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Foreword

The history of additive manufacturing might seem to be very short, but in reality
the technology is more than a hundred years old. The first patent application was
in 1882 by J.E. Blanther, who registered a method for producing topographical
contour maps by cutting wax sheets, which were then stacked.

This is an amazing fact: layer-by-layer work processes are currently experiencing a
huge amount of hype that was not triggered by the development of new basic tech-
nologies. Rather, the reason for this is that essential patents have expired, making
it possible to recreate for example a melt deposition method using the simplest
means, which can be used for the generation of three-dimensional bodies. How-
ever, this hype managed to develop, in a very short time, an immense momentum.
The user centralization and the new degrees of freedom offered by the technologies
coincide with the present boom of DIY (do-it-yourself) culture, so it is not surpris-
ing that “fabbers!” and “3D printing selfies” are in high demand.

Conversely, various new technologies were developed over the entire process chain
as well. During my studies in the early 2000s, when I dealt with the topic for the
first time, the importance of layer manufacturing was only high in the area of
prototyping. The technologies have not changed radically since then, but nowadays
the market for custom products and small production runs has increased mas-
sively in many industries. Both established machine manufacturers and many in-
novative startups have joined this field. The additive manufacturing process has
found a previously unimagined extent of application, from the production of in-
dividual toys to high-power components for powertrains. In the future, different
scenarios for production are conceivable, and decentralized production “on de-
mand” is tangible. This generates a possible area of conflict from high technologi-
cal expectations, risks, and potentials. A realistic estimation should not be based
solely on the enthusiasm that is noticeable after seeing the first additive manufac-
turing process and having the generated part in ones hand. Independent research
on the topic is therefore essential.

! “Fabber”: Short for digital fabricator. A machine that makes arbitrary three-dimensional objects automatically from

raw materials and digital data.



Foreword

BMW AG ordered the first SLA system in 1989. Thus, BMW AG was the first cus-
tomer of a today world-recognized and leading company of laser sintering systems.
Over the years, from the first model-making facilities, a center of competence
within the Research and Innovation Center (FIZ) evolved, in which various types of
practical and basic research are carried out today. In addition to high-quality proto-
types for testing and validation of transportation vehicles, materials and processes
are being developed, making it possible to realize the potential of layer-by-layer
construction. For example, employees working in automotive production are indi-
vidually equipped with personalized assembly aids to increase ergonomics and
performance in assembly lines.

In this case, the focus of the discussion will be less on the 3D printing processes
mentioned in the media, but rather on the highly complex manufacturing ma-
chines on which the production is to take place in the future. One such technology
is laser sintering (LS), a laser-based unpressurized manufacturing process. How-
ever, the coincidence with a “real” sintering process is solely that the generated
part cross section will be held near its melting temperature for a long residence
time. This is the core process of laser sintering, which has been examined in di-
verse ways and is still subject of intensive further research.

As part of my own PhD thesis, I dealt with the time and temperature dependence
of the two-phase region, in which melt and solid are present and sharply demar-
cated. I had thus the chance to enter one of the many interdisciplinary fields of re-
search on additive manufacturing, and am still excited about this topic. Anyone
who intends to study or work with laser sintering will not be able to find a lot about
such a specialized topic in most of the general books on 3D printing and additive
manufacturing. However, as powder-bed-based technologies are established as one
of the major additive manufacturing processes, it is essential to present the results
of basic research and transfer them to practical use in order to create, for example,
as a service provider, viable high-quality parts. The purpose of this book by Man-
fred Schmid, one of the recognized specialists in laser sintering, is precisely to give
this depth of field without losing sight of the benefits for the user.

Dr.-Ing. Dominik Rietzel
May 2015
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Introduction

B 1.1 Manufacturing Technology

Production or manufacturing is a process by which products (parts, goods, or mer-
chandise) are generated. The products are obtained through operations on other
parts (semi-finished) or created from other materials. Production can be done
either manually or by machine.

The different manufacturing technologies are discussed within the field of manu-

facturing according to DIN 8580, in which the following classifications of manu-

facturing processes (processes for the production of certain geometric solids) are

identified:

= Primary shaping: A solid body is formed from shapeless materials (liquid, pow-
dery, plastic); the cohesion is provided by, for example, casting, sintering, kiln-
ing, or curing

® Forming: Deformation of a body by malleable changes without changes in the
amount of material (for example, bending, drawing, stamping, or rolling)

® Joining: Previously separate workpieces are converted into a solid compound
(for example, gluing, welding, or brazing)

® Machining: Change in the shape of a solid body; the cohesion is eliminated
locally (typically by a removing process such as grinding or milling)

® Coating: Surface treatments of all kinds (for example, painting, chrome plating,
etc.)

