
nonetheless Li’s achievements for the DMD technology have inspired various
researchers to think about fibre embedding during different other manufacturing
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processes as well. Recently this led to a significant increase in the number of research
activities and publications dealing with integration of optical fibres in metallic parts
during the SLM process. Maier [5] reported the first steps in the direct integration of
metallic jacketed fibres into stainless steel coupons on an SLM test setup. In another
paper [6] Maier emphasized the aspect of developing optical fibres as sensors that are
capable to survive the thermal loads during the direct SLM embedding process.
Havermann [7, 8] focussed on the description of an embedment strategy for optical
fibres into stainless steel coupons on an SLM test setup. Furthermore he analysed the
influences of various process parameters on the embedment procedure and the corre-
sponding bonding qualities. Mathew [9] conducted research on that topic as well,
thereby focussing on the embedment of sensors for high temperature measurements up
to 1000 °C. Stoll [10] has even been able to transfer the process steps for fibre inte-
gration from a lab environment — as it has been used for the aforementioned publi-
cations — to a commercial SLM system. Nonetheless despite these great achievements
in the cited papers there is a decisive drawback in the integration of optical fibres: the
preparation of the fibres, i.e. their coating with one or two protective layers on a
specific length, is still a time consuming and manual work. Thus it is not yet possible to
purchase these sensors but they are produced for research purposes on demand. Fur-
thermore the papers presented reveal that the way the fibres can be embedded is
geometrically limited to straight, horizontal lines. At this point, commercially available,
off-the-shelf sensors like Pt 100 elements arouse industry’s interest. Although these
sensors might require a larger cavity and consequently might negatively influence the
mechanical properties of the part, they offer new possibilities for research work since
they are cheap, standardized and highly available.

2.1 Focus of the Present Study

The mentioned positive aspects of standardised temperature sensors like Pt 100 ele-
ments led to the research presented in this paper. The integration of Pt 100 elements
into stainless steel SLM components is investigated with respect to their ability to
survive the embedment process. Additionally, different embedment concepts are
evaluated based on an analysis of both the measurement accuracy in general and the
response behaviour of the sensors in particular.

3 Materials and Methods

3.1 SLM Setup and Material

The experiments have been conducted on a Concept Laser M1 SLM machine with a
process chamber of 160 mm x 230 mm and a Nd:YAG laser with maximum power of
100 W. The material used for the embedment trials is stainless steel 316 L.
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3.2 Temperature Sensors

The paper presents the integration of temperature sensors — type Pt 100 elements — that
are operable at a temperature range from —70 °C to +400 °C and are based on changing
resistance in dependence on the temperature.

3.3 Embedding Concepts

Figure 1 schematically shows the single process steps required to embed an external
component — e.g. a sensor — into an SLM part during its manufacturing. The subsequent
paragraphs will explain in detail the cavity design as well as the strategy to hold the
sensor in place and continue the SLM process.

laser
SLM part metal powder sensor
.
%
SLM process Process interruption, Sensor positioning SLM process
powder removal (based on cavity design) continuation

Fig. 1. Process steps to embed external components in SLM parts; modified based on [11]

The different embedding concepts are aiming at the investigation of the parameters
predominantly affecting the quality of the temperature measurement:

e Surface roughness, particularly in the cavity
e Positioning of sensor in the cavity with respect to the surface to be measured

3.3.1 Cavity Design

The cavity design is a key aspect in this sensor embedding process since it affects both
the manufacturing process and the sensing capability, i.e. the use phase, of the sensor. It
determines how the Pt 100 sensor element is located with respect to the surface to be
analysed and it sets the orientation of the sensor in relation to the laser beam of the
SLM process. In this section the authors focus on the investigation of two different
embedding concepts. The geometrical influence on the measuring accuracy is described
in the results discussion. While in the first design approach, the sensor is entirely
concealed from the laser beam by a cavity that is tilted out of the SLM processing plane
(Fig. 2a)), the second cavity design and orientation offers a potential for interaction
between the laser and the sensor, since the sensor is merely covered by a 30 um thick
SLM built layer (Fig. 2b)), which is remolten during the scanning of the first layer of
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SLM process continuation. The fusion of this sensor covering layer is expected to force
the molten metal to surround the sensor and consequently achieve an appropriate
embedding of it.

a) Level of process
interruption

Surface for

temperature
measurement
Channel for
electrical wiring
Cavity for sensor
integration
b) Surface for
temperature
p Level of process
measurement ) B
interruption

v

Channel for
electrical wiring

Sensor covering
layer (30 um)

Cavity for sensor
integration

Fig. 2. (a) Embedding concept a; (b) embedding concept b

3.3.2 Positioning and Fixation of Temperature Sensors

The positioning of the sensors is accomplished by the form of the cavity, which
consists of the sensor geometry plus an additional clearance to account for the maxi-
mum achievable accuracy of the SLM process. The rough, as-built SLM surface
negatively influences the heat conduction properties between the demonstrator geom-
etry and the sensor. To analyse this influence, the design of experiments includes two
trials per embedding concept — with and without heat conductive paste surrounding the
sensor in the cavity. Furthermore, the embedding concept shown in Fig. 2(a) has been
modified for another trial. In this experiment the positioning of the sensor in the cavity
is supported by a spring that is inserted during the embedding process step as well
(Fig. 3). It presses the sensor to the cavity wall. Thus an optimized heat conduction is
expected.

Besides the positioning of the sensor, the extraction of the electrical wires out of the
demonstrator geometry is a key aspect of the embedding concept. Since the diameter of
these wires exceeds the size of the sensor, their position within the demonstrator
geometry is of decisive importance for the structural load capacity of the entire part and
needs to be taken into consideration during its design phase. In all cases the channel
surrounding the wiring is filled with a fast hardening resin after the sensor and the
wiring have been positioned to bond the wires to the cavity preventing the sensors from
being pulled out after the integration.
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Level of process
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integration

Fig. 3. Embedding concept (a); spring is inserted additionally

3.3.3 Continuation of SLM Process

For both concepts the continuation of the SLM process is feasible without special
precaution. In concept b. the part of the geometry covering the embedded sensor is
scanned with an SLM process parameter with higher energy density aiming at a fusion
of the material surrounding the sensor, consequently resulting in an improved bonding
and heat conduction quality.

4 Results and Discussion

4.1 Sensing Capability

4.1.1 Sensor Survival Conditions

To verify if the sensor survived the embedding process, a resistance measurement is
conducted. In Fig. 4a comparison of the results before and after the embedding process
is displayed. It indicates that the sensors have a good survival probability of the SLM
process, independent on the design of the cavity and the embedding concept. Fur-
thermore it can be stated that the measuring accuracy of the sensors that maintained
their functionality is not negatively influenced by the embedding process. Nonetheless,
Fig. 4 also reveals that all three sensors embedded in geometry a. and pressed to the
cavity wall by a spring without using heat conductive paste — sensors number 21, 22,
23 — have lost their functionality during the embedding process, which indicates that a
systemic problem is present. It is assumed that a direct contact between the non-isolated
part of the electrical wiring and the spring induced a short circuit in the sensing circuit
thus destroying the measuring capability of the sensor.

4.1.2 Response Time

The response time of the sensors is dependent on the key influencing parameters
surface roughness, particularly in the cavity, and positioning of the sensor in the cavity
with respect to the surface to be measured. Additionally the temperature difference
between the surface to be measured and the temperature of the demonstrator with
embedded sensor is substantially affecting the response time. Thus the measurement
setup that is visualised in Fig. 5 is more complex than the setup to evaluate basic
functionality of the sensors. The reference temperature value for each analysis is set by
the temperature sensor that has been purchased in ready to use configuration, referred
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Fig. 5. Measurement setup for response time assessment of embedded Pt 100 elements.
(a) schematically visualized; (b) real measurement setup
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to as pre-configured sensor. It is based on a Pt 100 element mounted inside a casing.
The embedded sensor is evaluated by bringing the measurement surface of the
demonstrator geometry that is indicated in Figs. 2 and 3 for both embedding concepts
in contact with the hot surface. To increase heat transfer from this surface to the
demonstrator part heat conductive paste is applied. The temperature of the surface to be
measured is set to different values in order to get information both on the sensors’
response time and measuring accuracy depending on the temperature difference
between sensor and analysed surface. The pre-configured sensor continuously monitors
the temperature of the measurement surface and sets the reference value while the SLM
demonstrator geometry is contacted to and discontacted from this surface repeatedly
after having reached saturation for the particular temperature level. The assessment of
each sensor’s response behaviour and accuracy is based on a relative comparison — i.e.
a temperature difference — between the pre-configured sensor and the embedded Pt 100
element. The raw data has been fitted with an exponential decrease function of the form

y(t) = yo+Ae™ (1)

However, prior to a quantitative evaluation of the results a qualitative interpretation
is conducted first, based on the graphs of the fitted curves for different embedding
concepts and temperature levels that are shown in Fig. 6 (for better distinction between
the different lines, see online version of the paper). Generally, all curves look rather
similar. The differences in the gradients of the curves of the analysis for 50 °C surface
temperature originate from the fact that this measurement is the closest to the ambient
temperature, i.e. the temperature difference between the set reference temperature and
the start temperature of the embedded sensor is the smallest, resulting in the highest
impact of the ambient conditions on the measurement. At elevated temperatures, 120 °C
and 180 °C, the gradients of the fitted curves are similar.

In order to get a quantitative interpretation of the results anyhow, the time it takes to
reach the +10% range of the surface temperature for each measuring setup has been
calculated based on the equations obtained from the data fit according to Eq. (1). The
results are displayed in Table 1. In general it can be stated that embedding concept a.
leads to shorter response times than concept b based on the +10% range. Furthermore,
the application of heat conductive paste (HCP) surrounding the sensor in the cavity
shortens its response time.

While these results reveal merely minor deviations between the two embedding
concepts, the accuracy of the measurement in general shows a distinct trend: the
sensors embedded according to concept a. have a higher accuracy than the sensors
embedded according to concept b. This observation is supported by both the graphs
displayed in Fig. 6 and the measuring results listed in Table 2. The sensors embedded
according to concept a. have a smaller temperature difference both in measured raw
data and in fitted data at the same moment in time. However, it has to be mentioned that
a temperature difference of 0 K, meaning the embedded sensor detects the same
temperature as the reference sensor does at the surface to be measured, is not possible
in a finite time since the embedded sensor is not in direct contact with the analysed
surface which leads to an inertia in its measuring capability.
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Fig. 6. Assessment of response behaviour of embedded sensors, evaluated at different
temperature levels of analysed surface (a) 50 °C (b) 120 °C (c) 180 °C Concepts (a) and
(b) according to the schematic representations in Figs. 2 and 3. (HCP = heat conductive paste).
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Table 1. Results overview: number of sensors that survived the embedding process; response
time [s] till range +10% of set reference temperature is reached

Set reference temperature 50 °C ‘ 120 °C ‘ 180 °C
Embedding concept | Functional sensors | Response time [s]

a. 2/3 504 [39.2 |473
a., HCP 3/3 58.2 |32.1 61.7
a., HCP, spring 3/3 26.7 |40.7 44.3

b. 3/3 52.1 |60.9 -

b., HCP 2/3 - 79.8 52.0

In addition to the measurement accuracy that has already been discussed above,
Table 2 also lists the damping coefficients B from Eq. (1). In contrast to both the
accuracy and the response time to reach the +10% range of set reference temperature,
which are dominated by concept a. sensors, the behaviour of sensors embedded
according to concept b. shows larger damping coefficients. Thus concept b. leads to a
faster response behaviour when the sensors get in contact with the reference surface.

Table 2. Results overview: difference A [K] between reference and embedded sensor in steady
state: raw data and fitted data; damping coefficient B from Eq. (1)

Embedding concept | A [K] B [Eq. (1)]
Set ref. temperature | 50 °C 120 °C 180 °C 50 °C |120 °C | 180 °C
Raw | Fit | Raw | Fit | Raw | Fit

a. 1.6 [1.2] 26| 13| 04| 1.7/-0.040|-0.048 | —0.044
a., HCP 33 [3.8] 2.8| 1.7| 8.5/10.9|—0.044 | —0.060 | —0.045
a., HCP, spring 38 (24| 60| 40| 6.8| 7.7/-0.079|—-0.053 | —0.051
b. 1.9 [42] 87 /10.5/11.3|22.0|-0.062|-0.064 | —0.072
b., HCP 42 |58]122|11.9|16.8 16.6 | —0.075 | —0.076 | —0.085

Prior to the conclusion of the results, the authors have to point out two things in
particular. First, the numbers and absolute values given in the discussion are merely
rough estimates that are highly influenced by the basic measurement setup as well as
the sensor embedding process itself. Additionally it has to be noted that no detailed
statistical evaluation has been conducted since the results are based on two to three
sensors that survived the embedding process per different concept respectively.

5 Conclusions and Outlook

The experiments conducted enable some general conclusions that are of importance for
ongoing activities in this field of research:
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e [t is possible to embed standard Pt 100 sensors in SLM parts without degrading or
damaging the sensing capability.

e The application of heat conductive paste in the cavity has a minor positive influence
on the response behaviour of the sensor to reach the £10% range of set reference
temperature. Regarding the damping coefficient of the fitted data that is related to
the response behaviour in general, i.e. not focussing on the +10% range of set
reference temperature, this effect is not present any more.

e The accuracy of the sensor is not affected by the application of heat conductive
paste.

e The accuracy of the sensor is lowered, if the sensor is not entirely shielded from the
laser beam as it is in embedding concept b. This might have led to an interaction
between laser and sensor.

In order to get a deeper and more comprehensive understanding of these effects, the
quality of the sensors’ positioning in the cavity has to be analysed based on
cross-sectional images in a next step. The results achieved so far act as base line for
deeper investigations on integration of Pt 100 elements in SLM parts. In general, the
experiments described in this paper are seen as fundamental research work in the field
of integration of commercially available, standard sensors in SLM parts. This is an
important step to spread out the concept of embedded systems in industry, raise trust in
embedding concepts, consequently leading to a strong link between additive manu-
facturing — SLM in particular — and industry 4.0.
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Abstract. Additive manufacturing technologies applied to injection
molding process chain have acquired an increasingly important role in
the context of tool inserts production, especially by vat polymerization.
Despite the decreased lifetime during their use in the injection molding
process, the inserts come with improvements in terms of production time,
costs, flexibility, as well as potentially improved environmental perfor-
mance as compared to conventional materials in a life cycle perspective.

This contribution supports the development of additively manufac-
tured injection molding inserts with the use of fiber-reinforced vat poly-
merization technology. The life cycle assessment of the prototyping
process chain for rapid prototyping with high flexibility provides a base
for industrial applications in injection molding.

Keywords: Fiber-reinforced polymers - Life cycle assessment - Additive
manufacturing - Injection molding - Process chains

1 Introduction

The conventional injection molding (IM) pilot production cycle is modified in a
form where the cavity of the steel mold is generalized in geometry making room
for inserts shaping the final geometry of the produced part. The generalized
cavity is equipped with a smaller insert which is cheaper and more flexible in
production and handling. Those standard inserts can be manufactured conven-
tionally by milling of metals.

Newly developed technologies such as additive manufacturing (AM) show
their major advantages in terms of flexibility and speed of production. [1-5]
Moreover, finer details such as corners are limited to the voxel size of the AM
machine (in the lower pm range), not the diameter of the milling machine.
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Prior investigations by [6,7] have shown a significant difference in potential
environmental contributions such as Climate Change (Global Warming Poten-
tial, GWP) [8] and Human Toxicity (HT) [9] of IM inserts made from photopoly-
mer exposed in a vat polymerization (VP) process [1,10] compared to conven-
tional inserts made from brass and steel. Despite the described advantages, the
lifetime (i.e. number of shots) of AM inserts is significantly lower than the life-
time of conventionally machined metal tools. A general review on environmental
impact of AM compared to conventional manufacturing was performed by [11].

This investigation targets the life cycle of an advancement of IM inserts by
fiber-reinforced polymers (FRPs) [12,13]. Introduced by [1], FRPs in IM inserts
reduced the crack propagation velocity in the insert and increased the lifetime by
a factor of 2.6 at 5%yt short carbon fibers (CFs) and 5.2 at 10%, compared to
plain inserts without fiber-reinforcement as well as inserts made conventionally
from aluminum, brass and steel [1,14,15].

This paper elaborates on previous research by comparing plain inserts with-
out fibers to FRP inserts in the perspective of a life cycle assessment (LCA)
according to ISO 14040/44 [16] on screening level. It therefore contributes to the
understanding of the effects if IM with AM inserts on environmental factors.

