
1 Introduction

1.1 � Manufacturing Technology

Manufacturing, or production, is the process by which parts, goods, or merchandise, 
commonly called products, are produced. In the manufacturing process, these prod-
ucts are obtained from other parts (semi-finished products) or created from raw ma-
terials. Manufacturing can be manual, mechanical, or mixed (hybrid) processes. The 
various production technologies are dealt with in the subject area of manufacturing 
technology [1].

According to German DIN Standard 8580, manufacturing processes are divided into 
six main groups:

	� Prototyping: A solid body is created from shapeless materials (liquid, powdery, 
plastic); the cohesion is created e. g. by casting, sintering, firing, or bonding.

	� Forming: Changing the shape of a body by pictorial (plastic) alteration without 
changing the amount of material (e. g. bending, drawing, pressing, or rolling).

	� Joining: Previously separated work pieces are transferred into a permanent joint 
(e. g. bonding, welding, or soldering).

	� Cutting: Change in the shape of a solid body; the cohesion is locally dissolved (typ-
ically ablative processes such as grinding or milling).

	� Coating: Surface finishing of all kinds (e. g. painting, chrome plating, etc.).

	� Changing material properties: Conversion by post-treatment (e. g. hardening).

Additive manufacturing processes, in which materials are joined layer by layer to 
form new components, can be clearly assigned to the primary forming processes, and 
have accordingly been integrated into section 1.10 of the latest draft of DIN 8580 (2020).
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1.2 � Additive Manufacturing

Additive manufacturing technologies have long been known in industry under the 
term “rapid prototyping”. Rapid prototyping is widely used in model making and 
product development in many branches of industry. The predominant goal is the fast 
and uncomplicated production of individual parts, small component series, or func-
tional and design samples to shorten development cycles.

This approach – long known to industry experts – came into the public eye a few years 
ago, following media hype over “3D printing”. This often gave the impression that 3D 
printing could be regarded as a universal and disruptive manufacturing process that 
would completely replace other manufacturing technologies. According to current es-
timates, however, it is more likely that additive manufacturing is simply joining the 
large number of diverse manufacturing technologies used in industry, and will only 
be used if clear cost advantages can be achieved from its application [2].

In the context of this book, the term additive manufacturing is generally used to indi-
cate that the focus is on the production of industrial components. This does not repre-
sent a devaluation of rapid prototyping or 3D printing, which enjoy a high degree of 
importance in their respective fields of application. The terms additive manufactur-
ing and 3D printing are often used synonymously, and a clear demarcation is not al-
ways possible.

Other partly historical terms that are (or were) used synonymously for additive man-
ufacturing are: generative manufacturing, eManufacturing, additive manufacturing, 
additive layer manufacturing, direct digital manufacturing (DDM), solid-state free-
form manufacturing, and some others. In addition, everything is often still subsumed 
under the term 3D printing, especially in the non-scientific literature. In the mean-
time, however, the term additive manufacturing has become generally accepted and 
is defined by the current standardization.

DIN EN ISO/ASTM 52.900 Additive Manufacturing – Fundamentals – Terminology is 
the basic terminology standard for additive manufacturing (AM). The standard 
defines the most important terms in this context. For example, additive manu-
facturing itself is defined as:

A definition of additive manufacturing
“Process of joining materials to produce components from 3D model data usu-
ally layer by layer, as opposed to subtractive and forming manufacturing 
methods”

Processes in additive manufacturing therefore take place layer by layer, which is why 
they are sometimes referred to as layer construction processes. This definition de-
fines the layer-by-layer construction of objects through additive manufacturing. The 
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geometry of the component is available as an electronic data set in the computer (3D 
model data), which directly controls the creation of the component (direct digital 
manufacturing, DDM). This clearly distinguishes it from subtractive, machining, or 
separating processes.

In additive manufacturing, the final properties of the components are generally only 
created during production. The process parameters used control the final properties 
of the components, in close interaction with the properties of the starting materials. 
This is one of the main differences between additive manufacturing and traditional, 
ablative separation processes, in which the component properties are already largely 
predetermined by the original material properties of the semi-finished product be-
fore shaping.

Because additive manufacturing creates components layer by layer, in two dimen-
sions so to speak, the complexity of the parts in the third dimension plays a subordi-
nate role during the creation process. Components of almost any complexity can thus 
be created during the manufacturing process without significant additional effort. 
Areas of application that require highly complex components are therefore particu-
larly predestined for additive manufacturing, and can be regarded as one of the tech-
nology drivers.