= Change of material properties: Conversion by post-treatment (for example,
hardening)

The various technologies considered as additive manufacturing processes devel-

oped during the past three decades are classified as primary shaping processes

(see, for example, ISO 17296-2:2015). Hereby powder, melt, or liquids are trans-

formed into novel components using different energy sources or by chemical reac-

tions. A solid body is formed from previously formless substances. The final prop-
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erties of the part therefore only arise during the manufacture; this means that,
besides the material, also the build parameters determine the final part properties.

B 1.2 Additive Manufacturing

Additive manufacturing processes always take place layer by layer; thus they are
sometimes called layer manufacturing technologies. In ASTM F2792-12a, additive
manufacturing (AM) is defined as:

Additive manufacturing (AM), n:

Processes for joining materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing fabrication method-
ologies.

By this ASTM definition, the layered structure of the objects is defined. The shape
of the part is submitted in the form of electronic data recorded in the computer
that controls the formation of the part directly (direct digital manufacturing). This
is clearly different from subtractive machining methods.

In additive manufacturing it is common that, for the production of a part, the ma-
terial is gradually joined only where the part should be built up. In contrast, in
traditional subtractive methods, the material is removed (subtracted) from a
semi-finished product by cutting techniques such as milling, drilling, and turning,
to produce the desired part.

In additive manufacturing, due to the fact that the parts are created in layers
during the build—that is, in two dimensions—the complexity of the part in the third
dimension plays a secondary role during processing. Parts with virtually any 3D
complexity can thus be built.

In general, humans have used the principle of additive manufacturing since pre-
historic times, for putting material together only where it is really needed. Nearly
every house is created additively. Building blocks are assembled in layers to form
walls. A wall is formed where it is needed and at the end of the construction, pre-
viously empty space is surrounded with solid material.

Hardly anyone has the idea to fabricate a house from a previously manufactured
concrete block with a hammer and a chisel. Nevertheless, there are several exam-
ples in history of buildings created with subtractive technologies. Figure 1.1 shows
an attempt at that (World Heritage Site Petra, Jordan).

Additive manufacturing technologies have been known in the industry for a long
time under the name of “rapid prototyping (RP)”. Rapid prototyping was and is
mainly used for modeling and product development in many industries in order to
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obtain design samples and/or to achieve a reduction in the length of development
cycles.

Figure 1.1 Construction of a building with subtractive technology [source: A. Strub]

Thus, what professionals have known for a long time has nowadays created a me-
dia hype known as “3D printing”, putting the technology into the light of public
perception. However, in the media, little differentiation is made, and creating a
weapon by additive manufacturing appears in the same context as the production
of artificial human organs. Whether the process works with metals, plastics, or
ceramics is also largely ignored.

1.2.1 Areas of Application/Technology Driver

The different AM methods have the common characteristic that they do not require
the use of a tool to provide the shape of the desired part. Layered tool-less forming
provides many advantages, which particularly concern the following areas and are
considered to be the main driver of AM technology:

= Economic fabrication of small production runs (batch sizes start with one part)
= Geometric freedom in design (free-form surfaces, undercuts, cavities)
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= Components with integrated functions (hinges, joints, flexible units)

® Product personalization (medical, sports)

® Rapid product customization (shorter product cycles)

= Ecological aspects (lightweight, reduced material consumption)

Typical industries in which the advantages of additive manufacturing are very
suitable and that can be targeted are the aerospace industry, the defense industry,
the automotive industry, medical technology, electronics, furniture, jewelry, sports
equipment, and tool and mold making.

Some already established business models (such as customized drilling guides for
surgery, individual dental prosthetics, complex furniture bearings, new filter sys-
tems, robotic grippers) are evidence of the economic use of AM technology today.
Where additive manufacturing economically beats traditional production methods
is shown schematically in Figure 1.2.

) A
high Traditional Manufacturing (TM) : high
1 — — — Additive Manufacturing (AM) 1
: Advantage AM
- 1
£ 1 =
§ Complexity limit for TM <-4 5
5 ing o
2 ]
E =
z &
low . Advantage AM low
low Cost per unit high

Figure 1.2 Cost per unit versus the number of parts and the complexity for traditional
manufacturing methods (TM) and additive manufacturing (AM)

Established production technologies are often optimized for high part quantities to
be produced with the lowest possible costs. Typically the costs per unit decrease
significantly with the number of parts produced. At the same time, in traditional
production technologies, the costs increase significantly with the complexity of the
part. Usually, a limit of complexity is reached with traditional methods, which can-
not be overcome easily or can only be implemented with exorbitantly high costs.

Herein can be found the advantages of additive manufacturing processes (see the
highlighted areas in Figure 1.2). The unit cost is almost unchanged for small part
quantities or parts with substantial complexity. To take advantage of these bene-
fits, the design process must be changed from:

manufacturing driven design into functionality driven design!
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This paradigm shift in part design affects the entire process chain for part produc-
tion. In product development projects, the planned manufacturing process should
already be integrated into the design process at the beginning of the project in
order to take advantage of all the benefits that additive manufacturing can offer.