2 Methods

The LCA was performed on inserts produced with the proprietary photopolymer
HTM-140 by the company Envisiontec. The inserts were shaped in the dimen-
sions of 3mm x 19 mm x 19mm equipped with micro features such as sharp
corners, cylindrical cavities and edges as shown in Fig. 1.

- DETAIL A
=M -4 N Carbon Fibers ABS / PE-LD
C )
X » 1 -

T STL File Vat Photopolymenzatlon Injection Moldmg Polymer Part]
1
. T y i
I i DETAIL B
e - Photopolymer

Fig. 1. Geometry of the investigated insert with sharp corners, cylindrical cavities and
edges (left, source: [10], used with permission) and diagram of the IM process (right).

The FRP inserts were produced from a mixture of 5% and 10%.¢ of short
virgin carbon fibers with dimensions 7.2 mm diameter and 100 mm average length
[17]. They were modeled in SimaPro according to [18,19] and will be referred to
as VP 0%, VP 5%, and VP 10%

The manufactured inserts were grouped to a number of 4 inserts since the tool
used 4 inserts per shot as shown in Fig.2 whereas each insert of the compared
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materials had different specific weights shown in Table 1. The material is injected
from the back of the machine from a granular primary material. The IM process
parameters were not changed from conventional IM manufacturing. Therefore,
the process was also not included in the LCA as the focus is on the comparison
of different insert materials as well as the impact of waste generation on the IM
process.

The lifetime was experimentall determined for PE-LD as part material in
[1,7,14,15] and is listed in Table2. It can be expected that the lifetime of ABS
as part material is lower due to the higher process temperature.

Fig. 2. Single insert in the IM machine (left). The process has a capacity of 4 inserts
producing one part each. All inserts are connected by hot runners (right) resulting in
waste material (source: [1], used with permission).

Table 1. Weight of 1 insert of the different kinds.

VP 0% | VP 5% | VP 10% | Aluminum | Brass | Steel
13¢g 1.325g /135 ¢ 32¢g 102g|94¢g

Table 2. Lifetime of 1 insert of the different kinds for injection of PE-LD as determined
from [1,7,14,15].

VP 0% | VP 5% VP 10% | Aluminum | Brass Steel
500 shot | 1300 shot | 2600 shot | 10000 shot | 10000 shot | 10000 shot

In order to investigate the inserts’ share of environmental impact of the
entire IM process, the waste of injected polymer was additionally calculated and
compared to the used inserts. Acrylonitrile butadiene styrene (ABS) and Low-
density polyethylene (PE-LD) were chosen as injected materials. The weight
characteristic of 1 shot is shown in Table3. Polymer waste is responsible for
approximately 60% of the injected polymer weight in the process.
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Table 3. Weight of 4 produced parts and residual material of the IM process that was
not used in the final parts for 1 shot.

ABS |PE-LD
Weight of 4 parts |2.00 g|1.60 g
Weight of waste [2.72 g|2.28 g
Total weight 4.72¢g|3.88¢g

It was chosen to use GWP in CO, equivalent as well as HT in kg 1,4-DB
equivalent, as indicators for the life cycle impact of the investigated inserts and
parts.

3 Results

It was shown that the GWP increased at increasing CF content whereas the
contributions to HT decreased. An increase in GWP of approximately 5% and
a reduction of HT by less than 1% is reached when adding 1% CF to the AM
insert compared to an insert without CF.

Brass leads to a significantly higher impact on HT as shown in Table 4 where
influencing factors of 1 kg of the materials are listed. ABS has a higher impact on
the LCA as compared to PE-LD with an accelerated impact due to its chemical
composition and its production chain (Table5).

Table 4. LCA data for 1kg of the inserts’ materials.

VP 0% | VP 5% | VP 10% | Aluminum | Brass Steel | Carbon fibers
GWP in kg COseq 3.118 3.769 4.419 18.971 5.045 1.744 16.127
HT in kg 1,4-DB eq | 621.790 | 596.313 | 570.835 | 269.738 4772.948 | 85.757 | 112.236

Table 5. LCA data for 1kg of the parts’ materials.

ABS | PE-LD
GWP in kg CO, eq | 3.995 | 1.896
HT in kg 1,4-DB eq | 7.057 | 2.486

Waste is responsible for 60% of the necessary injected polymer and makes up
for up to 33% of the contributions for 1 shot as shown in Table 6 for 1 shot. The
factors were calculated as ratio of impact of waste to overall impact of necessary
parts and waste. ABS can be considered more influential in both factors with a
high impact on the LCA.
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Table 6. Ratios of waste material as compared to the total of GWP and HT impacts
for 1 shot.

VP 0% | VP 5% | VP 10% | Aluminum | Brass | Steel

GWP ratio of ABS 0.3301 |0.2857 |0.2508 |0.0159 0.0194 | 0.0569
HT ratio of ABS 0.0043 |0.0044 |0.0046 |0.0020 0.0000 | 0.0022
GWP ratio of PE-LD | 0.1576 |0.1318 | 0.1128 |0.0061 0.0075 | 0.0224
HT ratio of PE-LD 0.0012 |0.0013 |0.0013 |0.0006 0.0000 | 0.0006

When neglecting the contributions of the polymer waste, CFs have a strong
impact on the LCA of the IM process. Even at higher shot numbers, the GWP
contributions to the 4 inserts VP 10% in the IM machine remains significantly
below the GWP of the metal materials and VP 5% competes with steel at higher
shot numbers as can be seen in Fig. 3.

GWP of 4 Inserts
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Fig. 3. Cumulative GWP impact neglecting the polymer waste.

Due to the high effects of the photopolymer on HT, the AM inserts remain
between aluminum and steel below and brass exceeding the impact. Still, smaller
production numbers below 5000 shots favor the AM inserts as suitable alterna-
tives for prototyping applications as shown in Fig. 4.

It is moreover noticeable that the GWP of both ABS as well as LD-PE waste
remains high compared to the inserts’ materials. The contributions of the waste
component of the IM process overrules the contributions of the insert material on
the GWP as shown in Figs. 5 and 6. At higher shot numbers, the ratio converges
to 1 meaning that the inserts’ materials have negligible contribution to the global
impact.
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Fig. 5. Ratio of GWP impact of ABS waste material as compared to the total impact
on the LCA.

Due to the poor performance of brass in terms of HT, the contributions of
waste ABS and PE-LD remains at 20% for brass in terms of ABS waste (Fig.7)
and 10% for brass in terms of PE-LD waste (Fig. 8). Production of VP 0% inserts
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Fig. 6. Ratio of GWP impact of PE-LD waste material as compared to the total impact
on the LCA.
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Fig. 7. Ratio of HT impact of ABS waste material as compared to the total impact on
the LCA.

is influenced up to 63% in terms of ABS waste and up to 40% in terms of PE-LD
waste. Better performance of FRPs in the AM inserts in terms of lifetime results
in a higher contribution of the waste material.
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Fig. 8. Ratio of HT impact of PE-LD waste material as compared to the total impact
on the LCA.

4 Conclusion

As a conclusion, the IM manufacturing process needs revision in terms of pro-
duced polymer waste that does not contribute to the part or the mold. Produc-
tion of ABS and PE-LD parts was not dominated by the difference in the insert
material, but by the environmental impact of ABS and PE-LD parts and waste
production.

CFs have a significant influence on the performance of AM inserts in the
LCA. Concerning GWP contributions, AM inserts with a ratio of 10%. have a
preferable performance than metal inserts.

AM inserts are most suitable for smaller production volumes in terms of their
environmental impact, manufacturing costs and time as well as feature accuracy.

Due to the lower lifetime of AM inserts in the IM process, metal inserts
are preferred for series production of high part volumes whereas AM inserts are
preferred in all key aspects for prototyping of low to medium volume production.
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Abstract. The following paper describes the possibilities of additive manu-
facturing technology for small-series production of specialised measurement
solutions for research and industry by means of the upgrade of a conventional
medium format system camera for the photogrammetric solution ALPA 12
add|metric. Particular attention is paid to the description of the design process as
well as to the comparison with the experience from conventionally produced
predecessors. The resulting camera yields much better photogrammetric accu-
racy than previous models.

Keywords: Additive design - Laser sintering + Photogrammetry + Metrology

1 Introduction

The increasing establishment of additive manufacturing processes over the past
approximately twenty years has given rise to new opportunities for small and
medium-sized companies [1, 2]. They especially benefit from the option of realising
small to extremely small series [3-5] as well as individual production without high
costs for mould construction [6] (in the case of injection moulding) or for toolmaking
and programming costs [7, 8] (with CNC methods).

In addition, the additive manufacturing process allows for short innovation cycles
because very early in the different stages of the design process (see Fig. 1), both the
general shaping and the detail solutions can be tested directly with the exact same
manufacturing technology that is also used for the final product [9].

This rapid availability of functional patterns, but above all functional prototypes,
allows the early involvement of users and customers into the product development
process [10]. This approach, where functional prototypes are directly validated under
real market conditions is called bridge manufacturing. Bridge manufacturing avoids
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Fig. 1. The ALPA 12 FPS add|metric in different development stages during the process of
construction and testing.

time-consuming and costly aberrations, since specific requirements of the users, which
can only manifest themselves over the course of the use, can be considered, and
implemented on a timely basis.

Several engineering applications require metrology techniques that allow for
high-precision 3D measurements e.g. for deformation measurement, manufacturing or
quality management. Applications can be found in many different business parts, such
as aerospace, shipbuilding, car industry, general production industry or material testing.
Object sizes vary from large-volume metrology (20 m x 20 m x 1—10 m) to standard
volumes (2-3 m for each dimension). The resulting accuracy of a single object point is
expected to be within 100-300 um for large-volume applications and less than 10 pm
for standard volumes.

In order to guarantee the high accuracy requirements, a lasertracking or pho-
togrammetric system can be used. A lasertracker is a polar laser distance measurement
technique that allows for the 3D coordinate measurement of an object point that is
referenced by a specific reflector. This is a contact-based method. A photogrammetric
system works with the contactless acquisition of a specific group of images taken over
the object volume and a ray-based triangulation estimation. High-quality cameras and
lenses are required and need to be connected perfectly and stable with respect to each
other during the whole image acquisition process. Rieke-Zapp et al. [11] gained an
accuracy level for an off-the-shelf camera of 52 pm for a maximum length of 2 m when
the ring flash was not being fixed to the lens. Comparative analyses with the
Alpa 12 WA lead to an accuracy of 124 pum for standard processing with a ring flash
fixed to the lens, indicating the influence of one source of instability. Applying algo-
rithmic developments that compensate for instabilities of the camera-to-lens stability or
lack of sensor quality improve the accuracy to 29 pm [12]. The subsequent remodi-
fication to the Alpa 12 metric gained higher accuracies without algorithmic modelling
[13] that were also validated by Reznicek et al. [14], achieving an accuracy level of
40 pum for the length measurement error.

Algorithmic modelling allows for compensation of many hardware imperfections
that are constant for each image, e.g. correction of lens distortion. An important pre-
requisite for standard algorithmic modelling is the minimization of hardware imper-
fection that will vary for each image. Therefore, the mechanical stabilisation of the
camera-lens-sensor system in non-metric cameras is often identified as the key com-
ponent for accurate results.
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Nowadays standard SLR-bodies of the best quality (tested out of a batch) are
combined with adapted metric lenses to be used as photogrammetric systems. The
typically guaranteed precision is specified to 5 pm £ 5 ppm (1o) [15]. A theoretical
length measurement error is then given for a length of 2 m by 50 um (2c). The INCA4
from GSI systems is, besides the preceding ALPA 12 WA metric and INCA cameras,
one of a very few metric or metrology cameras. A drawback of this system is the
limited usage due to the manufacturers’ software. Martin et al. [16] published results of
a comparative test of the INCA3 and an off-the-shelf camera system of lower cost to
measurements of a lasertracker in a volume of 13.5 m x 8 m x 3 m. While the
resulting 3D points of the INCA measurement fit within an accuracy of + 86 um (26)
to the single-station lasertracker points, the usage of the off-the-shelf camera leads to
deviations of up to & 373 um (2c). Reznicek et al. [17] achieved a length measure-
ment error in large volumes of less than 250 pm using the Alpa 12 WA metric.

The need of a metric camera for high-precision metrology has been an issue for
years. Algorithmic developments enable different improvements in the photogram-
metric results, but their application is limited in acceptance and verification of the
imaging geometry. Metric stability allows for pre-calibration which is necessary for
many applications. A reissue of a metric camera by ALPA was desirable and lead to a
cooperation in order to build a new metric camera considering metrology and manu-
facturing aspects.

2 Requirements for Metric Cameras and Development
of the ALPA 12 Metric

A metric camera is defined as a “camera with stable optical-mechanical design” [18],
leading to a constant relationship between the perspective centre, the principal distance
and the location of the principal point, referred to as “interior orientation” [18]. This
constant relationship is assumed in photogrammetric camera models, despite not being
necessarily present in current systems (i.e. non-metric cameras). Stable housings and
lens mountings are not guaranteed by manufacturers, resulting in minimal movements
of the lens that cause deviations from the assumed model. For highest accuracies in
photogrammetric applications, a metric camera is thus highly desirable.

Any displacement within the camera system and variations in focus and focal
length introduced during image acquisition are to be avoided in order to keep a constant
interior orientation. The sensor should offer a high resolution on a plane pixel archi-
tecture and a large pixel pitch, enabling a high signal to noise ratio. A lens with a static
mounting on the camera body and low distortions is another aspect, improving the
accuracy of metrology tasks. According to the achievable precision of measured image
coordinates, the stability of a metric camera should be better than 1 pm in all
dimensions.

Using retroreflective targets for object signalisation, a ring flash has to be mounted
to the camera lens in order to illuminate the targets and reflect them to the optical axis.
Table 1 illustrates the aforementioned parameters and categorizes them whether or not
they are widely available in current photogrammetric systems.
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Table 1. Requirements of a metric camera for photogrammetric purposes

Property Use

Camera-lens-architecture | Fixed focus Constant interior orientation
Fixed focal length
Stable housing
Low lens distortions | Improves image quality
Image sensor Sensor flatness Unmodeled parameter
Large pixel pitch Improves image quality
High resolution

Flash Ring flash [lumination along optical axis

Practical experience results from a preceding non-additive manufactured metric
camera, which fulfils all of the requirements mentioned above. The ALPA 12 camera
platform combines medium format camera backs with high-quality lenses to provide
optimal image quality for photographic applications. Since particular attention is paid
to the precise alignment of all parts the ALPA 12 is well suited as a candidate for
photogrammetric applications. Nevertheless, contemporary metric requirements for
economic and practical work are no longer fulfilled using the standard ALPA 12 WA.
In addition, the manufacturing of small units of a metric camera needs to be considered
when designing a new metric camera.

First tests with a non-modified ALPA 12 were carried out in 2005 [19, 20]. At that
time the ALPA 12 system was chosen to take advantage of the very large pixel count
available from digital medium format backs and the possibility to get lenses with fixed
displacement of the principal point. The first being an advantage for applications using
image correlation, the latter allowing for better overlap of stereo models. Berger et al.
[13] report on a laboratory study using an ALPA 12 TC camera in combination with a
lens with a displaced principle point to calculate digital elevation models from soil
surfaces. The first accuracy evaluation according to VDI/VDE 2634 [21] of the
ALPA 12 [11] revealed a good potential accuracy of the camera system but also
showed that the interior geometry of the camera was not completely stable. The results
of that study convinced ALPA to build the first ALPA 12 metric camera (see Fig. 2).
The digital back was fixed to the camera body using screws, just as the lens board was
fixed to the camera by screws rather than using the regular clamping mechanism. This
design required a modified camera body while no modifications to camera back or
lenses were required. The ALPA 12 metric accomplished a maximum length mea-
surement error of 45 pm in a 2 m X 2 m X 1.5 m measurement volume according to
VDI/VDE 2634 [13]. This result was accomplished with a 35 mm lens with fixed focus
distance. Other lenses where the regular focusing ring was only taped in place, revealed
larger length measurement errors of 50 pm and more. In general, shorter and lighter
lenses yielded better length measurement errors than longer lenses with more complex
designs. Several camera backs were tested as well. Sensor size or pixel count had no
significant influence on length measurement error. Monochrome camera backs yielded
a significant improvement in point measurement precision in the images and reduced
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the data volume to one third compared to RGB sensors with the same pixel count. An
improved length measurement error was not observed. The ALPA 12 metric is still
mostly used for terrestrial surveys [22].

Fig. 2. The first ALPA 12 metric from 2005, still produced with “traditional” substractive
methods. Notice the back and lens are fixed to the camera body directly using screws.

3 The ALPA 12 FPS Add|Metric: Technical Basis
and Metrical Enhancement

The experience gained from the tests and practical applications of the ALPA 12 metric
impressively demonstrated the potential of a photogrammetry solution developed by
the conversion of a modular medium format camera. However, the weakness of the
concept also very clearly came to light: profitable production of such a specialised
solution was difficult to achieve. This was particularly due to the fact that the inno-
vation cycles for digital backs as well as lenses are so short that specialised press plates
and reinforcements can only be produced in small series, which results in very high unit
costs. Even more serious, however, was the need for mechanical modifications of the
base camera (bores for bolting to the backside as seen in Fig. 2), which made the
respective cameras useless for other utilisation, as well as not permitting easy
upgradability to newer components.

Based on these observations, it was decided to implement the second version of a
photogrammetric camera only with additively manufactured parts to be attached to a
completely unmodified standard camera. Due to the current requirements of the
cooperation partners, the designers chose the ALPA 12 FPS model [23] instead of the
ALPA 12 WA model used in the first edition. The new camera offers a focal plane
shutter as well as electronically controlled leaf shutter integrated into the lens, thus
making manual cocking of the shutter unnecessary. In addition, the ALPA 12 FPS
model has very solid screw points on two sides, enabling problem-free installation of
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the parts for the conversion to the measuring camera. To fit the modular design of the
ALPA medium format camera system, the design should be easily adaptable to dif-
ferent lenses as well as digital back parts.

For the initial tests, the choice was based on a Rodenstock HR Digaron-W 40 mm
[24] with a diagonal image angle of approximately 70° to 80° (depending on the type of
back used), which also enabled working in tight spaces found in production halls and
museum facilities etc. thanks to its wide-angle design. Its optical construction is largely
free of astigmatism, coma, and chromatic aberrations, resulting in a resolution that
matches the resolution recommended for current high-resolution digital rearrange-
ments. In order to realize short flash synchronisation times (<1/250 s), the lens was
mounted on an electronic central circuit. This allows both the electronic adjustment of
the shutter and a very vibration-free exposure. A PhaseOne 1Q350 [25], which is based
on a 33 x 44 mm large CMOS sensor with 50 megapixels, was used as a digital back
for testing. Due to the sensor technology and the comparatively large pixel pitch
(approx. 5 um), it facilitates very noise-free recording.

4 Design Process

At the beginning of the project, various approaches and manufacturing techniques were
considered. Among other things, manufacturing by means of laser-melting metal,
hybrid combinations of metal and polymers, or purely polymeric designs were
investigated. The decision in favour of a pure polymeric construction was made mainly
on the basis of the extensive experience in laser sintering collected by ALPA through
several applications in prototyping as well as through serial part construction. With
PA3200 GF [26], a comparatively strong material is now available for this technique,
which allows very precise and fine-grained parts on EOS Formiga P-110 system [27]
with 100 um layer thickness [28]. The method of additive laser sintering offers the
advantage of not requiring support structures, which allows for more freedom in
printable shapes compared to other techniques [29]. The chamber size of the EOS
Formiga makes it possible to seamlessly produce the parts required for the project. In
addition, proven methods for surface treatment (such as dyeing and compacting) are
now available, which allow a series-ready finish without manual rework.

The chosen approach for the design is based on the use of the solid threads of the
ALPA 12 FPS, mentioned above, as a starting point for external support structures.
While a constant distance between the lens and the sensor plane is necessary for the
application in photography, the fixation perpendicular to the objective axis is of crucial
importance in photogrammetry. To ensure this, the additively made extensions serve as
a frame, which fixes the position of the lens and the digital back to the ALPA 12 FPS in
all spatial directions and thus also keeps them constant with one another. The design of
the brackets has been chosen during the design process in such a way as to ensure a
decoupling of the operating forces from the lens-back unit: the handgrips are only
connected to the camera housing and not to the additional external frame structures.
This is essential for the consistency of the alignment lens-back and thus for the
measuring accuracy.
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To combine this increased precision with easy modifiability, the construction of the
ALPA 12 add|metric is based on two longitudinal brackets which are fastened at the
top and bottom of the camera body via two M5 and one 3/8” UNC screws (see Fig. 3).
In order to achieve maximum strength with minimum weight, they have three ribs,
which in turn are filled with a honeycomb structure to increase the torsional stiffness.
These brackets fit two frames for the lens and the digital back, both of which are fixed
with special pins (see Fig. 4): When tightening the longitudinal beams, their profile
ensures optimal contact pressure for both brackets. The fixings for the digital back and
the lens are each implemented with inserted rubber profiles, minimising play in the
image plane (see Fig. 3). This is significant because conventional cameras for photo-
graphic use are optimised only for exact positioning along the optical axis of the lens
while a lateral displacement of the planes is not critical. However, for use in mea-
surement technology, it is essential to precisely exclude this variability of the principal
point position.

Fig. 3. Exploded view of the current state of the ALPA 12 FPS add|metric. The detail on the
right-hand side shows the position of the additional rubber profiles eliminating mechanical play.

S

Fig. 4. Two detail drawings showing the connection between the longitudinal brackets and the
frames for the lens and digital back. The special profile provides additional retention force in both
longitudinal and latitudinal direction.

Like the elimination of the mechanical play, fixing the focusing of the lens is of
crucial importance. This is achieved in the ALPA 12 add|metric in two ways: first,
clamping the focusing ring takes place by means of a lockable lever, which engages in
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a toothed ring on the helical of the lens. Secondly, the front ring of the lens is also
covered and fastened with two clamping screws. This solution also allows the lens to
be supported, thus eliminating the effect of gravity.

In order not to influence the unit formed by the two longitudinal beams and the lens
and the jaw holder, which is responsible for the stability of the principal point position
and thus the metrological usability of the ALPA 12 add|metric, all further attachments
were decoupled from this unit. This applies to the flash holder whose weight thus has
no influence on the lens, since it is not attached to the filter thread of the lens, as is
generally the case, but by means of an additional holder (see Fig. 3). This is directly
screwed to the additional left handgrip, which allows a comfortable grip.

The experience gained in the design and manufacturing process proves that the
additive manufacturing from PA3200 GF is generally suitable for the production of
special parts for the modification of serial products. In the authors’ view, the following
factors are decisive for the feasibility:

The process of laser sintering is very vulnerable to geometry changes due to
thermal influences: increased heat input induced by high-mass constructions can easily
lead to unwanted material growth and strongly asymmetrically scaled components
entail the risk of distortion [28]. These factors, as well as the powder removal after
sintering, should already be considered in the early stages of the design as much as
possible.

Equally important is the earliest possible definition of the material used, the
manufacturing process (layer thickness), and in particular the orientation of the part
during the sintering process. Depending on the arrangement of the components in the
system, different tolerances occur that must be taken into account. Key is at this point
especially the close cooperation with the manufacturers of the parts as early as possible
in the design process. Subsequent changes in the manufacturing technique almost
invariably lead to modifications of the fits and tolerances.

The strengths of additive designs are obvious especially when retro-engineering is
required during the course of the design. In our case study, the three-dimensional CAD
models were available for ALPA 12 FPS and the lens, but not for the digital back,
which also has oblique surfaces that are difficult to measure. Due to the choice of the
additive technique, the fit could be optimised at an early stage in the design process by
means of function patterns (see Fig. 1 for different stages of the design process).

Since the design of the ALPA 12 add|metric was a new development, the authors
involved in the design relied on the “pair construction” approach, which used regular
convergence and divergence phases. Between the project meetings, which were held on
a weekly basis, the designers independently prepared solutions for the new tasks or
current problems. These were then each compared and evaluated. If the discussion of
the variants did not provide a clear priority for one of the solution approaches, the
choice of the additive manufacturing method permitted the problem-free, time-saving,
and cost-effective comparison of both variants. Due to the short innovation cycles, it
was possible in most cases to have the new test parts, samples, and prototypes available
on a weekly basis for the work meetings.
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5 Cost Aspect

Taking into account the expenses for the intermediate samples, the realisation in
selective laser sintering proves to be an extremely economic solution. In contrast to the
previous model, a photogrammetry solution can also be produced and delivered with
the additively modified camera for customer orders within weeks. Even more important
is the easy modifiability of the design, which allows quick adaptation to customer-
specific needs. This aspect is especially important for SMEs who are dependent on
responding as flexibly as possible to customer requirements [1, 30].

6 Evaluation of the ALPA 12 FPS Add|Metric

The internationally recognised German Guideline VDI/VDE 2634 [21] describes
practical acceptance and reverification methods to evaluate the accuracy of a point-based
optical 3D measuring system such as a single camera. Based on the guideline a volu-
metric testing field (see Fig. 5) including 58 calibrated lengths, each defined between
two signalised points, and three scales is used for the camera calibration. The pho-
togrammetrically estimated lengths are compared as a target-performance evaluation.
The maximum deviation, known as maximum length measurement error (LME,,,,), is
taken as the system’s accuracy.

Fig. 5. VDI/VDE 2634 testfield with additional scales

For the evaluation, a standard processing, as well as an image-variant parameter
processing was used with AICON 3D Studio, a standard photogrammetric analysis
software. The aim is, on the one hand, the assessment of the achievable accuracy of the
metric camera within a standard processing workflow while aiming at an LME,,,, of
less than 30 um. On the other hand, the camera-to-lens stability has to be checked in
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particular with respect to its impact on the results and the evaluation of the Alpa 12
FPS add|metric.

For the standard processing, a set of images is taken in a calibration scheme. The
calibration scheme includes images taken while rolling the camera through the optical
axis in four main orientations (standard 0°, —90°, +90° and 180°). Table 2 shows a
representative selection of the results. The inner precision of the adjustment reaches
values in object space of less than 5 pum for each coordinate direction and a 1/30"™ pixel
in image space respectively. The maximum length measurement error remains below
26 um.

Table 2. Selection of evaluation results with standard processing

Set | Images | Precision object space X-Y-Z | Precision image space LME,..x
[pm] [pixel] [pm]

1 144 51-49-40 1/30 19.74

2 172 45-44-36 1/30 25.74

Additionally, an image-variant processing was added to set 1 (see Table 2). The
algorithm describes the calibrated focal length and the point where the optical axis
passes through the image plane separately for each image (while in standard processing
this is averaged). These values allow for the analysis of the camera-to-lens stability
during the acquisition process. Figure 6 exemplarily shows the values of the calibrated
focal length for set 1. The table is divided into four parts of the same camera orientation
and one part of different camera orientation. The varying values do not show any
systematic deviations as they would appear with instabilities e.g. due to gravity
influences. The improvement on the length measurement error of 1.7 pm is marginal
and demonstrates the stability and metric quality of the camera.

standard position rolled -90° rolled +90° Ck rolled 180" rolled through all positions

R W\ﬁ’\/\/‘/\ ARAN

Fig. 6. Values of calibrated focal length for set 1

Comparing the results to the latest tests done with the preceding Alpa 12 WA
camera [17] a significant improvement of more than 10 pm (30%) can be determined
for the standard processing, using the same test environment. The achievement of high
accuracies is decoupled from algorithmic processing. The new Alpa 12 FPS add|metric
with additive manufactured fixations allows for its usage in standard processing with
concurrent high accuracy.
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7 Summary

Photogrammetric techniques allow for a fast, contact-less and accurate acquisition of
complex geometries. Currently, the available cameras lack the mechanical stability in
combination with high-resolution sensors, thus not exploiting the full potential of
photogrammetric systems. Using additive techniques, a digital medium format camera
was optimised for these applications. The development process benefits not only from
the producible shapes but also from short innovation cycles and cost advantages with
respect to the production of small charges. First metrological tests prove the modifi-
cation’s success, as preceding studies are outperformed by a significant amount.
Furthermore, the postulated stable mechanical composition is observable in the analysis
with variant interior orientation.
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Abstract. Additive Manufacturing (AM) is rapidly gaining acceptance in
healthcare. Computer-assisted planning of surgical procedures, fabrication of
anatomical 3D models, and patient specific implants are well-established pro-
cesses at the author’s department. Surgical planning and medical 3D printing are
firmly integrated technologies in the clinical course of treatment at the
University Hospital Basel.

Polyether-ether-ketone (PEEK) has been observed, mainly in Cranio-
maxillofacial surgery, Spine-, Neuro- and Hand surgery, as a reliable alterna-
tive to materials such as titanium for the production of patient-specific implants.
The manufacture of medical PEEK implants has been limited mainly to sub-
tractive manufacturing processes such as Computerized Numerical Control
(CNC) milling. This production method leads to significant limitations as
opposed to AM. 3D printing of PEEK allows construction of almost any
complex geometry such as hollow implant bodies or implants in lightweight
bio-mimicking design which cannot be manufactured using other technologies.

Recently, it has become possible to process PEEK in the Fused Filament
Fabrication (FFF) method, which opens up a number of innovative options for
medical-surgical use. With the latest PEEK 3D printers which are now available,
inexpensive and compact production intervals for custom implants are
conceivable.

Although the medical certification of this workflow is a challenge, the fabri-
cation of patient-specific implants in the operating room in the near future could
be possible. In this article, the possibilities and limitations of the production of
patient-specific implants from PEEK by 3D printing methods are described, as
well as the recent experiences in the field of 3D printing of PEEK implants.

This research project is based on a collaboration of the above-mentioned research institutes and
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1 Introduction

Additive manufacturing (AM) is developing and gaining significance at a very fast rate
in the medical field for the reproduction of surgical planning as it is superior to the
fabrication processes like subtractive manufacturing processes [e.g. computer numer-
ical control (CNC milling)] as this gives the advantages of being superior in “one-off”
production, since there is no need for tooling, no apparent waste and, objects being
manufactured with similar precision. AM techniques like Fused filament fabrication
(FFF) can be used to create virtually any geometry such as hollow implant bodies and
3D patient specific implants, and are also lightweight in design [1, 2].

There are several different technologies for AM such as stereolithography (SLA),
photopolymer jetting, selective laser sintering (SLS), electron beam melting (EBM),
direct metal laser sintering (DMLS), fused deposition modeling (FDM), also known as
fused filament fabrication (FFF) [3, 4]. Among the current AM technologies, FFF
provides a major advantage of low start-up time prior to production; which means that
after a short commissioning time, the machine is ready to produce parts. It should also
be noted that the purchasing cost of an FFF 3D printer is far below than those of the
comparable production techniques. These printers are also of low maintenance, quick
to repair and easy to clean [5].

The most important selection criteria for FFF materials are heat transfer charac-
teristics and rheology [6]. Various thermoplastic materials like polycaprolactone
(PCL), polyglycolic acid (PGA) etc. have been used in the reconstruction of CMF
defects using FFF. However, among the various thermoplastic materials under evalu-
ation, recently polyether-ether-ketone (PEEK) has come out to be a very promising
material [7]. PEEK is resistant to many chemicals and features excellent combination
of strength, stiffness, durability, environmental resistance and has been used in medical
implants, aerospace, automotive, and electrical industries for more than 20 years [8].

It is suitable for load bearing implants because of its favorable bio-mechanical
properties, radiolucency, magnetic resonance imaging (MRI) compatibility and
chemical inertness [9].

Until now, the bulk of PEEK medical implants could only be manufactured by
subtractive manufacturing methods, such as CNC milling. The PEEK implants pro-
duced by CNC milling are time consuming and more expensive than AM. Relvas et al.
[13] estimated the value of the initial investment of the implemented system about
36.000 Euro, and the cost of surgery, about 400 Euro. The authors obtained the values
based on a scenario of five years of use for the equipment and 200 days of work per
year. However, no rates of return for the initial investment costs were taken into
consideration.

Although manufacturing of 3D PEEK materials has been widely investigated for
use in different industries, its use in medical field is still limited as the fabrication of
PEEK using FFF 3D printers is quite challenging and difficult due to its very high
melting temperature [11]. A large number of publications are still based on preliminary
technical results on extrusion based AM of PEEK [12].
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In Cranio-maxillofacial (CMF) surgery, reconstructive procedures in the region of
the face and the skull often present a challenge to the surgeon. Especially due to the
complex anatomy and the need of an optimal rehabilitation of the appearance of the
patients, congenital and acquired defects are difficult to treat [ 10]. The loss of complex or
extended bone structures due to trauma or oncologic resection involves a considerable
physical and emotional stress for the patients while leaving the surgeon with the con-
sideration of how the defect can be covered in the best possible way. Patient-specific
implants (PSI) can be an effective solution in this situation, helping to overcome these
difficulties and the resulting uncertainties [14]. The PSI are designed to fit precisely in the
anatomical defects or malformations. After having finalized the Computer-aided design
(CAD), the implant shape is controlled visually and, if needed, modified in the course of
an iterative process, using an AM model of the implant in combination with the patient’s
anatomy as to control and optimize the shape and fit of the implant on the bone [15].

In this view point article, we present the preliminary observations and potential of
specialized FFF 3D printer to generate PEEK PSI. This manufacturing process pro-
duces complex three- dimensional parts using layered printing process directly from a
computer model without a need of further tooling.

2 Materials and Printing Process

2.1 3D Printer

The 3D printer used in our study is HPP155 based on the FFF technology manufac-
tured by Apium Additive Technologies GmbH, Karlsruhe, Germany (formerly known
as Indmatec HPP155/Gen. 2). The printer uses Apium Controlling Software (CS) uti-
lizing STL format files.

2.2 PEEK Filament

For the printing process, Apium PEEK 450 Natural 1.75 mm filament was used which
is a semi-crystalline polymer with density of 1.30 g/cm3 and tensile strength of 97 MPa
with the ASTM D638 test method was used (https://apiumtec.com/en/filaments/).

2.3 Printing Process

For the printing process, first, the radiological raw data of the patient is obtained in a
Digital Imaging and Communications in Medicine (DICOM) and is then imported into
a medical modeling program to generate a virtual 3D patient specific model. This step
is also called segmentation. After this, the 3D model is manipulated on the computer to
design the “spare-part” that will eventually become the custom implant to be modeled.
The final data sets are then converted and separa-ted as a Standard Tessellation Lan-
guage (STL) and send to the 3D printer, which then generates the implant.

The current FFF technique involved deposition of molten thermoplastic materials
through one nozzle in a specific laydown pattern. In this process, the object including
support structures is printed layer by layer. The filament is supplied to the machine
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through a nozzle. The nozzle follows a raster pattern in the X, Y plane and forms a
layer. After, a layer is finished, the working bed in the Z direction is lowered and the
new layer is extruded. Support structures were incorporated in the geometry of the
implants. Thus, the part is built in a layer by layer fashion fusing the layers together [4].

3 Preliminary Results

The first tests were made with FFF 3D PEEK printer. These tests confirm the possi-
bility of processing PEEK in the desired way (extrusion through a small nozzle).
Figure 1 shows 3D printed osteosynthesis plates. Figure 2 shows one of the latest parts
in the shape of a skull implant used in cranioplasty for repair of cranial vault defects.
Figure 3 shows a 3D-printed PEEK implant with support structures for immediate
replacement of the zygomatic bone after tumor surgery of the midface.
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Fig. 1. 3D-printed PEEK osteosynthesis plates (length of 50 mm)

The 3D printed PEEK implants fabricated by this process were without any dis-
coloration (improper crystallization) and deformation. The bed temperature (about
100 °C) and the print temperature (about 400 °C) of the printer were high enough to
provide a good thermal control over the entire build chamber leading to a good layer
bonding and thereby, preventing black specks in the PEEK prints. As the print chamber
is entirely enclosed, another aspect to consider when preparing an object for 3D
printing at such high temperatures is the method to hold the print to the surface.
Therefore, a special fixative (DimaFix, DIMA 3D, Valladolid, Spain) spray applied to a
“cold” printbed for adhesion was used in this technique.
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Fig. 2. 3D-printed cranioplasty PSI for repair of defects in the cranial vault

Fig. 3. Exactly fitting 3D-printed lightweight PEEK implant for immediate replacement of the
zygomatic bone after tumor surgery
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The result findings suggest that the goal of the 3D printer to produce even complex
anatomical/geometrical shapes is possible.

4 Discussion

With the introduction of computer aided design and manufacturing techniques in
surgery, it has become possible to fabricate implants using various modern biocom-
patible materials. Many of these materials can only be processed with great difficulties
using traditional production methods. One of these newer materials is the thermoplastic
high-performance polymer known as PEEK. PEEK has been conventionally fabricated
by using subtractive techniques like CNC milling and additive techniques like SLS.
However, all these processes are expensive and material-consuming. More recently,
with the introduction of FFF printers, 3D printing of PEEK PSI is conceivable. In
contrast to CNC milling, the AM of PEEK PSI by FFF has substantial benefits in the
medical field.

This process not only provides cost advantages, but also reduces the manufacturing
time in comparison with the conventional production methods. While being highly
cost-effective with little material waste, the 3D printing of PEEK allows an almost
unlimited geometry of the implant body to be selected with outstanding biomechanical
properties in the case of reduced stress-shielding effects (in the bone-healing process) and
weight savings, which would hardly be possible with traditional milling methods [16].

However, the process of manufacturing PEEK by FFF 3D printing is complex due
to coupled interactions of many parameters. The critical factors for 3D printing of
PEEK by FFF are high-temperature extrusion head design, and efficient heat man-
agement throughout the process, so as to achieve continuous printing. Nevertheless,
with the introduction of an all metal hot-end extruder capable of attaining temperatures
up to 520 °C, working on PEEK in FFF 3D printing has become possible. The pre-
liminary findings from the PEEK prints suggest that anatomically complex PSI can be
printed using an FFF 3D printer. The authors believe that such a process, can provide
various advantages like less wastage of material, cost-effectiveness, low investment on
machine (cost of the printer about 20.000 Euro) and operator training, faster in-house
implant production and a better personalized patient care approach. All these factors
have a potential in reducing the overall healthcare management cost.

Nevertheless, the FFF 3D printing process also carries certain disadvantages like
requirement of support structures for complex anatomy of implants with overhangs,
temperature fluctuations during production that may lead to delamination, and
restricted accuracy due to the diameter of the building filament. Another key drawback
that needs attention is the anisotropic behavior of the FFF 3D printed PEEK implants.
As FFF 3D printers melt polymers layers on top of layers, leading to a mechanical
adhesion, the emerging FFF-printed objects may have different mechanical properties
based on the direction of mechanical stress applied on them.

This anisotropic behavior needs to be addressed and tested in future experiments.
Within the framework of the cooperation of the institutions listed above, a PEEK FFF
printer, which has been introduced to the industrial market for some time, is undergoing
the certification process for medical applications. The test specimens required for the
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certification were prepared, evaluated and passed through other test methods (e.g.
cleaning, sterilization and surface modification). In a further step, the integration of 3D
printing is additionally examined from the medico-legal point of view in the clinical
environment.

5 Conclusion

Though this article presents only a limited amount of the research done in the project to
process PEEK by means of FFF, it indeed opens up a huge scope for innovation in the
medical-surgical applications.

To produce 3D manufactured PEEK parts with maximum precision, it is crucial to
observe critical factors such as accurate printing temperature, printing speed, nozzle
size and viscosity of the PEEK and requirement of special devices to control the
thermo-mechanical processes that lead to the solidification of the extruded thermo-
plastic material. Additionally, medico-legal aspects and Medical Device Regulation
(MDR) also needs to be addressed to successfully integrate the 3D printing process of
PSI on-the-spot.

With the advent of inexpensive compact 3D printers, a one-stop-shop solution is
conceivable in which the surgeons of the future will manufacture medically certified
3D PSI in their own clinics. This would have a major advantage for cutting, planning,
and production intervals for PSI and save a substantial amount of time compared with
off-site implant production by third-party providers thereby leading to a more
cost-effective healthcare management.
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Abstract. In production technology innovative machining methods such as
additive manufacturing are changing the work-fields and work-processes of
skilled workers and thus their professional training needs to be altered. Laser
additive manufacturing currently experiences introduction in serial applications
in aircraft or medical industry. In this context parts of very high quality are
mandatory and to achieve this it is necessary to set up processing strategies and
parameters. Nevertheless a high complexity in the relationship between
parameter setting and process outcome is characteristic for additive technology.
Due to this fact comprehensive experience and know-how, which is yet few to
be found, is demanded from machine operators. Surveys conducted in the
industry show that consequently changed qualification requirements upon skil-
led workers can already be defined in detail for additive manufacturing.
Therefore a corresponding professional training was developed which is
work-process orientated and focuses on the specialized competencies for pro-
fessional decision-making and responsibilities. In this context the training
approach explicitly does not concentrate only on simple machine or process
instruction for additive manufacturing. Rather the methodical didactic concept
bases on a blended learning approach which includes the combination of mul-
tiple learning locations as well as project based learning in a professional
context. Here technical contents are connected to a sequence of tasks in form of
modules each with a reference to the professional practice. In this way also the
shift towards close to engineering tasks and methods for continuous
self-learning are addressed. Finally learning systems regarding the infrastructure
and capacities that are required for a learning environment are assessed. In
conclusion additive manufacturing and its digital process chain represents a
typical example for changing work settings for trained professionals in the
context of increasingly interconnected industrial processes. Therefore the
developed professional training can perspectively also be transferred to further
processes in Industry 4.0.

1 Introduction

Additive manufacturing (AM) currently experiences introduction in serial applications
for example in aircraft or medical industry. Especially the aircraft and aerospace
industry represents important fields of application for AM as a high degree of
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geometrical freedom for lightweight design and series with a small lot size can be
achieved [1, 2]. In this context direct manufacturing of final products by selective laser
melting (SLM) represents the field of application with the biggest developing potential
which is expected to significantly expand further throughout the following years [1].
Already within a timespan of about 10 years a growth from 3.9% in the year 2003 to
19.2% in the year 2012 in directly manufactured final products based on the overall
manufactured parts, prototypes and models by additive manufacturing shows this
increase which is expected to continue further [3]. Nevertheless the enormous potential
provided by AM can only be exploited when there are appropriately skilled workers
available in the industry throughout all steps of the process chain [4]. Consequently,
based on the continuous development and the increasing wide spread use of AM
technology, a built-up of well-trained skilled workers should be aspired. Therefore the
present paper makes an approach for an innovative training method contributing to the
situation of training and education in the field of AM.

2 State of the Art in Professional Training for Additive
Manufacturing

As Germany represents a significant corporative actor in AM technology its situation
of education and vocational training is exemplarily analyzed. In the German
vocational training and education system the introduction of AM methods has already
taken place for six professions such as production technologists (Produktionstech-
nologe/-in), technical product designers (Techn. Produktdesigner/-in), technical model
makers (Techn. Modellbauer/-in), engravers (Graveur/-in) and casting mechanics
(GieBlereimechaniker/-in) [5].

A performed analysis of curricula for these professions in the metal industrial sector
shows that training contents of AM are already placed within the standard formal
guidelines between the 2" and 4™ year of vocational training [5]. For these professions
the following exemplary competencies regarding AM methods are to be studied [5]:

Preparation of AM production processes

Planning and manufacturing of prototypes and samples

Choosing suitable methods for transferring data in exchange formats like STL etc.
Computer assisted manufacturing of models, forms and samples

Developing parts from plastic regarding methods from forming and primary shaping
in the context of assemblies

Nevertheless, regarding that there is a total number of more than 30 professions in
which a professional career can be aspired in the metal processing industry, this sit-
uation shows that AM it still few to be found in professional curricula when compared
to conventional manufacturing methods such as milling or turning and if it is found the
detailed AM technologies are not explicitly named [6]. In contrast to this the intro-
duction of more contents regarding AM would be desirable especially for substantial
professions like aircraft device mechanics (Fluggerdte-mechaniker/-in), precision
mechanics (Feinwerkmechaniker/-in), industrial mechanics (Industriemechaniker/-in),
mold makers (Werkzeugmechaniker/-in) or product developers [7].
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Furthermore, besides the initial vocational training, trainings for skilled workers with
advanced professional experience are already provided e.g. by research institutes, uni-
versities, companies or professional associations such as ‘Hochschule Schmalkalden’,
‘Fraunhofer IFAM’, ‘LZH Laser Akademie GmbH’ or ‘LZN Laser Zentrum Nord
GmbH’ in terms of workshops or longterm courses of studies [8—11]. LZH offers a
training for “Specialists for additive manufacturing methods/rapid technologies” in
accordance to guideline DVS®3602-1 which represents a certified professional training
[10].

The amount of training possibilities underlines that there is a significant offer and
demand of professional AM training present in the market. From the perspective of the
AM users this provides the opportunity to choose between different forms of training
and to decide the best suitable training method for each specific need. The
work-process in AM represents the focus for learning in the present paper and learning
methods in terms of an educational scientific point of view are subordinated given that
approved methods are combined in an innovative setting focusing on a vocational
scientific point of view [12-15].

3 Identification of Competencies for Additive Manufacturing

In AM professional reality it is necessary to be able to apply knowledge in consistently
new and challenging situations and potentially also to be able to transfer knowledge to
variable AM technologies. Therefore the acquirement of competencies is necessary. In
this context the term of competencies includes the subjective perspective of employees
and is therefore more comprehensive than a qualification [12, 13]. For the purpose of
the identification of required competencies for AM in a first step a sector analysis was
performed followed by a questionnaire based survey regarding topics such as utilized
laser based manufacturing methods, field of activities, state of knowledge and type of
experienced training. The questionnaire provided access to a feedback of 40 profes-
sional respondents from companies in the laser based manufacturing branch. Though
the sample of the survey does not allow a statistical analysis or verification yet results
were consistent so that it was possible in this manner to specifically design the
framework for the following interviews [16]. The interviews were conducted with
selected experts from the industry. They were executed with regards to a determination
of up-to date qualitative data directly from the industrial application of AM. To be able
to compare the results from the surveys these were structured using an interview
guideline organized by the topics ‘future development of AM methods’, ‘skilled labor
in this context’ and ‘demands for qualification’. The structured but open interviews
were executed with 5 stakeholders from different branches of the metal processing
industry such as dental technology, suppliers for aerospace industry, small and
medium-sized businesses from mold making, research centers and service suppliers.
The interviewees were holding functions in divisions of technical management,
development, design and manufacturing and represented both personnel in leading
positions as well as employees in technical executing positions.

To be able to acquire target-oriented information from the interviews specific AM
methods need to be chosen. This is also necessary for the development of an exemplary
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learning situation thus the training needs to address specific AM methods. Based on the
analysis in Sect. 2, the initial inquiry towards interview partners and the following
interview preparation on the one hand powder-bed based SLM was selected due to a
high significance for industrial applications in metal and plastic. On the other hand
fused deposition modeling (FDM) based on extrusion of filament was selected. This
considers the suitability of FDM for training regarding costs for machines and raw
plastic material. Furthermore also end products and functional prototypes are usually
manufactured in an industrial context by FDM [17].

For the evaluation of the interviews audial recordings were transcribed and ana-
lyzed based on determined categories in accordance to the steps of the process chain in
AM. This approach was chosen due to the fact that the competencies for skilled
workers in AM were expected to be well correlated to the steps of the process chain in
AM. The process chain is complex due to its manifold steps and thus demands an
expertise in different disciplines from skilled workers. The process chain contains steps
in Pre-, In- as well as Post-processing such as a discussion with a customer, 3D-CAD
design, revision of digital data, slicing, manufacturing, finishing and collaborative
discussion [18, 19] (Fig. 1). In this context the didactical concept of learn and work
assignments (LWA) is introduced which consist of ‘Assignment of order’, ‘Planning’,
‘Execution’ and ‘Closure’ [14]. In conjunction to the steps of the AM process chain
analogies to the phases of learn and work assignments can be seen (Fig. 1). Therefore
this connection is exploited in the development of a didactic concept in the following
section.

Discussion

with a SD-(.:AD R.e‘."swn a Slicing Manufacturing Finishing Co!labor'zltlve
design digital data discussion
customer
\ J\ J \ J
| Y Y Y
Assignment of order Planning Execution Closure

Fig. 1. Process chain in additive manufacturing regarding the work-processes

The results of the interviews emphasize demands of competencies within the fields
shown in Fig. 2. Furthermore the aggregation of identified competencies from the
interviews is shown (Fig. 2). For the development of creative solutions in a discussion
with a customer, competencies such as problem solving, planning as well as social and
technological competencies are required. Throughout the following steps of the process
chain competencies are demanded that comprise the adept handling of computers and
software. Competencies in information technology (IT) have to be applied to knowl-
edge in design for AM as well as to technological competencies covering e.g. AM
specific process knowledge. Therefore interdisciplinary thinking and acting is
necessary.

In the context of the design and data preparation process it depends on the size, the
organizational structures and thus the degree of division of labor within each business
unit how intensively the skilled worker is involved in this step. Nevertheless within
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Planning / Method

Overview of various AM
manufacturing methods
Identification of geometrical
freedom for design
Optimization of transmission of
force

Assessment of part behavior to
avoid residual stress
Consideration of part properties
influenced by build-direction
and part orientation

Monitoring of the initial phase
of the AM process
Decision-making to continue or
abort the process

Overview of methods for post
processing (e.g. shot peening,
milling etc.)

Planning of steps for post
processing and sequencing
them

Choice of tools for post
processing (e.g. chipping tools)
Choice of clamping for post
processing

Review of the process results
Development of proposals for
improvement

Competencies for additive manufacturing

IT

Handling of various software
for design

Creation of 3D data (possibly
from 3D scanning)
Correction of errors in 3D
volume models

Handling of various software
for positioning and part
orientation

Configuration of data formats

Possible redefinition of support
‘material

Overview of available materials
Transferring of data
Definition of support material

Handling of various machine types
Choice of process parameters for
manufacturing

Calibration of nozels at FDM
Handling of metal powder
regarding the safety instructions

Background in material science
Bacl d of heat and

Social

Development of
creative solutions in a
discussion with a
customer

Usage of professional
vocabulary in native
and English language

Discussion of creative

metallography

Removing of support material
Understanding of technical
drawings and quality assurance
documents

Choice and application of
measuring equipment
Modification of surfaces in texture
and color

Assembly of multiple components
and norm parts

Overview of specialties of
cleaning for various machine types
Changing of filter units with
regards to applying safety and
disposal instructions

I resulting
from process review

Fig. 2. Competencies for additive manufacturing structured in matrix form

training for AM all steps of the process chain should at least be addressed in a basic
manner to enable e.g. problem solving competencies when manufacturing problems
arise from other parts of the process chain than the ones in which certain trained staff is
specialized in.

In summary the surveys conducted in the industry show that competency
requirements upon skilled workers can already be defined in detail for additive man-
ufacturing and that a high demand throughout all levels of degrees including also
technicians, master craftsmen and engineers is persistent. Therefore in the next step a
corresponding professional training is developed which explicitly does not concentrate
only on simple machine or process instruction for additive manufacturing but is
work-process orientated and focuses on the specialized competencies for professional
decision-making and responsibilities.

4 Development of Work Process Orientated Professional
Training

Since the qualification and competency requirements upon skilled workers are iden-
tified a corresponding professional training is developed in the following section. It is
work process orientated and focuses on the specialized competencies for professional
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decision-making and responsibilities. Furthermore it addresses homogenous as well as
heterogeneous target groups from various professions and experience levels. Therefore
the derived exemplary learning situation for AM can be integrated in initial basic
vocational training as well as in the advanced training of skilled workers.

As described in the prior section the acquirement of competencies for skilled
workers in AM is necessary. Nevertheless competencies are greatly difficult to be
taught in ex-cathedra teaching situation in which solely theoretical knowledge is
transferred. The ability to self-organized and creative acting under the uncertainty of
open system environments is rather imparted in process orientated learning with
self-reflection of technical content. This can be achieved by applying the approved
didactic concept of learn and work assignments (LWA) [14]. These represent situations
in project form which are process- and task-orientated, containing problem situations
with regards to real vocational context [14]. The configuration of the learning situation
should be orientated towards the principle of wholly acting and should address the
steps ‘Informing’, ‘Planning’, ‘Executing’ and ‘Checking’ to achieve the superordinate
aim of acting orientation [15]. Therefore a LWA consists of the four phases
‘Assignment of order’, ‘Planning’, ‘Execution’ and ‘Closure’ in which a product or a
service is realized in context to a reality based customer and manufacturing order.
Based on specific operational challenges trainees realize and deliberate practical
solutions within a team while the implementation of the above named competencies is
achieved by embedding them into the each LWA’s project step (Fig. 3).
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Fig. 3. Structure of learn and work assignments (LWA)

Furthermore as an innovative approach in this contribution the conception of a
LWA for AM training is simultaneously merged with the methodical didactic concept
of a blended learning approach which includes the combination of multiple learning
locations (Fig. 4). These are specifically used to address each particular content in an



Work-Process Orientated and Competence Based Professional Training 325

each suitable learning environment and thus enhance the learning process overall. By
this combination of two didactic methods conventional teaching structures can be
overcome and a project based learning approach is realized which imparts the neces-
sary professional competencies for AM.

Learning location Learning location
factory workshop 2; seminar

Learning on real scale
process

Learning of e.g.

theoretical basics
Boundary conditions of

. . . influences of process
industrial environment

parameters

workplace safety

Blended learning
approach

computer pool
Self-organized learning
Learning of e.g. data
preparation

Fig. 4. Blended learning approach with different learning locations

Learmng location

Learning location
FDM laboratory

Explorative learning
Learning of process set-up

Overview of components

For the developed training four learning locations can be identified. These consist
of a seminar room, a PC-pool, an AM laboratory e.g. equipped with a FDM machine
and an industrial sized workshop with access to SLM machines.

The learning location of a seminar room as well as a PC-pool is suitable for the first
phase of the LWA. A customer order is introduced by the trainer where the manu-
facturing of a prototype part is queried first from plastic material and in a later serial
production from metal material. The queried part contains AM relevant elements that
demand an AM specific design. Aspects such as lightweight potential, integrated
functions, individualized components or a minor lot size can be addressed. Also nec-
essary theoretical basics about AM are introduced. The trainees form project groups
and process assigned tasks within the prepared project framework under supervision of
the trainer. The first application of the developed LWA showed that groups of up to 5
people are feasible. Depending on the training situation also the introduction of a group
design challenge with the aim to achieve the best technical solution for the projected
part can be taken into consideration. The teams gather information about relevant AM
methods autonomously and after inquiry the stakeholders exchange their achieved
results. In this way besides the technical competencies also methodical and social
competencies are trained simultaneously. The trainer chairs the learning process,
complements neglected content, corrects in case of mistakes and directs towards the
next phase of the LWA. Also the learning location of an AM laboratory can be used to
provide the trainees first hand insight of the components of AM machines.

In the planning phase of the LWA the trainer introduces the steps of the AM
process chain and demonstrates the handling and possibilities of data preparation
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software such as the placement of support structures and part orientation in the building
chamber. Therefore a learning location equipped with digital media is necessary.
Further the trainees themselves apply the creation and configuration of CAD-data as
well as the correction of digital models and final data preparation for the AM process
with corresponding software on computer workplaces under the guidance of the trainer.

In the execution phase of the LWA the trainees transfer the prepared production
data of their group to the FDM machine followed by the definition of process
parameters and set-up of the process. In this context learning locations such as an AM
laboratory and also a seminar room or PC-pool can be used e.g. to learn about influ-
ences of process parameters in the AM process. Finally the trainees observe the start-up
phase of the building process and after finishing of the building process the groups
execute the prior planned steps of post-processing.

In the closure phase of the LWA the reflection of achieved results is carried out.
After finishing of the manufacturing process the quality of the manufactured part of
each group is assured. The trainees therefore are coached in handling of corresponding
measurement equipment and they document the results in quality protocols. This
proceeding aims towards a self-responsible reflection of the process results by the
trainees. Successfully passed process steps as well as occurred problems are docu-
mented and propositions for improvement are made. These are subsequently discussed
with the trainer and modifications are defined for the derivation of a manufacturing
procedure for the metallic serial part.

Since the application of FDM cannot reproduce the whole complexity in each step
of the process chain for industrially relevant, metal processing SLM the trainees
commence a second manufacturing cycle. Else e.g. the handling of metal powder and
filter components would be neglected and also the post-processing for both manufac-
turing method differs. The project groups are therefore passing through the steps of the
process chain for the metallic part where the trainer focusses on imparting SLM specific
differing competencies while the group works more self-reliant on the process steps
analogous to FDM.

Nevertheless also limitations of the LWA can be observed from an initial appli-
cation of the training. In this way the evenly integration of all group members turned
out to be challenging. Also setting up of small groups means a splitting of the learning
group and thus demands a high commitment of the trainer. In term of the project
timeline the LWA needs to be divided in multiple sessions due to the time consuming
manufacturing process which could mean a limitation e.g. in a scholar context. Finally
also limited view and space in front of AM machines may conflict with the fact that
manufacturing may be started at once from multiple groups which therefore are all
meant to observe the proper start-up of the process at the same time.

5 Summary and Outlook

In the presented contribution a professional training was developed combining two
didactic concepts. In this way the training provides future perspectives for employees in
initial basic vocational training as well as in the advanced training of skilled workers.
The learning situation enhances a straight forward access to innovative technologies of
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AM and prospectively important competencies can be acquired by a variety of target
groups. The AM training furthermore reacts to a typical example for changing work
settings for trained professionals in the context of increasingly interconnected industrial
processes. Therefore the developed training can perspectively also be transferred to
further processes in the context of Industry 4.0. Following steps can be seen in the
detailed evaluation during an implementation of the developed professional training.
With future development also approaches of learning in a virtual additive manufac-
turing environment is thinkable and learning content can be provided by this media.
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Abstract. Complexity for free? This is one of the big advantages of additive
manufacturing. But what does that mean in reality? In the case of additive
manufacturing freedom in general is also a new restriction. For this reason, it
needs appropriate education and further training to recognize the new possi-
bilities and also the limits of the additive manufacturing.

At the Centre for Product and Process Development (ZPP) of the Zurich
University of Applied Sciences ZHAW, the additive production has been part of
the training program for several years both in the teaching of mechanical
engineering for students and in the continuing education of professionals.

In this paper, the experiences with the new education and training modules
“Additive Manufacturing” will be presented. The program includes theory and
practice on the machines (AM Laboratory) including the economic and eco-
logical aspects. In particular, a special semester-accompanying project work is
carried out, in which the students learn the constructive and technological
peculiarities of the product development up to the additive manufacturing
process, after-treatment and quality control of the components. The education in
bachelor degree relies on the problem-based learning concept, where the student
learns about additive manufacturing through the experience of solving an
open-ended problem.

Keywords: Additive manufacturing + Education - Training - Continuing
education - Design rules - Additive manufacturing laboratory

1 Introduction

The additive manufacturing processes have been developed from the 1980s, from rapid
prototyping to additive manufacturing, or also called direct manufacturing [1]. Today,
the 3D printers in the area of rapid prototyping are omnipresent. In addition, the various
additive manufacturing processes for plastics and metals have already found their way
from development to the industrial production environment [2—4].

With the layer-by-layer manufacturing directly from the CAD model, product or design
advantages can be used against the conventional subtractive manufacturing. Complex
structures, particularly in lightweight construction for aerospace, customer-specific
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products in medical and dental technology, but also in the jewellery industry, etc. are
producible [5]. Functional integration is another advantage that results in an additional
value, an “added value” in the application, e.g. conformal cooling in injection molding or
in assemblies by component reduction [6].

“Complexity for free” is one of the promising arguments for additive manufac-
turing (Fig. 1). Only when you have mastered the innovative technology you will be
able to apply it properly, and it will be successful in the market. Therefore, it’s a need
to establish a deep theoretical and practical education in AM for students or profes-
sionals [2, 7-9]. Only if a new technology has penetrated the market, it leads to
consequences in the education system. Today there is the problem that a new tech-
nology as additive manufacturing will not be educated in a wide range [7]. Step by step
the education and training becomes reality in the education of students as well as in
continuous education [9-12].

Conventional
manufacturing

Complexity
for free

Additive manufacturing

Manufacturing costs per piece

Geometric complexity

Fig. 1. Complexity for free using additive manufacturing

Education in additive manufacturing should include at least aspects as followed:

e Identification of meaningful components for additive production with regard to
economic and technical aspects

e Understanding the additive production techniques, in particular laser beam melting
in powder bed

e Application of the “additive” design rules

e Preparation of the build job (e.g. orientation of the components in the work area,
arrangement of support structures, etc.)

e Development and application of the correct post-treatment and post-processing
methods

e Development and application of methods for quality assurance.

An advanced education and training is necessary for the mechanical engineering
students and also for the professional who works in related fields. However, who
should or can be educated? What are the prerequisites for a successful training?

At the ZHAW a special module in “Additive Manufacturing” in the 3rd year of the
Bachelor’s degree in Mechanical Engineering has been carried out last year
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successfully. A uniform training base is the main advantage; students have corre-
sponding and uniform training in material technology, CAD and especially in the
general design theory and practice for an innovative and integrated product develop-
ment. In the continuing education, such uniform knowledge base is often not given -
The challenge is to teach a heterogenic group with the same educational objective.
Beginners want to get an overview and production engineers, design engineers and
machine operators focus more detailed on the manufacturing method.

2 Bachelor Degree

The study of mechanical engineering at the ZHAW focuses on the innovative and
integrated product development process. In addition to classical design principles and
machine elements, creativity and an inventive spirit are promoted from the outset.
Tools such as CAx, 3D-Experience and new manufacturing technologies as
3D-printing are trained. Within the framework of a team based semester project with
four credits, rapid prototyping is put in place so that the students are quickly given an
understandable, real and tangible feedback for their developments. A discrete prototype
can be used to answer questions about size, design and ergonomics, and mistakes are
difficult to obscure. Problem solving competences, creativity, motivation and com-
municative abilities of the students are encouraged. The students experience a real
“start-up-feeling”.

With this education, the students have, very good prerequisites for a deepening in
the “additive manufacturing” of the main study. In this module, the students learn the
prerequisite for successful additive manufacturing and how this is to be carried out.
After the students get a broad overview of the additive manufacturing-technologies in
general and in the selective laser beam melting (SLM) for metallic components in
particular, very important is the identification of meaningful components and parts for
additive manufacturing with regard to economic and technical aspects. Additive
manufacturing, especially in metal, makes sense only if a certain added value is
achieved in the product itself, through the production or later in the application (Fig. 2).
To realize an added value, is a must. If a component is selected, it must be constructed
“additive-ready”, therefore state of the art design recommendations for additive man-
ufacturing [13, 14] are communicated and applied.

Now the correct parameters for the SLM process have to be defined. The basic
parameters of selective laser melting are taught so that the students are able to define
them. The necessary supports have to be positioned sensibly and massively and the
component must be aligned in the working area of the SLM machine (Fig. 3).

It is also important to experience how the components are removed from the build
plate, how the supports are removed from the component and which post-processes are
needed. Based on the lesson content learned during the semester (14 x 4 h), the stu-
dent is able to successfully carry out the semester accompanying project work, espe-
cially for the selective laser melting of metallic components.
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Fig. 2. Weight-optimization of a housing of a hydraulic safety valve for aerospace application,
original, conventional manufactured, 100% weight (left), optimized, additive manufactured, 20%
weight (right)

Original Part CAD-Model
(conventional manufactured) (optimized)

Y 4

Optimized part
(additive manufactured)

Support Structure

» »

$

Preparing the build job Slicing

wipy
@ S

<

~— inert gas

Fig. 3. Work flow of the pre-processing of the additive manufacturing process on the example
of a galley attachment of an air craft

2.1 Educational Model - Semester Accompanying Project Work

The project includes the research of a component (own ideas, industry, literature,
Internet), which has the potential to be additively manufactured. It is important to
highlight the profitability and customer benefit of such an implementation. The
boundary condition of the component size is max. 150 x 150 x 200 mm?>. Separate
solutions have to be developed. As soon as the component is fixed and also the material
is evaluated, it has to be designed or adapted according to the design guidelines for
additive manufacturing, in order to guarantee a safe construction and to emphasize its
advantages constructively. In addition, the preparation, the post-processing and the
quality assurance processes are taken into account and described.
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A brief report summarizes the “additive” product development and additive manu-
facturing process, which is finally presented in a poster presentation and demonstrated on
the basis of a printed component. With this semester accompanying project the mediated
knowledge of the students may be reviewed by lecturer in a very comprehensive way.

The pedagogic concept of the semester accompanying project is predicated on the
problem based learning [15]. It needs a high complexity level which is feasible to
implement during the semester. With the own research and evaluation of a potential
component, the students define their own problems. Of course, this has to be led by the
senior lecturers. Problem-based Learning (PBL) is a focused, experimental learning
around the exploration, explanation and solving important problems. In the additive
manufacturing course, the students work in teams of two people — guided by lecturers
or tutors respectively. Besides the lesson contents, the module is based on self-directed
learning, which leads the students directly to their defined component. The learning
process is based on the methodical “7-Step” or “7-jumps” [17]:

Clarifying Concepts

Defining the Problem

Analysing the problem/Brainstorming
Categorizing

Formulating Learning Issues

Self-Study

Discussion of newly acquired knowledge.

N Uk L~

Several 7-Step processes are included in the semester project. In the design phase, the
students need to develop their product concept to an additive manufactured model. In this
phase, they need to clarify the problems and to isolate the main questions (Step 1-2).
Afterwards, they have to activate the existing knowledge (Step 3—4) and need to know, for
what reasons, the need the knowledge. The Formulation of the learning issues is a important
step in the process. The self-study phase (Step 6) is one of the biggest part, for i.e. design
guidelines for AM. At the End, they need to summarize there gained knowledge.

There are milestones within the semester like the intermediate presentation or the
final documentation at the end of the last lecture. There is also an intermediate exam
where only the theoretical knowledge is checked. The final examination is divided into
a dialogue session with a poster and a presentation of the additive manufactured part in
metal or plastic (Fig. 4). Through the assessment and the presentation of a real product
with a high potential, the benefits can be harvested effectively.

The whole course is supported in the learning platform “Moodle”. The students can
not only download and see documents, but also upload the data for the presentation and
the final documentation. A diversified design of the learning process, e.g. a variation of
the teaching-learning method (PBL, e-Learning, frontal teaching) improves the learning
motivation of the students. Through the use of various teaching-learning methods (with
different social forms), the individual characteristics of the students with regard to
preferred learning styles can be considered [16].

An evaluation of the module by the students, pointed out the very good balance
between theoretical input and practical work at the software as well at the 3D printer.
Also, the semester accompanying project work with final presentation as a test has been
appreciated. They could practice the learned theory directly in the project work.
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AFV Project

Bicycle crank with integrated g-# o
force measurement G e
Beat Scherrer

Concept of an additive manufactured part Adrian Notter

~

Design

1. Pedal mounting threads G 9/16”

2. Ribbing with 70° angle to build platform
Rib thickness: 2.5 mm

3. Strain gauges
mounted on both sides

4. Filigree lattice structure surrounding the
square drive

5. Square connection to bottom bracket
45° orientation to facilitate additive
manufacturing

6. Reinforcing plate for increased stability
7. Recess for electronics

8. Recess within ribs
Weight reduction without reduction of
stiffness

AN

/Material and Procedure \ /FEM
Additive manufacturing technology Results at a load of 80kg (800N)

Selective Laser Melting (SLM) Max. stress: 134 MPa

Material: PR
AlS1OMg Max. deformation:  0.78 mm

Ultimate tensile strength: 460 MPa
Yield stress: 270 MPa

Feasibility:

Thread and square are mechanically fin-
ished. Supports manually removed. Sur-
face is sandblasted and powder-coated.
Contact area of strain gauges is sanded.

N AN

Fig. 4. Example of a student poster presentation of a bicycle crank

3 Training in Continuing Education for Professionals

The ZHAW is currently offering a continuing education course “Additive Manufac-
turing” (9 x 4 half-days) for professionals, in which the different additive manufac-
turing technologies and the corresponding processes for pre-processing and
post-processing are taught for various applications and deepened in practical
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exercises. The course is designed for beginners and people with a technical back-
ground, such as engineers or technicians and similar professionals.

The learning objectives of the students include the understanding of the additive
manufacturing chain (from the CAD to the additively manufactured components) as
well as the different industrially used additive manufacturing processes (3D printing
processes). The professionals learn about the possibilities and limitations of additive
manufacturing as well how the materials are used. They understand and exercise the
digital data preparation for additive manufacturing, use the design recommendations
for additive manufacturing and initiate the additive production from the CAD. In the
end, they are able to evaluate the additively manufactured components with regard to
qualitative characteristics and are familiar with the usual post-processing methods.
A further aim is to separate the additive manufacturing processes in industrial technical
applications from conventional production processes (economic, ecological) and to
access the perspectives of additive manufacturing.

In the future, it is certainly necessary to expand this entry-level course into a
Certificate of Advanced Studies (CAS) with at least 12 credits. Furthermore, an
alignment is required for professionals such as engineers, design engineers or machine
operators.

4 Summary and Outlook

These courses lead to more graduates and skilled professionals that understand the
potential and are able to successfully apply additive manufacturing technologies. This
is supposed to support broad application and industrialization of additive manufac-
turing processes and enable enhanced, innovative product development to exploit the
full potential of additive manufacturing. The offered education of the ZHAW in the
field of additive manufacturing (design rules, material knowledge, after-treatment,
quality management) provide a balance between theory and practice and lead to
improved skills for new design thinking and production methods.

The challenge is continuing education with a heterogeneous training base. In this
case, it is certainly necessary to offer adapted courses for the right target groups in the
future.
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Abstract. To apply new technologies in industry, it requires knowledge about
the specific technology. Since a new technology, such as Additive Manufac-
turing (AM), enters the industry slow, the knowledge transfer must be sup-
ported. AM is capable to produce end user parts by serial production. To
implement this new technology into industry an Experience Transfer Model
(ETM) supports the transfer of knowledge from the academic environment to
professional engineers in industry. This paper presents the concept of the ETM,
which transfer experience knowledge about identification expertise and design
expertise in three steps: Input of theory, implementation of the theoretical
knowledge and reflection of the approach. The validation of the ETM with
Swiss SME showed a successful implementation of experience knowledge.

Keywords: New technology - Experience Transfer Model - Design for additive
manufacturing - Identification expertise + Design expertise

1 Introduction

To implement new technologies, such as AM, companies with new product develop-
ment, need the expertise to identify suitable parts. Additionally, a new technology
process create new possibilities but also new restrictions to the design (Leutenecker-
Twelsiek et al. 2016). To unlock the full potential of a new technology, such as AM it
needs additionally to existing academic design guide lines a training to transfer design
expertise (Wohlers 2015). The challenge to transfer a new technology expertise from
the academic environment to industry is not limited to AM. Rather, the way to transfer
expertise for a new technology can be used for new technologies in general.

Additive Manufacturing (AM), or 3D printing - as it is referred to in the media, is a
group of manufacturing technologies which produce three-dimensional objects by
adding material, usually in a layer by layer process (VDI 3405 2015). In the beginning
of the manufacturing technologies in the 1980th, the first applications were the pro-
duction of prototypes. During the following decades the manufacturing technology and
materials evolved and nowadays, new fields of application are possible.
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Additive Manufacturing processes are technologically mature for industrial pro-
duction and due to a sufficient process stability and a rising competition between
service providers (Baldinger and Duchi 2013). Additive Manufacturing becomes
economically feasible for a growing number of industrial and end-user applications
(Gebhardt 2012; Gibson et al. 2015; Wohlers 2015). Today there are many different
Additive Manufacturing processes available, some of which provide sufficient stability
and robustness for serial direct part production. Processes like Selective Laser Melting
(SLM), Selective Laser Sintering (SLS) and, with some limitations, Fused Deposition
Modeling (FDM) are used to produce end-user parts.

To transfer knowledge about a new technology it needs a didactical appropriate
approach. The knowledge of a human is divided into two different types: Explicit and
implicit knowledge. Explicit knowledge is a factual knowledge and clearly teachable
by formulas or models. However, it doesn’t correlate to skills or experience (Notté
2013). Explicit knowledge for design for AM can be transferred by design guide lines.
In contrast to explicit knowledge, implicit knowledge is not clearly illustratable, ver-
balizable or definable. Implicit knowledge can be learned for instance by gathering
experience and is hard to transfer (Notté 2013). Implicit knowledge represents the most
important knowledge for company’s and the engineers (North 2005). For Engineers,
usually, implicit knowledge is already existing for design knowledge for conventional
manufacturing technologies such as milling, casting or turning, since design engineers
have experience in designing products for this technologies since decades. However,
for additive manufacturing the implicit knowledge for engineers is not jet existing. Due
to the fact that AM is a young technology, and offers different design restriction
compared to conventional manufacturing technologies.

In this paper, a general experience transfer model is developed, to transfer expe-
rience knowledge for new technologies in general, from academic environment to
industry.

2 Need for Experience Transfer in Design for AM

Additive Manufacturing (AM) offers a large variety of design potentials for new
products. To utilize the full potential of additive manufacturing the specific AM design
should be adopted (Gebhardt 2012). Therefore, design guidelines shall support the
engineer in developing the optimal AM design. At present, a large number of academic
design guide lines exist (Becker et al. 2005) (Hietikko 2014) (Kumke et al. 2016)
(Kranz et al. 2014) (Adam 2015; Wegner and Witt 2012). However, this academic
design guidelines entering industrial practice very slow. A main reason is the scientific
focus of the academic design guidelines, which makes it difficult for engineers in
industry to understand and to apply it (Wohlers and Caffrey 2015). Scientific studies
showed a need in transferring the knowledge of the academic design guidelines to the
professional engineers in industry (Kohlhuber et al. 2016).

In this paper, the expression professional engineer mean general technical engineers
with work experience. For professional engineers in industry, design for AM is not just
a simple extension of domain knowledge of conventional manufacturing technologies.
The key to unlock the design potential of AM is to overcome the fixed mind-sets of
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conventional manufacturing technologies (Hopkinson 2006). The modality of the
knowledge transfer is not done by modifying the AM design guidelines from an
academic AM design guideline to the application oriented AM design guideline. AM
knowledge is divided in process knowledge about the manufacturing and in application
knowledge of AM. To transfer the AM knowledge to the industry, the fixed mind-sets
must be overcome by supplementing the AM design guidelines by application oriented
design workshops for professional engineers in industry.

To implement the AM technology into series production, not only the knowledge
about the AM design must be transferred, but also the knowledge about the suitable
AM manufacturing technology.

Both, explicit and implicit knowledge is not jet transferred into industry. To
implement AM into industrial series production, a practice oriented knowledge transfer
is needed in form of a workshop. The transfer workshop communicate both, theoretical
explicit knowledge but in particular implicit knowledge. A workshop is important that
the participator become proactive and generate implicit knowledge.

3 Theory and Concept of the General Experience Transfer
Model for New Technology

The experience transfer model (ETM) transfers in a systematical way experience
knowledge. It based on the experience and Education theory of Dewey that human
education is based on experiences (Dewey 1938). The Karlsruhe education model for
product development (KaLeP) introduced Deweys theory in the academic education for
engineers. KalLeP showed a significant improvement in supporting the learning process
in the human brain, compared to the conventional way of academic education (Albers
et al. 2004; Albers et al. 2006). Based on the theory of Dewey and KalLeP, the ETM
continues the idea of experience based learning and introduce the experience based
learning of Dewey into the knowledge transfer from the academic environment to
industry (Schon 1983; Kolb 1981; Lemos 2007; Valkenburg and Dorst 1998).

The Experience Transfer Model (ETM) describes a systematical approach to gain
experience knowledge about new technologies by three steps: Input of theory,
implementation of the theoretical knowledge and reflection of the theoretical knowl-
edge, plotted in Fig. 1. The aim of the ETM is to generate experience knowledge in
identification and design expertise to implement new technologies in industry.

Identification: Here the participator generate the experience knowledge about how
they can identify elements that have a potential to produce them by another technology.
At the end, the old technology should be replaced by a new technology and should
create an additional technological and economical value.

Design: The participator gain an experience knowledge about how to create a design
of a new technology, either of an identified existing element or of a new element.

To transfer the identification expertise and the design expertise the ETM is applied.
The knowledge is transferred by technology experts. The technology experts are
professionals with explicit and implicit knowledge. Following the three successive
steps of the ETM are explained:
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Fig. 1. The general Experience Transfer Model (ETM) concept including the expected schedule.

Before participants gain experience, they need an input of the theoretical knowl-
edge. The first step is an effective teaching of the explicit knowledge about the tech-
nology in form of an initial kick-off workshop.

Second, after the introduction of explicit knowledge, the implementation of the
explicit knowledge in the industrial environment follows. The aim is to build up
experience knowledge. During the implementation step of the identification expertise,
the participator applies either the explicit knowledge to identify elements with a
potential to redesign it for a new technology. In the implementation step of the design
expertise he applies his explicit knowledge to design a element which fits to a new
technology. Through this step the participants generate implicit knowledge based on
his own experience cf. (Albers et al. 2000).

In the third step, the technology expert analyses the work of the participator and
offer them a feedback. That gives the participating engineer the opportunity reflecting
their own approaches of the implementation step. This step consolidate the implicit
knowledge in a sustainable way. In addition, this step avoids mistakes during the first
two steps. The reflection is carried out in an oral or written way.

The application of the ETM is described in the following chapter for additive
manufacturing.

4 Experience Transfer Model for the Application of Design
of Additive Manufacturing

The process of the Experience Transfer Model (ETM) is applied to build up two
different expertise. First the Identification expertise to detect an AM part with a
potential for an AM design. Secondly the design expertise to design an AM part. The
Workshop is managed by AM — technology experts (AM experts). The participator of
the workshop are professionals from industry.
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Identification Expertise for AM
The aim is to transfer the experience knowledge to the participator, that they generate
the expertise to identify parts where additive manufacturing creates the highest value to
the customer (Klahn et al. 2015).

Input: Before a participant searches an AM part in a product portfolio, he needs an
explicit knowledge about Additive Manufacturing (AM) basics. As a kick-off workshop
the participator receives a basic input of the theoretical knowledge by the AM-Experts.
Further, engineers learning which materials are suitable and which part sizes can real-
ized by AM. For instance, it is not reasonable to produce every part by AM, because the
costs directly linked to the part volume. However, design complexity is for free. From
this, it follows that additional costs must be compensated by function integration and a
volume efficient design. Four selection criterions are introduced (Klahn et al. 2014) to
identify AM parts. Based on a demonstration part, the application of the selection
criterions is illustrated during the kick-off workshop (Fontana et al. 2016).

Implementation: Based on the initial kick-off workshop, participating engineers
performing the search for a part with potential to be redesigned for the AM technology.
A template supports the engineers to document the parameters of their identified parts
including drawings and pictures. Figure 2 shows an example template.

S
Suggested Part for Additive f: ing T

Laser cutter head

Part Name
Official Name / Part Number LS_SP300_0.45

Name of Person who suggests this Part Leutenecker-Twelsick

Existing Part

Quantity [Parts/Year] 25

Production Costs [€] 300

size (Bounding Box) [mm] L 30 w30 H 60 Part description
Part Volume [cmA3] 29.75

Weight (gl 89

Material Class (Aluminium, Steel, Titanium, Plastics, Others) Aluminium Material Details  AlISil2
Description of Function ‘
The laser cutter head of the SP 300 is located in the working room of the laser and is a moving part. The laser cutter head

is the fixture of the mirror of the focus lens. Air is blown on the lower side of the lens to reduce dust pollution on the mir- ‘

ror. But still, the system cannot prohibit a pollution of the mirror.

v
Concept of AM Part A

Integration of Function [1-5] 4 Individualisation [1-5] 1 1 = Small Improvement

Light Weight Design [1-5] 3 Increased Performance [1-5] 5 5 = Major Improvement

Expected Benefits .

An extension of the blowing system, from the lower 10 the upper side of the mirror optimizes the system, 1o reduce the Expected benefit

dust pollution of the mirror. This could reduce the service frequency and would save moncy.

Fig. 2. Template for a suggested part for an AM redesign — Laser cutter head

Reflection: The AM-Experts evaluate the suggestions of the suggestions of the par-
ticipating engineers. The evaluation is relating to the feasibility of production, neces-
sary post processing, estimations of AM costs and possible benefits for the OEM and
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the customer. The feedback is depicted in Fig. 3, including the evaluation criteria and
the corresponding quantification.

Feedback of the proposed AM part No: 1
Title: Mirror Support Frame M5 3300
Rating Description Comment

Technical feasibility 3 AM Machines and raw material available

Effort of post 2 Intensive post treatments: Many

processing subtractive production steps

Expected benefit for 4 High economic feasibility and high benefit

customer for customer

Expected benefit for 1 low improvement of the supply chain

OEM feasibility
Rating 41

Expected reduction of weight: 10%

Expected AM costs for 1:1 production: 510.00 SFr. Expected AM costs: 206.00 SFr.

Comment:

Fig. 3. AM expert feedback to participating engineer. Here the proposed AM part is a Mirror
Support Frame M5 3300

If the feedback shows, that there is a significant potential to change from the
conventional manufacturing technology to AM, the part will be redesigned. The result
of the redesign will be a pilot part. During this step, the participator had the effect of
learning and generating implicit knowledge.

Design Expertise

For an engineer, experience knowledge in AM design is essential to reduce manu-
facturing costs and to unlock the full potential of the AM technology. Either the
participating engineers uses the AM technology as a manufacturing technology with
cost benefits at complex parts and small lot sizes, or he also uses the advantage of the
little restrictions of the additive manufacturing (Klahn et al. 2015). According to ETM
the first step is the theoretical input workshop.

Input: During the input workshop, the design guidelines are explained in detail. The
design guide lines containing process features and design principles (Leutenecker-
Twelsiek et al. 2016; Klahn et al. 2015). For a better understanding sample parts out of
the industry are used during this step.

Implementation: The implementation step of the ETM includes first the concept
development and secondly the detailed design of the AM part. The concept develop-
ment takes place in an ideation workshop under the moderation of an AM — expert. The
location of the workshop takes place in a new environment for the participating
engineer, which is outside of his company. A new environment stimulates creative
mindsets in product development (Rittiner et al. 2016; Deigendesch 2009), which helps
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that the full potential for AM design is used. Here the participating engineers are
proactive and experience the AM design directly under a subtle guidance of the AM
experts. At the end of the ideation workshop, the participators design one to three pilot
parts in the form of sketches or in low fidelity prototypes cf. Fig. 4(a). In Fig. 4(b)
shows a concept of a laser cutter head. The next step for the participating engineer is to
implement the ideas and concepts of the workshop into a detailed designed CAD model
in his company by his own. The participators execute it in their company, because there
they have the have their own system and on digital tools. Figure 4(c) shows a CAD
model of a laser cutter head. The implementation part is central for the experienced
based learning of the participator. The theory behind it is explained in Sect. 3.

Pilot part Concept drawing CAD part AM prototype

Fig. 4. Implementation and reflection process including: (a) pilot part, (b) concept drawing,
(c) CAD part, (d) AM prototype — Laser cutter head

Reflection: The final step of the design expertise is the reflection. Therefor the AM —
expert analyses the CAD part of the engineer. Then, the participator receives a feed-
back due to his designed AM-Part. If necessary, the AM —Part will be re-designed by
the participating engineer. The last step of reflection is the validation of the designed
AM pilot part by building cf. Fig. 4(d) and testing. Under supporting of the AM expert,
the iteration process helps to reflect his own design like learning by doing and gen-
erating implicit knowledge. The iterative process takes usually place in the company of
the participator respectively if they have no 3D printer at the suppliers place.

5 Validation of the ETM with a Swiss SME

Following, the application of the ETM, according to Fig. 1, is illustrated by an industry
case. Several small and medium sized companies of the textile machinery sector where
participating in this case.

Identification Expertise: After the theoretical input workshop of a half day, the
attendees had explicit knowledge about how to identify potential AM parts in general
cf. Sect. 4. To implement the explicit knowledge from the input workshop the par-
ticipants had 4 weeks to selected between five and twenty parts with AM potential,
depending on the company size and the number of participating engineers per com-
pany. The AM experts then evaluated the submitted parts and recommended a pilot
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part. As a reflection of the selected part, the AM experts returned the evaluation to the
attendees and where discussed. The part evaluation and the implementation of the
redesigned part where carried out specific to the single company and their needs in a
half day session. The discussion of the evaluation generated an implicit knowledge of
the participators and consequently an identification expertise.

Design Expertise: As a pilot part, a Swiss textile machinery company selected a thread
separator. Up to the input workshop, the thread separator was manufactured by con-
ventional manufacturing technologies and it consisted several components (Fig. 5a). In
the half-day input Workshop, the participator learned how to redesign the part into an
AM design. To implement the explicit knowledge of the input, in a one-day ideation
workshop, the participating engineers developed a design concept. The AM Experts
supported the participator and gave some advices for the concept. After the workshop,
the participator implemented the concept into CAD (Fig. 5b) in his company. To check
the design features, some single part geometries where produced (Fig. 5¢). By an
iterative process, the participators reflected their design and generated implicit knowl-
edge by manufacturing, testing and optimizing the AM part. Finally, the participant get
the design expertise. The reflection of the AM design was executed in a half-day
workshop.

Fig. 5. Successive procedure of a AM design of a thread disposer. (a) Conventional
manufactured part; (b) AM redesign; (c) test geometry.

Validation: During the design expertise workshop, the attending engineer proposed
new AM parts, which they have not proposed during the implementation work-
shop. One identified part with AM potential is a rotating lock, plotted in Fig. 6(a). Here
the parts are conventional manufactured, the gear assembly has two axis and many
single parts. This indicates that the engineer improved his identification expertise
during the design workshop. After the engineer identified new potential AM parts, they
redesigned the parts in a proactive way by them self. Figure 6(b), shows such a
redesigned part. Here, the gear mechanism combined in one axis and one part.

The fact, that participator of the ETM workshop identified and redesigned several
parts in there company by them own, it indicates that the ETM successfully implements
expertise in identification and design into industry. The ETM workshop provides the
local Swiss SME an experience knowledge in design for AM, to establish on the
international highly competitive markets.
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Fig. 6. (a) Conventional manufactured part; (b) AM redesigned part

6 Conclusion

The experience transfer model (ETM) for new technology transfers explicit and
especially implicit knowledge from the academic environment to the industry. In this
paper, the general ETM is developed, in the form of workshops executed for the
technology of additive manufacturing (AM) and empirical validated by the feedback of
the workshop participators of AM. The feedback showed that the participator where
satisfied with the expertise they took out of the ETM workshops for AM. Additionally
the participating engineers identified new AM parts by them self. Then they inde-
pendently and proactive the participator redesigned new AM parts.

However, there are some limitations: For a statistical validation, more data must be
collected in a systematical investigation. Further, to validate the ETM for an application
in new technologies in general, it must executed and validated for another technology.
According to the feedback of the participator, the present ETM workshop for AM showed
successfully the transfer of explicit and especially implicit knowledge in design for AM.

Acknowledgments. The authors would like to thank the Swiss industry association SWISS-
MEM for supporting its members in participating in our AM technology transfer program.
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Abstract. Technological advancements in additive manufacturing (AM) has
enabled the usage of AM for end-use parts more than ever before. Deciding
whether or not to apply AM for final parts and knowing how to design for AM is
fundamental in the design phase, which is why Design for AM (DfAM) methods
are currently being elaborated.

This paper analyzes the current experiences and knowing of designers con-
cerning additive manufacturing technologies and, hence, provides a foundation
for the development of DfAM methods. This study presents a survey with
designers asking them about their experience with and knowledge on additive
manufacturing technologies. The study reveals the disparate experience with
AM, reaching from highly skilled AM experts to designers who have never held
an AM part in the own hands before. While a good basic knowledge concerning
AM seems present, detailed knowledge is lacking, especially with regard to
general restrictions and the differentiation of the AM technologies. Interest and
intentions in using AM for final part production is high, combined with a slight
skepticism. For further implementations of AM in final part production, DfAM
methods are meaningful and desired by designers, e.g. for decision-making
processes for direct AM. These DfAM approaches should be focused on AM
specific requirements and characteristics while covering the proven discrepan-
cies in the experiences and the skills of designers concerning AM.

Keywords: Additive manufacturing *+ Design for AM - Decision-making in
AM - Industry survey

1 Introduction

The term ‘additive manufacturing’ (AM) subsumes production technologies which
build parts by adding material layer-by-layer, line-by-line, piece-by-piece, or
surface-by-surface. Technological progress in the last three decades has improved part
quality, materials, and prices for a variety of AM technologies [1]. Main benefit and
innovation of AM is that it eliminates tooling which, in turn, allows for high geo-
metrical freedom as well as production flexibility, especially for low quantities [2].
Tool-less fabrication direct from digital information offers various application possi-
bilities, taking into account that various AM technologies offer different advantages and
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restrictions [3, 4]. AM applications in product life cycle can be divided into three main
groups: (1) Fabricating prototypes, e.g. for concept models, functional or technical
prototypes used in the design phase, or as display models in marketing and sales, was
the earliest application of AM technologies [1]. In the two remaining groups, AM is
used either directly (2) or indirectly (3) for producing end-use parts. In direct additive
manufacturing — also known as rapid manufacturing or direct digital manufacturing [4]
— a final part of a product is manufactured additively. AM technologies combine
geometrical freedom with flexible production of small lot sizes, which can be used for
mass personalization [4, 5]. In the third group, AM technologies are used to fabricate
production tools, whereby short-run tooling, e.g. for prototype tooling, and long-run
tooling, e.g. for mass production purposes, differ from each other [4].

The industrial use of AM has been frequently discussed in the literature, as in [6].
These reports indicate that one challenge for final part production using AM comes
with traditional attitudes in companies, as AM is relatively young compared to the
conventional production technologies [6]. To bring a better understanding of AM into
industry, Design for AM (DfAM) approaches are relevant for clarifying when and how
to design for AM. These approaches often focus on design rules for direct AM con-
sidering the geometrical constraints to ensure manufacturability [7, 8]. DfAM
approaches on the design process and practice take the unique characteristics of AM
technologies, the specific fabrication capabilities and restrictions into consideration [1],
e.g. for AM-enabled mass personalization [5].

While DfAM approaches are highly relevant to overcome the barriers of traditional
attitudes in the industry and to eliminate “cognitive barriers associated with designing
for AM” [9], studies on current attitudes towards AM technologies are very rare or still
unpublished, as [10]. In order to develop expedient DfAM approaches, e.g. for
improving decision-making processes in AM-enabled mass personalization, it is
essential to know which current expertise and opinions designers actually have with
AM technologies. Therefore, this paper aims at supporting DfAM methods by pro-
viding a foundation to the development of approaches in this area by answering the
question: Which experiences and skills do designers have with AM? It presents the
results of an industry survey on designers’ knowing, experience and opinions of AM,
focusing on decision-making for direct AM.

2 Methods

The study was organized as an online survey with the title ‘Survey on 3D-Printing:
Experience and Expertise of Engineers in Development and Design’. Due to its pop-
ularity, the term ‘3D-printing’ was consistently applied to all AM technologies, as was
explained to the participants during the survey. Invitations to German-speaking par-
ticipants were distributed through contacts in the industry, academic networks, and
3D-printing and industrial newsletters. Two versions of the voluntary questionnaire,
which differed in length and range, were accessible online from February 2017 until
April 2017. The short version (SV, on average 8 min) focused on AM experiences as
well as designers’ expertise and opinions concerning the fields of AM application. The
long version (LV, on average 15 min) contained additionally questions, e.g. on basics
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of design rules for AM and the various AM technologies. Designers’ experience and
knowing concerning AM usually include both the production of prototypes and final
part production. Both versions contained general questions on AM and questions
focused on final part production, as the latter is highly relevant for decision-making for
direct AM. The questionnaires were made up of 25 (SV) or 50 (LV) single or multiple
choice questions, additional free text questions for analyzing the basic knowledge
concerning AM application fields, and rankings for personal reasons for being pro/con
AM final production.

3 Results

After the description about participants of the survey, the results are presented in four
sections: basic and detailed knowledge of designers concerning AM, experiences with
AM, and attitudes of designers towards final AM production. Results of both versions
are consolidated, unless otherwise indicated as LV (long version).

3.1 Participants of the Survey

172 (91 LV, 81 SV) out of 254 (127 LV, 127 SV) survey respondents answered all
questions (see Table 1). Target participants were defined as those respondents which
are concerned with making decisions relevant to AM for final part production: product
planning, component design, comparing or deciding about materials and production
technologies, and production planning. 101 completely processed participants fulfilled
the target prerequisite (61 LV, 40 SV), whose working areas are displayed in Fig. 1.
Results of the study are based on completed answers by those target participants,
hereafter defined as ‘participants’.

Table 1. Distribution of survey respondents.

B8 Research & development
LV+SvV |LV SV Design
Number of 254 127 127 [ Production
total Finance
respondents [ Logistics
Number of 172 91 81 Human resources
all-question B Others
respondents
Target 101 61 40 Fig. 1. Working areas of target participants
participants (multiple answers were possible)

Figure 2 shows the distribution of the age and company branches of participants.
Multiple choices of predefined answers were possible when choosing a company
branch. Since ‘shipbuilding’ was named multiple times in the category ‘other’ it was
added to the results. In terms of business size, 31% of the target participants were
working in small and medium-sized enterprises (less than 249 employees), 9% in
companies with 250-499 employees, 24% in companies with 500-9,999 employees,
and 32% in companies with 10,000 or more employees.
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Automotive industry ININEEEGEG 30%
Mechanical & plant engineering | IR 26%
B <30 years Aecrospace industry I 12%
30-39 years Electronics industry N 11%
[ 40-49 years Sciences N 11%
Medical technology [ 9%
Services & consulting Il 7%
[ >60 years Shipbuilding B 2%
na Others N 15%

0% 20% 40%

50-59 years

Fig. 2. Distribution of target participants: age (left) and company branches (right)

3.2 Basic AM Knowledge of Designers

At the beginning, participants were asked to intuitively describe their understanding
of ‘3D-printing’ or ‘additive manufacturing’ (maximum 2-3 sentences; the general
meaning of 3D-printing and AM was then explained in more detail). These free text
answers show that the majority of designers have the basic understanding that
3D-printing means to fabricate a part in layers from a digital file (97%), whereby 37%
explained AM even in further detail. In 42% of the free texts, the variety of multiple
materials and technologies was mentioned additionally. In over one third of the
answers, participants gave detailed explanations of AM technologies. Some answers
were only specialized on laser-based AM technologies (9%) or on rapid prototyping
(4%). 2% mentioned that they knew 3D-printing, but not ‘Additive Fertigung’, the
German word for AM.

The majority of the participants had a very good understanding as to why AM can
be used for final part production. Participants were asked to name intuitively up to
five reasons for direct AM application in their own words and these answers were then
clustered and evaluated. Frequent answers were: geometrical freedom of AM for
complex structures, cavities, and freeform surfaces (mentioned by 60%), as well as the
fabrication of low quantities for small batches or lot size one (45%), which enables
product customization/personalization (mentioned by 17%). The rapidness of AM
allows for short production and lead times, and fast time to market, which was men-
tioned by 36% of participants. Advantages for lightweight design, material and weight
saving were mentioned by 23%. Tool-less fabrication with savings of tool construction
time and costs (14%), functional integration (11%), as well as part consolidation and
improved assemblies (11%) were also mentioned as reasons for using AM for final
parts. 13% of the participants mentioned prototype fabrication, although the question
was to state reasons for the use of AM for final part production. 6% of the participants
did not know or did not mention any application cases of AM for final part production.

Knowledge levels concerning general advantages (see Fig. 3) and disadvantages
(see Fig. 4) of one or more AM technologies were asked in multiple choice questions,
which included true [2, 4] and false answer possibilities. The long version contained
more answer possibilities (marked ‘LV’); percentage is referred to total respondents of
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each answer possibility. 1% of the participants mentioned that they do not know any
dis-/advantages of AM. It is important to note that not selected answers cannot dis-
tinguish between non-chosen and non-processed answers. The results on the advan-
tages exhibit a clear differentiation between chosen, correct answers and the selection
of false answer possibilities (Fig. 3). Such a clear distinction is not recognizable for the
selected disadvantages of AM, which meant that also wrong answers were chosen
(Fig. 4).

True answer High geometrical freedom of parts HEE  —————— 0] %
possibilities Low quantity cost-efficient possible T —————— 37
Rapid production of small quantities I ————— ()%
Digital 3D data directly usable for production HEEETE—— 70,
Decentralized production on sitc I (%
Integral design feasible I ——— (3%
Production costs largely independent of part geometry (LV) - 629% (LV)
High palette of build materials ™ 7%
Homogeneous surface without step effect B 5%
Cost-efficiency of high quantity 1 2%
No build volume limitation (LV) | 0% (LV)

0% 50% 100%

Fig. 3. Percentage of participants selecting general advantages of AM technologies

True answer Limited palette of build materials I ————— 387,
possibilities Rough surface finish. I — —— 777
Cost effectiveness of voluminous parts (LV) n———— 73% (LV)
Slow process speed IEEEEE———— (3%
Cost effectiveness of raw material I——— | 47 %
Anisotropy of part properties (LV) mm—— 33% (LV)
Problems with process predictability and repeatability m— 26%
Undercut difficile realizable mmm 14%
Cost-efficiency of low quantity == 10%
Low geometrical freedom (LV) 1 2% (LV)

0% 50% 100%

Fig. 4. Percentage of participants selecting general disadvantages of AM technologies

3.3 Detailed Knowledge of AM Technologies and Design Rules

Skills in differentiating various AM technologies were analyzed by asking partici-
pants to match pictures of AM machines and AM parts to the names of the AM
technologies (only LV participants). Approximately half of the LV participants chose
the correct answer in every case, see Fig. 5. 64% of the LV participants matched 2 or
more technologies correctly. Those participants were then asked to compare two AM
technologies with respect to material strength, material, and smoothness of the surface;
more than 80% of these answers were correct.
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Fused Deposition Laser Sintering
Modelling (FLM/ FDM) < “CUgE (LS SLS)
...was chosen by  54% —— ...was chosenby  57%
Don‘t know it 23% ~ == || Don‘tknow it 31%
No match 23% «| No match 11%

Poly-Jet Modelling
(PIM)
...was chosen by  44%

Stereolithography
(SL/SLA)

...was chosen by  54%
Don‘t know it 48% Don‘t know it 33%
No match 8% No match 13%
Picture sources: www.resins-online.com; www.3dprod.com; www.fkm-lasersintering.de; www.mack-technik.com;

www.rapidobject.com; www.heise.de; www.1zulprototypen.com

Fig. 5. Matching pictures of AM machines and parts to the name of the technology

The LV participants were asked to mark those predefined aspects, which have to
be considered for design and production planning of AM parts in some or all AM
technologies; results of this multiple-choice question are displayed in Fig. 6. The
predefined aspects are based on [1, 8, 11] and contain four supplementary wrong
answers of production-ready design for other manufacturing technologies.

Support structures and their removement I 77 %

Powder removement especially in cavities
Minimal wall thickness

Part orientation, position and disposal
Redesign of classical parts

Avoidance of low surface angles
Design of interior and exterior corners
Demoulding

Avoidance of undercuts

Rolling direction

Minimization of required tools

I don't know it.

True answer
possibilities

I 5,
—— ] (%
E— (3
47 %
— 39
89

- 3%

- 7%

m 5%

® 5%

- (5%

0% 50% 100%

Fig. 6. Percentage of LV participants choosing relevant aspects to design and production
planning for AM

3.4 AM Experience of Designers

Nearly all of the participants had held AM parts in their hands before (98%). 18% of
the LV participants stated that they did not know the technologies of the parts that they
had held in their hands. Most hand-held parts were made by Laser Sintering, as 77%
of those who had correctly matched the SLS picture mentioned, which are 44% of all
LV participants (compare Fig. 5; multiple choices were possible). The second most
frequent technology of the hand-held parts were Fused Deposition Modeling (73% of
all who match the FDM-picture correctly, which means 39% of all LV participants)
followed by Stereolithography (67% of correctly matched pictures, resp. 36% of all LV
participants). Parts made by Poly-Jet Modeling (MJM/PJM) were not often held in
hands (30% of correct PJM matchings, which are 13% of all LV participants).
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16% of the participants had never ordered or fabricated a part with AM before.
29% of the participants had fabricated or ordered 1 to 9 3D-printed parts, 25% 10 to 49
parts and 31% 50 parts or more. Percent specifications in this section relate to all those
participants who had ordered or fabricated 3D-printed parts (in sum 84% of all par-
ticipants, 85% of all LV participants). These participants used 3D-printed parts
mostly for display models and prototypes, as 86% of them stated (multiple answers
were possible). Less than one third of these participants stated that they used the
fabricated components for final parts (27%), and only 12% use AM for serial part
production. The AM-fabricated parts were also used for private occasions or gifts
(24%), or spare parts (18%). 9% spontaneously stated in ‘other usages’ that they used
AM parts for testing and for exploring material and machine characteristics. Additive
manufacturing was chosen mostly because of rapid production (chosen by 75% of the
LV participants who fabricated or ordered 3D-printed parts, multiple answers were
possible). 58% of these LV participants chose AM because of cost-efficient production
of low quantities. 37% of these LV participants exploited the geometrical freedom
through AM, 31% fabricated parts because of their interest in AM or in testing AM
machines.

Half of all participants stated that they had already designed a part especially for
AM and had considered construction guidelines for AM (50%).

Participants who had fabricated parts with AM were asked how often they had
already handled a 3D-printer. This question was posed to 52 LV participants and to 8
SV participants. Due to a technical error other 25 SV responses were missing. The
following results and analyses concerning the experience level leave these missing
participants out of consideration and are marked as *. 38% of the participants* who
fabricated AM parts had already handled a 3D-printer before (12% 1 to 9 times, 8% 10
to 49 times and 18% 50 times or more), whereby most of them operated a Fused
Deposition Modeling machine.

Three categories are defined for the experience level of participants* with AM:
inexperienced, slightly experienced, and experienced. These categories are based on the
four equally loaded statements concerning the hand-held AM fabricated parts, the
number of fabricated AM parts, the frequency of operating AM machines, and the
construction for AM. The yes/no choices concerning AM parts held in hands and
concerning the design for AM are valued as 1/0.25. The frequency of fabricated or
ordered AM parts, and operations of AM machines are valued as 0.25 for none, 0.5 for
0 to 9 times, 0.75 for 10 to 49 times, and 1 for 50 times or more. The sum of this value
range from 1 to 2 for inexperienced, over 2 to 3 for slightly experienced, and over 3 to
4 for experienced. Using this gradation, 34% of the participants* belong to the category
‘inexperienced’ (LV 33%), 29% to ‘slightly experienced’ (LV 33%) and 37%, LV 34%
respectively, belong to the ‘experienced’ category.

The majority of the participants* worked in companies that own AM machine(s).
The distribution of the participants working in companies owning or not owning AM
machines is displayed in Fig. 7 — both for all participants and separated for partici-
pants* by categories for experience level with AM.
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All participants Inexperienced Slightly experienced Experienced

B Company owns AM machine and participant may use them.

[} Company owns AM machine, but participant may not use them.
Company does not own AM machine.

Participant does not know if company owns AM machine.

Fig. 7. Distribution of participants in companies with/without AM machine(s) and their
accessibilities. Left: all participants; right: participants* separated by experience level with AM

3.5 Attitude of Designers Towards AM Technologies for Final Parts

Next to knowing about AM, personal attitudes towards AM are highly relevant when
designers are considering whether or not to use AM for final parts production. Thus,
participants were asked for which personal reason they would/would not fabricate
final parts with AM. They were prompted to choose reasons to be for/ against direct
AM by selecting (1) which reasons were essential to them, and (2) to order them
according to their personal relevance. Seven predefined reasons were presented in
random order in questions for and against direct AM (Fig. 8).

High geometrical freedom T 190%
Personalization/customization M 182%
Time reduction due to tool-less production M 183%
Production flexibility of low quantity T 190%
Lightweight design WM 67%
Reduced storage due to fabrication on demand E_——— 1 67%

Integral construction BT 1 65% W st (order of relevance)
No reasons selected & finished answer J 4% l§n§
T
0% 50% 100% 4th
Sth
. . . 6th
Uneconomical cost of high quantity | IEME__—30% 7th
Insufficient part properties Il 68% OFrequency of nominations

High costs of production W] 52%
Limited avaibility of materials/ machines WEE_—__167%
Insufficient knowledge of material properties M 63%
Missing confidence in AM technologies [——329%
Little experience and expertise with AM [ 40%
No reasons selected & finished answer J 5%

0% 50% 100%

Fig. 8. Ranking of personal reasons for being in favor of (above) or against (below) AM for
final part production, sorted by 1st order of relevance.
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2% of the participants did not answer the two questions on personal ranking. 4% of
the participants selected no reason to be for direct AM while they stated that they had
finished the answer; 5% selected no reason to be against direct AM.

Geometrical freedom was rated as the number one reason for using AM-fabricated
final parts (see Fig. 8, above). Production flexibility in low quantity was mentioned
equally often but with lower relevance, especially with regard to the first order of
relevance (16% of nomination vs. 26% for geometrical freedom). Personalization/
customization and time reduction due to tool-less production were similarly relevant
reasons, followed by lightweight design, integral construction and cost reduction of
storage due to on-demand fabrication.

Reasons against AM-fabricated final parts are distributed more unevenly in number
of nominations (see Fig. 8, below). Main reason for being against direct AM was the
uneconomical cost of high quantities, followed by insufficient part properties, which
exhibited a similar relevance but was less frequented mentioned. Reasons which were
rated with less relevance were: insufficient expertise and experience with AM and
missing confidence in AM technologies. In sum, reasons against direct AM are less
frequented than reasons for direct AM.

The more experienced the participants, the more they felt certain that they could
evaluate whether AM or conventional technologies were more suitable for the pro-
duction of final parts, see Fig. 9. LV participants were asked if they would like to have
a decision support when considering AM for final part production. The majority of the
participants stated that such a support would be helpful (LV 64%). 25% of the LV
participants — the majority of them are well experienced and skilled — said that they
didn’t need any decision-support as they were well versed with additive manufacturing.
11% of the LV participants (most of them are members of the ‘inexperienced’ category)
did not need or want to make this decision.

60% All LV participants
50% .
40% m Inexperienced
30% m Slightly experienced
20% .
10% lmiz\ @ Experienced

0% -

Uncertain Slightly Relatively Confident n.a.
uncertain confident

Fig. 9. Certainty of LV participants that they could judge whether AM or conventional
technologies were reasonably for the production of final parts. Percentages refer to entirety of
category.

Statements concerning the intention of using final part production with AM in
the next 5 years showed that the majority stated that they ‘plan on’ or ‘absolutely plan
on’ using AM for final parts, i.e. 60% of all participants and even 75% of the expe-
rienced participants®, see Fig. 10. 16% of all participants were unsure because of too
little information or uncertain progress in 3D-printing technologies.
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50% All participants*

40% m Inexperienced

30% W Slightly experienced
20% Experienced
| [ &

0% 7| % M-z

No, Idon't  Currently Yes, I plan or Yes, I cannot Others
consider this.  unsure. assume this. absolutely.  make this
decision.

Fig. 10. Participants’* intention of fabricating final parts with AM in the next 5 years.
Percentages refer to entirety of category.

4 Discussion

4.1 AM Knowing of Designers

Understanding how AM technologies work is important in making design decision for
AM and consequently in exploiting AM specific potentials and implementing AM for
final part production. Designers have a firm basic understand of AM, as proven by free
text answers on AM and its application cases for final part production. Especially the
astonishing high quality of answers about application cases of AM for final parts
reveals that the general understanding on the AM-specific possibilities is given for
designers. Only the occasionally reference to prototype fabrication in the question
about AM for final parts indicates a poor distinction between the application groups in
prototyping and final part production.

Advantages and disadvantages of the AM technologies are known by designers but
not to in same degree. Existing differences between AM technologies may possibly
influence the selection of answer: For example, SLS has lower restrictions with regard
to anisotropy than FDM parts, so that SLS experts maybe not chose this point.
However, the separation between true and wrong answers should be clearly visible in
Figs. 3 and 4. Advantages can be clearly separated into a majority of true answers and a
minority of incorrect answers. The results of the disadvantages, however, do not offer
such a clear distinction between disadvantages and non-disadvantages. Disadvantages
of AM seem to be known by fewer designers and this lack of knowledge, especially
concerning non-disadvantages of AM technologies, has to be overcome as it influences
the decision-making in AM and late complications could be reduced in advance.

As various AM technologies contain different possibilities and restrictions, e.g. the
feasible material, mechanical strength or accuracy, it is relevant that decision makers
know the different AM technologies. Assigning pictures of AM parts to AM tech-
nologies was challenging for the participants (Fig. 5). Too often, the differences
between the AM technologies remained unknown. As the clear majority of experienced
designers answered these questions correctly, the assumption is reasonable that there is
a high discrepancy in the knowledge concerning the various AM technologies.

The designers were aware of design rules for AM — a separation between correctly
chosen true aspects how to design for AM and wrong answers was recognizable
(Fig. 6). Some designers stated that they do not know AM design rules; they may
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benefit from design guidelines about how to design for AM. This topic could be
analyzed in more in detail than this study focusing on decision-making in AM allows
for.

The presented analysis of AM expertise of designers exposes that the general
understanding about AM is good while there is a deficit in knowing about general
restrictions of AM. Many designers show difficulties in differentiating various AM
technologies so that the advantages and especially restrictions of the different AM
technologies need to be further clarified in DfAM approaches. The definitions and
wording of AM and of AM technologies need to be unified. Finally, categorizing the
application groups in product life phases (prototyping, direct AM, and indirect AM) in
DfAM approaches can be helpful, especially for working on an improved under-
standing for decision-making about AM for final part production.

4.2 AM Experience of Designers

Not only expertise but also experience levels vary greatly with regard to various AM
technologies. This study shows that, unfortunately, nearly one fifth of the participants
did not know which technology was used to make the parts that they were holding in
hands. Holding AM parts in own hands does not substitute in-depth experiences
through self-designed and self-fabricated AM parts, but it supports the understanding of
part properties, advantages and restrictions of that particular technology. Current
purchase prices and operation efforts of AM machines compared to desktop 3D-printer
explain the fact that FDM machines are being used the most. Thus it comes somewhat
of a surprise that most participants had held parts fabricated with Laser Sintering. The
(still distant) goal is that designers can say that they have held parts in their hands
fabricated by different AM technologies — and that they also know name and properties
of those technologies.

AM fabricated parts are used in different product life phases for prototypes, final
components and spare parts. Survey results with companies in [6] show that companies
use AM to produce functional parts more than for fabricating prototypes. The presented
survey with engineers show that individual engineers act differently than companies, as
86% of the participants used 3D-printed parts for display models and prototypes and
only 28% for final parts/ final parts in series.

The analysis of designers’ experience with AM proves that experience levels of
designers with AM vary strongly. DFAM methods should consider these discrepancies
in experiences and offer tailored approaches for different target groups.

4.3 Attitude of Designers Towards AM Technologies for Final Parts

Expertise and experience concerning AM influence the attitude of designers towards
the decision about direct AM. It is astonishing that around 60% of all participants want
to build final products in the next 5 years — even the inexperienced ones. The more
experienced the participants were, the more confident they felt about making decisions
on final part productions with AM, and the more definite they stated their intention of
fabricating final parts with AM in the next years. Experiences with AM are related
proportionally to the access to an AM machine in a company (Fig. 7). Achieving right
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estimations about final part production with AM and the expedient application of
additive manufacturing technologies can, thus, be supported through easy accessibility
of AM machines in companies.

Most important personal reasons for direct AM were: geometrical freedom, pro-
duction flexibility in low quantity, time reduction, and personalization possibilities.
Since these reasons are also main advantages of AM, it is a good sign that between
82% and 90% of the designers did choose them as relevant. The most frequented
personal reason against direct AM (i.e. uneconomical cost of high quantity) was chosen
less often (80%) than these four reasons for direct AM, which approves the high
interest in direct AM.

Only two-fifths of the designers stated that a lack of knowledge and experience
with AM was a relevant reason against direct AM. Anyway, over three-fifths of
designers would appreciate a decision support to decide whether or not to design for
direct AM. Furthermore, almost of half of participants felt (slightly) uncertain about
deciding when to use AM or conventional production technologies for final part pro-
duction. These three statements show that designers are not against using AM for final
parts but that further support for the decision concerning the design for AM is nec-
essary. The reflection on when to design for direct AM and the consideration of AM
specific impacts should be supported by DfAM methods.

One third of the designers stated that they were experienced with AM for final part
production, only around half of them in serial part production. Detailed experiences and
any existing complications in the design process for direct AM should be further
analyzed in order to improve the understanding of the current situation.

The presented analysis of the designers’ attitude towards direct AM exposes that
there is a high interest and intention in using AM for final parts production, yet this is
combined with a slight skepticism. A decision support of when to design for direct AM
is needed now, especially by the less experienced and skilled designers concerning
AM. It is meaningful to support the highest rated reasons for direct AM, because these
main advantages of AM are also well accepted by designers. Those different charac-
teristics for using direct AM need different kinds of design support. For example: high
geometrical freedom can be supported through design rules or topological optimiza-
tions in the detail design phase, while mass personalization of products need special
processes in product structure design in order to fulfill the individual needs with
reduced variety-induced complexity. Thus, it is essential in DfAM to reflect upon the
reasons for AM usages separately without neglecting their mutual influences and the
overall characteristics of AM.

5 Conclusion and Outlook

Additive manufacturing can be used for different purposes in product life cycle because
it allows for high geometrical freedom and fabrication flexibility, e.g. enabling an
economical production of small lot sizes. With focus on decision-making of designers
for direct AM, this paper presents an industrial survey about the current attitudes of
designers on AM. Answers of the target group (i.e. working in product planning and
design, decision-making of materials and production, or production planning) were
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analyzed with respect to their experience, expertise and attitude towards AM fabricated
(final) parts. The data shows that the experience with AM is very different, reaching
from never having held an AM part in their own hands to high skilled AM experts.
While the basic knowledge about AM and its application cases is present, in-depth
knowledge concerning the restrictions and the different AM technologies is lacking.
The presented analyses reveal that there is a high interest and intention in using AM for
final parts production, combined with a slight skepticism. Further DfAM methods
should address those aspects about missing detailed knowledge and skepticism. In
order to use AM specific possibilities, DFAM approaches are meaningful in supporting
the decision-making process in direct AM for different application cases.

Against the backdrop of recent technological improvements of AM, this study
reveals that it is also important to implement DfAM approaches. At this point, the high
discrepancies found in AM experience and knowledge levels should be covered while
continuously supporting the usage of AM for final part production. DFAM approaches
about when to and how to design for AM are needed and should reflect overall AM
characteristics while focusing on specific reasons for AM applications, e.g. geometrical
freedom or fabrication of low quantities.
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