1.2.1 � Application Areas and Technology Drivers

AM processes have one outstanding feature in common: they do not require the use of 
a mold that determines the shape of the desired component. Because of this layer-by-
layer shaping without tools, the approach has many advantages that make it particu-
larly suitable for the following areas of application, and which can be regarded as the 
main drivers of AM technology:

	� Economic production of small numbers of components (even with a batch size of 
one, “on demand”)

	� Geometric freedom in design (free-form surfaces, undercuts, cavities)

	� Components with function integration (hinges, joints, flexible units)

	� Lightweight construction (lattice structures with high or varying stiffness)

	� Product personalization (medical technology, sports)

	� Short-term product adjustments (shortening of product cycles)

	� Environmental aspects (reduced material consumption, circular economy)

	� Bionic structures.

Typical industries in which the advantages of additive manufacturing can be very 
well applied and targeted are the consumer goods, automotive, aerospace technology, 
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defense, medical technology, electronics, furniture, jewelryy, sports equipment, and 
tool and mold making.

Some current established business models (personalized drilling jigs for operations, 
individual prosthetics, complex furniture gliders, novel filter systems, robotic grip-
pers) demonstrate the economic use of AM technologies that have already emerged.

Figure 1.1 shows schematically in what way additive manufacturing is superior to 
traditional production methods from an economic point of view.
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Figure 1.1  Unit costs in conflict with part count and part complexity for additive and 
traditional manufacturing; AM is typically not economically viable for mass production 
of simple parts

Established or traditional manufacturing technologies (TMs) are often optimized to 
produce large numbers of components at the lowest possible unit costs. Here, the unit 
costs decrease significantly with the number of parts produced (Figure 1.1, dashed 
line). At the same time, with TF, the unit costs increase significantly with the compo-
nent complexity. In general, a complexity limit is even reached which conventional 
processes cannot overcome, or often only by generating exorbitantly high costs (Fig-
ure 1.1, solid line).

This is where the advantages of additive manufacturing processes (dark grey areas in 
Figure 1.1) come into play. At almost unchanged costs either small component series 
or components with considerable complexity can be manufactured. However, this 
also requires the design of the components to be adapted for the additive processes. 
The part design is changing from one that is required for a production process into 
one that is required for part functionality! This paradigm shift does not mean, how-
ever, that production-oriented rules can be disregarded. Experience shows clearly 
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that it is also important to design for production in additive manufacturing. Com-
pared to tool-related manufacturing processes, however, different rules apply, which 
allow considerably higher degrees of freedom in product design.

However, the adaptations in the part design for additive manufacturing intervene in 
the complete process chain of manufacturing. In product development projects, it is 
therefore imperative that the planned manufacturing process be integrated at the be-
ginning of the project, in order to take advantage of the benefits offered by additive 
processes for part manufacturing [3].

The target-oriented and demand-driven application of additive manufacturing re-
quires a good overview and comprehensive knowledge of the different AM processes, 
and their respective strengths and weaknesses. In addition, the AM processes are 
mostly tied to specific material classes. In addition to the shape and type of the starting 
materials, AM processes differ quite significantly in terms of the underlying process 
sequences, according to which the classification by main AM groups is made today.

1.2.2 � Main Groups of Additive Manufacturing

With the progressing standardization in the field of additive manufacturing (see Sec-
tion 3.2.5), seven main groups are currently defined as essential process categories of 
additive manufacturing.

The main process categories (I–VII) often contain further subgroups, which may dif-
fer to a greater or lesser extent in process details. In the case of powder bed fusion 
(PBF) processes in particular, it is also useful to distinguish between plastic processes 
(PBF-P) and metal processes (PBF-M).

I.	 Vat photopolymerization (VPP)

	� SLA: Stereolithography
	� DLP: Digital light processing
	� CDLP: Continuous digital light processing
	� CLIP: Continuous liquid interface production

II.	 Material extrusion (MEX)

	� FFF: Fused filament fabrication
	� FGF: Fused granulate fabrication
	� APF: Arburg plastics freeforming

III.	 Material jetting technology (MJT)

	� MJ: Material jetting
	� DoD: Drop on demand

IV.	 Binder jetting technology (BJT)
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V.	 Powder bed fusion (PBF)

	� Polymers
	– PBF-LB/P: Laser-based melting (laser sintering (LS))
	– PBF-IR/P: Infrared-radiation-based melting (MJF, SAF, HSS)

	� Metals
	– PBF-LB/M: Laser-beam-based melting (selective laser melting (SLM))
	– PBF-EB/M: Electron-beam-based melting (EBM)

VI.	 Directed energy deposition (DED)

	� LENS: Laser-engineered net shaping
	� EBAM: Electron beam additive manufacturing

VII.	Sheet lamination (SHL)

Figure 1.2 shows a graphical overview of the processes in the seven main classes. The 
processes that work mainly with plastics as the starting material are located in the up-
per part of the diagram. The metal processes are grouped underneath. Sheet lamination 
(SHL) and binder jetting (BJT) at the end cannot be clearly assigned to metal or plastic 
processes. In BJT in particular, a wide variety of powder substrates can be used in prin-
ciple. Even chocolate powder has already been processed into “components” using BJT.
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Figure 1.2  Overview of the main process classes of additive manufacturing based on 
DIN EN ISO/ASTM 52.900; the AM processes mainly used in the field of plastics are 
summarized in the upper half
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In general, the classification into main categories is essentially made with regard to 
the differences in the joining of the respective substrates, and less consideration is 
given to material classes. This results from the fact that different materials such as 
polymers, metals, ceramics, and composites can frequently be processed with the 
same process approach.