In the future, additive manufacturing will be integrated into the field of different
production technologies and will be preferably used when small batches of highly
complex parts must be produced.

Manufacturers should recognize the possibilities that additive manufacturing
offers and should try to use it to their advantage. This requires that the company
rethink many of their areas. In product design and fabrication, completely new
approaches will result. Supply chains and business models will change signifi-
cantly in the environment of AM. Mass production in low-wage countries will be
rearranged into local, decentralized manufacturing of highly specific components.
Logistics will shift from shipping parts to shipping electronic data.

Because additive technology is still in the early stages of development, there are
still many obstacles to overcome. Besides the legal aspects that accompany digital
production (for example, data security), there are still substantial problems, partic-
ularly in the plastic sector, to be solved.

1.2.2 Polymer-Based AM Method

Approximately 35 years ago, Chuck Hull’s work on stereolithography began and
finally led to the creation of the company 3D Systems, which today owns and fur-
ther develops diverse additive technologies. The individual technologies are, in
part, based on totally different principles of material cohesion, and they also use
completely different initial materials [1].

In the field of plastics, with respect to material formation, chemical reactions (UV
curing) are as common as thermally induced processes (softening, melting). Adhe-
sion of individual particles using suitable binders (3D printing) has also been tech-
nologically implemented. Figure 1.3 shows a classification of additive processes
that originate from plastics. This ordering is based on ISO 17296-2:2015 in terms
of the material and process matrix.
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Material

Polymer

Physical union / Chemical reaction /
Thermal adhesion UV curing

Cohesion

Physical state

Process

TEChnO|ogy

Figure 1.3 Characterization matrix for additive manufacturing processes with polymers as the
raw material (in accordance with ISO 17296-2:2015)

fusion

Filament
extrusion
Powder bed
Melt (wax)
printing
UV-polymer
polymeriza-
tion

With the data presented in Figure 1.3, technologies can be characterized as fol-
lows:
= Filament extrusion (fused deposition modeling, FDM®)

In FDM®, polymer filaments that are predominantly amorphous are heated and
conducted through a heated nozzle to be glued in layers.

= Laser sintering (LS)
By the introduction of energy, spatially resolved powder particles are fused to-
gether using a laser. By overlapping layers of powder, a three-dimensional body
is produced.

= Wax printing (PolyJet® modeling, PJM)
Melted wax passes through a print head (analogous to inkjet printing); the
printed wax drops solidify when deposited on the substrate.

= 3D printing (3D-P)
A suitable binder is printed via a print head onto a powder substrate; the powder
can be inorganic in nature (e.g., gypsum) or plastic, metal, and ceramic.

® Inkjet UV printing (multijet printing, MJP)
UV-curable pre-polymers are deposited with a print head as small drops, which
are spatially located and cured by a UV source attached to the print head.

= Stereolithography (SL)

The desired layer information is introduced by the energy input of a UV laser in
a bath of UV-curable pre-polymer. Where the laser hits the UV-sensitive mass,
there is a chemically induced curing. The result is a part layer.
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Other methods not listed in the diagram of Figure 1.3, which are not included in
the aforementioned ISO standard, but which also produce additive parts with plas-
tics as starting materials, are:

= Selective heat sintering (SHS™)

Analogous to the LS method, but the energy input to melt the powder particles is
not aimed to a point as with a laser, but rather over the whole powder bed using
a thermal transfer print head (company: Blue Printer).

= ARBURG polymer freeforming (from German: ARBURG Kunststoff-Frei-
formen, AKF)

Through a piezo-controlled nozzle, molten polymer drops are spatially positioned
and deposited; by three- or five-axis movement, the print head generates the
complex part (company: ARBURG).

= Absorbing ink printing (Multi Jet Fusion®, MJF)
In a plastic powder bed, an IR-absorbing ink is printed. The subsequently ap-
plied IR lamp melts the powder in the printed areas (the market introduction of
this process by the company Hewlett Packard (HP) was announced for 2017).

More information and a detailed description about the advantages and disadvan-
tages of most of the methods mentioned above can be found in the general litera-
ture about 3D printing [2] [3]. A nearly complete list of all currently available 3D
printers can be found on the Internet [4].

1.2.3 Technology Maturation

Due to the different technological approaches to the production of AM parts, it can
be expected that the resulting products have very different properties. In Table 1.1,
a qualitative evaluation of the processes in terms of component properties for var-
ious boundary conditions is made (according to [5]). From this, the predominant
uses of parts produced with the different methods can be defined.

Table 1.1 Qualitative Evaluation of the AM Processes in Terms of Component Properties and
Field of Applications

Process |row |15 lew_ lap  lwp  Is__

Principle Filament Powder Wax Binder UV-polymer Hardening
extrusion bed fusion  printing printing printing with UV

Support structure  Yes No Yes No Yes Yes
requirements

Qualitative evaluation of AM parts

Mechanical = ++++ +—— G 44— S
properties