Depending on whether an AM process leads directly to the finished component or via 
a “green part” as an intermediate step, a further distinction can be made between di-
rect and indirect AM processes or single-stage or multi-stage processes. Plastics and 
metals are still to be considered the main material classes employed for additive man-
ufacturing when it comes to the direct AM processes used to produce final compo-
nents for industrial use.

In indirect AM processes, which mainly comprise binder jetting (BJ) on a wide vari-
ety of substrates, processing pre-polymers in photopolymerization processes (VPP, 
MJT), and compound processing in MEX processes, final components are obtained via 
the detour of a “green part”. Ceramics, inorganic materials, fiber composites, and 
other “composites” are also accessible. Here, polymers or corresponding precursors 
are often also used as green part binders.

In general, however, plastics in a wide variety of starting forms are still the dominant 
class of materials in the additive manufacturing of industrial components and in 3D 
printing [4]. A comprehensive overview of all AM processes with plastics and the 
companies currently involved in the individual process fields can be found on the 
AMPOWER homepage [5].

1.3 � Additive Manufacturing with Plastics

What started about 40 years ago with the first work of Chuck Hull on stereolithogra-
phy has today developed into a broadly diversified technology spectrum with a wide 
variety of plastic-based additive processes. The main AM processes in which plastics 
play a central role for the direct manufacture of AM components (see Figure 2.1) are:

	� Vat photopolymerization (VPP)

	� Material extrusion (MEX)

	� Material jetting technology (MJT)

	� Powder bed fusion with polymers (PBF-P).

1.3.1 � Vat Photopolymerization (VPP)

The processes summarized under vat photopolymerization (VPP), stereolithography 
(SLA), digital light processing (DLP), and continuous digital light processing (CDLP) 
are based on the use of high-energy radiation (UV or visible light) for the production 
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of AM components. This can be done either selectively by a UV laser (SLA) or via pla-
nar exposure via projectors (DLP/CDLP) [6].

Where the high-energy radiation hits the substrate (a liquid/viscous photopolymer 
resin), polymerization is started and spatially resolved curing of the material is in-
duced. The resins usually consist of complex mixtures of active epoxy- or methacry-
late-based components and so-called hardeners (alcohols and/or amines), and so elas-
tomers or duromers are formed during the printing process. By varying the chemical 
composition of the individual components, the properties of the resulting components 
can be varied over a wide range and adapted to the target applications. The actual 
polymerization is started by an initiator, which breaks down into radicals during UV 
irradiation and induces a radical chain-reaction.

With VPP, a component is created layer by layer by continuously feeding in new resin 
layers. The build platform on which the component is created is either gradually low-
ered into the resin bath or pulled out of it. Because VPP processes use a liquid to cre-
ate objects, there is no structural support from the material during the build phase. 
Support structures must therefore be used if the components have overhangs, cavi-
ties, or other complex structures.

VPP processes are usually characterized by high component precision and very good 
component surfaces. The disadvantage is often a pronounced brittleness of the com-
ponents (duromer) and low long-term stability due to incompletely converted pho-
to-initiators. Post-curing and degradation effects induced by the UV component in 
sunlight can lead to disintegration of the components. The following list and Figure 1.3 
summarize the main features of the individual VPP processes.

Vat Photopolymerisation (VPP)

Stereolithography(SLA)
UV sensitive prepolymers are cured with pinpoint accuracy using a UV laser
Advantages: high precision; very good component surfaces; large components possible
Disadvantages: support structures; slow process; limited long-term stability UV-sensitive

Digital Light Processing (DLP)
UV-sensitive prepolymers are cured over the surface with the aid of a projector
Advantages: high precision; good component surfaces; increased process speed 
Disadvantages: support structures; limited part dimensions and long-term stability

Continous Digital Light Processing (CDLP / CLIP)
Ilumination from below; inhibition of UV curing by addition of oxygen
advantages: high precision; good part surfaces; very high process speed 
Disadvantages: support structures; limited part dimensions 

Projector

UV-laser

Projector

Figure 1.3  Different photopolymerization processes (VPP) for the production of 
plastic components
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Stereolithography (SLA)
In the SLA process, the material is cured in a spatially resolved manner with the aid of 
a UV-laser. Exposure often takes place from above, with the laser beam being pre-
cisely controlled via mirror systems (scanners). This type of exposure makes large 
component dimensions possible, and components can even be produced in the meter 
size range with the corresponding SLA printers (e. g. models of dashboard carriers in 
the automotive sector).

A newer process, which can be assigned to SLA, is “hot lithography” (Cubicure GmbH). 
Here, the process temperature is raised significantly above room temperature, which 
enables the processing of novel SLA resins with higher viscosity at room temperature. 
Improved properties in terms of temperature stability and mechanical properties can 
be expected from this process.

Digital light processing (DLP)
In DLP, area exposure takes place with projectors. The exposure can be from above as 
well as from below through a special light, and (if necessary) a base of the resin tank 
that is gas-permeable. The component dimensions are dictated by the resolution of 
the projector and are much more limited than with SLA. Therefore, DLP processes are 
often used for smaller or filigree components, e. g. for casting negatives in the jewelry 
sector, or lattice-like structures with small local cross-sectional areas.

Continuous digital light processing (CDLP)
CDLP is a variant of the DLP process. This process became very well known as contin-
uous liquid interface production (CLIP) by the company Carbon 3D. Here, the fact that 
oxygen (O2) acts as a radical scavenger and can specifically inhibit photopolymeriza-
tion (quenching) is exploited. If, as in the CLIP process, it is possible to control the lo-
cal inhibition very precisely, a significant increase in the process speed is possible. 
The components can be generated freely in the photopolymer resin, if the exposure 
plane and “quenching zone” are very precisely matched. In addition, the polymer 
resins developed for these processes often have components that can be thermally 
cured in post-processing steps. This makes the components significantly more stable 
and suitable for technical applications in long-term use. However, the component di-
mensions are just as limited as in the DLP process due to the use of projectors and the 
negative pressure that develops with larger cross-sectional areas.

1.3.2 � Material Extrusion (MEX)

In recent years, additive manufacturing by means of material extrusion (MEX) has 
developed a wide range of applications in terms of both materials and processes [7]. 
This ranges from simple DIY printers for do-it-yourselfers at home to special pro-



10	 1  Introduction

cesses that are suitable for extruding fiber-reinforced concrete and thus for “print-
ing” entire buildings [8, 9].

Very large components, such as body elements for vehicles (e. g. BigRap), can be pro-
duced with this process, as can multi-component and continuous fiber-reinforced 
work pieces (e. g. Markforged). In addition, MEX can also be used to process compos-
ite filaments filled with metal and ceramic particles, which can be converted into 
pure ceramic or metal parts with appropriate post-treatment steps. Further applica-
tions of MEX technology also go in the direction of “food printing” [10].

When non-reinforced plastic filaments are used, it is often referred to as fused depo-
sition modeling (with the abbreviation FDM® being registered and trademarked by 
the Stratasys Company for these processes), or more generally fused filament fabrica-
tion (FFF).

Fused filament fabrication (FFF)
Plastics are usually wound as filament onto a spool for use in the FFF process and fed 
through a heated nozzle as they are unwound in the MEX printer. Proper heating 
above the glass transition point of the polymer causes the filaments to adhere to each 
other as the strand is deposited, forming a three-dimensional component when prop-
erly processed. A subtype of the FFF process is the continuous filament fabrication 
(CFF) process. Here, continuous fibers, e. g. carbon fibers, are fed in parallel to the FFF 
printing process via a second print head in order to generate stiff and high-strength 
components.

Plastics frequently used in the FFF process, such as ABS or PLA, are amorphous and 
exhibit sufficient toughness and dimensional stability even far above the glass point, 
so that the production of three-dimensional components is successful. In addition, 
amorphous materials show hardly any shrinkage during cooling, which increases the 
dimensional stability of FFF components and avoids process errors such as warpage 
and detachment from the build platform during construction.

One problem in the FFF process can be poor layer adhesion if the temperature drops 
too far during the building process and sufficient adhesion between the filament lay-
ers no longer exists. In order to improve layer adhesion in FFF components, closed 
heated build spaces are used, and there are now also approaches to improve adhesion 
at the interface between the individual filaments through thermally or chemically 
induced reactions. A distinction is then made between MEX-TRB (thermal reaction 
bonding, TRB) and MEX-CRB (chemical reaction bonding, CRB).

Many approaches are also being pursued with FFF to be able to process semi-crystal-
line polymers, such as polyamides (PA), polyester (PET), or also high-temperature ma-
terials, such as polyether ether ketone (PEEK), polyetherimide (PEI) or polysulfone 
(PSU). Applications in medical technology or aircraft construction, for example, prom-
ise great potential. Filled or fiber-reinforced filaments can be used to keep volume 
change during the crystallization process low and to avoid component distortion.
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Fused granulate fabrication (FGF)
Due to the low material throughput in the FFF process, extruder heads have been devel-
oped for “printing” large components, which can directly process micro-granules or stan-
dard granules of plastics. An additional process step, the production of plastic filaments 
on spools, is thus eliminated. Filled or fiber-reinforced materials can also be used to ad-
vantage in FGF, which is essential for good dimensional stability. Nozzles in the range of 2 
to 10 mm diameter are used. However, this results in rough, wavy surfaces that must be 
converted into smooth surfaces by appropriate post-treatment steps (e. g., by over-mill-
ing). Applications for the fast-growing FGF-MEX variant can be found in mold and sports 
equipment construction as well as in the furniture industry and for large vehicle parts.

Arburg plastics freeforming (APF)
One MEX variation is the freeform plastic molding (APF) developed by ARBURG. In-
stead of filaments, small plastic droplets are continuously ejected (extruded) via 
piezo-controlled nozzles. The material nozzles are positioned in a fixed location, and 
the building platform on which the components are created can be moved and posi-
tioned in three spatial directions. By using several nozzles, different materials can be 
processed simultaneously, so that combinations of different materials (e. g. hard/soft) 
can be linked in one component.

The outstanding advantage of the APF approach is that, in principle, standard poly-
mer granulates can be used as the starting materials, which are already available for 
other plastics processing methods (injection molding, extrusion). The time-consuming 
and costly intermediate step of filament production is eliminated. In reality, however, 
the use of standard pellets is often difficult, since these materials contain all kinds of 
processing aids that can interfere with the APF process.

Likewise, filled materials are almost impossible to process due to the sensitivity of the 
high-precision extrusion dies. A disadvantage here, as with the other MEX processes, 
is the relatively slow process speed when building up the parts and the mandatory 
use of support materials for complex structures. Figure 1.4 summarizes the essential 
elements of MEX technology for processing plastics.

Material Extrusion (MEX)

Fused Filament Fabrication (FFF), Fused Granulat Fabrication (FGF)
Plastics are heated in a nozzle and deposited on top of each other strand by strand
Advantages: basically simple (DIY) and wide variety of materials
Disadvantages: wavy part surfaces, support structures; single parts; slow process

Arburg Plastics Freeformer (AKF)
Polymer granules are extruded droplet by droplet via a piezo-controlled nozzle
Advantages: Polymer pellets from "bar"; multi-material combinations (hard/soft).
Disadvantages: support structures required; individual parts; build-up rate very slow

Figure 1.4  Material extrusion process (MEX) for the production of plastic components
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1.3.3 � Material Jetting Technology (MJT)

Direct manufacturing of plastic components is achieved with material jetting (MJ) or 
drop-on-demand (DOD) technologies (see Figure 1.5). In principle, these are printing 
processes analogous to traditional 2D inkjet printing. Viscous materials are applied to 
a build platform from digitally controlled print heads.

Material Jetting Technology (MJT) 

Material Jetting (MJ)
Pre-polymer droplets are deposited with a print head and cured with UV lamp
Advantages: high precision; very good part surfaces; multi-material processing
Disadvantages: support structures; limited long-term stability

Drop on Demand (DOD)
Polymers (waxes) are deposited with a print head and thermally cured
Advantages: high precision; good partt surfaces; predominant use as cast cores
Disadvantages: support structures; thermally unstable components

Figure 1.5  Material jetting technologies for the production of plastic components

If the printing materials are UV-curing pre-polymers (see Section 1.3.1, VPP process), 
curing of the droplets takes place immediately after deposition by UV lamps posi-
tioned in the print head (photopolymerization). However, curing after deposition of 
the droplets can also take place purely thermally by cooling, if low-melting substances 
such as waxes are involved.

The basic prerequisite for MJT is always a certain viscosity of the pre-polymers, which 
must be adapted to the high-precision print heads. If this is given, the process is basi-
cally well-suited to processing several materials with different property profiles at 
the same time. The production of components from “gradient material”, i. e. with lo-
cally adapted material properties, by adjusting the mixing ratio of the starting materi-
als directly in the printing process, is thus possible. In general, MJ is very versatile and 
generates components with very low surface roughness and high dimensional accu-
racy at high speed by precisely controlling material deposition.

Disadvantages of MJ are, as already mentioned in Section 1.3.1 (VPP process) for 
UV-curing systems:

	� A certain brittleness of the components (duromers)

	� Low long-term stability (post-curing and degradation effect induced by the UV 
component in the sunlight).
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directional orientation of component 
naming 224�

disturbance of the molecular order 177�
DMA 226�
drilling jigs 4�
drilling templates 240�
droplet extrusion 142�
droplet–matrix morphology 139�
dry blends 169, 196�
ductility 194�
Duraform® HST 197, 225�
Duraform® PA 169�
dust particles 26�

E
economic production 3�
effect of vibration 144�
eGrip 241�
electrical conductivity 231�
electronics 243�
Electro Optical Systems (EOS) 25, 43�
electrostatic shielding 231�
elongation at break 116, 182, 194, 225�
E-modulus 182�
emulsion polymerization 136�
end groups 182�
energy absorption 32�
engineering polymers 166�
entangled polymer chains 109�
enthalpy of fusion 118�

EOSint P 800 44�
EOS P 800 206�
equilibrium reactions 181�
equilibrium state 34�
esterification 105�
ether and keto groups 205�
exposure
	– strategy 63�
	– variation 65�
	– vectors 63�
extrusion conditions 139�

F
FAR-25 (25.853) 198�
Farsoon Technologies 44�
fibers 169, 196�
filter systems 4�
fine dust 56�
fine particle fraction 153�
fine particle quantity 171�
fine particles 152�
finish 230�
finishing 66, 231�
	– professional 232�
first-order physical transformations 113�
flame-retardants
	– based on PA 12 and PA 11 198�
	– halogen-containing 198�
flowing point 107, 108�
fluidization 36�
fluidized height 159�
focal plane 40�
focus correction 40�
follow-up rounding of particles 138�
freedom of design 233�
free-flowing behavior 154�
Frenkel and Eshelby model 127�
fresh powder 30�
F-Theta lens 40�
fumed silica 160�
functional end groups 104�
function integration 3, 236�
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G
gel formation 185�
gel permeation chromatography 
(GPC) 126�

gel permeation chromatography (GPC) 
measurements 181�

GelSight 229�
geometric freedom 233�
Gibbs–Thomson equation 179�
glass beads 169, 196�
glass transition point 107�
gravitation 127�
Grilamid® L20G 173�
grinding 138�
gripper fingers 242�
group or deformation vibrations 130�

H
Hampel estimator 156�
Hausner ratio (HR) 153, 155�
hearing aids 240�
heat and UV radiation 184�
heat capacity 118�
heat capacity measurements 113�
heating 58�
heating rates 114�
heat radiation 121�
heat radiation effects 119�
heat resistance 201�
heat sources 29�
holes 58�
hollow spheres 142�
humidity 34�
hydrogen bonds 168, 194�

I
image analysis
	– dynamic 150�
	– static 150�
impact strength 116, 194�
incoming inspection 153�

individualization 240�
individual parts 66�
industrial grippers
	– individualized 241�
industry
	– aerospace 234�
	– automotive 234�
	– defense 234�
	– electronic 234�
	– furniture 234�
	– jewelry 234�
	– medical 234�
	– tool and mold making 234�
infrared spectra 130�
initiator 136�
internal stress 121�
IR emitters 30�
ISO 17296-2 98�
ISO 17296-3 100�
ISO 27547-1 100�
ISO/ASTM 52901 100�
ISO/ASTM 52902 97�
ISO/ASTM 52910 97�
ISO/ASTM 52911-2 99�
ISO/ASTM 52915 97�
ISO/ASTM 52920 98�
ISO/ASTM 52921 98�
ISO/ASTM 52924 100�
ISO/ASTM 52925 99�
ISO/ASTM 52930 99�
ISO/ASTM 52936-1 100�
ISO/ASTM 52950 98�
ISO TC 261 94�
isothermal laser sintering 168�
isotropy of the components 116�

K
kinetic energy 138�

L
Lambert–Beer law 130�
lamella thickness (lc) 179�
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laser beam
	– deflection speed of the 32�
	– positioning 39�
laser diffraction 150�
laser energy
	– variation of the 221�
	– input 31�
laser module 26�
laser power 32�
laser scan lines
	– visible 227�
laser scan spacing 32�
laser spot 40�
laser window 26�
laurolactam 168, 180�
layer bonding 117�
layer boundaries 117, 183�
layer-by-layer construction 2�
layer delamination 70, 183�
layer times 58�
Le Chatelier’s principle 105�
lifestyle and fashion 242�
lifestyle products 233�
lightweight structures 233�
liquid nitrogen 138�
living anionic polymerization 136�
long-term resistance 226�
LS
	– industrial equipment 41�
	– material portfolio 20�
	– process chain 19�
LS components
	– professional design 224�
LS machines
	– basic structure 25�
LS parameters 217�
LS parts 213�
	– homogeneous 220�
LS process 23, 53, 74�
	– capability 170�
	– errors 70�
	– simulation 118�
	– stability 174�
LS process capability of powders 155�

LS technology
	– development history 23�

M
machine configuration 25�
machine market 41�
machinery and tools 243�
machine technology 25�
manual work 230�
manufacturing technology 1�
market shares 166�
Massachusetts Institute of Technolo-
gy 229�

material optimization through addi-
tives 224�

material selection 20�
matrix polymer 139�
maximum roughness (RZ) 228�
maximum tensile strength 215�
mean roughness (Ra) 228�
mechanical comminution 138�
mechanical properties 214�
	– comparison of 216�
medicine/dentistry 242�
melt flowability 124�
melt flow indexing (MFI) method 124�
melt flow index (MFI) 55�
melting 117�
melting point 59, 107�
melt-spinning 141�
melt viscosity 68, 122�
melt volume rate (MVR) 55�
melt volume rate (MVR) method 124�
metal and non-metal oxides 130�
metal powders 169, 196�
metastable 113�
microscope with heating stage 128�
military 243�
moisture 197�
mold 3�
mold cooling 117�
molecular weight 106, 109, 126, 180, 182�
	– average 110�
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	– distribution 126�
	– number-average 126�
	– weight-average 126�
monoclinic (pseudohexagonal) symme-
try 178�

morphology 106�
multi-zone heater 29�
MVR control points 55�
MVR measurements 125�

N
name of the polyamides 168�
needle tip 228�
Newtonian fluid 122�
nitrogen 34�
non-contact optical measurement tech-
niques 228�

numerical simulation 120�
nylon (polyamide) 163�

O
oligomers 127�
onset 115�
optical components 39�
orange peel 68, 69�
organic chemical reactions 181�
Orgasol® Invent Smooth 136, 169�
original forming process 217�
oven aging 184�
overheating of individual layers 66�
overlap of the laser traces 63�
oxidation 28, 65�
oxidative degradation reactions 184�

P
PA 12 base powders 169�
PA 12 powder
	– with carbon fiber 196�
PA 12 “virgin” powder 54�
packing density 54, 150�
parameter sets 63�
part collision 58�

part density 218�
part distortion 67�
part distribution
	– homogeneous 58�
part functionality 4�
part growth
	– uncontrolled 70�
partial melting 220�
partial pressure difference 181�
particle coalescence 129�
particle fines
	– proportion of 138�
particle geometry 146�
particle size distribution
	– homogeneous 172�
part list reduction 238�
part positioning
	– incorrect 66, 68�
part properties
	– homogeneity of the 220�
	– isotropic 65�
parts assembly (build job) 57�
pendant-drop method 128�
penetration depth of the radiation 131�
plasticizer content 197�
plastic measuring cylinder 156�
plate–plate rheometers 122�
plate–plate viscometer 123�
polishing 232�
polyamide 11 (PA 11) 187�
polyamide 12 (PA 12) 169�
polyamide (nylon) 167�
polyamide PA 6 199�
polyaryletherketones (PAEKs) 205�
polycarbonate (PC) 109, 163�
polycondensation 105�
polydispersity index (PDI) 126�
polymer and laser sintering market in 
comparison 166�

polymer chains
	– extension 182�
	– with open chain ends 180�
polymerization 104�
	– ionic 104�
	– radical 104�



Index	 251

polymer powders 135�
polymer properties 103�
polymer pyramid 166�
polymers
	– amorphous 106�
	– elastomeric 103�
	– hydrolysis-sensitive 125�
	– schematic structure 104�
	– semi-crystalline 106�
	– thermoplastic 103�
	– thermoset 103�
polymethyl methacrylate (PMMA) 109�
polymorphism 177�
polyphosphinate 199�
polyvinyl chloride (PVC) 163�
pores 219�
porosity
	– determination 219�
	– non-destructive determination of 
the 219�
	– residual 220�
post-condensation 122, 180, 183�
	– effects 184�
	– of PA 12 in the solid state 180�
	– reactions 180�
powder
	– distribution curves of 150�
	– exposure of the surface 64�
	– highly porous 149�
	– overflow 54�
	– unprocessed 55�
	– used 55�
	– virgin 55�
powder agglomeration 70�
powder aging 184�
powder application 34�
powder bed
	– cracks 70�
powder behavior 146�
powder cake 65�
powder circuit in the LS process 55�
powder coatings 135�
powder condition 55�
	– correct control 55�
powder density 38�

powder distribution 152, 170�
powder feed 34�
powder flowability 35, 149, 153, 154�
	– method overview 154�
powder mixture 54�
powder production 136, 139�
powder shape 150�
powder “short feed” 70�
powder state 34, 155�
powder supply 33�
powder surrounding 119�
precipitation of substances 137�
precipitation process 137�
preheating phase 54�
primary processing 108�
process chain 5, 54�
process chamber 28�
process control 120, 213�
process error 66�
process flow 59�
processing temperature 107�
process suitability of the powders 174�
production process 4�
production technology 53�
product personalization 3�
properties
	– extrinsic 112�
	– for LS polymers 111�
	– intrinsic 112�
	– optical 129�
	– thermal 112�
	– viscoelastic 122�
property combination of PA 12 185�
property matrix of LS materials 226�
prosthetics 4�
prototype construction 235�
prototyping 1�
ProX™ 500 25�
Push™ process 230�

Q
qualification
	– for industrial series production 71�
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R
recycling 185�
reflectance 130�
reflection 129�
repeatability (sr) 156�
repeating units 182�
research & development facilites 48�
residual monomer content 126�
RESS process 143�
rheology of the polymer melt 122�
ring-opening polyaddition 169�
robotic grippers 4�
RoHS Directive 198�
roll coaters 37�
rotational speed 159�
roughness
	– determination 228�
	– parameters 229�
roundness 146�
round-robin test 156�

S
sample construction 235�
scan head
	– mirror position of 63�
scanning electron microscope (SEM) 142�
scattering phenomena 129�
Schleiss RPTech 56�
secondary processing 108�
secondary valence forces 168�
sedimentation time 159�
segments
	– hard 103�
	– soft 103�
serial parts 213�
shear 109�
shielding gas 58�
short-term loading 215�
sieve analysis 150�
simulation
	– of the degree of solidification 120�

	– thermal processes 121�
sintered necks 108�
sintering cycle 59�
sintering window 113�
	– determination of the 113�
	– modeling of the processes 120�
Sinterline™ 200�
SinterStation 24�
skin contact 233�
snap functions 58�
solid–liquid state 120�
solution polymerization 136�
solvents 230�
spatial directions 223�
spatial orientation 223�
special materials 63�
spectacle models 232�
sphericity 136, 146, 148, 172�
spherulite boundaries 116�
spherulitic crystals 116�
sports and racing applications 196�
spray-drying 142�
stabilizers 184�
staircase effect 227�
standard deviations 156�
standardization 94�
standardization bodies (ASTM, ISO, 
CEN) 94�

standards committees 95�
step-growth reaction 104�
stereolithography 7�
STL file 56�
streaming 70�
structural body 109�
structural density 122�
sublimation 199�
super-cooled melt 122�
support structures 57�
surface
	– contour of the 228�
	– defects 68�
	– heating 59�
	– large 58�
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	– of the build area 62�
	– smooth 58�
surface-active additives 129�
surface-fractal 159�
surface quality 20�
surface roughness 148�
surface roughness of the LS compo-
nents 172�

surface temperature 30, 31�
surface tension 109, 122, 127�
suspension polymerization 136�

T
tacticity 106�
tactile/touching measurement 228�
tangential speed 37�
tapped density 156�
technology drivers 3�
temperature control 28, 29�
temperature jump in the laser trace 114�
tensile strength 116, 182�
tensile test 215�
thermal aging 226�
thermal behavior 107�
thermal conductivity 118�
thermal equilibrium 59�
thermal properties 172�
thermal radiation 118�
thermal shock 59�
thermal stress 185�
thermal transitions 108�
thermogravimetry (TGA) 197�
	– measuring curve 197�
thermo-oxidative damage 138�
thermoplastic elastomers 158, 202�
thermoplastic elastomers (TPEs) 103�
time constant 32�
titanium dioxide (TiO2) 130�
tomography (CT) 142�
translation speed 37�
transmission 130, 131�
trowalizing 230�

U
unit costs 4�
University of Austin 23, 163�
University of Sheffield 230�

V
vapor phase 230�
varnishing 232�
VDI 3405 Blatt 1 100�
VDI 3405 Blatt 1.1 99�
VDI 3405 Blatt 6.2 99�
VDI 3405 Blatt 7 100�
VDI status report “Additive manufactur-
ing processes” 234�

vehicles and mobility 242�
vibrations of the powder coater 227�
vibratory grinding 230�
viscosity 109�
viscosity curve 109, 122�
viscous behavior 122�
voids 146, 218�
	– form factors of the 219�

W
warpage 67�
wash-out 70�
wash-out effects 227�
water absorption 201�
waterproofing 231�
weld lines 42�
white pigment 130�
wide-angle X-ray scattering (WAXS) 178�
Windform® 196�

X
X-Ray diffraction reflections (WAXS) 178�
X-ray structure analyses 178�
XYZ-direction 194�
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Y
yellowing
	– of the parts 70�
	– of the surfaces 65�
yield stress 116�

Z
zero-shear viscosity 109, 122�
zinc selenide (ZnSe) 26�


