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Abstract
Besides the widely known advantages of manufacturability of highly complex structures and
economical production of parts with small lot sizes, the SLM technology also enables the
integration of external components, such as sensors and actuators, into the parts because of the
layer by layer manufacturing process. The layers further lead to an excellent accessibility of each
cross section of the component. Hence, the sensors can be positioned in direct vicinity to the
locations in which a sensor signal needs to be detected, which positively affects the accuracy and
quality of the acquired data compared to conventionally mounted sensors, if this is applicable
at all.
Within this dissertation, an overall embedding strategy for sensors into SLM components is
developed. It is based on investigations on the embedding of various types of sensors into SLM
parts. In order to make the sensor integration applicable for industrially relevant components
without being a cost driver, standard, off-the-shelf sensors are used in a first step. In the case of
the SLM manufactured intelligent solenoid valve (iSV), two temperature sensors and one Hall
effect sensor are embedded, facilitating a monitoring of the temperature evolution in the valve
upon cycle of operation and an exact determination of the piston position. The iSV is an
industrial application of the sensor embedding concepts, which were systematically developed
based on demonstrator parts. For the temperature sensors, different embedding procedures in
dependence of the used sensor (thermocouple or Pt 100 element) were assessed. In case of the
Hall effect sensor, the wall thickness between sensor and magnetic field, which is to be detected,
is investigated, focusing on an unambiguous position signal. In addition to these standard
sensors, customized sensors are integrated into SLM demonstrators. For the fiber optical
sensors, the novelty elaborated in this dissertation is the embedding of these sensors during
component’s manufacturing on commercial SLM systems. Therefore, a self-adjusting fiber
tensioning mechanism is developed, which also fits the restricted accessibility of the process
chamber. A second type of customized sensor is an eddy current sensor, which is embedded in
SLM components aiming at structural health monitoring of that component. In a first test, a
propagating crack is imitated with a kerf of wire-cut electrical discharge machining. After the
successful proof of concept that the sensors can detect the propagating crack, eddy current
sensors are embedded in specimens that are cyclically loaded. Also for this setup, the sensors
proof capable of detecting the cracks propagating towards the sensors. The results achieved
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facilitate a structural health monitoring of the SLM component in such a way that the part’s
usage can be stopped as soon as the crack reaches a specific length. Hence, these results serve
as a baseline for the further development of structural health monitoring concepts of SLM
components with embedded eddy current sensors.
The concepts developed for sensor integration into metallic components, is applied also to
plastic parts manufactured with Selective Laser Sintering (SLS). Based on the embedding of an
acceleration sensor into an industrially relevant component, the key issues of sensor embedding
during the SLS process are derived. Due to the pre-heating of the process chamber, the powder
partially agglomerates. Hence, its removal from the sensor cavity needs to be treated carefully.
Furthermore, for manipulation on the SLS parts during sensor embedding, a fixation of these
parts in the powder bed is essential. Thus, for both challenges, innovative solutions are
developed and successfully applied.
As stated, the integration of functionality in AM components is not limited to sensors, but
actuating functions can also be realized with these components. Within this dissertation,
however, instead of embedding actuators into the components, the parts are manufactured from
NiTi shape memory alloy, enabling active motions of these parts. In order to gain flexibility
regarding alloy composition, as the properties of NiTi components are strongly depending on
this composition, a powder batch of elementally blended Ni and Ti powder is processed. The
vision of this powder blending approach in general is to be able to quickly tune alloy
compositions. For the NiTi shape memory alloy, the NiTi phase responsible for the shape
memory effect is finally generated in-situ in the SLM process. In addition to a full powder
characterization and a discussion of the general SLM processability of NiTi alloy, the shape
memory effect is finally experimentally assessed and proven by phase change measurements
with differential scanning calorimetry as well as by temperature controlled compression tests.
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Zusammenfassung
Neben den weithin bekannten Vorteilen der Herstellbarkeit hochkomplexer Strukturen und der
wirtschaftlichen Fertigung von Bauteilen mit kleinen Losgrößen, ermöglicht die Selective Laser
Melting (SLM)-Technologie aufgrund des schichtweisen Herstellungsverfahrens auch die
Integration externer Komponenten wie Sensoren und Aktoren in die SLM-Bauteile. Die
Schichten führen außerdem zu einer hervorragenden Zugänglichkeit zu jedem Querschnitt des
Bauteils. Da die Sensoren dadurch in unmittelbarer Nähe zu den Stellen positioniert werden
können, an denen ein Sensorsignal erfasst werden muss, sind die Daten aussagekräftiger als bei
konventioneller Sensor-Montage.
Im Rahmen dieser Dissertation wird eine übergreifende Einbettungsstrategie für Sensoren in
SLM-Komponenten entwickelt. Sie basiert auf Untersuchungen zur Einbettung verschiedener
Sensortypen in SLM-Bauteile. Um die Sensorintegration für industriell relevante Komponenten
anwendbar zu machen, ohne ein Kostentreiber zu sein, werden standardisierte, handelsübliche
Sensoren verwendet. In dem mittels SLM gefertigten intelligenten Magnetventils (iSV) sind zwei
Temperatursensoren und ein Hall-Effekt-Sensor eingebettet, was sowohl eine Überwachung der
Temperaturentwicklung im Ventil als auch eine exakte Bestimmung der Kolbenposition bei
Schaltvorgängen ermöglicht. Der Einsatz integrierter Sensoren im iSV ist eine industrielle
Anwendung der Sensoreinbettung, die systematisch auf der Basis von Demonstratorteilen
entwickelt wurde. Für die Temperatursensoren wurden verschiedene Einbettverfahren in
Abhängigkeit vom verwendeten Sensor (Thermoelement oder Pt 100-Element) untersucht. Beim
Hall-Effekt-Sensor werden verschiedene Wanddicken zwischen Sensor und Magnetfeld
hinsichtlich eines eindeutigen Positions-Signals getestet. Zusätzlich zu diesen Standardsensoren
werden massgeschneiderte Sensoren in SLM-Demonstratoren integriert. Für die faseroptischen
Sensoren wird in dieser Dissertation ein Konzept zur Einbettung während der
Komponentenfertigung auf kommerziellen SLM-Systemen entwickelt. Dazu wird eine selbst
nachregelnde Spannvorrichtung für die Fasern entwickelt, die auch der eingeschränkten
Zugänglichkeit der Prozesskammer Rechnung trägt. Ein zweiter Typ massgeschneiderter
Sensoren sind Wirbelstromsensoren, die in SLM-Komponenten eingebettet werden und die
Überwachung des strukturellen Zustands dieser Komponente zum Ziel haben. In einem ersten
Test wird die Rissausbreitung mit einem Schnittspalt aus dem Drahterosionsprozess
nachgeahmt. Nach dem erfolgreichen Nachweis des Konzepts werden die Wirbelstromsensoren
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in zyklisch belastete Proben eingebettet. Auch bei diesem Aufbau sind die Sensoren
nachweislich in der Lage, sich ausbreitende Risse zu erkennen. Die erzielten Ergebnisse
ermöglichen eine Zustandsüberwachung des SLM-Bauteils in der Weise, dass die Nutzung des
Bauteils gestoppt werden kann, sobald der Riss eine bestimmte Länge erreicht hat. Die
Ergebnisse dienen somit als Grundlage für die Weiterentwicklung von Konzepten zur
Zustandsüberwachung von SLM-Komponenten mit eingebetteten Wirbelstromsensoren.
Die Konzepte, die für die Sensorintegration in metallische Komponenten entwickelt wurden,
werden auch auf Kunststoffteile angewandt, die mittels Selective Laser Sintering (SLS)
hergestellt werden. Basierend auf der Einbettung eines Beschleunigungssensors in ein industriell
relevantes Bauteil werden die Kernfragen der Sensoreinbettung während des SLS-Prozesses
abgeleitet. Aufgrund der Vorwärmung der Prozesskammer muss der Pulverentnahme aus der
Sensorkavität besondere Beachtung beigemessen werden. Darüber hinaus ist für die
Manipulation an den SLS-Teilen während der Sensoreinbettung eine Fixierung dieser Teile im
Pulverbett unerlässlich. Für beide Herausforderungen werden daher innovative Lösungen
vorgestellt und erfolgreich angewendet.
Wie bereits erwähnt, beschränkt sich die Integration von Funktionalität in additiv gefertigte
Komponenten nicht nur auf Sensoren, sondern es lassen sich auch Aktorikfunktionen mit diesen
Komponenten realisieren. Im Rahmen dieser Dissertation werden die Aktoren jedoch nicht in
die Komponenten eingebettet, sondern die SLM-Komponenten werden aus einer NiTiFormgedächtnislegierung hergestellt, wodurch eine aktive Bewegung dieser Teile ermöglicht
wird. Da die Eigenschaften der NiTi-Komponenten stark von der Legierungszusammensetzung
abhängen, wird eine Pulvercharge aus elementar gemischtem Ni- und Ti-Pulver verarbeitet,
sodass grundsätzlich eine gewisse Flexibilität hinsichtlich der Legierungszusammensetzung
erreicht werden kann. Die Vision dahinter ist, auf diese Weise die Legierungszusammensetzung
schnell anpassen zu können. Die NiTi-Phase, die für den Formgedächtniseffekt verantwortlich
ist, wird schließlich in-situ während des SLM-Prozesses erzeugt. Zusätzlich zu einer
vollständigen Pulvercharakterisierung und einer Diskussion der allgemeinen SLMVerarbeitbarkeit der NiTi-Legierung wird der Formgedächtniseffekt schließlich durch
Identifikation der Phasenübergänge mittels Differenzkalorimetrie sowie experimentell durch
Kompressionstests nachgewiesen.
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1.1 Metal Additive Manufacturing

Introduction
Metal Additive Manufacturing
In the first joint norm between the International Organization for Standardization (ISO) and
the American Society for Testing and Materials (ASTM) ISO/ASTM 52900:2015 [78] additive
manufacturing (AM) is defined as a process that joins materials based on a 3D computer aided
design (CAD) file. Figure 1-1 illustrates the single AM process steps. The 3D CAD model is the
basis of the entire process and since the joining of the material is usually done layer upon layer,
the model is sliced in layers of a certain thickness containing the geometrical information of the
part. In the final step, these layers are joined by a defined energy input.

Figure 1-1: AM from data preparation to real manufacturing; adapted from Spierings [158]

The generic term AM covers numerous technologies processing various kinds of materials. These
materials range among others from polymers to metals as well as from ceramics to tissues. The
focus of this thesis, however, is on the processing of metals. Hence, Figure 1-2 presents an
overview of the currently existing metal AM processes. The differentiation among these
processes is done on two levels: the process categories are divided according to the way the raw
material is provided to the manufacturing process. The further diversification is based on the
form of energy input.
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1. Introduction

Figure 1-2: Overview of metal AM processes; adapted from Ritter [140]

Independent of this differentiation, all AM processes reveal common advantages and strengths
compared with conventional manufacturing technologies. Generally, AM technologies are toolless, which leads to an economic production starting at lot size one. This facilitates the
manufacturing of individualized parts at no additional production costs. Furthermore, it also
applies for the production of components with frequent design modifications because of
constantly decreasing product life cycle times. In Figure 1-3 the costs per unit are visualized for
conventional and additive manufacturing in dependence on both the number of parts produced
and the complexity of these parts. Line a) and the vertical line representing AM define the
beneficial use of AM, which is the production of small batch sizes. Line b) shows the costs per
unit for conventional manufacturing if the complexity of the part is increasing. While there is
even a maximum complexity level for traditional machining, the layerwise process characteristic
of AM technologies facilitates the manufacturing of highly complex structures without
increasing the costs per unit. This marks the second advantageous area of AM compared with
conventional manufacturing. Consequently, AM parts can be designed for their functional
purposes in the use phase and not with regard to their manufacturability as it is usually the case
for conventionally machined components.
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Figure 1-3: Comparing the costs per unit for conventional and additive manufacturing technologies as a
function of the number (a) and of the complexity (b) of the parts produced; adapted from Schmid [146]

By combining the two approaches of high part complexity and design for functionality, AM
components also reveal an ecological benefit compared to traditionally machined parts as it is
shown in Figure 1-4. Although the AM part requires more energy for its production, its
lightweight design, which is exceeding the complexity limit of traditional machining, leads to a
significantly reduced energy consumption both in use phase and in recycling of the component.
Another ecological benefit of AM is the minimum consumption of raw material since through
the additive process material is merely added where it is functionally required. Hence, 85 – 90%
of the powder used during manufacturing ends up directly in the final product. Compared with
subtractive machining where large portions of the raw material have to be disposed in form of
cutting chips, this is an excellent value.

Figure 1-4: Comparison of the total energy use of a component during its life cycle based on its design
and respective manufacturing process; courtesy of A. Spierings
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Integration of functionality in AM parts
The life cycle assessment of the total energy consumption of the two parts in Figure 1-4
illustrates one of the key enablers of AM in a very intuitive way: it is important to consider the
entire life cycle of a component rather than the pure production process step. In Figure 1-4, the
term energy use could be substituted with the costs of the part without changing the message.
Currently, AM processes result in higher production costs if this comparison is conducted on
the part´s level. Due to this drawback of AM, it is of decisive significance to add functionality to
the AM parts. This added functionality will then safe money for the party using the product
during the rest of its life cycle, hence it compensates for the higher manufacturing costs, which
have to be invested in the beginning. The comparably high production costs result in the fact
that typically rather complex and high valuable components are additively manufactured.
Generally, there are various possibilities to add functionality to metal AM parts. As already
partially mentioned in the context of Figure 1-3 and Figure 1-4, the design of the part is a very
important aspect of AM. Vayre et al. [177] as well as Klahn et al. [87,88] reported on the design
for AM, which is describing the required steps during the design phase of a new component in
order to exploit the full potential of AM technologies and finally turn it into a reasonable
business case. For aerospace and automotive industry, weight reduction of the components is
the main driver regarding AM. While in 2015 in the automotive sector a weight reduction of 1 kg
was worth 10 $, it was already worth 1’000 $ in aircraft industry and up to 10’000 $ in the satellite
and space sector [191]. However, particularly in the space industry the situation is changing
rapidly due to private companies like SpaceX entering the market. Tartar and Qiu [172] reported
in 2018 on costs of roughly 6’100 $ per kg to launch a satellite of SpaceX. Hence, the value of
10’000 $ accepted cost per kg weight reduction has dropped clearly, but still showing the
significance and cost saving potential of lightweight design in the aerospace industry. AM
facilitates the manufacturing of lattice and bionic inspired structures which directly lead to
lower weight of the respective components. Furthermore, the buy-to-fly-ratio comparing
material required for production to the weight of the final part will be reduced from values >10
for traditional machining down to values of 1-2 for additively manufactured components. Besides
the financial aspect, this is also beneficial from an ecological point of view, since significantly
less waste is generated during the manufacturing process. For the tooling sector, the high
geometric complexity is particularly used to equip the tools with smart and conformal tempering
structures. These structures facilitate a homogeneous temperature distribution leading to stable
and high-quality forming processes. Medical and dental industry also strongly benefit from the
possibilities of AM since both surgical and dental implants are highly complex parts that ideally
are individualized for each patient. Even the jewellery sector profits from the capabilities of AM,
since it offers completely new design possibilities.
In the AM process chain, the design for AM is directly followed by the manufacturing process
itself. This step also enables the integration of functionality into the parts. According to the
categorization of the manufacturing technologies in DIN 8580 [34], the AM technologies belong
to the group of master forming technologies. Hence, the material properties of the final parts
are determined during the manufacturing process. This characteristic can be used in order to
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tune the material properties of the produced parts in a specific way. For parts exhibiting sections
with diverging geometrical features, e.g. fine structures, overhanging surfaces and bulky areas,
different process parameters can be applied to ensure both a structural as well as a surface
optimization of the part. Furthermore, the AM process control and parameter adjustments
enable the manufacturing of functionally graded materials. This aspect is of particular interest
in the medical industry since the stiffness properties of implants can be gradually varied. Thus,
according to Andani et al. [6] the material properties of an additively manufactured implant can
be adjusted during the AM process to ensure a good accordance with the properties of the
human bone to which it is mounted. The possibility to manufacture porous structures is also
interesting for the tooling industry. As it was shown by Stoll et al. [167] as well as Gebauer et al.
[49], in metal forming processes lubricant can be supplied through porously manufactured
sections in AM parts. Klahn [86] presented another application of porous structures, in which
they work as ejector for plastic injection molding tools. In addition to these applications of
tuning material properties, AM process control also facilitates the processing of new materials
or at least the manufacturing of certain parts in a different alloy than it is currently produced.
This might positively affect the use phase of that component or it might even open new markets
for specific applications, as it was reported by Spierings et al. [159]. If AM components are
manufactured with functional materials, e.g. shape memory alloys (SMA), they can even execute
actuatoric functions as described by Meier et al. [122]. For these reasons, process control is also
a possibility of adding functionality to an AM component.
A third approach to add functionality to metal AM parts can be described with the generic term
manufacturing strategies. In this context, manufacturing strategies are understood as processing
routes, that enable the integration of external components like sensors and actuators into AM
parts or that enable the processing of several materials in one part. The potential fields of
applications for smart parts manufactured according to the aforementioned strategies is large.
The integration of sensors facilitate the tracking of parts as well as their monitoring, particularly
during the use phase. Thus the understanding of the complete system, in which the smart part
is integrated, can be deepened. This enables the user to run the system in its optimum
conditions, hence leading according to Figure 1-4 to a reduction of energy usage or operating
cost in the use phase of the component. The solenoid valve described in the patents of Nova
Werke AG [165,166] is an industrial component equipped with various sensors for monitoring
purposes (see section 5.4). The concept of structural health monitoring is also very interesting
and attractive for industrial applications since it is able to significantly reduce downtimes due
to failure or inappropriate maintenance. In a conceptually similar way to the integration of
sensors in AM components, actuators can also be integrated. Mayer et al. [121] showed the
embedding of a piezo stack for active shunt damping in a truss structure. A last aspect of
functionality integration by manufacturing strategies is the production of multi-material
components. Similar to graded stiffness properties within AM parts, multi-material components
lead to a locally ideal performance due to the use of the optimal material. A potential application
might be a component, which needs high mechanical properties in certain areas, whereas a large
heat transfer coefficient is required in another section.
Currently, the mega trends of Industry 4.0, digitization and Internet of Things (IoT) are
omnipresent in politics and society as well as in industry and research environment. Often, these
key words are mentioned in connection with AM. Lehmhus et al. [99] judged sensor integration
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in functional parts as a core characteristic of IoT applications, while the metal AM process
Selective Laser Melting (SLM) is considered as key enabling technology to achieve this
manufacturing goal. A Delphy survey conducted by Jiang et al. [81] among AM experts identified
sensor integration in additively manufactured parts as one of the core aspects of the AM scenario
in 2030. Furthermore, Gausemeier et al. [47] showed in their roadmap that the integration of
external functional elements, this being sensors and actuators, into SLM parts will be of
significant importance in the next years, in the last four to five years it just started. These trends
and projections in combination with the necessity to add functionality to SLM parts led to the
definition of the scope of this thesis. The goal is to investigate the integration of functionality
into SLM parts through sensor embedding as well as through additively processing shape
memory alloys, which are capable to conduct active motions. All the challenges, that come along
with these research goals and that need to be taken into consideration in order to derive a
generic sensor embedding strategy and to proof active motions of AM components based on the
shape memory effect, are discussed in detail:








Mechanical properties due to process interruption
Temperature evolution in sensor cavities
Influence of part design and geometrical features on functionality of embedded sensors
Survivability of embedded sensors
Measuring capability of embedded sensors
General SLM processability of shape memory alloys
Experimental proof of shape memory effect present in SLM components

The following citation of Dr. Girish Nadkarni, ABB Venture Capitals, Managing Director,
concisely expresses the necessity of pushing AM to its limits – as it is the case for the research
questions addressed in this thesis – in order to disclose its full potential.
"Using 3D printing for rapid prototyping is like using a computer to write letters. While it is
certainly useful, it significantly underutilises the true potential of the technology."
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State of the art
Single-step metal AM processes
Based on the classification of metal AM processes in Figure 1-2, in this section the individual
technologies are described with particular focus on their modes of operation and characteristics
that are of interest for sensor integration during the manufacturing process. In this context the
two AM process categories material jetting and binder jetting are excluded from the list of
relevant technologies since according to ISO 17296-1 [80] they belong to the multi-step AM
processes. For these processes, the inevitable second process step of sintering is highly critical
with respect to damaging the embedded sensors. Thus, throughout this study, the focus will be
on single-step processes regarding sensor integration into AM parts.

2.1.1 Electron Beam Additive Manufacturing (EBAM)
According to ISO 17296-1 [80] Electron Beam Additive Manufacturing (EBAM) belongs to the
category of directed energy deposition AM processes. A typical characteristic of these processes
is that the materials are melted together while they are being deposited. As indicated in Figure
1-2, in EBAM an electron beam is providing the energy required to fuse the materials. This beam
is focused in such a way that it creates a fine melt pool on either a substrate or on the already
partially built up component. The feedstock is deposited directly into this melt pool. The sketch
in Figure 2-1 a) displays the general principle of the EBAM process as well as the mandatory
components. The deposition unit, which is containing both the beam emission and the feedstock
supply, is moved according to a computer aided manufacturing (CAM) path planning relative to
the substrate. This motion leads to a rapid cool down and solidification of the melt pool. In
EBAM, the feedstock is wire, which is laterally deposited into the melt pool. The typical
diameters of the wire are in the range of 1.0 mm resulting in a minimum feature size of 1.0 mm
[184,45]. This rather coarse feedstock dimensions compared with other AM technologies lead to
EBAM being used for the production of large parts where high build rates are more important
than fine and detailed resolution of the parts. According to Frazier [40] parts manufactured with
a wire feed AM system require more post-processing in form of traditional machining than parts
produced on powder based AM systems. Figure 2-2 shows two representative EBAM parts
[192,148]. According to Sciaky [148] who is the only EBAM machine original equipment
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manufacturer (OEM) on the market, the EBAM process is beneficial for the manufacturing of
large AM parts, starting at about 200 mm3. Since the maximum part dimensions of EBAM
components is merely restricted by the working envelope of the machine or robot onto which
the deposition unit is mounted, Sciaky specifies the upper limit to 5.79 m x 1.22 m x 1.22 m. The
entire process chamber with all required machine components is evacuated prior to EBAM
process start, so that the process is run in vacuum.

Figure 2-1: Schematic representation of directed energy deposition metal AM processes: a) electron beam
additive manufacturing (EBAM); b) direct metal deposition (DMD); adapted from [40]

Figure 2-2: Typical EBAM parts: a) hemispherical tank component manufactured on a Sciaky machine at
Lockheed Martin. Image courtesy of Lockheed Martin Corporation [192]; b) typical component revealing
EBAM surface quality and resolution. Image courtesy of Sciaky [148]

2.1.2 Direct Metal Deposition (DMD)
The functional principle of the Direct Metal Deposition (DMD) process is visualized in Figure
2-1 b). Although DMD is at first glance very similar to EBAM, there are some decisive differences.
The energy source is a laser instead of an electron gun and the feedstock is powder compared to
the wire fed EBAM systems. Furthermore, in DMD the processing area is locally protected from
8

2.1 Single-step metal AM processes
atmosphere by a shielding gas. These aspects lead to a more complex design of the DMD
deposition head. Both deposition and hourly build rates in the DMD process are lower compared
to EBAM due to the powder feedstock which typically has a particle size distribution of 40 – 105
µm [50]. Furthermore, the deposition efficiency of the powder is significantly lower than the one
in wire feed systems [174]. However, the fine powders facilitate the manufacturing of finer
structures compared with EBAM. The typical accuracy and minimum feature sizes for DMD is
between 0.3 mm [178] and 0.5 mm [158]. Furthermore, the coaxial powder supply enables a
direction independent deposition quality which is not feasible in the EBAM process [84].
Regarding the maximum manufacturable part size, DMD is comparable to EBAM, since the
working envelope of the system onto which the deposition head is mounted, is the only
restriction regarding size. Figure 2-3 shows the manufacturing of a demonstrator part of Trumpf
AG by means of DMD [176].

Figure 2-3: Direct Metal Deposition (DMD) process. Image courtesy of Trumpf AG [176]

2.1.3 Electron Beam Melting (EBM)
Electron Beam Melting (EBM) belongs according to ISO 17296-1 [80] and the classification in
Figure 1-2 to the powder bed based single-step metal AM technologies. Figure 2-4 a) shows the
general principle. In contrast to the previously described processes of EBAM and DMD, in the
powder bed EBM process the feedstock is not deposited into a melt pool but it is applied in
layers, which are selectively melted based on the slice information of a 3D CAD file (Figure 1-1).
For the EBM process, the powder particle size distribution is in the range of 10 – 60 µm [131]
leading to layer thicknesses of 20 µm to 150 µm [179], typically between 70 µm [179] and 100 µm
[27]. As for the EBAM process, the EBM process is also conducted in a high vacuum atmosphere
[54]. Since the electron beam can be deflected very fast, it is used to preheat every powder layer
prior to the melting up to temperatures of 500 °C [27] or even up to 0.8*Tmelt according to Murr
et al. [131]. The typical achievable accuracy is in the range of 0.2 – 0.4 mm [158,27,178]. The
minimum feature size is reported with 0.1 mm [2]. Regarding maximum part dimensions, there
are significant differences between directed energy deposition and powder bed processes since
in the latter the entire process chamber has to be filled with the feedstock. Thus, the build
envelopes of powder bed based machines are significantly smaller. Arcam EBM who is the only
9
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OEM for EBM machines on the market, specifies the largest available build volume to be
cylindrical with a 350 mm diameter build plate and 380 mm height [8]. However, this
comparably small build envelope still fulfils the requirements of the medical industry, which is
the most prominent field of applications for EBM parts, very well. This is further supported by
the operation of the machine in vacuum leading to an ideal process environment for the
manufacturing of reactive alloys, e.g. Titanium, since oxidation is prevented [14]. The two
structures displayed in Figure 2-5 represent the characteristic part dimensions and EBM
resolution very well.

Figure 2-4: Schematic representation of powder bed based metal AM processes: a) Electron Beam Melting
(EBM), adapted from [74]; b) Selective Laser Melting (SLM), adapted from [40]

Figure 2-5: Fine structures manufactured with EBM in Ti-6Al-4V: a) lattice structure [65]; b) open foam
structure [130]

2.1.4 Selective Laser Melting (SLM)
As the EBM process, Selective Laser Melting (SLM) also belongs to the category of powder bed
based single-step metal AM processes (ISO 17296-1 [80], Figure 1-2). Hence, the feedstock is
supplied from a powder reservoir and is applied in layers. These layers are selectively melted
based on the slice information of a 3D CAD file (Figure 1-1). The sketch of the functional
principle is shown in Figure 2-4 b) and it is similar to the one of EBM. However, there are some
important differences between the two processes. In contrast to EBM, in the SLM process the
energy is provided by a laser instead of an electron gun. Furthermore, the SLM process does not
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require a vacuum but merely an inert gas atmosphere to prevent oxidation phenomena.
Generally, SLM is a cold process, i.e., preheating is not mandatory as it is for EBM, even though
for certain materials and alloys, preheating of the substrate is beneficial for the SLM processing.
Since the laser beam is deflected by galvanometer scanners, the scan speed of the laser beam is
lower than it is for the electron beam, which is deflected by electromagnetic fields. Additionally,
the energy density of the electron beam is larger than the one of the laser beam. These two
aspects lead to lower build rates of the SLM process compared with EBM. As opposed to EBM,
there are several OEMs of SLM machines and equipment, which leads to a rapid development
and progress of the technology with all its characteristics, e.g. increasing build rates. The typical
SLM powder particle size distribution ranges from 20 – 50 µm [154], resulting in layer sizes
between 20 µm and 100 µm [158,16]. Thus, SLM generally leads to higher surface qualities than
EBM [54,178]. Kruth et al. [93] quantified Ra(SLM) = 5-6 µm, while Ra(EBM) is specified by Arcam
EBM with 25-35 µm [8]. Furthermore, SLM facilitates the manufacturing of very fine and filigree
structures with an accuracy of 0.1 mm in the build plane [158,178] and with a minimum feature
size of 40 µm [2].

Figure 2-6: Typical parts showing the capabilities of SLM: a) demo part with integrated lattice structure;
b) weight reduction on functional component through lattice structure; c) complex and lightweight cube
sat component; all three images: courtesy of A. Spierings

2.1.5 Suitability of single-step metal AM processes for
sensor integration
Subsequent to the short process characterizations, the various technologies are evaluated
regarding their suitability for sensor integration. The evaluation criteria are as follows:







Temperature: Temperatures that occur during the processing of the part. Here, the
global temperature, which during the process is present in the entire part, is relevant
while the spatially very restricted occurring temperature peaks, which are melting the
metal powder, are negligible since they not inevitably affect the sensors directly.
Accessibility: This represents the accessibility of the cavity into which the sensor will
be embedded.
Minimum feature size: The minimum feature size is an important indicator regarding
the accuracy of sensor positioning. Smaller feature sizes facilitate the manufacturing of
more filigree parts potentially leading to a more accurate sensor positioning.
Surface quality: The surface quality is also affecting the precise sensor positioning since
a higher surface quality generally facilitates a higher sensor positioning accuracy.
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Maturity: This criterion is assessing the maturity of the AM technology. The further
matured a technology is, the more relevant it is for industrial manufacturing. And if it is
suited for the production of industrially relevant parts, the additional efforts for sensor
integration are justified. Lezama et al. [100] ranked the directed energy deposition
processes EBAM and DMD with a technology readiness level TRL = 4-5 / 9, while the
powder bed based technologies EBM and SLM were judged with TRL = 6-7. This general
trend of the higher maturity of the powder bed processes was further emphasized by
Langefeld et al. [97]. Hague et al. [58] even assessed the EBM process to be TRL = 7-8.

For each of these evaluation criteria, the four AM processes were pairwise compared to one
another (see Table 2-1). Further, the evaluation criteria were weighted since they are of different
significance for the sensor integration process (see Table 2-2). While the temperature of the
entire part during its production can destroy the sensors and therefore is a potential showstopper, thus being weighted with factor 2, the maturity of the AM processes plays a comparably
less important role, resulting in a weighting of 1. The other criteria are within that range, whereas
the geometrical aspects, such as minimum feature size and surface quality, are weighted with
factor 1.5 compared with a factor of 1.25 for the accessibility, since the latter is a handling issue,
which is not compromising the sensor integration in general.
Table 2-1: Paired comparison of different AM technologies regarding the suitability for sensor integration

Temperature during AM
process
EBAM
DMD
EBM
SLM
Accessibility
EBAM
DMD
EBM
SLM
Minimum feature size
EBAM
DMD
EBM
SLM
Surface quality
EBAM
DMD
EBM
SLM
Maturity
EBAM
DMD
EBM
SLM
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EBAM
1
0
1
EBAM
1
0
0
EBAM
2
2
2
EBAM
1
2
2
EBAM
1
2
2

DMD
1
0
1
DMD
1
0
0
DMD
0
2
2
DMD
1
2
2
DMD
1
2
2

EBM
2
2
2
EBM
2
2
1
EBM
0
0
2
EBM
0
0
2
EBM
0
0
0

SLM
1
1
0
SLM
2
2
1
SLM
0
0
0
SLM
0
0
0
SLM
0
0
2

Sum
4
4
0
4
Sum
5
5
1
1
Sum
0
2
4
6
Sum
1
1
4
6
Sum
1
1
6
4
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Table 2-2: Weighted paired comparison evaluation of single-step metal AM processes regarding their
suitability for sensor integration

Weighting

Process

Weighted sum

Temperature during process

2

EBAM

16.75

Accessibility

1.25

DMD

19.75

Minimum feature size

1.5

EBM

19.25

Surface quality

1.5

SLM

31.25

Maturity

1

The evaluation of Table 2-2 leads to the general conclusion that powder bed based, single-step
AM processes can despite the poor accessibility to any sensor cavity due to the powder bed, at
least compete with the directed energy deposition technologies. The main reason for this result
is that the powder bed based processes are further matured and enable the manufacturing of
finer geometrical features and better surface qualities. Among the two powder bed processes,
SLM reveals the significantly better results since it requires neither a vacuum nor a preheating
of the powder up to > 500 °C as it is the case for EBM. Hence, for the experimental part of this
study, the focus will be on sensor integration into SLM parts.
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SLM process features and characteristics
affecting sensor integration
In addition to the previous, rather short introduction of the SLM process, all relevant aspects of
the SLM process regarding sensor integration are discussed in this section with specific focus on
their impact on sensor embedding. Figure 2-7 schematically shows the required process steps
for the embedding of sensors into SLM parts: first, a SLM part with a cavity for the sensor
positioning is manufactured. As soon as the z-height for sensor integration is reached, the build
job is paused and the powder is removed from the cavity. The sensor is then placed in the cavity
and finally, the SLM process is continued. This process sequence is generic, i.e. it is valid for the
integration of all sensor types. Consequently, this section is discussing the SLM characteristics
affecting sensor integration in a general way, whereas sensor specific features and restrictions
that only apply for a particular sensor type, will be examined in the section dealing with the
respective sensor.

Figure 2-7: Process steps to embed external components into SLM parts; modified based on [98]

2.2.1 Design restrictions for SLM
As indicated in Figure 1-3, SLM is beneficially applied as manufacturing technology for the
production of highly complex structures and parts. However, even for the SLM process there are
certain restrictions regarding the design and complexity of the parts. These limitations have to
be taken into consideration during the design phase of a sensor cavity. In order to have a stable
melt pool behavior and consequently a robust SLM process, the high energy input needs to be
dissipated from the melt pool. The thermal conduction is generally accomplished by the
substrate, which acts as heat sink, as well as by the already manufactured geometry. At this
point, it is important to introduce the different surface specifications according to VDI 3405
[180], that are displayed in Figure 2-8. These definitions of up-/downskin areas as well as the
downskin angle and overhangs will be used throughout the entire document. An overhang is a
surface with a horizontal overhang, i.e. θ = 0°, whereas other surfaces with 0° < θ < 90° are called
downskin surfaces.
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Figure 2-8: a) Definition of up-/downskin areas as well as downskin angle; b) definition of an overhang:
θ = 0°; all definitions based on VDI 3405 [180]

In downskin surfaces, i.e. surfaces that are partially supported by already solidified material and
partially by the powder bed, the heat conduction is getting poorer with a decreasing downskin
angle θ. Typical examples of downskin and overhanging structures were depicted by Calignano
[23] (Figure 2-9). Mercelis [124] as well as Craeghs et al. [29] reported on low thermal
conductivity of a powder bed. Hence, a melt pool in loose powder cannot be permanently
stabilized. Kruth et al. [92] quantified the heat conduction of a powder bed to be more than 100
times lower than the one of solid material. Figure 2-10 a) visualizes the heat conduction into
solidified material, while the powder bed is not absorbing any heat. According to Mercelis [124]
a low thermal conductivity also leads to an increased surface roughness as well as to distortion
of the part. This was also observed by Wang et al. [183] and by Yasa et al. [188] and is depicted in
Figure 2-10 b) and c). The minimum downskin angle was calculated by Wang et al. [183] with θ
≥ 45° in order to be able to process the entire part with the same process parameters. This value
of θ ≥ 45° is also supported by the investigations of Thomas [173] who drew a comprehensive
sketch regarding various angles of up-/downskin surfaces and the resulting surface roughness
(Figure 2-11). Adam and Zimmer [1] developed a design guide for AM in which they also
quantified the dimensions of certain geometric features. For SLM they specified the maximum
length of an overhanging surface with θ = 0° to be 2.0 mm in the case of processing stainless
steel 1.4404. Thomas [173] conducted a study on the maximum hole diameter that is
manufacturable with SLM in 1.4404 without support structures (Figure 2-10 d)). He varied the
diameter of the holes in this 5 mm thick demonstrator part from 10 mm down to 1 mm in steps
of 1 mm. The obtained results show that for diameters below 6 mm a dimensionally stable
geometry is feasible. However, here it is important to state that due to the thermo-physical
properties of a material, particularly the thermal conductivity, the quantification of specific
design elements are material dependent.

Figure 2-9: Different overhanging structures [23]
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Figure 2-10: a) thermal conduction into solid substrate, the powder is not absorbing any heat [29]; b)
manufacturing of structures with decreasing downskin angle in 1.4404 [183]; c) dross formation and poor
surface quality on an overhanging surface, i.e. θ = 0°, in SS [188]; d) demonstrator part in 1.4404 with
varying hole diameters and resulting form deviations [173]

Figure 2-11: Angle of up-/downskin surfaces and its effect on surface roughness [173]

2.2.2 Surface quality and geometric accuracy
Generally, SLM surfaces have a higher roughness than conventionally machined surfaces. Hence,
if a sensor needs to be positioned accurately in an SLM part, special attention has to be paid to
ensure a sufficient surface quality. From this point of view, a set of well-adjusted SLM process
parameters is essentially important. This is why in that field many studies have been conducted
already, dealing with the optimization of the different SLM process parameters. While
Yadroitsev and Smurov [187] focussed on the surface improvement depending on the hatch
distance, others like Hoosain [73] and Koutiri et al. [90] investigated the potential of the contour
scan parameter. However, despite all enhancements achieved in adjusting the SLM process
parameters, because of the powder bed based process the SLM surfaces still remain rough
compared with traditional machining. Kruth et al. [93] reported on Ra = 5-6 µm in x- and y16
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direction manufactured in hot work tool steel. In ISO 52911 [79] an example of Fraunhofer IGCV
revealed Ra = 8.5 µm for θ = 90° and Ra = 18.7 µm for θ = 45° manufactured in case hardening
steel 16MnCr5 (1.7131) indicating the dependence of the roughness on the surface orientation.
Due to the large roughness values, different surface treatment processes were investigated by
the SLM community. Yet, processes like sand blasting, milling, electropolishing or etching
require a dismounting of the build plate from the SLM machine. And if sensors shall be
integrated into these components, the re-mounting of the build plate into the SLM machine will
lead to positioning inaccuracies. This was shown by Hossain et al. [75] for the EBM process, but
it applies to SLM as well. Hence, the surface optimization of the SLM parts needs to be executed
directly in the SLM machine, i.e., ideally during the SLM process. Ramos-Grez and Bourell [137]
as well as Lamikiz et al. [96] investigated the potential of laser re-melting for additively
processed parts. While in their cases the material was the so called LaserForm ST-100© consisting
of additively processed stainless steel and infiltrated bronze, and the re-melting was applied in
a second process step, other researches adopted the idea of laser polishing of SLM surfaces. Yasa
et al. [189,190] as well as Kruth et al. [91] achieved a significant reduction of the surface roughness
by laser re-melting of the top surface. In Figure 2-12 a) and b), a direct comparison of as built
by SLM and laser re-melted surfaces for 1.4404 is shown. Furthermore, the graph in Figure 2-12
c) indicates clearly, that for all tested parameter sets the laser re-melted surfaces have a
significantly lower average roughness Ra than the pure SLM surfaces. The investigations of
Marimuthu et al. [113] and Alrbaey et al. [3] support these findings, while the latter quantified
the improvement of the surface roughness through re-melting based on the Ra value with 80%,
finally obtaining Ra = 1.5 µm.

Figure 2-12: Reduction of SLM surface roughness of 1.4404 test samples due to laser re-melting [189]; a),
b): comparison of as built by SLM surface and laser re-melted surface (LSR); c) comparison of average
roughness Ra achieved by pure SLM process and by laser surface re-melting with different parameter sets
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Besides the surface roughness, the generally achievable geometrical accuracy of the SLM process
is also of significant importance for the embedding of sensors into SLM components since it
determines the position of the sensor in the cavity (see Figure 2-7). Lieneke et al. [106]
investigated the dimensional deviations of the SLM process in x-, y- and z-direction based on
1.4404 test parts manufactured in the respective directions. The results, which are shown in
Figure 2-13, reveal that the deviations in the SLM build plane, i.e. xy-plane, are below 0.3 mm
with a mean value below 0.2 mm. In the z-direction, on the other hand, the deviations are with
an average of 0.7 mm significantly larger. The variation between the measurements, represented
by the error bars, is considerably larger for the z-direction as well. At this stage, it is important
to note that the deviations in z-direction are according to Lieneke caused by adherent powder
particles in the first layer. Lieneke furthermore complemented the ISO tolerance classes (ITclasses) according to DIN EN ISO 286-1 [77] and Fritz [44] with different AM processes (Figure
2-14). SLM is abbreviated by LM in that overview. It is allocated to IT-classes 11-14 for the xydirection and IT classes 15 and 16 for the z-direction. Consequently, in xy-direction it is
comparable with drilling and cutting processes, whereas the tolerance in the z-direction is in a
similar range as the one of casting. Song et al. [154] reported on a general dimensional accuracy
of the SLM process of 0.1 mm in the xy-plane, while the z-direction can even be built at higher
precision, 0.05 to 0.1 mm.

Figure 2-13: Dimensional deviations (average values) depending on the orientation of the test specimens
and the respective nominal dimension [106]; image with courtesy of T. Lieneke
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Figure 2-14: Tolerances of various manufacturing technologies clustered in IT-classes according to DIN
EN ISO 286-1 [77] and Fritz et al. [44]; modification for AM processes by Lieneke et al. [106]; image with
courtesy of T. Lieneke

2.2.3 Interruption of the SLM process
In addition to the SLM process features described in subsections 2.2.1 and 2.2.2, this subsection
is discussing another important aspect of sensor integration into SLM parts. If the sensor
embedding process depicted in Figure 2-7 shall be applied, an interruption of the SLM process
is mandatory. Although sensor integration into SLM parts has already been conducted by several
research groups (see section 2.3) and the question of material integrity as a consequence of a
process interruption has been raised, among others by Chang et al. [24], the impact of a process
interruption on the mechanical properties has not yet been investigated in that context.
However, the approach of manufacturing hybrid parts, i.e. parts that consist of a conventionally
machined preform onto which a more complex part is additively manufactured [66], is facing
similar issues regarding material properties. Repairing strategies of worn components by means
of SLM also belong to this kind of manufacturing processes, for which the SLM process has to
be started or re-started at a z-level that is within the final part’s geometry. The concept of hybrid
parts according to Herzog [66] was developed in the tooling industry since many tools consist
to a large portion of geometrically simple and bulky shapes and merely a small volume is
composed of complex structures which justify their additive manufacturing. Hölker [70]
quantified the cost for a pure AM tool production to be two to three times higher than for
conventional manufacturing. In order to get some information on the material integrity of the
hybrid tools, she investigated the bonding qualities and the resulting mechanical properties of
tensile specimens consisting of half additively and half conventionally manufactured parts of the
same materials as the tools were manufactured. She analyzed the combination of the two tool
steels X37CrMoV5-1 (1.2343; H11) and X3NiCoMoTi18-9-5 (1.2709) combined with various heat
treatments. The main findings of Hölker and Tekkaya [71,72] are that the bonding region
between the two manufacturing processes is not the weakest zone but failure occurs in the
weaker of the two materials, which is depending on the applied heat treatment. Furthermore,
they showed in validation tests that the hybrid tools withstood both the thermal and the
mechanical loads during hot aluminum extrusion trials. Bertoli et al. [15] presented similar
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results, particularly regarding the location of failure of hybrid tensile bars consisting of the
aforementioned tool steels. In the sector of part repairing, Navrotsky et al. [132] proclaim the
huge potential of the SLM process since it enables a fast and cheap repair of components, e.g. of
burner tips at Siemens. Additionally, geometrical adaptions to the latest CAD models can be
implemented at no extra cost during repairing. Without dedicating their research to a specific
use case, Zghair and Lachmayer [193,194] also investigated the potential of SLM as a
manufacturing technology to conduct part repair. However, as for the aforementioned
publications and in contrast to the problem of process interruption during sensor integration,
where merely one material is used for part manufacturing, their test specimens consisted of two
different materials as well. In both studies, the casted parts were made from aluminum alloys
(Al 6082 and Al 7075) while the additive parts were manufactured in AlSi10Mg. Similar to the
findings of Hölker and Tekkaya [72], Zghair and Lachmayer [193,194] also stated that the bonding
zone of the two materials is not the weakest zone, i.e. not the zone of failure. This is further
demonstrated by Seitz et al. [150,151] who derived design guidelines for hybrid parts, particularly
focusing on the interface section of the two parts and finally investigated both tensile and fatigue
properties of parts processed accordingly from 1.4404 steel. Sehrt and Witt [149] manufactured
hybrid tensile bars from two different hardenable stainless steels as well (1.4543 for conventional
and 1.4545 for additive manufacturing). They investigated the dependence of the location of
failure both on applied heat treatment procedures and on the bonding location of the two
materials. Thus, the tensile specimens consisted of different portions of the two materials with
bonding locations being at 1/3, 1/2 and 2/3 of the total length. They finally came up with the
result that none of the tensile specimens failed in the bonding region but instead the failure was
always depending on the ultimate tensile strength, which was achievable with the applied heat
treatment and the respective material. In the field of EBM, Hossain et al. [74] manufactured a
smart part, which will be discussed in the state of the art (subsection 2.3.2), with a stop and go
process according to Figure 2-7. In this context, they also analyzed the microstructural evolution
in Ti-6Al-4V across the level of process interruption. They reported on a difference in grain size
between the bottom and top part of 17 %, with larger grains in the bottom part. The hardness
values on the other hand, were in the top region 40 % higher than in the bottom region.
However, further investigations on mechanical properties were not conducted in that study.
This section shows clearly that there are only very few studies dealing with hybrid parts or part
repair, most of them even with different materials for the conventionally and additively
manufactured part respectively. Currently, there is no data on mechanical properties available
yet regarding SLM parts with embedded sensors, for which the process interruption is inevitable
(Figure 2-7) and which are manufactured from one material. Hence, it is so far not possible to
dimension these components accurately and dedicated to their applications.
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Embedding of sensors and other functional
elements in single-step metal AM
components
After the introduction of the single-step metal AM processes and the detailed literature review
on the SLM process, particularly focusing on its specific characteristics regarding sensor
embedding, this section gives an overview on the studies that have already been conducted in
the research field of sensor integration. As shown in Figure 1-1, AM technologies are layerwise
manufacturing processes based on 2D slice information. Due to this layer upon layer approach,
each section of the manufactured parts is well accessible during manufacturing. This is a
significant advantage with respect to sensor integration since the sensors can be positioned in
the direct vicinity of critical locations that have to be monitored. Thus, the users get a more
detailed monitoring and consequently a more comprehensive understanding of the conditions
within their systems, particularly during the operation phase. Hence, sensor integration in AM
parts is investigated by various researchers for several years already. However, currently, in times
of Industry 4.0 and digitization, it still remains a late-breaking field of research.

2.3.1 Fiber optical sensors
Optical fibers are the sensors, whose integration into AM parts during the manufacturing
process has recently been investigated in most detail. This is due to the main benefits of the
fibers compared with other sensors. Optical fibers are small size, typically 125 µm in diameter
[105], they do not require electrical power at the point of measurement and they are immune to
electromagnetic fields. A class of sensors that is well suited for measurements in high
temperature applications are optical fiber sensors of similar or identical type widely used in
telecommunications such as a Corning® SMF-28® fiber. There is a multitude of fiber sensor
configurations available for a wide range of parameters with temperature and strain sensors
being the most widely used as described by different authors, like Grattan and Sun [53],
Majumder et al. [112] and Li et al. [102]. While Kashyap [85] explains that the sensing element
can be for example a UV laser inscribed fiber Bragg grating which is a localised optical strain and
temperature sensor, Islam et al. [76] and Mathew et al. [118] report on a Fabry-Perot type sensor
structure integrated into the fiber. Furthermore, Srinivasan and Venkitesh [161] specify the usage
of the fiber itself as a sensing element in which case the whole length of a fiber is the sensor and
distributed temperature and strain date can be recorded along the fiber with high spatial
resolution. Such fiber sensors are typically manufactured from fused silica (SiO2) material, which
has a melting temperature Tmelt~1720 °C and a strain point of typically 980 to 1050 °C. Further
details on the functionality and typical characteristics of optical fibers that are relevant in the
context of their embedding, will be discussed in section 6.1. The focus of this section is on the
integration of optical fibers into AM parts. In this context, the work of Li [104] can be seen as the
fundamental research. His approach was based on a hybrid manufacturing process with
alternating additive (DMD) and subtractive (milling) process steps. Li`s achievements inspired
various researchers to think about fiber embedding during different other AM processes as well.
During the last decade, the first research groups that investigated the embedding of optical
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fibers into AM parts, were scientists in the field of ultrasonic AM, among others Mou et al. [26],
Kong and Soar [89] and Schomer et al. [82]. They successfully embedded the fibers into
Aluminum parts and conducted temperature and strain measurements, while having the vision
of structural health monitoring of engineering structures, as expressed by Mou et al. [26]. These
promising results also encouraged researches in other fields of AM, particularly SLM, to study
the integration of optical fibers during the manufacturing process. Hence, in the last couple of
years, this led to a significant increase in the number of research activities and publications in
that thematic field.
Maier et al. [108,110] described a pre-embedding process to protect the SiO2 fiber from the direct
laser irradiation. Although the material chosen for the SLM process was 1.4404 with a melting
temperature Tmelt~1400 °C, the fibers need to be protected since the SLM process usually induces
an amount of energy, which is heating the melt pool up to temperatures clearly above melting
temperature. This issue was solved by Maier et al. [110] coating the fibers with a conductive Cr
layer (100 nm) followed by an electroplated 70 µm thick Ni layer. The Ni layer protected the fiber
from the laser irradiation and served as transition material for the SLM deposited 1.4404, which
also consists of 10 – 14 % Ni. The embedding trials were conducted on a manual SLM test setup,
which is depicted in Figure 2-15. The full accessibility of the processing platform is an enormous
simplification compared with commercial SLM systems, particularly regarding positioning of
the fiber in the cavity. Additionally, the close-up image (Figure 2-15 b)) shows that the fiber can
be freely clamped outside the processing area. This setup facilitated a successful embedding of
the fibers into 1.4404 SLM parts.

Figure 2-15: a) Manual SLM test setup of Maier et al. [110]; b) close-up of the processing platform shown
in a)

After a viable fiber pre-processing was developed by Maier et al. [108,110], Havermann et al.
[62,63] focused on the description of an embedment strategy for coated optical fibers into 1.4404
coupons. The procedure is presented in Figure 2-16. The metal coated optical fiber (diameter =
350 µm) is positioned in a U-shaped groove with a width of 370 µm. In a last step, the fiber is
embedded as the SLM process is continued. The direction of laser scanning of the first layer after
the fiber positioning is perpendicular to the fiber’s orientation. For the same test setup as Maier
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et al. [110] (Figure 2-15), Havermann et al. [63] investigated the resulting bonding qualities. The
cross section on the right in Figure 2-16 shows different bonding qualities between the fiber’s
Ni coating and the SLM processed 1.4404. In the upper part of the fiber, a good bonding was
achieved, while for the regions below the horizontal plane some flaws and a lack of bonding
occurred. In this context, they pointed out the importance of a proper adjustment of the various
process parameters, e.g. layer thickness, in order to achieve an improved bonding quality since
the result presented in Figure 2-16 is merely sufficient for 30% of the perimeter. However, they
were able to successfully conduct repeatable temperature measurements with an inscribed fiber
Bragg grating (FBG) in the fiber up to temperatures of 430 °C. Besides these promising results,
the studies of Havermann et al. [62,63] also revealed a severe problem: if the temperature during
measurements exceeds 430 °C, the mismatch of the thermal expansion coefficients of SiO2 and
the metallic coating leads to such a large expansion of the metallic coating compared to the SiO2
fiber, which causes uncontrollable slippage of the fiber inside its coating. In addition, following
a slippage, during cooling the embedded fiber can experience compression due to the metallic
coating "grabbing" the optical fiber during cool down and casing longitudinal compression of
the fiber. This slippage between SiO2 fiber core and its coating is also observed by Havermann
et al. [64] for plastic strain measurements of components with embedded fibers. However, if the
deformation remains in the elastic regime, repeatable and accurate results can be accomplished.
Mathew et al. [115,116] conducted research in the field of fiber optical sensors as well, thereby
focusing on the embedment of sensors for high temperature measurements up to 1100 °C. These
sensors are called in-fiber Fabry-Perot (F-P) cavity sensors. In contrast to in-fiber FBG sensors,
which are located in a continuous segment of an optical fiber, Mathew’s research involved the
use of an F-P sensor located at the end of a fiber, i.e. they are not led through the demonstrator
part. This affected the positioning and fixation approach of the fiber, as shown in Figure 2-17 a).
However, the good accessibility of the SLM test setup used for the manufacturing of the
components (Figure 2-15), simplified this task significantly. Regarding the bonding quality of
the embedded fiber, the pure SLM approach, as it was explained prior in this section (see also
Figure 2-16), was optimized with an additional vacuum brazing step inspired by the studies of
Sandlin et al. [144,145]. The brazing alloy filled the gaps below the fiber and ensured a proper
bonding (Figure 2-17 b)). The fibers embedded accordingly were capable to measure
temperatures up to 1100 °C with a long-term stability (300 hours) of 10 °C.
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Figure 2-16: Embedding strategy for fiber optical sensors into SLM coupons according to Havermann et
al. [63]

Figure 2-17: a) Embedding of in-fiber Fabry-Perot cavity sensor into 1.4404 demonstrator according to
Mathew et al. [116]: 1 – manufacturing of SLM part with U-shaped groove, 2 – positioning of sensor in
cavity, 3 – embedding the sensor through continuation of the SLM process; b) Cross section of optical
fiber embedded based on the combined approach of SLM and a vacuum brazing process as reported by
Mathew et al. [115]

In the field of embedding fiber optical sensors, the manufactured parts revealed rather simple,
rectangular shapes, which are merely suited for demonstrator parts instead of real applications.
And according to Maier et al. [109] the optical fibers can indeed only be embedded in the xyplane, i.e. in the building plane of the SLM process. If the sensor has to be embedded in a tilted
plane, the demonstrator has to be inclined correspondingly during its manufacturing. However,
despite these simple parts, the results of Havermann et al. [35] show the potential of embedded
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optical fibers for in-situ strain measurement, i.e. detection of residual strain during the fiber
embedding as well as during the remaining manufacturing of the entire component. Hence, it
deepens the understanding of the formation of residual stresses during SLM processing.
Consequently, the embedded fibers can help to minimize or even counteract the occurrence of
these stresses, which potentially is a huge progress for the SLM technology.

2.3.2 Other types of sensors or active elements
Besides optical fibers, there are various other types of sensors and active elements, which show
potential to be embedded into SLM parts during the manufacturing process. However, since
these various other elements have not yet been investigated as detailed as the optical fibers, i.e.
there are hardly any publications, their integration is presented summarized in this section.
Paz et al. [43] as well as Sehrt and Witt [149] identified radio frequency identification (RFID)
tags as promising elements to be embedded in SLM parts since the tags can be used in all
industrial sectors for tracking purposes, as data storage as well as for forgery proof marking.
Sehrt and Witt [149] proved, that RFID tags are generally capable to survive the harsh processing
conditions within an SLM machine, such as fine metal powder and very high energy inputs, and
that they can be fully embedded in SLM parts. Further, they analyzed the reading distances of
the RFID tags as a function of the material in which they are embedded. For SS 17-4 PH (1.4542,
with µr = 120-150 depending on the annealing temperature [36]) a wall thickness of 2.1 mm
marked the upper limit to still receive detectable signals. For Hastelloy X (µr < 1.002 [11]) this
distance was increased up to 2.7 mm due to the smaller magnetic permeability, which does not
diminish the magnetic field of the read/write unit within the SLM part. Paz et al. [43] also
investigated the dependence of the penetration depth or reading distance on the magnetic
permeability of the material, into which the RFID tags are embedded, as well as on the
transmission frequency of the transponder. However, in contrast to Sehrt and Witt [149] who
did not mention the frequency range of their read/write unit, Paz et al. [43] could not extract
any magnetic signal from the embedded high frequency RFID tags in Inconel® 718 (µ = 1.0011
[43]), unless a slot was designed in the part. Hence, for the application of fully embedded RFID
tags in SLM manufactured surgical instruments, they proposed the low frequency range of 125
kHz for which they claimed that a readability through metallic shells is given.
Piezo ceramic sensors and actuators are another group of functional elements well suited for the
embedding into AM parts for various applications. Hossain et al. [74] investigated the
embedding of piezo ceramic (lead zirconate titanate (PZT)) sensors into Ti-6Al-4V parts
manufactured with the EBM process in a stop and go mode. The embedded piezo ceramic sensor
was protected by a sensor housing in order to prevent a metallization of the ceramic elements
as it occurred in first tests. This was a consequence of the high temperatures present in the
processing chamber of the EBM process leading to a vaporization of the metal powder. If this
gas is deposited on the ceramic parts, they get conductive, hence the sensing capability is not
given anymore. The high temperatures during the manufacturing process (T > 900 °C according
to Hossain et al. [74]) furthermore lead to the necessity of a re-poling of the piezo ceramic
material since its Curie temperature is with 350 °C significantly lower. Finally, Hossain et al. [74]
conducted compression-compression tests with the smart demonstrator parts manufactured
according to the aforementioned procedure to proof the feasibility of piezo ceramic sensor
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integration in EBM parts. They see further potential for applications of such smart parts in the
biomedical, automotive and aerospace industries. In the field of SLM, Lausch et al. [98]
presented an approach to fully embed temperature-sensitive piezo ceramic actuator/sensor
systems into Ti-6Al-4V demonstrator parts. In this study, they focused on a proper bonding
between embedded component and surrounding SLM structure in order to ensure a high
sensitivity of the smart part. To achieve this goal, they aimed for a form-locked, force-fit and
material bonding. In order to be able to achieve this goal, it was essential to cover and shield the
temperature-sensitive elements within the piezo stack from the very high energy input during
the SLM process. For this purpose, extensive pre-processing of the piezo element in form of
several coating layers of different materials was required. The sketch in Figure 2-18 a) shows the
individual layers covering the active element. Figure 2-18 b) depicts the third step of the sensor
integration procedure according to Figure 2-7, i.e. the active element is positioned in the SLM
demonstrator. In the two red encircled areas, the key and slot approach is implemented to
facilitate a form-locked, force-fit and materially bonded connection between the two parts
leading to the best possible signal quality. However, in this study, no measurements of the
embedded actuator/sensor system were presented. In a subsequent study, Töppel et al. [175]
advanced the gained results by applying the developed pre-processing and embedding
procedures of the piezo ceramic element to a femoral hip stem manufactured with SLM in Ti6Al-4V ELI (Figure 2-19). The most important goals for this experiment were a proper material
bonding between embedded component and SLM housing as well as a sealed sensor/actuator
system, which is mandatory for the implementation into a human body or into other harsh
environments for further demonstrator parts. The researchers showed in this study that a
wireless powering for actuator mode as well as a wireless data acquisition for sensor mode of the
embedded piezo ceramic element is feasible. This is a very encouraging and important result
regarding the integration of wireless components. Generally, according to their findings, they
mentioned the process control parameters as well as the design of the sensor as the main
influencing parameters with respect to successful integration of external components into SLM
parts.
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Figure 2-18: a) Schematic representation of an exemplary coating of a piezo ceramic stack with several
layers of various material as pre-processing step for the integration into a Ti-6Al-4V SLM part during the
manufacturing process; b) Multi-layer covered piezo ceramic sensor/actuator element positioned formfit in Ti-6Al-4V SLM component. Visualization according to Lausch et al. [98]

Figure 2-19: SLM manufactured hip stem in Ti-6Al-4V ELI [175]; a) sandblasted and machined at the tip;
b) CT image with close-up on embedded sensor/actuator system. Pre-embedding version of this system is
also shown

While the embedded piezo ceramic elements in the studies presented so far were either used as
sensors (Hossain et al. [74]) or depending on their applications as sensors or actuators (Lausch
et al. [98], Töppel et al. [175]), Mayer et al. [120,121] embedded commercially available piezo
ceramic actuators into SLM parts, manufactured in SS 17-4 PH. Figure 2-20 shows the
embedding procedure they developed. It is very similar to the one described by Lausch et al. [98]
(see Figure 2-7) but it reveals a detail, which is not specified in the other procedure. After the
integration of the actuator, it is covered with a top cap ensuring the cavity is sealed-tight and
powder cannot ripple into it. Furthermore, the top cap protects the actuator from direct laser
irradiation and it even facilitates a re-start of the SLM process straight on top of it. The finding
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of Töppel et al. [175], that the control of the process parameters is essentially important for a
successful element integration, was confirmed by this study. In order to reduce the thermal
impact on the piezo ceramic actuators, the cycle time for melting consecutive layers was
increased significantly from 13 s to 33 s. This measure lead to a reduced heating-up of the actuator
with Tmax = 181 °C, which is below the threshold for damaging the actuator, occurring at T > 200
°C. The temperature is determined with a thermocouple (Figure 2-20, Step 5), for which,
however, the integration was not specified any further. The demonstrator case for the embedded
actuator is the active damping of a strut in a truss structure. In Figure 2-21, both the truss
structure and the SLM housing of the embedded piezo ceramic actuator are depicted. The
studies show that these actuators were functionally embedded into a SLM housing part during
its production. And by following the embedding procedure visualized in Figure 2-20, the
actuator was successfully coupled to the housing part, i.e. without transmission losses.

Figure 2-20: Procedure to embed an actuating element into an SLM part according to Mayer et al. [121]

Figure 2-21: a) Truss structure in laboratory; b) close-up of strut with SLM manufactured housing and
embedded piezo ceramic actuator for active damping of truss structure [121]

With regard to real applications of embedded sensors in SLM parts, the tooling industry is
pioneering. Gebauer et al. [49,48] presented in these two studies forming trials with tools that
were equipped with integrated thermocouples in order to deepen the understanding of the
forming process and thus to be able to run it in the best suited thermal conditions. The focus of
these investigations was not on the systematic sensor embedding and assessment as such, but
on general advantages of additively manufactured tools, which was directly verified in forming
trials. Dani [32] also addressed the tooling industry with her research, however, she also gave
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some insights into the sensor integration. Figure 2-22 illustrates the embedding procedure for
thermocouples into SLM demonstrator parts. Here as well as in the work of Gebauer et al. [48],
it is worth noting that the sensors were positioned in the cavity flush with the top layer of the
part built so far. Hence, the thermocouples were directly welded to the surrounding part upon
SLM process re-start. This strategy has not been observed for any other embedded sensor.
Additionally to this positive proof of concept, Dani also showed the successful embedding of
strain gauges into SLM parts. However, a detailed description of the embedding procedure is
not given in that case.

Figure 2-22: Integration of thermocouples into SLM parts [32]: a/b) positioning of thermocouples in cavity
flush with plane of process interruption; c) final demonstrator parts with integrated thermocouples
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Summary of sensor embedding in metal AM
components
Following this literature review on embedding functional elements into SLM parts during the
manufacturing process, Table 2-3 gives an overview on physical quantities whose monitoring
might be of interest for various applications in the general field of mechanical and medical
engineering. For these measurands corresponding sensors are listed respectively. The table is
supplemented with scientific work already conducted in the specific fields, and therefore
concludes section 2.3 in form of an overview.
Table 2-3: Overview on physical measurands and corresponding sensors, supplemented with the state of
the art regarding embedding of functional elements in single-step metal AM components
Measurand

Sensor type

Material

Application

Machine

Reference

SLM

Maraging steel
(1.2709)

Sheet metal
forming &
injection
molding tools

Concept Laser
M2

[49,48,32]

Ultrasonic AM
(UAM)

Aluminum

Cantilever &
tensile
specimen

Commercial
UAM
equipment

[26,89,82]

Vacuum
Brazing

Inconel® 600

Fiber optic
displacement
transducer

Customized
brazing setup

[144,145]

DMD + Milling

Stainless steel

Demonstrators

Customized
setup

[104]

SLM

1.4404

Demonstrators

Manual SLM
setup

[108,110,63,116]

SLM + Vacuum
brazing + DMD

1.4404

Demonstrators

Manual SLM
setup

[115]

DMD + Milling

Stainless steel

Demonstrators

Customized
setup

[104]

SLM

1.4404

Demonstrators,
tensile
specimen

Manual SLM
setup

[63,64,35]

SLM

Maraging steel
(1.2709)

Demonstrators

Concept Laser
M2

[32]

RFID tag

SLM

Hastelloy X, SS
17-4 PH

Demonstrators;
footrest & brake
lever

EOS M270

[149]

RFID tag

SLM

Inconel® 718, SS
17-4 PH

Demonstrators

-

[43]

EBM

Ti-6Al-4V

Demonstrator

Arcam system

[74]

SLM

Ti-6Al-4V

Demonstrator &
femoral hip
stem

Concept Laser
M2

[98,175]

SLM

SS 17-4 PH

Strut in truss
structure

EOS M270

[120,121]

Thermocouple

Process

Pt100-Element

Temperature
Optical fibers

Pressure

Strain gauge

Optical fibers
Stress/Strain
Strain gauge
Eddy current
Hall effect
Magnetic field

Acceleration

Accelerometer

Piezo sensor
Piezo elements
Piezo actuator
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Embedding of sensors in powder bed based
polymer AM components
Following this detailed description of the state of the art of the SLM process, its features
regarding sensor integration and the overview of embedded components in SLM parts, this
section reports on the potential for sensor integration into powder bed based polymer AM
components. Although in literature there is a significantly larger number of publications on
Direct (Ink) Writing, Fused Deposition Modeling (FDM) and Stereolithography (SLA) (see
overview tables in the studies of Liu et al. [107] as well as Xu et al. [186]) than on Selective Laser
Sintering (SLS) with respect to embedded or printed electronics, the latter technology is
according to Schmid [146] considered as the best suited polymer AM technology for industrial
needs. This statement is based on convincing part properties regarding long-term behavior and
quality aspects such as mechanical characteristics, surface quality and part accuracy. For that
reason, the integration of sensors into SLS parts is investigated in this thesis, whereas in this
section a literature review on the SLS process and on sensor embedding is presented.

2.5.1 Selective Laser Sintering (SLS)
According to ISO 17296-1 [80] the SLS process also belongs to the category of powder bed based
single-step AM processes, such as EBM and SLM. The functional principle of the process is
schematically visualized in Figure 2-23. The feedstock is supplied from a powder reservoir and
is applied in layers. These layers are selectively melted in an inert gas atmosphere by a laser beam
according to the slice information of a 3D CAD file (Figure 1-1). While these process steps are
identical to the ones of the SLM process, there are also some important differences. In the SLS
process, the powder is preheated up to a temperature, which is between crystallization and glass
transition temperature of the processed polymer. In case of Polyamide (PA) 12, which is with 95
% portion the most widespread material in polymer AM [52], this temperature is according to
Schmid [146] in the range of 172 °C. The laser is only applying the last missing fraction of energy
in order to melt the polymer powder. Another significant difference between metal and polymer
AM technologies is the necessity of support structures. While they are mandatory for downskin
angles, θ < 45° (see section 2.2.1), in the SLM process, SLS technology is not requiring any support
structures at all [4], instead the parts are supported by the preheated but unsintered surrounding
powder. On one hand, this is a huge advantage with regard to design possibilities and
manufacturing costs, since it facilitates stacking of the parts in the build chamber, since a
substrate is, as indicated in Figure 2-23, not needed, and since the cost intensive build up and
removal of support structures is not required. On the other hand, however, the preheating leads
to a necking of the powder particles resulting in the formation of a powder cake, which has to
be broken up during part extraction from powder bed. Furthermore, it causes a change in the
powder properties. This means that the polymer powder can only be partially reused since it has
to be blended with virgin powder [146]. Typical layer sizes are between 80 µm and 120 µm [181].
Lieneke et al. [106] not only investigated the dimensional accuracy of the SLM process (Figure
2-13) but also the one of SLS in x-, y- and z-direction based on PA 12 test parts manufactured in
the respective directions as shown in Figure 2-24. The results reveal that the average deviations
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in z-direction are with values up to 0.27 mm the largest, while the ones in the build plane, i.e.
xy-plane, vary between -0.1 mm and +0.2 mm. According to Schmid [146], the typical surface
roughness of SLS parts is Ra = 10 µm.

Figure 2-23: Schematic representation of the Selective Laser Sintering (SLS) process; adapted from [4]

Figure 2-24: Dimensional deviations (average values) of SLS parts depending on the orientation of the
test specimens and the respective nominal dimension [106]; image with courtesy of T. Lieneke

2.5.2 Embedding procedures
Regarding the embedding of sensors into SLS parts, the powder removal from the sensor cavity
is a challenging aspect since the pre-heating of the powder bed causes necking and consequently
an agglomeration of the unmelted powder, as described in the previous section. However, Maier
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et al. [109,111] conducted experiments on the embedding of fiber optical sensors into PA 12
components on a standard machine system (EOS P730). While for the embedding of optical
fibers into SLM demonstrators (see 2.3.1) the protective coating of the fibers was a key aspect of
the integration process, in the SLS process the powder removal from the cavity is the main issue.
Since the machine setup of Maier et al. was supposed to be used for industrial part production,
the implementation of an automation was not possible. Therefore, they took a different
approach, which is visualized in Figure 2-25. The entire cavity, that was required for the
insertion of the optical fiber, was filled with a sacrificial placeholder part, which was removed
prior to the fiber integration. Since this placeholder was surrounded by a powder retention wall,
it facilitated a clean powder removal. The process of taking it out is shown in Figure 2-26. During
this manual process step, the machine was paused and opened. The sacrificial part was replaced
with a pre-built insert carrying the optical fiber. The embedding procedure proved successful
since the functionality of the fibers could have been shown. However, in these two references
the interesting aspect of temperature inhomogeneity as a consequence of both the open machine
and the insertion of a not heated up component is not discussed. Furthermore, it is not specified
how the already built part of the tensile bar is kept in exact position while the sacrificial insert
is pulled out of the cavity.

Figure 2-25: Schematic representation of the powder evacuation process step based on a sacrificial
placeholder [109,111]
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Figure 2-26: Manual removal of sacrificial placeholder to extract powder from cavity [109,111]

Besides the presented references, there is no other reporting on sensor embedding into SLS
components. However, Glasschroeder et al. [51] as well as Hoerber et al. [69] investigated the
integration of functional elements, e.g. screw nuts, and electrical components into plastic parts
additively manufactured by binder jetting technology. Since this is a cold process, powder
removal from the cavity is not as complex as it is in the pre-heated SLS process. Thus, they
implemented an automated powder extraction unit based on a cannula. Further, this system also
enables the transport and exact positioning of functional elements in the cavity. Nevertheless,
the cannula system also reveals a drawback with regard to dimensional accuracy of the cavity.
As shown in the schematic representation in Figure 2-27, for not round cavities the dimensions
of the cannula used will always lead to a clearance between the emptied cavity and the
component to be embedded.

Figure 2-27: Offset between cavity and component to be embedded due to dimensions of exhausting
cannula [51]
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Actuated SLM parts based on NiTi shape
memory alloys
As described in section 1.2, there are various possibilities to add functionality to SLM
components. Besides the integration of sensors into AM components, which was presented in
the previous sections, this section investigates the possibility of conducting active movements
with metal AM parts. However, in contrast to the integration of piezo actuators as shown by
Mayer et al. [120] as well as Lausch et al. [98] (see 2.3.2), this section focuses on the SLM
processability of shape memory alloys (SMA). Parts produced from SMA are able to carry out
active motions themselves without the need of actuating components.

2.6.1 Shape memory effect and pseudoelasticity
SMA are a class of material, which is able to remember its initial shape and return to it by phase
transformations from austenite (high temperature phase) to martensite (low temperature phase)
and vice versa after a load-induced deformation. While austenite only reveals one crystal
structure, martensite can be existent in twinned or detwinned martensite structure [169]. In
Figure 2-28 the various phases, crystal structures and their dependencies on stress, strain and
temperatures are illustrated. The vertical axis shows the important temperatures regarding the
phase transitions. If the material is cooled down from the austenite phase, Ms is the martensite
start temperature that marks the beginning of martensite formation. The material is fully
martensitic when the temperature is below the martensite finish temperature Mf. For the heating
cycle As represents the austenite start temperature at which austenite starts to form. Above Af
(austenite finish temperature) the material is in pure austenitic phase. If the material is heated
up to a temperature above Md (martensite destruction temperature), martensite cannot be
stress-induced anymore [38], thus the material has lost its shape memory properties. Figure
2-28 also shows the three different characteristics of SMA [127]. If the material behaves according
to the one-way shape memory effect (one-way SME), it turns from austenite to twinned
martensite phase upon cooling without a macroscopic shape change, while a subsequent loading
transforms it into detwinned martensite structure revealing a corresponding macroscopic
deformation. However, this is not a plastic deformation but it is caused by a reorientation of the
lattice structure of the martensite [95]. If the structure is unloaded, only the elastic strain is
recovered, while the strain due to lattice reorientation remains in the component. This strain
can only be transformed back to the austenite phase upon heating, which results in a
macroscopic shape change. Since the described thermomechanical cycle is a directional
sequence of actions, it is called one-way SME. In contrast to that, there is also a two-way SME.
Alloys with this effect are able to remember their shapes both at high and at low temperatures.
However, the material needs to be trained in order to get the two-way SME properties. This
effect is significantly less widespread than the one-way SME. The third material characteristic of
SMA visualized in Figure 2-28 is pseudoelasticity (PE; sometimes also referred to as
superelasticity). If the material is mechanically loaded while it is in a temperature range between
Af and Md, it changes its phase from austenite to detwinned martensite and back upon
loading/unloading without the need of additional thermal energy input.
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Figure 2-28: Different phases and crystal structures of SMA depending on stress, strain and temperature
[127]

2.6.2 NiTi alloy system
The first alloy system showing a smart behavior was a solid Cd-Au alloy investigated by Ölander
[133] back in 1932. Since then, many alloy systems that reveal shape memory properties have
been discovered and developed. Today, the most common ones are Cu-based SMA, Fe-based
SMA as well as NiTi-based SMA. The latter was discovered by Buehler et al. [22] in 1963. Since
they were working at the Naval Ordnance Laboratory, the material is also referred to as Nitinol,
which is a neologism of NiTi and the initial letters of the research institute. Today, NiTi SMA are
the most popular and most widespread used SMA since according to Lagoudas [95] they exhibit
strong shape memory behavior, corrosion resistance and biocompatibility. Mohd Jani et al. [127]
report on typical NiTi applications in the automotive and aerospace sector, in the field of
robotics as well as in the biomedical industry. Figure 2-29 displays an application of an SMA
actuator for the movement of a prosthetic hand. It is a characteristic example of SMA actuators:
although the hand prosthesis and the mechanism to make it move are quite complex, the SMA
actuator is merely a simple wire, which is contracting upon temperature change [25]. Further
examples of SMA actuators, which today are still based on simple shapes, are stents, that are
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implanted into humans to keep their blood vessels open [128], orthodontic braces [95] as well as
surgical instruments [39].

Figure 2-29: NiTi SMA actuator (wire) for prosthetic hand motion [25], ©2006 IEEE

Subsequent to this short introduction, the NiTi alloy system is explained in more detail in order
to be able to understand the material properties that will be presented in chapter 9. Both Figure
2-30 and Figure 2-31 show the phase diagram of the binary NiTi alloy system. It is evident that
the NiTi phase is only existent in a narrow range of alloy composition. Since merely this phase
reveals a martensitic transformation behavior, it is responsible for the shape memory
characteristic of the alloy. While for elevated temperatures (T > 600°C) the area of the NiTi phase
is extended to higher Ni concentrations, at room temperature it is according to Kaack [83] only
existent within an alloy composition of 50.0 – 50.5 at.-% of Ni. Ms is also strongly depending on
the alloy composition (see Figure 2-31). For Ni proportions above 50.0 at.-%, Ms drops by more
than 150 K per additional at.-% Ni. If a Ni concentration above 51.5 at.-% is reached, there is no
martensitic phase change anymore. According to Duerig and Pelton [38], Ms is typically in a
range between -50 °C and +100 °C. Besides the impact of the alloy composition on M s, Duerig
and Pelton [38] also emphasize its influence on the shape memory behavior. Within the range
of commercially available alloys, which they specify with compositions between 49.0 and 50.7
at.-% Ti, the following characteristic material behavior is reported:



49.0 – 49.4 at.-% Ti, i.e. 43.9 – 44.3 wt.-% Ti: superelastic characteristic
49.7 – 50.7 at.-% Ti, i.e. 44.6 – 45.6 wt.-% Ti: shape memory behavior
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Figure 2-30: a) phase diagram of NiTi alloy system according to Massalski et al. [114] and Otsuka and Ren
[134]; b) detailed section of phase diagram of NiTi alloy system [12]

Figure 2-31: Martensite start temperature in dependence on NiTi alloy composition, i.e. Ni content [83],
modified based on [171]
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2.6.3 AM processing of NiTi shape memory alloys
As introduced in the previous sections, there is a wide field of applications for NiTi shape
memory alloys. However, so far the applications are based on simple shapes of the NiTi
components (see also SMA wire in Figure 2-29), since due to its high ductility NiTi is not well
machinable by conventional manufacturing technologies [41]. For that reason, AM in general,
SLM in particular, is a promising alternative production technology, enabling the manufacturing
of complex shapes without requiring excessive conventional machining. Within the last years,
the research in SLM processing of NiTi has significantly increased. Elahinia et al. [42]
summarized the most important studies in their review paper. Here, merely the relevant aspects
regarding the experimental investigations in chapter 9 are presented. The alloy compositions
investigated range from Ni49.7Ti [57] to Ni55.2Ti [30,31,155] (at.-% respectively), with a majority
focusing on a near equiatomic distribution, which is the most common composition of Nitinol.
The SLM process parameters determined for the manufacturing of equiatomically distributed
NiTi alloys vary from 55.5 J/mm3, reported by Saedi et al. [142,143], Taheri Andani et al. [170] and
Walker [182], up to 234 J/mm3, reported by Meier et al. [122] and Haberland et al. [57]. Generally,
the studies aim at the manufacturing of dense and crack free components. Furthermore, the
impact of the process parameters on the austenite and martensite phase change temperatures is
investigated. Several studies [57,18,5] determined an increase in the phase change temperatures
with an increase in energy input applied during the SLM process. This characteristic behavior is
explained by the evaporation of Ni caused by high energy inputs, hence increasing the phase
change temperatures (Figure 2-31). Despite the analysis of phase transformation temperatures
in several studies, merely Meier et al. [122] and Haberland et al. [57] conducted compression
tests with cylindrical specimens in order to experimentally proof and quantify the shape memory
effect for the SLM components. Generally, for all studies on SLM processing of NiTi pre-alloyed
powder was used.
Besides the studies presented for SLM, the processability of NiTi was also investigated for the
DMD process. Since the DMD technology (2.1.2, Figure 2-1 b)) enables the simultaneous supply
of several materials during the manufacturing process, in-situ alloying of NiTi was studied. Insitu alloying signifies in this context, that the NiTi alloy is generated from elemental Ni and Ti
powders, that are blown into the melt pool and form the NiTi alloy upon solidification.
According to Halani et al. [59,60] and Bram et al. [21], in-situ alloying leads both to cost benefits
compared to the usage of expensive pre-alloyed powders and to a maximum flexibility with
respect to alloy composition and modification. The feasibility of this approach was first proven
by Halani et al. [60], who detected the NiTi phase by X-ray diffraction (XRD) measurements.
Additionally, the phase transformations were determined by differential scanning calorimetry
(DSC) analysis as well (see also Hamilton et al. [61]). In a second study, Halani et al. [59]
demonstrated both the shape memory and the superelastic behavior of in-situ alloyed NiTi DMD
specimens in compression tests.
In general, the concept of AM processing elemental powder mixes and generating the alloy
composition during the manufacturing process is not limited to the fabrication of NiTi
components. Instead, for the DMD process this approach was investigated by several researchers
with various alloy systems, among others by Clayton [28] for stainless steels, Haase et al. [55] for
CoCrFeMnNi or Li et al. [103] for Fe-Cr-Ni. For the SLM technology, however, there are merely
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a few studies investigating the potential of processing elementally blended alloys. Zhang et al.
[196,197] as well as Bauer et al. [13] analyzed the SLM processability of elementally blended binary
NiFe alloy, focusing on the mixing of the two materials during the SLM process and on the
resulting magnetic properties in dependence on the SLM process parameters. Since these studies
proofed the feasibility and the herewith linked potential of the in-situ alloying approach, Zhang
et al. [195] further investigated the SLM processing of elementally mixed NiTi powder, focusing
on the phases present in the alloy as well as on the phase change temperatures as a proof of
phase transitions.
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Research gaps and dissertation
outline
Research gaps
Based on the state of the art presented in the previous chapter, the following research gaps have
been identified regarding integration of functionality in AM components.
i.

Impact of SLM process interruption on mechanical properties
Regarding the integration of external elements into SLM parts, an interruption of the
process is mandatory. This was observed in the studies presented and it will be necessary
for the embedding tests conducted as well. However, the impact of a process interruption
on the resulting mechanical properties of the parts built has not yet been investigated in
previous studies. Even in the context of hybrid parts or part repairing by SLM, there are
only the studies of Seitz et al. [150,151], investigating tensile and fatigue properties for the
specific case, in which the final part is manufactured from merely one material and not
from a material combination. Hence, the investigation of this research gap is
fundamental to enrol further industrial applications for SLM parts with embedded
sensors.

ii.

Survival of sensors under process conditions
In order to ensure that the component to be embedded is surviving the high energy input
of the SLM process, it is indispensable to know the temperature evolution in the sensor
cavity upon SLM process re-start.

iii.

Disclosure of new fields of applications for SLM parts with specific embedded
sensors
Sehrt and Witt [149] named the influence of geometrical features on the sensing or data
transmitting capability of embedded elements an important research question in the
field of integration of external elements in SLM parts. This geometrical dependence of
the detectable results is not limited to the embedding of RFID tags as they described, but
is of significant importance for the integration of various other types of functional
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elements into SLM parts. As summarized in Table 2-3, there are several publications
discussing the integration of functional elements into SLM parts. Nevertheless, the list
also reveals some empty spots that need to be investigated to advance the embedding of
external components into SLM parts. Hall effect sensors facilitating a position detection
based on a changing magnetic field also belong to that group of elements as well as eddy
current sensors, which enable a structural health monitoring of the SLM part with
respect to a crack propagation detection. This research gap leads to the investigation of
the integration of sensors that have not yet been embedded in SLM parts at all. Thereby,
new fields of applications can be disclosed.
iv.

Overall embedding strategy
The focus of this research question is the development and description of a global
embedding strategy for sensors into SLM parts. It is supposed to serve as a guideline for
sensor integration. The strategy should be applicable to various sensor types.

v.

Sensor integration in SLS parts
Although the SLM and SLS process seem to be very similar at a first glance, there are
decisive differences among these technologies, particularly regarding the sensor
integration process. SLS is a pre-heated process. Hence, as stated in the literature review,
powder removal from sensor cavities in SLS parts is not trivial, since the heat in the
process chamber leads to an agglomeration of the powder particles. However, for the
integration of specific sensors, a completely excavated cavity is critically important to
ensure a proper positioning, fit and functioning of the sensor. A second aspect is to
assure a fix position of the SLS component being built during the sensor integration,
since SLS parts are directly built into the powder bed. Thus, a manipulation on the part
for either powder removal or sensor positioning is likely to displace the SLS component,
which results in an abortion of the manufacturing process. Therefore, within this
research gap, solutions are developed to overcome the aforementioned challenges and
enable sensor integration into SLS components.

vi.

Actuating functionality integrated in SLM parts by processing elementally
blended shape memory alloy NiTi
As indicated in the state of the art, several publications already investigated the shape
memory characteristics of SLM processed pre-alloyed NiTi. Further, the concept of
elemental powder blending, among others for NiTi shape memory alloy, proved
promising for processing by other additive manufacturing technologies. Thus, within
this research gap the entire process chain to process elementally blended Ni and Ti
powders by SLM is investigated, focussing on experimentally demonstrating the shape
memory effect for real SLM components. Furthermore, a comparison between the results
of SLM processing elementally blended and pre-alloyed NiTi powders with identical
parameters on the same machine, which is missing in the state of the art, complements
the research gap.
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Dissertation outline
This thesis is divided into 10 chapters. After the general introduction and motivation for this
field of research (chapter 1), the state of art is presented (chapter 2). Based on that literature
review, the research gaps are identified and introduced in chapter 3 and the outline of the thesis
is described. In Figure 3-1, the structure of the experimental research conducted in this
dissertation is shown. Chapters 4, 5, 6 and 7 report on the experiments to advance the state of
the art in the integration of functional elements in SLM parts during the manufacturing process.
Generally, the studies for sensor integration into SLM parts can be divided into two groups.
While some experiment are independent of the type of sensor, but just relate to the embedding
procedure in general, others are sensor specific and only applicable to the corresponding type of
sensor. In sections 4.1 and 4.2, the sensor independent questions regarding the impact of an SLM
process interruption on the static mechanical properties as well as the determination of the real
temperatures in sensor cavities are examined. The following chapters investigate the embedding
of specific sensor types with their characteristic properties. In chapter 5, the embedding of
commercially available temperature (sections 5.1 & 5.2) and Hall effect (section 5.3) sensors is
discussed, among others with a focus on geometrical influences on the resulting sensor signal.
These sensors have standardized electrical interfaces and data acquisition units. The findings of
the embedding trials are finally transferred into an industrial application of a SLM manufactured
solenoid valve with embedded temperature and Hall effect sensors, which is described in section
5.4. In chapter 6, the integration of customized sensors, which cannot be purchased in an
encased plug and play configuration, into SLM components is investigated. For the fiber optical
sensors (section 6.1), the aspects of handling and embedding within a commercial SLM system
as well as an additional process step for cavity preparation prior to sensor positioning are
important. In section 6.2, the focus of the research is on the disclosure of an entirely new
application: eddy current sensors are investigated regarding their suitability to be embedded
into SLM parts in order to conduct structural health monitoring of these components, based on
crack detection. In chapter 7, all findings are collected and consolidated into an overall sensor
embedding strategy. Chapter 8 presents the integration of acceleration sensors into SLS
components. The embedding procedure is described in detail and finally the essential learnings
regarding sensor integration into plastic AM parts in general are derived. While chapters 4 - 8
deal with sensor integration in AM components, in chapter 9 the integration of actuating
functionality into SLM parts is examined in a study on SLM processability of shape memory
alloys. Finally, the thesis is concluded in chapter 10 and an outlook on upcoming research
questions and trends for future applications is given.
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Figure 3-1: Dissertation outline
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Impact of SLM process interruption
and restart
The schematically visualized process steps to embed external components into SLM parts in
Figure 2-7 reveals the necessity of an SLM process interruption. This interruption directly leads
to three questions, which are of particular importance if sensor integration shall be conducted:
1.
2.
3.

How does the SLM process interruption affect the mechanical properties of the part
being built?
Will the thermal energy input upon SLM process restart deteriorate the sensing
capabilities or even destroy the sensor?
Does the embedding into the SLM structure of the sensor disable its sampling of
measurement data?

While further questions only apply for specific sensors, e.g. the requirement of a metallurgical
bonding between sensor and component in case of strain detections, the three questions
mentioned above need to be answered in any case. Hence, they are investigated in this chapter,
whereas the study on the impact of the SLM process interruption (section 4.1) has already
partially been published [168].

Impact of SLM process interruption on
mechanical properties
4.1.1 SLM manufacturing of test specimens
For the assessment of the impact of SLM process interruption on mechanical properties,
different batches of tensile bars according to DIN 50125 A5x25 were produced in stainless steel
1.4404 powder on a Concept Laser m2 machine (m2). The gas atomized powder delivered by
Carpenter Powder Products has a particle size distribution of d10=10.8 µm, d50=20.0 µm, d90=37.0
µm. The m2 is equipped with an Nd:YAG laser with 1064 nm wavelength operating in continuous
wave (cw) mode with a maximum power of 400 W. The spot size is 100 µm. The dimensions of
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the build chamber are 250 x 250 mm. Based on the commonly used definition for volume energy
density
Evol = v

PLaser
scan ∗h∗t

(4.1)

with laser power PLaser, scan speed vscan, hatch distance h and layer thickness t, a process
parameter set was developed (see Table 4-1). It enables the manufacturing of components with
a relative density > 99.0 %, compared to the reference value of 7.95 g/cm3 given in the material
certification provided by the powder supplier. The relative density of the SLM components was
determined based on Archimedes` principle according to the procedure described by Spierings
et al. [160]. The measurements were conducted with technically pure acetone on an AX205
analytical balance from Mettler Toledo. Unless otherwise specified in the individual sections
throughout this dissertation, the standard islands scanning strategy of Concept Laser machines
was applied. The islands have a size of 5.0 x 5.0 mm and they are shifted by 1.0 mm both in xand y-direction. Furthermore, they are rotated by 90° from layer to layer. The islands are scanned
in meander mode, i.e. the laser scans the entire islands in a meander pattern without being
switched off in between. The build chamber is rendered inert with N2 with an upper O2 limit of
0.3 %.
Table 4-1: SLM process parameter set for processing 1.4404 powder on an m2

Parameter

Value

PLaser

[W]

180

vscan

[mm/s]

1350

[µm]
[µm]

75
30

[J/mm3]

59.3

h
t
Evol

Besides these standard SLM process parameters, specific processing strategies and procedures
are required for sensor integration, which is a main goal of this dissertation. Hence, the
procedure during the mandatory process interruption for sensor integration (see Figure 2-7) is
defined as follows:
 Standard SLM process up to the level for process interruption
 During process interruption, which takes at least 30 minutes
o Machine is opened, i.e. the parts are in direct contact with ambient air
o Powder is removed between the parts, i.e. the parts cool down to room
temperature
o Sensors, cables plus auxiliary materials (e.g. resin) are positioned and applied in
the cavities
o Powder is reapplied between the parts. The z-position of the build chamber is
not changed during process interruption.
 The SLM process is continued according to standard starting procedure of Concept Laser
machines. Initially, the first layer of the upper part of the component is scanned, still at
the same z-position of the build chamber. This is followed by the application of a fresh
powder layer. Then, the process runs as usual.

46

4.1 Impact of SLM process interruption on mechanical properties
This general description of the procedure during process interruption is applied for all
experiments conducted in the following chapters and will be referred to accordingly.
The tensile bars for the investigation of the impact of the SLM process interruption on the
mechanical properties analyzed in this section, were manufactured in horizontal and vertical
build orientation, as depicted in Figure 4-1, with z representing the SLM build-up direction.
Table 4-2 gives an overview of the various batches, each composed of five tensile bars. The
benchmark regarding mechanical properties is defined by tensile bars built in one step, i.e.
without any SLM process interruptions, represented by V0 and H0 (Table 4-2). These values are
compared with tensile bars that were manufactured in two steps meaning the SLM process was
interrupted at the medium height of the specimens. Figure 4-1 schematically shows the
positions of the SLM process interruptions for the different build orientations. V1 and H1
represent batches, where the SLM process was continued in the standard way for the m2, which
means that the interruption surface was scanned one time before a new powder layer was
applied. For the batches V2 and H2 the restart of the SLM process was changed in that way that
the interruption surface was scanned three times before the next powder layer was applied. With
this additional variation, the influence of a higher energy input on the interruption surface shall
be analyzed. Batches X1 and X2 consist of hybrid tensile bars manufactured in vertical
orientation. Therefore, the lower half of the part was conventionally manufactured from 1.4404
bulk material in solution-annealed condition delivered by HABA AG [56]. Subsequently, the
SLM process started on top of these parts. In batch X1, the turned parts were used in their as
manufactured condition, while an additional shot peening process step was applied for the parts
in batch X2 prior to the start of the SLM process. The shot peening aimed at creating a surface
structure, which enables the application of a stable powder layer as it is usually done with the
top surface of the substrate prior to the start of the SLM process. For all batches, the tensile bars
were manufactured in a cylindrical shape while the final specimen geometry (Figure 4-1) was
achieved by a post-process turning operation. All batches were tested in the as-built by SLM
condition, i.e. no heat treatment process was applied.
Table 4-2: Different processing strategies for SLM manufacturing of tensile bars
Batch-ID
Vertical

V0

V1

V2

x

x

x

H0

H1

H2

X1

X2

x

x

x

x

Build orientation
Horizontal
Standard process
SLM procedure

Process interruption

x
x

x

x

x

x

x
x

x

Hybrid parts
SLM
process Standard
continuation
2 additional scans prior to process continuation
Pre-Processing of No pre-processing
turned parts
Shot-peening

x

x
x

x
x
x
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Figure 4-1: Orientation of tensile bars with respect to SLM build-up direction z; level of SLM process
interruption for vertically and horizontally orientated tensile bars respectively

4.1.2 Static mechanical properties
The static mechanical data was determined according to DIN EN-10002 (ISO-6892) on a LFV25
tensile testing machine from Walter & Bai. The tensile testing results are displayed in Figure 4-2
and summarized in Table 4-3. The data clearly reveal that, based on a significance level of α = 5
%, there is a statistically significant drop in the mechanical properties if the SLM process is
interrupted: For the vertical samples yield strength Rp0.2 drops by 18.5 %, ultimate tensile
strength Rm by 17.5 % compared to the reference sample V0. For the horizontal samples, the
decrease is 13 % for Rp0.2 and 11.5 % for Rm. Furthermore, an anisotropic material characteristic is
observed, and both Rp0.2 and Rm of the horizontal samples H0, H1, H2 are higher compared to the
values of the correspondent vertical samples V0, V1, V2. The hybrid samples X1 and X2 have very
similar Rm values as V1 and V2, with only 0.8 % deviation, while the Rp0.2 values are 57.2 % lower
than those of V1, V2 and 15.1 % higher than those of conventional 1.4404 material. The bar charts
in Figure 4-2 a) illustrate a very similar characteristic of batches that were produced in a similar
way, like V1 compared to V2, H1 compared to H2 and X1 compared to X2.

Figure 4-2: Static mechanical properties of various batches of tensile bars: a) yield strength Rp0.2 and
ultimate tensile strength Rm; b) Young's modulus E and elongation at break Ar
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Table 4-3: Yield strength Rp0.2, ultimate tensile strength Rm, elongation at break Ar and Young's modulus
E for various batches of tensile bars according to Table 4-2; "C" = conventionally processed 1.4404
Batch

V0

V1

V2

H0

H1

H2

X1

X2

C

Rp0.2 [MPa]

588 ±10

481 ±8

475 ±6

648 ±4

564 ±8

566 ±12

305 ±1

303 ±5

264 ±4

Rm [MPa]

720 ±12

599 ±7

589 ±7

772 ±5

684 ±2

683 ±3

598 ±2

600 ±2

586 ±4

Ar [%]

29.0±2.9

32.3±3.1

26.6±1.7

24.8±0.3

40.0±0.5

40.0±0.4

39.5±1.6

42.0±1.1

53.2±1.7

E [GPa]

190 ±17

162 ±7

159 ±2

173 ±8

204 ±2

203 ±1

164 ±6

164 ±7

172 ±16

The anisotropic results of the tensile testing shown in Figure 4-2 and Table 4-3 reveal a typical
characteristic of the SLM process, which is widely reported and summarized in Table 4-4.
However, even the low values of V0 compared to H0 fit well into the range of tensile properties
reported in scientific literature and outplay the properties of conventionally processed 1.4404,
reported with Rp0.2= 200 MPa, Rm= 500-700 MPa in the supplier’s datasheet [56], and
experimentally verified with Rp0.2= 264 ±4 MPa, Rm= 586 ±4 MPa. The described larger influence
of the process interruption on Rp0.2 and Rm of the vertical samples can be explained by the
orientation of the interruption plane relative to the load during tensile testing. For the vertical
batches, this plane is perpendicular to the applied force, while for the horizontal batches, the
loads are applied in the same plane as the process is interrupted. Additionally, the interruption
plane for the vertical samples lies exactly in the middle of the gage length, which is the region
of elongation and potentially also of necking. Among each other, the data of V1 and V2 are very
similar, which means that the different restarting procedures of the SLM process after the
interruption do not have a strong impact on the mechanical properties. The same applies for the
horizontal batches, particularly with regard to Rp0.2 and Rm.
The hybrid manufactured batches X1 and X2 do not have a process interruption as the other
samples, but the situation is comparable since there is a start of the SLM process at the medium
height of the final part. This contact layer of conventionally and additively processed 1.4404 is a
discontinuity in the microstructure and consequently also in the mechanical properties.
Therefore, the characteristic of the hybrid samples is a mix of conventionally and additively
processed material. Rp0.2 is low compared to the other SLM processed batches but still
representing the value of conventionally processed 1.4404. However, Rm is in the range of
additively manufactured tensile bars with process interruption (V1 and V2). The data of X1 and
X2 are very consistent and similar among each other, which leads to the conclusion that the
different pre-processing steps have no statistically significant impact on the mechanical
properties.
Regarding the Young’s modulus E a very similar material behavior among batches from the same
type is observed: V1 compared to V2, H1 compared to H2, X1 compared to X2. However, the Young’s
modulus shows no systematic characteristic or anisotropic behavior: while V1 and V2 have lower
values than the vertical reference batch V0, this behavior is the other way round for the
horizontal samples: E of H0 is clearly lower than the one of H1 and H2 respectively.
Table 4-4: Tensile properties of SLM processed 1.4404 - literature review
Literature reference

Rp0.2 [MPa]

Rm [MPa]

Ar [%]

Mertens [126] vertical / horizontal samples

450 / 530

570 / 660

8 / 16

Mower [129]

496

717

28

Spierings [156]

640

760

30
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Riemer [139]

462

565

53.7

Hitzler [68] vertical / horizontal samples

470 / 530

520 / 640

18 / 43

4.1.3 Plastic Deformation
Figure 4-3 shows the plastic deformation behavior for the various batches for the regions of
uniform elongation in the tensile test, i.e. the end of the curves marks the onset of necking. The
mean values presented were calculated for the batches V0, H0, C as well as for the batches V1 and
V2, H1 and H2, X1 and X2 since these two batches respectively show a very similar characteristic.
With respect to elastic deformation, which is represented by the ordinate intercept in Figure
4-3, hybrid and conventional samples behave very similarly thus leading to the low Rp0.2 values
of the hybrid samples. However, the plastic deformation behavior of the hybrid samples is a mix
between the characteristic of the conventional (C) and the vertical batches (V1, V2): εmax (X1 + X2)
= 22.9 % compared to the average εmax = 23.8 % for C and V1, V2 and σmax (X1 + X2) = 748.5 MPa
compared to the average σmax = 745.5 MPa for C and V1, V2. Furthermore, a very distinct behavior
between additively and conventionally processed 1.4404 is observed in the data. While the graph
of conventional samples represents a ductile material response with large plastic strain (ε = 35.2
%), the ones of SLM processed tensile bars shows significantly lower plastic strains (εmax = 19.0
%). In the further course of the tensile test, when necking occurs, the general trends for the
behavior of hybrid samples as well as the difference between SLM and conventionally processed
material described just above, can still be observed in the resulting elongation at break Ar. Ar (X1
+ X2) = 41.3 % is comparable to the average Ar = 41.4 % for C and V1, V2 and Ar (C) = 53.2 %, which
is significantly larger than Ar (SLM)max = 40.0 %.
Generally, for Ar, the anisotropic behavior between horizontally and vertically orientated tensile
bars based on Rp0.2 and Rm, which is reported in literature (see Table 4-4) and in the presented
results, cannot be observed. While batch H0 has the lowest elongation at break of all batches
(24.8 ±0.3 %), H1 and H2 reveal higher values than the vertical samples. Ar of X1, X2 is with a mean
value of 41.3 ±1.6 % in a similar range compared to H1, H2 (mean of Ar = 39.8 ±0.5 %) and
exceeding V1, V2 (mean of Ar = 29.5 ±3.8 %) considerably. Ar (V0) is with 29.0 % well within the
range of Ar (V1) = 32.3 % and Ar (V2) = 26.6 %, thus not showing any trend or impact of the process
interruption on the elongation at break, but the standard deviations are considerably larger than
for the horizontal batches. These batches however show a statistically significant difference
between H0 and H1, H2. Ar increased from 24.8 % (H0) to 40 % (H1, H2) with standard deviations
between 0.3 and 0.5 %. Since the results of H1 and H2 are nearly identical, it can be concluded
that the two different SLM process restarting procedures for H1 and H2 do not have any impact
on Ar. The fact that there is no clear anisotropic behavior for the elongation at break between
vertically and horizontally orientated specimens is also discussed in literature. While Hitzler
[68] reported for additively processed 1.4404 Ar = 43 % for horizontal tensile bars and only Ar =
18 % for vertical ones, Merkt [125] presented contrary results with Ar > 30 % for horizontal and
Ar > 60 % for vertical specimens. Ar of the hybrid specimens, which are vertically orientated, is
with values of 39.5 % and 42.0 % in the same magnitude as the one of the horizontal samples
with process interruption (Ar (H1) = Ar (H2) = 40.0 %) but has larger standard deviations. Since
the two batches X1 (Ar = 39.5 ±1.6 %) and X2 (Ar = 42.0 ±1.1 %) do statistically not differ
significantly, it can be stated that the different pre-processing steps did not affect the results.
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Finally, in Figure 4-3 an interesting trend is observed among the SLM processed batches: while
the SLM process interruption leads to a drop of the maximum true stress that the samples can
withstand before necking, it positively affects the maximum plastic strain. A further important
result visualized in Figure 4-3 is that horizontal samples with process interruption (H1, H2) can
endure the same true stress as vertical samples manufactured with the standard SLM process
(V0).

Figure 4-3: True stress-plastic strain curves for various batches of tensile bars for the regions of uniform
elongation. The end of the curves marks the onset of necking. For each batch the mean value ± standard
deviation is displayed

4.1.4 Fractography
Investigations of cross sections of test parts as well as microstructural analyses were performed
on a microscope type Leica DM6 M. The previous sample preparation of grinding and polishing
was done on a Bühler Phoenix 4000 machine. An additional etching process with V2A etchant
was applied for 30 s. Besides the optical microscope, a FEI Quanta 200F scanning electron
microscope (SEM) was used for detailed fracture surface analysis. Based on representative
fracture surfaces and cross sections of tensile bars, Figure 4-4, Figure 4-5 and Figure 4-6 give
an overview of the various locations and potential reasons for failure of the tensile bars in
dependence on their manufacturing process routes. Figure 4-4 displays etched cross sections of
two vertically orientated tensile bars. The SLM process interruption was determined by the
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multiple melt pool boundaries at the same position in z direction. While the interruption
presented in a) was not the initiation of failure, in b) and c) the opposite is shown: failure that
occurred in direct vicinity of the interruption, even though with the two-dimensional image of
the cross section it is not possible to identify the exact location of the initiation of failure in the
interruption plane. Although the data in Figure 4-2 and Table 4-3 show the decrease of Rp0.2
and Rm because of the SLM process interruption, the presence of both these cases (Figure 4-4)
indicates that the location of failure is not necessarily determined by the process interruption
itself. However, the fracture surfaces of the vertical tensile bars depicted in Figure 4-5 give an
indication for both the decrease of strength and the location of rupture subsequently to an SLM
process interruption. The detailed views of Figure 4-5 b) and d) reveal each exemplarily one of
the lacks of fusion of the cross section shown in Figure 4-5 a) and c). These lacks of fusion are
irregularly formed defects. According to Zhang et al. [198], who investigated the defect formation
mechanisms in SLM, lacks of fusion can result from a poor powder layer quality. For the
experiment discussed here, the powder was partially removed from the build plate and reapplied
prior to the SLM process restart (see subsection 4.1.1) to adapt the process interruption during
the manufacturing of the tensile bars as close as possible to the process of sensor integration
into SLM parts. This procedure negatively affected the homogeneity of the powder layer as the
large portion of missing powder was manually reapplied in contrast to the machine controlled,
layer by layer powder application during the running SLM process. Thus, the process
interruption increases the probability of occurrence of lacks of fusion, thus, causing a weak
bonding between two layers leading to a failure of the tensile bars.
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Figure 4-4: Detection of level of SLM process interruption based on optical microscope images of etched
cross sections of vertical tensile bars: a) Sample of batch V2 – interruption level is not causing fracture; b)
Sample of batch V2 – fracture occurs in direct vicinity of the interruption level; c) detail of b)
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Figure 4-5: a) Tensile bar of batch V2; c) Tensile bar of batch V1 – SEM images of fracture surfaces revealing
lacks of fusion causing insufficient bonding, thus weakening the cross sections; tensile bars furthermore
show the locations of failure; b) detail of a); d) detail of c)

Subsequently to the discussion of the reasons and mechanisms of failure for tensile bars
manufactured with SLM process interruption, the results of the hybrid samples are investigated
based on a specimen indicating a representative behavior. Figure 4-6 b) visualizes both the
transition zone from turned part to SLM part and the location of failure very well. If the energy
and heat input into the transition zone are sufficiently high, it is possible to achieve a connection
that is not the weakest zone within the tensile bar (Figure 4-6 c)). Figure 4-6 a) shows the
fracture surface of the same tensile bar. For the hybrid batches X1, X2 fracture occurred randomly,
i.e. some tensile bars failed in the SLM part while others failed in the conventional section. The
plastic deformation behavior of additively and conventionally processed 1.4404 (Figure 4-3)
reveals similar values for true stress of these two materials (σmax (C) = 826 MPa; σmax (V0) = 800
MPa) indicating that they are not as different in their characteristic as it seemed from the data
in Figure 4-2 and Table 4-3. However, the plastic deformation in this study is only calculated in
the uniform elongation regime and therefore does not allow to draw direct conclusions on the
location of failure. Furthermore, it is mentionable that in the particular case of Figure 4-6 b)
the transition zone represents a constraint for necking, but since this phenomenon cannot be
observed for all hybrid tensile bars, a systematic behavior cannot be concluded.
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Figure 4-6: Hybrid tensile bar: a) SEM image of fracture surface; b) optical microscope image showing
location of failure in relation to the transition zone for the same tensile bar as in a); c) detail of b)

Besides the temperature inhomogeneity as well as the negatively affected powder layer quality
for samples manufactured in two steps (hybrid parts or parts with SLM process interruption),
oxidation of the surfaces, on which the process is continued later on, needs to be taken into
consideration. Although the oxidation phenomenon is not investigated in this study, literature
gives some important indications on its influence. Simonelli [153] reported on an experiment
with an O2 content of 0.2 % in the process chamber, which still led to oxidation of 1.4404 samples
during the SLM process. Hence, it is a valid assumption that an additional contact of the SLM
samples with ambient air during a process interruption has no further detrimental impact on
the mechanical properties. The machine used for the experiment presented is set to a maximum
O2 content of 0.3 %. Certainly, the oxidation phenomenon also occurred on the surface of the
conventionally manufactured lower halves of the hybrid tensile bars but according to the
aforementioned literature results negative consequences on mechanical properties are not
expected.
In addition to the discussion of the location of failure of the hybrid tensile bars, Figure 4-6 b)
and c) show another interesting and characteristic effect of the start of the SLM process. The
nominal layer thickness, which is a predefined machine parameter (30 µm for the experiments
in this chapter), is not reached in the first layers. Instead, this nominal value is reached
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asymptotically after several layers have been built. The reason for this behavior is the powder
layer density, which is assumed to be in the range of 50 %. Consequently, the consolidated
material has an effective thickness of just 50 % of the applied powder layer thickness, i.e. in this
case a 30 µm thick powder layer results in a 15 µm thick layer of consolidated material. This effect
is present for the first layers of each SLM built job until the nominal layer thickness of
consolidated material is reached asymptotically. For the given assumptions, this asymptotic
approximation to the nominal layer thickness takes about 10 layers.

4.1.5 Conclusions on the impact of SLM process
interruption on mechanical properties
The investigations presented in this chapter show that the tensile properties Rp0.2 and Rm of SLM
manufactured parts decrease if the process contains a discontinuity like an interruption or a
start of the SLM process at the medium height of the final part as it is the case for hybrid samples.
This is an important result, which has to be taken into consideration for dimensioning parts
containing any of the aforementioned discontinuities in the SLM manufacturing process. In
general, the decrease in the mechanical properties is more pronounced for vertically orientated
specimens. In contrast to the influence of the process discontinuity on mechanical data, the way
of SLM process restart or the pre-processing of the conventionally manufactured halves of the
hybrid tensile bars has, at least in the way it was varied and investigated in this study, no impact
on the resulting tensile properties. The plastic deformation curves reveal that the hybrid tensile
bars represent an even mix between the conventional and the additive material data, i.e. none is
dominant. Regarding process interruption, it has to be stated that horizontal samples that were
built with an SLM process interruption can withstand the same true stress as vertically
orientated ones that were manufactured in one step. The location of failure has a random
distribution for the batches of hybrid tensile bars, which means it can occur either in the SLM
or in the conventional part. Hence, the process discontinuity as such is not determining the
location of failure. This can also be observed for the additively processed horizontal batches. For
the vertical samples, the fracture occurs in various regions of the gage length, but the
fractographic analysis (Figure 4-5) also shows that the process interruption raises the
probability of occurrence of bonding defects, which weaken that cross section. Since for the
vertical samples the load during tensile testing is applied perpendicular to the plane of process
interruption, the probability of failure in that cross section rises.
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Temperature evolution in sensor cavities
upon SLM process restart
In this section, the most intuitive and most critical external impact for sensor integration into
SLM components is analyzed. If the thermal load is too high, the sensor and/or its electrical
wires might be partially damaged or even fully destroyed.

4.2.1 Measurement setup
In order to investigate the magnitude of the thermal impact, a representative measurement
setup was chosen, which is similar to the setup and procedure for sensor integration as it is
described in the following chapters. The experiments were conducted with 1.4404 powder on an
m2. Further details regarding material and machine are given in section 4.1.1. Currently, 1.4404
is the most widespread material in the field of SLM. Furthermore, it is well suited for industrial
applications (see section 5.4), that do not require high hardness properties, as it is not
hardenable. This makes it even more interesting regarding sensor integration, since hardening
operations and thermal treatments in general threaten the functionality of the sensors.
The basic concept of the experimental determination of the temperature evolution in sensor
cavities is an in-situ monitoring of temperature sensors that are positioned in a 1.4404
component. For these experiments, thermocouples type K purchased from Omega Engineering
GmbH were used. These sensors have a small measuring tip with a diameter of d = 0.5 mm.
While the sensors themselves are generally applicable in a range from -70 to +1100 °C, the glass
silk insulated electrical wires withstand temperatures up to 480 °C in constant operation. The
wire insulation reveals a cross section of 0.7 x 1.3 mm. The data acquisition of the thermocouples
was done by a thermocouple multiplexer mounted on an Arduino Uno microcontroller, which
was writing the data directly onto an SD card. This configuration was inevitable, since the SLM
process requires a cleared horizontal plane for the motion of the powder recoater. Thus, the
entire data acquisition unit was housed in a powder tight box and positioned inside the powder
bed next to the components being built. The multiplexer enabled the read out of eight
thermocouples. Every second, a value for each thermocouple was acquired in a serial sequence.

4.2.2 Test geometry and SLM processing strategy
Pre-tests have shown that the integration of merely one thermocouple per SLM component leads
to a mismatch between direct energy input through the laser on that component and the
simultaneous data acquisition. For that reason and since the laser irradiation cannot be
synchronized with the sampling rate of the thermocouples via machine control, the test
geometry was designed in such a way, that eight thermocouples are placed as close as possible
to each other, within the same component. In Figure 4-7 a), the positions of the thermocouples
are schematically visualized. Besides, the small dimensions of the entire component are
indicated. Figure 4-7 b) shows the moment of SLM process interruption for sensor positioning.
The thermocouples are pushed into the cavities, which are filled with heat conductive paste in
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order to assure a heat transfer from SLM component to the measuring tip, and fixed with tape.
After the sensor positioning, the SLM process is continued, but only in the central part of the
geometry, where the thermocouples are positioned (Figure 4-7 c)). This cylindrical cover has a
diameter of 8.1 mm and is 2.91 mm high, corresponding to 97 layers. This small diameter leads
to a comparably homogeneous energy input for all sensors, since the scanning time for one layer
based on the parameters defined in subsection 4.1.1 is merely 0.509 s. The scanning strategy is
meander, i.e. the laser scans the entire layer without being switched off, with a rotation of the
scan tracks from layer to layer by 90°. However, in contrast to the standard island strategy
described in subsection 4.1.1, the cross section is scanned without islands and furthermore, there
is no lateral shift of the scan tracks in x- and y-direction. Figure 4-8 shows the data acquisition
unit as well as the customized SLM substrate including the manufactured test geometry with
integrated thermocouples.

Figure 4-7: a) Top view of test geometry, indicating the dimensions and schematically the locations of the
eight thermocouples; b) moment of process interruption – cavities for thermocouples are closed in zdirection, cable channel is open; c) real part with integrated thermocouples after temperature test

Figure 4-8: Real measurement setup with manufactured test component and integrated thermocouples
mounted inside the SLM machine
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4.2.3 Results
The raw data of the in-situ temperature monitoring experiment is shown in Figure 4-9 for a
representative thermocouple. For each of the 97 layers built after the sensor embedding, a
distinct peak is observed in the data. This proves a successful test campaign. In Figure 4-10, the
maximum temperature among all sensors is presented per layer. Due to the short laser exposure
time of 0.509 s per layer, in combination with the not synchronizable data acquisition and the
limited sampling rate of 0.125 s, which is only valid for the surface, whereas each sensor is read
only once a second, it is important to show the peak values of the measurement, because it is
assumed that at least one of the thermocouples is read exactly in the moment the laser is
scanning on top of it. This data point is the peak temperature detected for that layer. The mean
values plus standard deviations of the maximum and minimum temperatures from all sensors
are also shown in the graph. This data enables an interpretation of the general temperature
evolution in the sensor cavities during the manufacturing of the first 97 layers of that specific
geometry. It is observed that the curve of the maximum temperature detected per layer looks
like an envelope curve for the data of the mean peak values. Hence, this observation supports
the assumption that at least one thermocouple is read in the moment the laser scans on top of
it, whereas the others are detecting lower temperatures, as visualized by the large standard
deviations in the data. However, with regard to the sensor survivability, the largest temperature
detected is important. In this experiment, this temperature reached a value of 221.25 °C, which
might be critical for embedded sensors. The mean minimum temperatures give an indication on
the heat up of the entire component during SLM manufacturing. After a significant warm up of
the SLM component during the manufacturing of the first 20 layers, the temperature of the
system runs into a saturation. An exponential fit (adjusted R2 = 99.94 %) of the mean minimum
temperatures according to the equation
y(t) = y0 + A1e-t/K1 + A2e-t/K2

(4.2)

leads to y0 = 88.4 °C, which will be asymptotically approached for large manufacturing times t,
i.e. for large number of layers for this particular geometry, in which the cross sections remain
constant among the total height of the cylinder.
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Figure 4-9: Results of in-situ temperature monitoring in sensor cavities upon SLM process restart; raw
data of representative thermocouple

Figure 4-10: Results of experiment: peak and minimum temperatures represented by the means, standard
deviations serve as error bars; peak temperature among all thermocouples per layer
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4.2.4 Simulative validation of experiment
In this subsection, the experimentally determined peak temperature is simulatively validated.
With this simulation, it is not intended to investigate physical phenomena during the SLM
process or to get further insights into the process characteristics, but instead a simulation of the
transient temperature evolution in the modelled geometry is aimed for. The basis of the
simulation is the original CAD model manufactured in the experiment, in which the temperature
evolution of the surface at the end of a sensor cavity is investigated (see Figure 4-11 and Figure
4-13). The diameter of this surface is d = 0.8 mm. If the laser with its beam diameter of dL = 0.1
mm scans the cross section, which is vertically on top of this surface, it covers an area of the
following dimension:
Amsr = d ∗ dL = 0.08 mm2

(4.3)

In Figure 4-12, Amsr is schematically visualized. In combination with the SLM process parameters
defined in subsection 4.1.1 (hatch h = 75 µm, vscan = 1350 mm/s), this results in a laser exposure
time for Amsr of
t exp =

Amsr
= 7.9 ∗ 10−4 s
h ∗ vscan

(4.4)

Table 4-5 summarizes further boundary conditions and assumptions taken to run the
simulation.

Figure 4-11: Model for transient thermal simulation; relevant surfaces for boundary conditions and
temperature evolution analysis are indicated
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Figure 4-12: Definition of measurement area Amsr; a) indication in CAD model; b) detail of Amsr shown in
a), schematically represented
Table 4-5: Boundary conditions and further assumptions for transient thermal simulation

Measurand

Value

Remark

Temperature at
bottom face

Tbottom = 25 °C

Kept constant throughout simulation

Temperature of top
layer during laser
exposure

Ttop, exp = 1400 °C

Assigned to a 30 µm thick volume element;
Corresponds to melting temperature of
1.4404

Duration to cool down
the scanned surface to
room temperature

tcool = 0.1 s

Consequence of high thermal gradients in
SLM process; defines time-dependent
temperature profile of Ttop

Time-dependent
temperature profile of
top layer

Ttop, exp = 1400 °C for texp = 7.9 * 10-4 s
Ttop, cool: linear cool down from 1400 °C to 25 °C in tcool = 0.1 s
Ttop = 25 °C during powder recoating

Heat flow across all
other surfaces

φ=0W

Perfectly insulated surfaces due to powder
surrounding the part

texp = 7.9 * 10 s

Time it takes to scan the measurement area
with the pre-defined parameters (equation
4.4)

Measuring time

tmsr = 1.0 s

Every second a data point is acquired for all 8
sensors. Peak values are from individual
sensors, which average their data over 1
second.

Number of layers
simulated

Only the top layer is simulated as 30 µm thick volume element
since the measurement shows the highest temperatures for the first
layers. As Tbottom = 25 °C, the results will not differ from layer to
layer in the simulation.

Duration of laser
exposure
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In Figure 4-13, the temperature distribution across the analyzed surface is shown exemplarily
for t = 0.114 s. A huge difference between minimum and maximum temperatures is observed.
However, the evaluation of the temperature evolution in this sensor cavity is based on the mean
temperature respectively. The mean temperature of this surface also represents the
measurement setup used in this study and takes the dimensions of the thermocouples into
consideration. The simulated mean temperatures are shown in Figure 4-14 for the first 2
seconds. Based on the recoating time of 9.2 s (standard parameter for recoater velocity in m2)
for a fresh powder layer and the assumed constant temperature of the bottom surface of the test
part, it is assumed that the simulation results are identical for each layer. Furthermore, after t =
2 s, the temperature will not change anymore in the analyzed surface until the next layer is
manufactured at t = 9.2 s. The maximum mean temperature reached in the simulation is 559.0
°C. However, as can be seen in Figure 4-14, the peak in the mean temperature is very short.
Thus, it is not recorded by the thermocouple. Instead, the averaged mean temperature for the
first second of the simulation results in a value of 253.5 °C. This value is comparable with the
results obtained in the experimental study (Figure 4-10), particularly, when the sensor
positioning in the cavity is considered. The thermocouples were pushed into these frustum
cavities, which were filled with heat conductive paste. Hence, a direct, metallurgical contact with
the SLM part, which would lead to ideal thermal conduction and which is the output of the
simulation, is not achieved in the real measurement setup.

Figure 4-13: Simulated transient temperature distribution across analyzed surface at randomly chosen
moment in time (t = 0.114 s) with Tmax = 254.6 °C, Tmin = 68.8 °C, Tmean = 208.9 °C; the simulated transient
temperature distribution cannot be detected by the sensor with the same resolution due to its limited
sampling rate and its thermal inertia
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Figure 4-14: Temperature evolution: mean value across analyzed surface

4.2.5 Conclusions on temperature evolution in sensor
cavities
This experiment successfully investigated the temperature evolution in a sensor cavity upon
SLM process restart. The tests were conducted with a representative SLM demonstrator and
particularly cavity design with regard to sensor integration, as it is shown in the following
chapter. Since the entire data acquisition equipment had to be positioned within the powder
bed, in order to not disturb the recoating process, some limitations on the sampling frequency
arose. Besides, it was not possible to achieve a synchronization between the data acquisition and
the laser scanning of the layers. Thus, a defined correlation between laser irradiation and
acquired data in a specific location was not feasible. However, this was well compensated by the
eight thermocouples positioned closely to each other. Furthermore, the small wall thickness of
0.09 mm between cavity and plane of process restart and the applied heat conductive paste
assured a heat transfer, representing a worst-case scenario with the maximum detected
temperature of 221.25 °C. This result fits well to the temperature data assessed by Mayer et al.
[121], who reported a maximum temperature of 181 °C inside their actuator cavity (see Figure
2-20, step 5). However, no details regarding the temperature evaluation, such as integration and
positioning of thermocouple or setup of the measurement, are given in their study.
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Embedding of standardized,
commercially available sensors into
SLM parts
In this chapter, sensor integration into SLM parts during the manufacturing process is
investigated for standardized, off-the-shelf temperature and Hall effect sensors. The advantages
of these sensors are their high availability, their standardization and precise calibration as well
as their rather low price, which is of particular interest, if the sensors shall be embedded in
industrial components without being a cost driver. In chapter 5.4, such a component – an
intelligent solenoid valve – is presented. This valve is equipped with both temperature and Hall
effect sensors. Therefore, in the following sections 5.1 - 5.3 the integration of these sensor types
into SLM demonstrator parts is developed and discussed. The embedding of temperature
sensors (Pt 100 elements) has partially already been published [162].

Temperature Sensors – Pt 100 elements
Pt 100 elements are standardized temperature sensors operating based on a temperature
dependent resistance measurement of a platinum element. 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.

5.1.1 Sensor specifications
The sensors used for these experiments are Pt 100 elements type PCA/S purchased from JUMO
GmbH & Co. KG. The relevant dimensions regarding the embedding into SLM demonstrator
parts are B = 2.0 mm, L = 2.5 mm, H = 1.3 mm, S = 0.64 mm (Figure 5-1 b)). These sensors are
generally applicable in the range from -70 to +400 °C. The reference sensor for the measuring
campaign is a pre-configured Pt 100 element, RTR-M08-L050-K04 (EMKO Elektronik A.S.).
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Figure 5-1: Dimensions of Pt 100 temperature sensor; a) isometric view; b) lateral and top view

5.1.2 Embedding concepts
Figure 2-7 schematically shows the single process steps required to embed an external
component like a sensor into an SLM part during its manufacturing. Regarding the embedding
concept, the design of the cavity is a key aspect 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 analyzed and it sets the orientation of the
sensor in relation to the laser beam of the SLM process. In this study, two different embedding
concepts are investigating the geometrical influence of the cavity on the measuring accuracy. 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 (Figure 5-2 a)). 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 µm thick SLM built layer (Figure 5-2 b)), which is remolten during the scanning
of the first layer upon SLM process continuation. The fusion of this sensor-covering layer is
expected to force the molten metal to surround the sensor and consequently achieve a
metallurgical embedding of it. The demonstrator parts have a bounding box of 27 x 7.5 x 11.5 mm
and the wall thickness between measurement surface and cavity is 1.5 mm.

Figure 5-2: Different embedding concepts: concept (a) and concept (b)

5.1.3 Embedding process
The embedding trials were conducted in 1.4404 on a Concept Laser m1 machine (m1). The m1 is
equipped with an Nd:YAG laser with 1064 nm wavelength operating in cw mode with a
maximum power of 100 W. The spot size is 150 µm. The dimensions of the build chamber are 160
mm x 230 mm. A process parameter set developed (see Table 5-2) enables the manufacturing of
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components with a relative density > 99.0 %, compared to the reference value of 7.95 g/cm 3
given in the material certification provided by the powder supplier. The determination of the
relative density and the applied scanning strategies as well as the details regarding material and
process interruption are specified in subsection 4.1.1.
Table 5-1: SLM process parameter set for processing 1.4404 powder on an m1

Parameter

Value

PLaser

[W]

100

vscan

[mm/s]

475

[µm]
[µm]

90
30

[J/mm3]

78.0

h
t
Evol

The positioning of the sensors is accomplished by the form of the cavity, which consists of the
negative form of the sensor geometry plus an additional clearance to account for the maximum
achievable accuracy of the SLM process. In the direction towards measurement surface, the
clearance was for both designs with ± 0.1 mm kept to a minimum, whereas in the lateral
direction, which is not affecting the sensing quality, it was ± 0.15 mm for concept (a) and ± 0.1
mm for concept (b). The rough, as-built SLM surface negatively influences the heat conduction
properties between the demonstrator geometry 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. 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 are positioned in order to bond the wires to the cavity preventing the sensors
from being pulled out after the integration. For both concepts, the continuation of the SLM
process is feasible without special precautions, as described in section 4.1.1. 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. For the
manufacturing of these sensor integration demonstrator parts, no specific post-embedding
process steps are required. Instead, thermal treatments might be very critical regarding the
sensing capability of embedded Pt 100 elements, which is discussed in chapter 7.

5.1.4 Measurement setup
The quantitative assessment of the embedding process and its resulting quality is based on the
three aspects:
i.
ii.
iii.

sensor survivability
response time
measuring accuracy
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To assess the sensors’ survivability of the embedding process, a resistance measurement is
conducted comparing the values before and after the embedding process. The evaluation of both
response time and measuring accuracy requires a specific setup, which is visualized in Figure
5-3.
The reference temperature value for each analysis is set by the reference temperature sensor
(5.1.1). The embedded sensor is evaluated by bringing the measurement surface of the
demonstrator geometry, that is indicated in Figure 5-2 a) and b) for both embedding concepts,
in contact with the hot surface at respective reference temperature. To ensure a sufficient and
stable 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 on both the sensors’ response time and measuring accuracy depending on the
temperature difference between sensor and analyzed 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 behavior and accuracy is based on a relative comparison, i.e. a
temperature difference, between the reference sensor and the embedded Pt 100 element. The
raw data is fitted with an exponential decrease function of the form
y(t) = y0 + A1e-t/K1 + A2e-t/K2

(5.1)

Furthermore, an analytical estimation of the temperature evolution in the sensor cavity is done
as a plausibility check of the obtained results. This calculation is based on the assumptions of a
transient heat conduction in a semi-infinite plate. Hence, the equation
𝑇(𝑥, 𝑡) − 𝑇0
𝑥
= 1 − erf(
)
𝑇1 − 𝑇0
2 ∗ √(𝑎 ∗ 𝑡)

(5.2)

is solved for T(x, t) with the following boundary conditions and assumptions:




T0 = 25 °C
ambient starting temperature
T1 = 80 / 120 / 180 °C different temperatures of measuring surface
x
thickness of the respective layer (see Table 5-2)



𝑎=




t
erf

λ
ρ∗𝑐𝑝

(λ, ρ, cp: see Table 5-2)
time, with t = 0 s being the start of the measurement
Gauss error function

Besides the heat conduction through the SLM component, there is a second layer that needs to
be taken into consideration for the heat flow calculations. Since the ceramic plate of the sensor
does not perfectly touch the wall of the cavity (see Figure 5-6 and Figure 5-8), this intermediate
layer is modeled as a second plate with 1.4404 powder properties. Finally, the ceramic plate at
the bottom of the sensor, onto which the measuring contacts are mounted, serves as third plate
for the analytical calculation. The material properties for these three layers are summarized in
Table 5-2. Between these plates, the temperatures are transferred. It is important to note that
this analytical calculation is a simplification of the reality, thus it does not aim at identifying
differences or trends in the data, such as a comparison of the results obtained with the
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application of heat conduction paste (HCP) versus no HCP, but it is showing that the obtained
results are in the correct order of magnitude. Hence, it proves the successful integration and
survivability of the sensors.
Table 5-2: Material properties for analytical calculation of transient heat flow from hot measuring surface
to sensing elements of the Pt 100 elements

Unit

1.4404 part

1.4404 powder

Ceramic plate

8000

3200

4000

Density

ρ

[kg/m3]

Thermal
conductivity

λ

[W/(m*K)] 15

0.45

Specific heat
capacity

cp

[J/(kg*K)]

500

500

920

Layer thickness

x

[mm]

1.5

0.5

0.64 (Figure 5-1 b))

ρpowder = 0.4*ρbulk

λpowder = 0.03*λbulk [185]

150

Figure 5-3: Measurement setup for evaluation of response time and accuracy of embedded Pt 100 elements

5.1.5 Embedding quality and sensor response behavior
In Figure 5-4, a comparison of the deviation of the sensor signal to a reference sensor is displayed
for the Pt 100 elements prior to their embedding and in embedded condition. It indicates that
the sensors have a survival rate of the SLM process of 83.3%, independent of the design of the
cavity and the embedding concept. Furthermore, it can be stated that the measuring accuracy
of the sensors, which maintained their functionality, is not negatively affected by the embedding
process. Although the measured raw data is approximated with a data fit according to equation
(5.1), a quantitative assessment of the results is merely partially conducted since the
interpretation of the damping coefficients K1 and K2 is not intuitive. For the response behavior,
a qualitative interpretation is done, based on the graphs of the fitted curves for different
embedding concepts and temperature levels that are shown in Figure 5-5. In the first 20 s after
being in contact with the hot surface, the concepts (a)+HCP and (b)+HCP show a faster response
behavior than the ones without application of heat conductive paste. Particularly for concept (a)
the detailed view of the data fits (see Figure 5-5 b), d), f)) reveals a rather slow response
behavior. In order to get a quantitative interpretation of the results, the temperatures obtained
after a contact between the demonstrator part and the hot surface for t = 5 s are calculated for
each measuring setup based on the coefficients of the data fit according to equation 5.1. A time
of t = 5 s was chosen due to its relevance for practical applications. So, e.g. in sheet metal forming
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tools, which are potential applications of sensor integration into SLM components, the heat is
generated through friction in a short period of time during the forming process. The results,
which are displayed in Table 5-3, show that there is no trend visible among the two embedding
concepts (a) and (b). However, the theoretical temperatures calculated according to equation
5.2 are significantly lower, which can be explained by the thermal inertia of the SLM
components. The experimental results reveal the beneficial impact of the application of HCP
surrounding the sensor in the cavity, as also visible in the response behavior for the first 20 s of
the measurement (Figure 5-5 b), d), f)). However, 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 Figure 5-5 and the measuring results listed in Table 5-4. 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.

Figure 5-4: Assessment of sensor function prior to and after embedding in SLM part; (HCP = heat
conductive paste)
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Figure 5-5: Assessment of response behavior of embedded sensors, evaluated at different temperature
levels of the analyzed surface; a) 80 °C with detail in b); c) 120 °C with detail in d); e) 180 °C with detail in
f); concepts (a) and (b) according to the schematic representations in Figure 5-2 a) and b); (HCP = heat
conductive paste)

Table 5-3: Results overview: number of sensors that survived the embedding process; calculated
temperatures based on data fit (equation 5.1) for a response time of t = 5 s
Tref = 80°C

Tref = 120°C

Tref = 180°C

Embedding concept

Functional sensors

(a)

2/3

38.9

56.5

106.7

(a) + HCP

3/3

36.3

53.0

99.9

(b)

3/3

37.1

63.9

105.6

(b) + HCP

2/3

32.0

52.8

91.4

Calculation (equation 5.2)

n.a.

24.9

39.7

67.4

Temp. [°C] for response time t = 5 s
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Table 5-4: Temperature difference T [K] between reference and embedded sensor in steady state at the
end of the measurement: raw data, fitted data (according to equation 5.1) and calculated data based on
transient heat conduction (equation 5.2)
Tref = 80°C

Tref = 120°C

Tref = 180°C

T [K]

T [K]

T [K]

Embedding concept

Raw

Fit (eq. 5.1)

Raw

Fit (eq. 5.1)

Raw

Fit (eq. 5.1)

(a)

2.1

1.9

2.6

1.3

0.4

1.7

(a) + HCP

0.5

1.7

2.8

1.4

8.5

10.8

(b)

6.1

6.8

8.7

7.8

11.3

19.8

(b) + HCP

5.0

6.9

10.2

10.3

16.8

15.0

Calculation (eq. 5.2)

-

7.3

-

9.8

-

18.1

Supplementary to the discussion of the sensors’ response behavior and accuracy, the effective
positioning of the sensors in the cavities is investigated based on CT images. These CT images
were taken on a DeskTom 130 CT scanner by RX Solutions, operating at 130 kV with an accuracy
of 10 µm and a maximum resolution of 5 µm. In Figure 5-6, the CT images show the positioning
of a Pt 100 element embedded according to concept (a). The analysis of the cross section
indicates that the sensor is partially positioned in the cavity. Hence, it is only partially in contact
with the backside of the surface to be measured, i.e. with the wall through which the heat is
conducted. Nonetheless, as clearly visible in Figure 5-7, it is well orientated with respect to the
measuring surface. The CT analysis of SLM components with integrated sensors according to
concept (b) (Figure 5-8) reveals a very good alignment of the Pt 100 element and the surface to
be measured. This is favored by the horizontal orientation of the sensor during the SLM
manufacturing. Furthermore, Figure 5-8 discloses another very important result. There is still a
gap between the sensor and the covering SLM part. This gap, depending on the surface
roughness between 0.15 and 0.25 mm wide, indicates that the innovative idea of concept (b) did
not work, i.e. the sensor is not metallurgically embedded, since the liquid metal did not flow
around it.
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Figure 5-6: CT images of SLM component with integrated Pt 100 element – embedded according to
concept (a); a) SLM part and indication of plane for further investigations; b) cross sectional CT image
(plane from a)) revealing position accuracy of Pt 100 element; c) detail of b)

Figure 5-7: CT images of SLM component with embedded Pt 100 element (embedding concept (a));
orientation and alignment of sensing elements
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Figure 5-8: CT images of SLM component with integrated Pt 100 element – embedded according to
concept (b); a) SLM part and indication of plane for further investigations; b) cross sectional CT image
(plane from a)) revealing the position accuracy of the Pt 100 element; c) detail of b)

5.1.6 Conclusions on the embedding of Pt100 elements
The experiments conducted enable the following conclusions that are of importance for this
field of research in general and for the overall sensor embedding strategy developed in chapter
7 in particular:
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It is possible to embed standard Pt 100 sensors in SLM parts without degrading or
damaging the sensing capability.
The application of heat conductive paste in the cavity positively affects the response
behavior of the sensor in the beginning of the measurement (quantitatively assessed for
t = 5 s, Table 5-3), as it compensates the surface roughness in the cavity as well as the
clearance between sensor and cavity resulting in an improved heat transfer.
The accuracy of the measurement in steady state is not affected by the application of
heat conductive paste.
Generally, 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). In this concept, an interaction
between laser and sensor/electrical wiring, which is causing damage to the sensor,
cannot be excluded.
Furthermore, concept (b) did not work in the expected way, still leading to a gap between
sensors and covering SLM part. This result in combination with the previous conclusion
leads to a stop in further investigations of concept (b).

5.1 Temperature Sensors – Pt 100 elements




In concept (a), neither the sensor nor its electrical wiring, which are both hidden and
thus protected from a direct laser irradiation, is affected by the high energy input, which
therefore enables the embedding of Pt 100 elements without any functional degradation.
As the sensor integration is tested on SLM demonstrator geometries, there are no specific
requirements regarding the cable routing. Instead, the cables are guided in a straight
channel out of the component. This channel is significantly deeper than the diameter of
the cables, thus it ensures that the cables do not stick out of it into the processing plane,
where they might get hit and damaged by the laser.
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Temperature Sensors – Thermocouples
This chapter investigates the integration of thermocouples into SLM components.
Thermocouples are also standardized temperature sensors detecting a potential drop between
the two metals forming the point welded measuring tip. The integration of thermocouples into
stainless steel SLM components is investigated with respect to their ability to survive the
embedment process. Additionally, as for the Pt 100 elements, different embedment concepts are
evaluated with respect to the measurement accuracy in general and the response behaviour of
the sensors in particular.

5.2.1 Sensor specifications
For these experiments, thermocouples type K purchased from Omega Engineering GmbH were
used. The most important dimensions regarding the embedding into SLM demonstrator parts
are the diameter of the measuring tip with d = 0.5 mm as well as the cross section of the glass
fiber insulated wiring with B = 0.7 mm, H = 1.3 mm. Type K thermocouples are generally
applicable in the range from -70 to +1100 °C. The reference temperatures of the hot surface were
determined with a bare thermocouple of the same kind.

5.2.2 Embedding concepts
As stated in section 5.1.2, the design of the cavity is a key aspect for sensor integration into SLM
parts. In Figure 5-9, two different embedding concepts with respective cavity designs are shown.
While the concept presented in Figure 5-9 a) resembles concept (a) for Pt 100 element
embedding, Figure 5-9 b) shows a further development of previous concept (b). In this case, the
tip of the thermocouple is not hidden below a 30 µm thick layer of consolidated material, but it
is positioned flush with the SLM part at the z-level of the process interruption. Thus, the idea is
to directly weld the thermocouple to the SLM part upon process restart, i.e. this approach,
named concept (c), is pushing concept (b) (subsection 5.1.2) to extremes. Figure 5-10
schematically visualizes this approach in detail. Concept (c) brings up two decisive advantages:
the metallurgical bonding ensures a defined position as well as direct contact, hence, direct heat
transfer from the measurement surface to the sensor. Furthermore, it prevents a potential
pullout of the sensor. The demonstrator parts have a bounding box of 27 x 7.5 x 11.5 mm and the
wall thickness between measurement surface and cavity is 1.5 mm.
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Figure 5-9: Different embedding concepts; a) concept (a); b) concepts (c)-1 and (c)-2

Figure 5-10: Schematic representation of embedding concept (c), valid for both (c)-1 and (c)-2

5.2.3 Embedding process
As for the Pt 100 elements, the embedding trials were conducted in 1.4404, but on an m2. The
details regarding machine, material and process interruption are specified in subsection 4.1.1.
The cavity for sensor positioning according to concept (a) consists of a frustum. The dimensions
at the end of the cavity correspond to the ones of the thermocouples plus an additional clearance
of 0.15 mm in radius to compensate the surface roughness of the SLM process. As in the
investigations of Pt 100 element integration, the design of experiments includes two setups for
embedding concept (a) – with and without heat conductive paste surrounding the sensor in the
cavity. For concept (c), heat conductive paste is not applied. Furthermore, the metallurgical
bonding between sensor and SLM part in concept (c) also makes preventions against a sensor
pullout during use phase of the SLM component obsolete. However, for concept (a) it is essential
to prevent the extraction of the electrical wiring out of the demonstrator geometry, since the
diameter of these wires exceeds the size of the sensor. Thus, the channel surrounding the wiring
is filled with a fast hardening resin after the sensor and the wiring are positioned to bond the
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wires to the channel. For the positioning of the thermocouple according to concept (c), two
design variations (Figure 5-9 b)) are investigated in order to test the insertion of the
thermocouple into the geometry during SLM process interruption. In both cases, the cavity is
open to the top at the z-level, at which the SLM process is interrupted. The cavity in concept
(c)-1 is a frustum with a diameter of 0.8 mm at the tip, i.e. it exceeds the diameter of the
measuring tip by 0.15 mm in radius. For concept (c)-2, a rectangular cavity (1.4 x 1.5 mm) with
significantly larger dimensions than the ones of the thermocouple (measuring tip: d = 0.5 mm)
is manufactured to assure that both the sensor and the wiring can be inserted into the cavity
during process interruption. For both geometries, the top part of the demonstrator is not
designed to gently close the cavity preventing the manufacturing of an overhang, as it is usually
done in the SLM process, but already at the first layer the cavity is closed horizontally, as
schematically visualized in Figure 5-10 b). Generally, for all concepts investigated here, the
continuation of the SLM process is feasible without special precaution, as described in
subsection 4.1.1.

5.2.4 Measurement setup
The entire measurement setup to assess survivability, response time and accuracy of the
embedded sensors is identical to the one described in subsection 5.1.4 for Pt 100 elements.
However, the reference temperature of the test surface is measured with a different sensor.
While it was a pre-configured Pt 100 element in section 5.1, it is a thermocouple type K identical
to the embedded ones in this case. For concepts (c)-1 and (c)-2, the investigation of measuring
accuracy is particularly important since a direct welding of the thermocouple to the SLM part
implies that the specific alloy composition of the measuring tip, for which the sensor is
calibrated, is changed. The theoretical calculation for plausibility check of the obtained results
for concepts (a) and (a) + HCP is conducted identically to the description in 5.1.4, but without
the ceramic layer. For concepts (c)-1 and (c)-2, the powder layer is also taken out of the
calculation, i.e. it is a pure transient heat conduction calculation for a 1.4404 layer.

5.2.5 Embedding quality and sensor response behavior
At first, the survivability of the sensors for the different embedding procedures is investigated
based on a comparison of the deviation of the sensor signal to a reference sensor for the
thermocouples prior to their embedding and in embedded condition. The results, which are
displayed in Figure 5-11, reveal a 100 % survival rate for all embedded thermocouples,
independent of the embedding concept. It is particularly remarkable that all eight sensors that
were directly welded to the SLM part, show an even higher stability in the results assessed at
room temperature than three (out of six) sensors embedded indirectly. Generally, the deviation
in the signal compared to the reference sensor is 6 K at the maximum for concept (a) and < 1.5
K for concept (c). Hence, the embedding process is not significantly affecting the sensing
capabilities of the thermocouples. Regarding the response behavior, a quantitative analysis
according to equation (5.1) (section 5.1.4) has been conducted, resulting in data fits with adjusted
R2 values > 0.9884 for all sensors and embedding concepts. However, since an interpretation of
the results based on the determined coefficients is rather complex and not intuitive, Figure 5-12
visualizes the data obtained in the experiment. While the graphs in Figure 5-12 a), c), e) present
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the temperature evolutions during the entire test run, in Figure 5-12 b), d), f) the first 20 seconds
are displayed in detail, facilitating a qualitative interpretation of the response behavior.
Compared to the data of the Pt 100 elements, the thermocouples do not show a significantly
different response within the first 5 s. However, for the thermocouples, this is followed by a
distinctly slower convergence of the signal of embedded sensor and reference signal, represented
by a kink in the data graph (see Figure 5-12 d), f)). For concept (a) it is clearly visible that the
use of heat conductive paste inside the sensor cavity improves the overall accuracy of the
measurement, whereas the response behavior (for t = 5 s) is not affected (see Table 5-5).
Generally, among the thermocouple data, a clear trend cannot be observed. Particularly, the
hypothesis that directly welded sensors will respond faster than the others, as the theoretical
considerations and the response times calculated according to equation 5.2 comparing heat
conduction through one respectively three steel layers (see Table 5-5) imply, is not confirmed
within the frame of the experiment conducted. Regarding the measuring accuracy, it is
observable that for all embedded thermocouples at the end of the measuring campaign at t =
250 s the delta between reference and embedded sensor is significantly larger than for all
embedded Pt 100 elements. This difference is attributed to the reference sensor used for each
experiment respectively. While the Pt 100 element reference sensor is a pre-configured sensor in
a metal housing, for the assessment of the embedded thermocouples, a bare type K
thermocouple, identical to the embedded ones, was used. This was done in order to maintain a
direct comparability between the temperature of the heated reference surface and the one of the
SLM component. Thus, in order to properly assess the overall measuring accuracy of the
embedded thermocouples, they were further tested in a controlled atmosphere in a climate
chamber. It was heated up to nominal 100 °C and the SLM parts with embedded thermocouples
were measured for 300 s after having been in the chamber for > 60 minutes to homogeneously
heat up. The results are summarized in Table 5-6. They proof that thermocouples can generally
be embedded in SLM components without harming their sensing capability and their measuring
accuracy. This is an important finding, particularly for the thermocouples that were directly
embedded into the SLM components. The change in alloy composition at the measuring tip
resulting from the partial melting of the tip has obviously no significant impact on the sensor’s
performance. Since the absolute values of the embedded thermocouples (Table 5-6) show a
difference to the temperature of the climate chamber of 2.5 – 4.4 K independently of their
embedding concept, this deviation is not attributed to the embedding process but the internal
temperature determination in the chamber itself. Furthermore, the maximum accuracy of
thermocouples is specified in the supplier’s datasheet with 2.2 °C.
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Figure 5-11: Assessment of sensor function prior to and after embedding in SLM part
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Figure 5-12: Assessment of response behavior of embedded sensors, evaluated at different temperature
levels of analyzed surface; a) 80 °C with detail in b); c) 120 °C with detail in d); e) 180 °C with detail in f);
concepts (a) and (c) according to the schematic representation in Figure 5-9
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Table 5-5: Calculated temperatures based on data fit (eq. 5.1) for a response time of t = 5 s
Tref = 80°C
Embedding concept

Tref = 120°C

Tref = 180°C

Temp. [°C] for response time t = 5 s

(a)

36.3

58.4

93.0

(a) + HCP

36.6

58.6

93.9

Calculation
(eq. 5.2, 2 material layers)
(c) – 1

20.0

36.3

59.3

37.5

61.7

87.8

(c) – 2

41.4

64.3

92.8

Calculation
(eq. 5.2, 1 material layer)

10.6

18.4

30.0

Table 5-6: Assessment of measurement accuracy for embedded thermocouples in controlled atmosphere
in climate chamber
Climate
chamber

Concept (a)

Concept (a) +
HCP

Concept (c) -1

Concept (c) -2

Mean [°C]

101.5

105.9

104.0

105.8

105.8

SD [°C]

0.7

0.05

0.8

1.38

1.6

As for the Pt 100 elements, the effective positioning of the thermocouples in the cavities is
investigated based on CT images. The CT setup used is described in subsection 5.1.5. In Figure
5-13, the positioning of a thermocouple embedded according to concept (a) is depicted. It is
clearly visible that the thermocouple can be easier mounted inside the frustum cavity than the
Pt 100 elements (see Figure 5-6). However, due to the indirect embedding approach, the sensing
tip is surrounded by metal powder, which adds uncertainty to the measurement. This
uncertainty can be eliminated by the direct embedding approach shown in Figure 5-14. Images
a) and c) merely indicate the planes at which the detailed analyses were taken. The detailed view
of the CT images (Figure 5-14 b) and d)) evidently shows the direct we<lding of the
thermocouples to the SLM parts for embedding concepts (c)-1 and (c)-2. Hence, for the heat
transfer from the hot outer surface to the embedded sensor only heat conduction through one
wall has to be taken into consideration. Furthermore, the direct embedding approach brings up
another clear advantage compared to all indirect ones. If a metallurgical bonding between sensor
and SLM part is achieved (Figure 5-14), no further actions need to be taken to prevent a pullout
of the sensor.
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Figure 5-13: CT images of SLM component with integrated thermocouple – embedded according to
concept (a); a) cross sectional CT image from central plane; b) orientation and alignment of thermocouple
– tilted view

Figure 5-14: CT images of the SLM component with directly embedded thermocouple according to
concept (c)-1; a) indication of the vertical plane; b) detailed image of the plane from a) showing the fully
embedded thermocouple; c) indication of the horizontal plane; d) detailed image of the plane from c)
showing the fully embedded thermocouple
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5.2.6 Conclusions on the embedding of thermocouples
The investigations presented lead to the following conclusions regarding the embedding of
thermocouples into SLM components:
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It is possible to embed thermocouples in SLM parts without degrading or damaging the
sensing capability. Regarding damaging the sensor, post-SLM heat treatments have to be
carefully applied based on the maximum thermal load that the wires are capable to
withstand.
The application of heat conductive paste in the cavity (concept (a)) has a minor positive
influence on the results in steady state conditions.
The thermocouples survive the direct embedding (concepts (c)-1 and (c)-2) and the
sensing capability is not even changed.
The direct embedding leads to a defined position of the thermocouples and the
metallurgical bonding leads to direct and well-defined heat transfer conditions.
Furthermore, the metallurgical bonding assures that the sensors cannot be pulled out of
the cavity during use phase of the SLM component. Hence, any special precautions to
prevent a sensor pullout are obsolete.
In the experimental setup tested for these investigations, the sensors embedded
according to concept (c) do not show any superior performance than the indirectly
embedded ones according to concept (a). This is caused by the measurement setup. As
the calculations reveal, theoretically, the direct embedding, i.e. the elimination of
interlayers, leads to the fastest response behavior and the highest measuring accuracy.
Regarding the sensor cable, the same conclusion applies than described in 5.1.6.
As general conclusion for the embedding of temperature sensors (Pt 100 elements and
thermocouples) into SLM components, it can be stated that direct embedding of
thermocouples is for several reasons the most promising approach:
o Fastest response behavior
o Highest accuracy
o Defined position of sensing element and prevention of pullout
o Simple sensor form, i.e. simple handling with regard to (automated) embedding
o Small dimensions lead to a minimal impact on structural integrity of surrounding
component

5.3 Hall Effect Sensors

Hall Effect Sensors
This chapter investigates the integration of Hall effect sensors into SLM parts for position
detection of movable elements within these SLM parts. The procedure for sensor integration is
described focusing both on not harming the sensing capabilities by the embedding process and
on the implementation of a strain relief mechanism to prevent the sensor from being pulled out
of the cavity. Additionally, a detailed analysis of the accuracy and repeatability of the position
detection with the embedded sensors is conducted in dependence on varying design features.

5.3.1 Sensor specifications
The embedded sensors are commercially available, off-the-shelf ratiometric Hall effect sensors
type Honeywell-SS495A, which are cheap, standardized and easily available. The technical
drawing in Figure 5-15 a) shows the shape and the most relevant dimensions of the sensor. In
Figure 5-15 b), a real sensor with soldered stranded wires is depicted. The shrinking hoses are
protecting the soldering joint, but they are not capable to achieve a hermetic sealing of the
metallic pins of the sensor from the fine metal powder. However, pre-tests showed that due to
the very poor electrical conductivity of the powder, it does not lead to short circuits with the
surrounding SLM part. According to the manufacturer’s specifications, nominally these sensors
cover a range of magnetic flux density from -0.067 to +0.067 Tesla (T). This corresponds to a
voltage range of 0.5 – 4.5 V, with an output voltage of 2.50 ±0.075 V if no magnetic field is present.
Their sensitivity is 31.25 ±1.25 mV/mT. In order to generate a changing signal in the sensor, a
strong magnetic field is required, for which NdFeB cubic magnets (3 mm) are used with a
magnetization of N45 (i.e., Tuse < 80°C, energy product = 342 – 358 kJ/m3). They are mounted on
a mobile element, which is moving in front of the sensor during data acquisition. To prevent
noise and disturbance in the magnetic signal this mobile element is of a non-magnetic material,
Acrylonitrile Butadiene Styrene (ABS) in this particular case.

Figure 5-15: Hall effect sensor type Honeywell-SS495A; a) technical drawing with most important
dimensions; b) sensor with soldered stranded wires and shrinking tubes
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5.3.2 Embedding concept
The cavity design as well as the strategy, to hold the sensor in place, to protect both sensor and
stranded wires from laser irradiation, and to continue the SLM process are described as follows.
Cavity design
The cavity design is a very important aspect for Hall effect sensor embedding. It defines both
the orientation of the sensor with respect to the magnetic field that shall be detected (see Figure
5-15 a)), and the position of the sensor, which is affecting the continuation of the SLM process.
Figure 5-16 presents the basic design idea of the test parts for this study based on the
information from Figure 5-15, which indicate that the three wires have similar dimensions as
the sensor.
In Figure 5-16 a), a 3D view of the demonstrator part for the integration of Hall effect sensors is
shown. The schematic representation of the top view of the test part (Figure 5-16 b)) displays
the orientation of the sensor towards the magnet. Figure 5-16 c) shows both the motion of the
magnet relative to the sensor and the sensor’s field of detection. In both images the wall
thickness between sensor and magnet is indicated. This distance is varied in the experiment,
revealing values of 1.0, 2.0 and 3.0 mm in the corresponding demonstrator designs, to get an
information on its influence on the detectability of the magnet. For each wall thickness three
demonstrator parts are manufactured (see Table 5-7) and evaluated.

Figure 5-16: a) 3D view of demonstrator part for Hall effect sensor integration; b) schematic presentation
of the top view of the demonstrator part; c) schematic presentation of the side view, also indicating motion
of magnet carrying movable element
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Table 5-7: Sensor ID in dependence on the design

Sensor ID
Wall thickness [mm] (see Figure 5-16)

A-1 / A-2 / A-3 C-1 / C-2 / C-3
1.0

2.0

E-1 / E-2 / E-3
3.0

5.3.3 Embedding process
The embedding trials were conducted on a m1. The SLM parts were manufactured from 1.4404,
which is a beneficial material for tests with Hall effect sensors, i.e. with magnetic fields. Due to
its low magnetic permeability (µrel = 1.25 [36]), the penetration depth of the signal is larger than
for materials with higher permeability. The details regarding the m1 are given in subsection 5.1.3,
whereas material and process interruption are specified in subsection 4.1.1.
The rectangular shape of the Hall effect sensors facilitates an easy positioning as well as a partial
fixation in the cavity. The cavity is designed based on the sensor’s outer dimensions plus an
additional clearance of ±0.2 mm (x-direction) and ±0.3 mm (z-direction) to account for the
maximum achievable accuracy and process inherent surface roughness of the SLM process.
However, since the sensor dimensions in x- and z-direction are smaller than the dimensions of
the three stranded wires, a special design feature acting as strain relief is implemented, in order
to prevent an extraction of the sensor after embedding. As visualized in Figure 5-17 b), at least
one of the wires is wound by 360° around the pin, resulting in a force-locked connection, which
makes it impossible to extract the sensor from its designated position. In accordance with
Figure 2-7, Figure 5-17 shows the process steps for sensor embedding and preparation for SLM
process continuation. In Figure 5-17 b), the positioning of the sensor and stranded wires in the
cavity, which is fully accessible from the top, is shown. The general design restrictions of the
SLM process are advantageous with regard to the process continuation and sensor protection.
Particularly, the requirement of a minimum angle of θ > 45° between overhanging surfaces and
the horizontal plane [183] in order to manufacture them without the need for support structures,
lead to part designs, which protect the sensor and the wires from direct laser irradiation. This is
schematically visualized in Figure 5-17 d). Furthermore, the powder surrounding both sensor
and wires is a bad thermal conductor, resulting in an additional overheating protection for them.
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Figure 5-17: Process interruption to embed Hall effect sensors into SLM parts; a) empty sensor cavity after
powder removal; b) positioning of sensor including winding one wire around the strain relief pin; c)
powder refill and levelling for SLM process continuation; d) schematic illustration of process continuation
after sensor integration, accounting for design restriction of θ > 45°

5.3.4 Measurement setup
The aim of the experiment is the position detection of a movable element within a 1.4404 SLM
part. For this purpose, this element, which is carrying a magnet, is oscillating in the permanently
mounted SLM part, i.e. it is moving along the embedded sensor. Figure 5-18 shows both the
schematic representation and the physical measurement setup.

Figure 5-18: a) Schematic representation of measurement setup and signal sequence; b) real measurement
setup

The measurement procedure is the same for all 9 sensors that are listed in Table 5-7. At the start
of the experiment, the movable element is positioned at the reversal point that is flush with the
outer edge of the cavity. From that position, it is moved with constant speed of 7.925 mm/s to
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the end of the cavity and back to its starting position, ensuring the magnet is moving
symmetrically along the sensor. This measurement cycle is repeated 4 times without any delays
in the reversal points. In order to account for any deviation in mounting and positioning of the
movable element inclusive the magnet, the abovementioned procedure of 4 cycles is repeated 3
times for each sensor, while the measurement setup is dismounted and reassembled each time.
In total, there are 3 x 4 = 12 cycles tested for each sensor. For each wall thickness, 9 runs, i.e. 3
sensors with 3 runs respectively, are tested, resulting in 3 x 12 = 36 cycles. During all tests, the
sampling rate of the sensor is 10 Hz.

5.3.5 Sensor survival conditions
In order to analyze the sensors’ survivability of the embedding process, they were measured both
before and after embedding. In both cases, no magnetic field was applied (Figure 5-19). Based
on a confidence level α = 5 % a statistically significant impact of the embedding process can be
observed, resulting in increased output signals for the integrated sensors. Since the two
measurement setups are not fully identical as a consequence of the sensor embedding, the
differences present were expected and can be explained by the magnetic permeability of 1.4404
surrounding the sensor in the post-embedding tests. However, it can be concluded that all
sensors survived the embedding process characterized by comparably high presence of fine
metal powder and harsh conditions with high thermal energy input during processing.

Figure 5-19: Sensors’ survivability of the embedding and SLM process. Comparison between signal values
before and after embedding, each analyzed without additional magnetic field

5.3.6 Accuracy of position detection
The accuracy of the position detection with the embedded Hall effect sensors was determined
according to the measurement setup visualized in Figure 5-18. The peak signal for each
measurement was detected, when the magnet was positioned right in front of the sensor, i.e. the
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centers of both sensor and magnet were at the same z-position according to the arrangement in
Figure 5-18 a). In Figure 5-20, the raw data of the 3 runs with 4 cycles are displayed for one
sensor per wall thickness respectively. The data shows that with increasing wall thickness, the
detectable absolute signal gets weaker, thus the peak values of the output signals decrease from
4.824 V at 1.0 mm wall thickness to 3.562 V at 3.0 mm wall thickness. The nominal, maximum
detectable value for this type of sensor is specified in the manufacturer’s datasheet with Vmax =
Vs – 0.2 (here: Vs= 5.0 V  Vmax = 4.8 V). Hence, in Figure 5-20 a) it is shown additionally to
Figure 5-19 that the embedding process is not harming the sensing capability since voltages up
to 4.8 V are detected. The decreasing output voltage with increasing wall thickness is caused by
the magnetic permeability of 1.4404 µrel= 1.25 [36]. However, despite this signal reduction, the
measurements still enable a clear distinction between the peak position, i.e. when the magnet is
positioned centrally in front of the sensor, and the signal at the reversal points. For the setup
and the wall thicknesses analyzed in this study, the magnetic field diminishes distinctly when
the magnet is approaching the reversal points at which the signal is the same as if no magnet is
present at all. Consequently, in the outer range of the motion, a precise position detection is not
possible. Furthermore, in the reversal points, a uniform motion of the magnet cannot be ensured
by the linear drive because of accelerating and braking processes. However, in the zone where
the sensor is embedded, the assumption of a uniform motion is still valid. Besides the lower
threshold of the sensor, i.e. the signal value when no magnetic field is present, there is also the
aforementioned nominal upper boundary of 4.8 V. This limit is reached in the setup with merely
1.0 mm wall thickness as shown in Figure 5-20 a), revealing a plateau at 4.824 V in the output
signal. This leads to an undefined position of the magnet respectively of the movable element
when it gets close to the sensor. At wall thicknesses of 2.0 mm and 3.0 mm (Figure 5-20 b), c))
the output signal contains distinct peaks, thus, facilitating a precise position detection if the
magnet is within a certain distance to the sensor. This distance is linked to the speed of motion
of the element and it varies in dependence on the wall thickness since according to Figure 5-16
b) a larger wall thickness enlarges the trapezoidal shape of the field of detection, hence leading
to an earlier, but weaker detection of the magnet approaching the sensor. For the calculation of
the zone of precise position detection, a lower threshold of 2.5 V in the output signal is set since
the signal causing an undefined position is below these 2.5 V for all sensors. Additionally, 2.5 V
is the nominal output voltage of the sensor if no magnetic field is applied. For demonstrator
parts with 3.0 mm wall thickness a detection of the magnetic field of the movable element is
feasible during 1.49 ±0.07 s, i.e. as long as the magnet’s center is within a distance of 5.90 ±0.28
mm in ± z-direction from the sensor’s center. If the wall thickness decreases to 2.0 mm, the
magnet is exactly detected during 1.33 ±0.02 s, which corresponds to 5.29 ±0.07 mm on either
side of the sensor’s center. For 1.0 mm thick walls the signal is above 2.5 V for 1.16 ±0.01 s which
is equivalent to a motion of 4.58 ±0.02 mm in ± z-direction. However, for this geometry a precise
position detection is due to the plateau in the signal not possible in the central position.
Another interesting detail of the accuracy measurement is revealed in Figure 5-21 and in Table
5-9: the peak values vary from sensor to sensor. While this difference is even statistically
significant for sensors E-1 to E-3, it is particularly pronounced for the sensors C-1 to C-3. The
peak signal for sensor C-2 is 4.275 V, for C-3 it is 4.438 V. This directly leads to the conclusion
that for a given combination of magnet, material and wall thickness the output signal in the
central position is not describing the characteristic of each sensor embedded according to that
configuration globally, but the distinct peak signal values have to be determined for each sensor
90

5.3 Hall Effect Sensors
individually. However, this maximum deviation between sensors C-2 and C-3 is with 3.7 % still
within the tolerance range of the sensors. For the null voltage, it is given by 2.50 ±0.075 V
corresponding to a tolerance of ±3.0 %. Hence, the sensor specific calibration for absolute values
can be done during its validation after the manufacturing process since each sensor shows a very
good repeatability.
The positioning of the sensors in the cavity is another important aspect affecting the accuracy
of the measurements. The precise sensor placing is investigated based on CT images, which are
displayed in Table 5-8. Details on the CT setup used are provided in subsection 5.1.5. The images
taken in the xz-plane show a very accurate positioning of each sensor, particularly regarding the
distance and the angular alignment relative to the channel in which the magnet is moving. These
observations are further supported by the images of the yz-plane, section A-A. Here, the entire
cross sections of the sensors are visible, leading to the conclusion that the sensors are not tilted
around the y-axis. This demonstrates that the dimensions of the cavity are ideally chosen since
the geometrical restrictions and small clearances impede a tilting of the sensors. Furthermore,
the well-defined z-positions of all sensors supports this observation of an ideal cavity design. A
fully quantitative analysis of the sensor positioning is, however, not possible with the CT images
since the plastic housing of the sensor cannot be displayed with x-rays. Nonetheless, in
subsection 5.3.8 angular deviations and their impact on the detected signals are discussed.

Figure 5-20: Position detection – raw data of measurement for one sensor per wall thickness showing all
3 runs with 4 cycles each; a) 1.0 mm wall thickness, type A; b) 2.0 mm wall thickness, type C; c) 3.0 mm
wall thickness, type E
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Table 5-8: CT images of 1.4404 SLM parts with embedded Hall effect sensors

xzplane

yzplane,
sectio
n A-A

Sensor
C-1

xz-plane

yz-plane, section A-A

E-1

5.3.7 Repeatability of position detection
In a first qualitative assessment, Figure 5-20 clearly indicates a very good repeatability for each
sensor since the 3 test runs are visually hard to distinguish. The curves are very alike, particularly
regarding peak values and periodicity. For sensor A-2 (Figure 5-20 a)) a slight time shift can be
observed which partially originates from the plateau of the signal in the central position. In
addition to Figure 5-20 and the peak signal values (Table 5-9), Figure 5-21 displays a further
suitable quantitative indicator for the assessment of the similarity of the measured data, i.e., for
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the repeatability of the position detection with the embedded Hall effect sensors. The magnetic
flux φ the sensor is detecting is defined as
(5.3)

𝜙 = − ∫ 𝑈𝑖𝑛𝑑 𝑑𝑡

Consequently, it is represented by the area below the curves of the raw data displayed in Figure
5-20. For the chosen setup, it is furthermore appropriate to compare the data of the sensors
embedded in the geometry with the same wall thickness respectively, since they have identical
cycle times. As for the discussion of accuracy, here for the determination of the magnetic flux
the raw data is as well cut at the lower threshold of 2.5 V since this is the value if no additional
magnetic field is present around the sensor, i.e. no change in the magnetic flux is detected. The
values in Table 5-9 proof the excellent repeatability of the position detection with standard
deviations that are for all sensors except E-1 more than two orders of magnitude smaller than
the test results.

Figure 5-21: Mean values ± standard deviations for peak signals (a) and magnetic flux φ (b) detected by
embedded Hall effect sensors; analysis of 12 measurement cycles, each consisting of 2 peaks, i.e., 24 data
points per sensor
Table 5-9: Mean values ± standard deviations for peak signals and magnetic flux φ detected by embedded
Hall effect sensors; analysis of 12 measurement cycles, each consisting of 2 peaks, i.e., 24 data points per
sensor
Sensor ID

A-1

A-2

A-3

C-1

C-2

C-3

E-1

E-2

E-3

Peak
signal [V]

4.815
±0.0028

4.8147
±0.0032

4.815
±0.0028

4.339
±0.0135

4.275
±0.0157

4.438
±0.0151

3.500
±0.0085

3.523
±0.0102

3.538
±0.0103

Magnetic
flux [Wb]

1.466
±0.0072

1.465
±0.0108

1.477
±0.0115

1.089
±0.0026

1.062
±0.0051

1.131
±0.0043

0.678
±0.0129

0.705
±0.0042

0.719
±0.0038

5.3.8 Offline test of angular deviations
In addition to the qualitative assessment of the positioning accuracy of the sensors by CT images,
an offline test investigating angular deviations of the Hall effect sensor relative to the direction
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of motion of the magnet was conducted. In Figure 5-22 a) and b), the angular deviation θ is
indicated in the schematic drawing of the original demonstrator part for sensor integration. The
measurement setup for the offline test is visualized in Figure 5-22 c). The Hall effect sensor is
pushed into the cavity as indicated with the red dummy part. The cavity is tilted by θ around
the y-axis, while the movable element with the magnet is moving in z-direction along the sensor.
Based on the results of the embedded sensors (Figure 5-20), a mean wall thickness of 2.0 mm
between cavity and outer contour was chosen. The magnet was identical to the one used for the
tests of the embedded sensors. As a base line for this measurement setup, a cavity with θ = 0°
was tested first, to investigate, if the sensor signal is affected, when the sensor is only partially
surrounded by 1.4404 (see Figure 5-22 c)) compared to the full embedding. The results of the
entire offline test campaign with θ = 0°, 5°, 10° are shown in Figure 5-23. The quantitative
evaluation of the data (see Table 5-10) reveals no distinct trend since the peak value for a tilt of
the sensor of θ = 5° is the largest. In general, the peak values are very alike, leading to the
conclusion that a tilt of the sensor up to 10° is not negatively impacting the signal. This
conclusion is further supported by the investigation of the peak-to-peak times of the resulting
signals (Table 5-10). If the sensors are tilted, these times should be different for the two
directions of motion of the magnet, i.e. for -/+z-direction. However, while for θ = 5° the time for
the motion in +z-direction is smaller than for the -z-direction, the opposite is observed for θ =
10°. There is also a difference in the peak-to-peak times for θ = 0°, which is caused by an
uncertainty of the measurement setup. Nonetheless, this offline analysis demonstrates a
robustness of the embedded sensors with respect to a tilt around the y-axis up to at least θ = 10°.
And even though the critical tilt with respect to distinct differences in the signals was not
identified in this test setup, the results are meaningful, since if the embedding is done in the way
described in this section, the tilt of the sensors will always be clearly below θ = 10°. This is proven
by the theoretical considerations in Figure 5-22 d) indicating the maximum possible angular
deviations for the sensor and cavity dimensions of these experiments with θ = 5.7°. Within these
angular deviations, a tilt around the y-axis is not critical. Angular deviations around x- and zaxis were not investigated experimentally. However, the theoretical calculations for a tilt around
the z-axis lead to a maximum possible deviation of θmax = 7.9°, restricted by dimensional
constraints. Hence, due to the symmetric field of detection of the Hall effect sensors, a
significant impact of a tilt on the signal is not expected. Furthermore, a tilt around these two
axes is less probable to happen because of the design of the cavity. The stranded wires are guided
in a straight and horizontally orientated channel, which prevents angular deviations in a
magnitude that would affect the signal, i.e. θ > 10°.
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Figure 5-22: Setup for offline analysis of angular deviations θ in the positioning of Hall effect sensors; a)
schematic representation of θ in original test setup; b) detail of a); c) test part for offline test of angular
deviations θ of sensor; d) calculation of maximum angular deviation based on sensor and cavity
dimensions

Figure 5-23: Offline detection of angular deviations – raw data of measurements for specific angles θ,
showing 3 runs with 4 cycles each, identical sensor for all tests; a) θ = 0°; b) θ = 5°; c) θ = 10°
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Table 5-10: Mean values ± standard deviations for peak signals and peak-to-peak times for movements of
the magnet in -/+z-direction; analysis of 12 measurement cycles, each consisting of 2 peaks, i.e., 24 data
points per sensor, 12 data points per motion direction
θ = 0°
θ = 5°
θ = 10°
Peak signal [V]

4.244 ±0.016

4.307 ±0.017

4.173 ±0.037

Peak to peak time, motion in –z-direction [s]

2.54 ±0.05

2.91 ±0.08

2.64 ±0.05

Peak to peak time, motion in +z-direction [s]

3.07 ±0.05

2.72 ±0.08

2.99 ±0.06

5.3.9 Conclusions on embedding of Hall effect sensors
The investigations in this study lead to the following conclusions regarding the embedding of
Hall effect sensors into SLM components:
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It is possible to embed Hall effect sensors into SLM parts without harming the sensing
capability. Consequently, a position detection of a moving magnetic field inside or
alongside an SLM part can be conducted.
In order to acquire a meaningful signal, i.e. to get an accurate measurement result, the
following parameters and components have to be harmonized with each other:
 Material of SLM component regarding magnetic permeability
 Wall thickness, i.e. distance between embedded sensor and magnet
 Magnetic field, particularly its orientation and strength
 Type of Hall effect sensor
For the experimental setup here, 1.0 mm distance between sensor and magnetic field
leads to a saturation of the signal. Thus, a distinct position detection of the magnetic
field is not possible. Distances of 2.0 and 3.0 mm however, result in accurate position
detections with a good repeatability.
Since the housing of the Hall effect sensor is a plastic part, a direct irradiation of the
sensor by the laser must be prevented. Based on the constraints of the SLM process,
which do not allow to build overhangs with angles below 45° to the horizontal, the
dimensions of the sensor cavity request a continuation of the SLM process in such a way,
that a sufficient protection is already achieved (see Figure 5-17 d)). The same applies for
the stranded wires. Due to their epoxy insulation, a high thermal load will damage them,
resulting in a short circuit. Thus, the wires must not be positioned flush to the level of
process interruption, but they have to be positioned inside the channel, if the channel is
open in z-direction during the moment of process interruption.
In order to assure an accurate and long lasting sensor positioning, the strain relief pin
(Figure 5-17 b)) is highly beneficial since it effectively impedes a pullout or a
displacement of the sensor.
The offline tests with defined angular deviations show that a tilt of the sensor up to θ =
10° is not negatively affecting the signal quality. Thus, if the sensor and cavity dimensions
restrict the maximum possible tilt as they do in the experiments presented, a tilt of the
sensor is not critical.

5.4 Industrial application of SLM component with embedded temperature and Hall effect
sensors – intelligent solenoid valve (iSV)

Industrial application of SLM component
with embedded temperature and Hall effect
sensors – intelligent solenoid valve (iSV)
Together with the Swiss company Nova Werke AG, who is a provider of high-tech components
for the sectors of high pressure applications, diesel components and surface technologies, the
innovative concepts of sensor integration into SLM components was investigated for an
industrially relevant part. The goal of this nationally funded research project was the
development of an intelligent solenoid valve capable to withstand loads of up to 1’000 bar
internal pressure with H2 gas. The intelligence of the valve was realized by the direct embedding
of various sensors during the SLM manufacturing process aiming at enabling a condition
monitoring during the valve’s operation.

5.4.1 Valve specifications and relevant sensors
The following specifications were required for the iSV:









Lightweight and compact design
Flow-optimized channels reducing pressure losses
Pilot-controlled solenoid valve
Cyclic internal gas pressure up to 1’000 bar
H2 as medium
1 gas inlet, 1 gas outlet
Condition monitoring
Valve manufactured in 1.4404 without any thermal treatment of the SLM processed
material

With regard to condition monitoring as well as in order to get a deeper understanding of the
operating conditions of the valve, the embedding of temperature and position detection sensors
was identified as promising. If one temperature sensor is embedded in the inlet and a second
one is embedded in the outlet of the main valve, further insights into the pressure losses and the
gas flow characteristics across the main valve can be gathered. For design reasons, which will be
explained in the following sub-section, the temperature sensors of choice were standard type K
thermocouples, as they were used for the study in section 5.2. An embedded position detection
sensor enables a precise determination of the current position of the piston in the main valve.
This information is of particular importance for a service technician, who has to maintain the
valve, since he exactly knows the status of the valve. In the existing solution, the position
detection is realized with a current measurement. However, it turned out to be not fully reliable.
For the project, the identical sensor type to the one discussed in the previous section, i.e.
ratiometric Hall effect sensors type Honeywell-SS495A (see 5.3.1), was used.
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5.4.2 Design of iSV
The final design of the iSV is depicted in Figure 5-24. It takes all specifications and requirements
into account and is the result of several design iterations. However, within the frame of this
section, merely the design features, which are directly linked to sensor integration, are discussed.

Figure 5-24: Final design of the iSV; 2 thermocouples and 1 Hall effect sensor are shown together with a
marking of their positions

In Figure 5-25, the development of the design for thermocouple integration is schematically
visualized. The ideal situation is sketched in Figure 5-25 a). However, because of 1000 bar
internal pressure in the gas channels, for the design shown it is not feasible to achieve a sealing
around the thermocouple, particularly not for H2 as medium in the valve. The simulations
revealed a minimum wall thickness of 2.2 mm in order to prevent the high internal loads
exceeding the maximum strength of SLM processed 1.4404 with regard to safe operation (Figure
5-25 b)). Since the design in b) leads to a monitoring of the valve body in form of a housing
monitoring, but not to a detection of fast temperature changes due to variations in the gas flow,
the concept visualized in Figure 5-25 c) was developed. Certainly, the minimal wall thickness
also applies in this design. However, the direction change of the gas flow because of the pin-like
design feature reaching into the gas channel, increases the heat transfer into the valve body at
that specific point, resulting in an improved detectability of temperature variations in the gas
channel. Furthermore, the final design assured a constant cross sectional area of the channel,
preventing increasing or decreasing pressure conditions caused by cross sectional changes. In
Figure 5-25 d), a sectional view of the real design is depicted. Since for that design the exact
location of the thermocouples, which is explained at the end of this subsection, and particularly
the manufacturability in the SLM process have to be taken into account, the orientation of the
cavity slightly differs to the one for the sketches in Figure 5-25 a) – c). The design in Figure 5-25
d) furthermore shows that the embedding of the thermocouples is done according to concept
(a) introduced and discussed in section 5.2. A direct welding of the thermocouple to the part,
i.e. concept (c) from section 5.2, is not pursued, since the investigations on concept (c) were
conducted later than the development, design and validation of the iSV.
98

5.4 Industrial application of SLM component with embedded temperature and Hall effect
sensors – intelligent solenoid valve (iSV)
In contrast to the development of the design for temperature sensor integration, the integration
of the Hall effect sensor into the valve was inspired to a large extent by the studies conducted in
the previous section 5.3 and not by an ideal concept to start from. In Figure 5-26 a), the design
is visualized in a sketch similar to the one in Figure 5-16, while b) shows a cross sectional view
of the real design. However, there are some decisive differences. Since the valve piston is
rotationally symmetric, a cubic magnet positioned on one side of the movable element is not
feasible anymore. For that reason, a ring magnet with a polarization in z-direction is used. This
ring magnet is glued to the bottom of the piston. Since the piston is made from polyamide-imide
(Torlon®), it is not interfering with the magnetic field. With regard to the positioning of the
sensor relative to the motion of the magnet, there is a difference to the previously described tests
(see section 5.3). In those experiments, the sensor was placed in the center of the magnet motion,
i.e. the magnet was symmetrically oscillating around the sensor, resulting in a symmetrical signal
in +/-z-direction to the sensor. For the application in the valve, this is not feasible anymore,
since an unambiguous position detection is mandatory. Thus, the sensor is positioned at the
lower end of the piston channel, as indicated in Figure 5-26. This enables the detection of a
distinct signal since the magnetic field just reaches the sensor. Furthermore, this orientation
prevents that a signal in z-direction below the sensor’s center is detected, which would not be
unambiguously allocable to a position. Regarding the wall thickness between sensor and magnet
(x-direction in Figure 5-26), 3.0 mm were chosen based on the results determined in subsection
5.3.6.
With regard to the exact location of the three sensors in the valve, there is a difference between
position and temperature sensors. While the position of the Hall effect sensor is defined by the
length of the main valve, the two thermocouples can be positioned with more flexibility. The
final decision for their location was taken by the goal to only have one interruption of the SLM
process, since it decreases the mechanical properties (see 4.1) and it increases both the risk of
failure of the build job and the efforts to run the job due to the required manual operation. Thus,
all three sensors are positioned at the same height (in z-direction) in the final orientation of the
valve for SLM manufacturing. In Figure 5-27 a), the plane for process interruption is shown. The
detailed view of that plane in b) partially reveals the cavities for the three sensors and the strain
relief pin, which was introduced in section 5.3 to prevent a pullout of the sensors. Since the three
sensors and particularly their channels for the electrical wires are close to each other, one strain
relief pin is sufficient for all sensors.
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Figure 5-25: Conceptual study of thermocouple integration: a) ideal concept for direct temperature
measurement of gas flow; b) design restrictions due to dimensioning of valve body; c) design modification
for more sensitive temperature detection, area of channel cross sections remains constant at all times; d)
real design, taking all requirements including SLM manufacturability into account

Figure 5-26: a) Schematic presentation of cross section through main valve, indicating motion of ring
magnet carrying piston relative to Hall effect sensor position; b) cross section of real CAD model of iSV
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Figure 5-27: a) Isometric view of valve, including the plane of process interruption for sensor integration;
b) detailed section view of layer of process interruption with cavities for sensor integration as well as strain
relief pin

5.4.3 Embedding process
Since the application of the iSV is not demanding particular properties regarding hardness, and
stress relieving is also not required, the non-hardenable austenitic 1.4404 in its as built by SLM
condition without any further (heat) treatment is the material of choice for the manufacturing
of the iSV. Besides, as mentioned in 5.3.3, 1.4404 is a beneficial material for tests with Hall effect
sensors due to its low magnetic permeability (µrel = 1.25 [36]). The iSV were manufactured on an
m2 in batches of four iSV at a time, in order to fulfil the demands regarding a small series
production of these industrially relevant components. Further details regarding machine,
material and process interruption are specified in subsection 4.1.1.
Table 5-11 illustrates the single process steps to embed the three sensors into the iSV (steps 1-4).
In step 5, depowdering, the final parts are depicted as they are taken out of the machine.
Following the manufacturing and sensor integration, step 6 shows another important step in the
process chain of the iSV production. When the iSV come out of the SLM machine, the five
electrical wires (1 wire per thermocouple, 3 wires of Hall effect sensor) are hanging loosely off
the part. These five wires are then pushed into the cable dome (see Figure 5-27 a)) and soldered
to a pin connector. Finally, the connector is assembled with the iSV by self-threading screws.
Thus, in a post-process milling operation, the electrical wires are sealed against coolant and they
are protected from being pulled out by a rotating tool. Furthermore, the connector is a welldefined, industrially applicable interface regarding data evaluation of these sensors.
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Table 5-11: Process steps to embed Hall effect and temperature sensors into iSV during small series
production

Step 1:
Interruption of SLM process for
sensor integration at layer specified
in Figure 5-27

Step 2:
Removal of powder from cavities and
from storage space for electrical wires
(cable dome)

Step 3:
Insertion of two thermocouples
(green wires) and Hall effect
sensor. Cables are wound around
strain relief pin (Figure 5-27)

Step 4:
Step 5:
Step 6:
Re-application of powder layer and Depowdering of the iSV and Assembly of connector for defined
continuation of the SLM process
unmounting them from the machine
electrical interface

5.4.4 Validation of embedded sensors
For the validation of the iSV, various test cycles in different environmental conditions were
investigated at the industrial partner. In Figure 5-28, a representative sequence of data of a test
at elevated temperatures is shown. The temperature of the climate chamber was measured with
T = 76.7 °C. The gas was flowing in at a temperature of approximately 60 °C (see red colored
signal in Figure 5-28). The signals of the embedded sensors as well as of an additional
temperature sensor are depicted for four cycles of operation, i.e. the main valve opens and closes
four times. Figure 5-28 a) clearly reveals a general functionality of all sensors. In the moment
the valve is opened, the Hall signal (in V) changes rapidly and so does the signal of the additional
temperature sensor. The embedded thermocouples disclose a slightly delayed reaction, which is
better visible in the detailed view on the first cycle of operation of the valve (Figure 5-28 b)).
The additional temperature sensor (indicated as “temperature volume inlet”, red colored signal)
is directly screwed in the gas pressure line, i.e. the gas is flowing around the sensing element,
which detects the gas temperature. Thus, the opening of the valve, which causes a pressure drop
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and consequently a cooling of the gas (He was used during the validation tests), leads to an
immediate response of the signal (Δt = 0.04 s). For the embedded thermocouples, which are
surrounded by the valve body with a wall thickness of 2.2 mm (see Figure 5-25 b)), the thermal
inertia of this body results in a delayed response. The delay is Δt = 0.15 s for the thermocouple
embedded at the inlet of the main valve and Δt = 0.18 s for the thermocouple embedded at the
outlet of the main valve relative to the first change in the Hall signal. Upon closing of the valve,
the temperature of the gas raises again. For the discussed reasons, this is also detected faster
with the screwed in temperature sensor. Besides these tests at elevated temperatures, further
tests were conducted at room temperature, at low temperatures of -40°C as well as in thermal
cycles between -40°C and +76.7 °C. In all tests (n > 50’000 cycles), the embedded sensors were
fully functional. Furthermore, the entire valve was gas tight at the operating pressure of 660 bar
with He gas.

Figure 5-28: Validation of iSV at elevated temperatures (T = 76.7 °C); a) raw data of temperature and Hall
effect sensor signals four cycles of operation; b) detail of a)
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5.4.5 Conclusions
This section 5.4 presented the successful applicability of the sensor embedding strategies
developed in sections 5.1 - 5.3 for industrial components. The developed valve proved capable to
fulfill all specifications defined by Nova Werke AG respectively by the valve market in general.
Besides the requirements regarding material properties to withstand the high internal pressures,
the challenging demand with regard to the valve’s intelligence and the capability for condition
monitoring, were met. The iSV and in particular the embedded sensors even survived the
extensive validation test program covering the required temperature range for its final
application. Furthermore, the sensors were still fully functional after more than 50’000 loading
cycles. In addition to these promising results of sensor survivability, the response time of the
embedded thermocouples as well as the resolution of the Hall signal are not only well suited for
the valve application, but they are generally very promising. Thus, this first industrial application
of integrated sensors in SLM components is an excellent, validated demonstrator for the
research conducted in chapter 5. This conclusion is proven by the fact that Nova Werke AG filed
two patents for the iSV.

104

6.1 Fiber Optical Sensors

Embedding of customized sensors
into SLM parts
Fiber Optical Sensors
In contrast to the embedding of standardized off-the-shelf sensors as described in the previous
sections (5.1 - 5.4), this section reports on the integration of customized sensors into SLM parts.
Among these sensors, optical fibers and their embedding into additively manufactured
components have been investigated in most detail. However, the state of the art (2.3.1) clearly
reveals that there are still two challenges that need to be addressed by further experiment and
investigations. All embedding trials have been conducted on an SLM test setup, which allows
the modification of many parameters. Furthermore, it offers excellent accessibility to the SLM
process chamber, thus, facilitating both an ease of handling of the fibers to be embedded and
the opportunity to tighten them down in the cavity and hold them in position. In commercial,
industry scale SLM systems, however, access is severely restricted and fiber handling is difficult.
Thus, the research presented in this section, which has partially already been published in [163],
focusses explicitly on fiber embedding on a commercially available SLM machine with its
limitations and restrictions, particularly regarding the accessibility compared to trials conducted
on an SLM test setup. Besides, the available parameter modifications are considerably more
restricted in a commercial SLM machine. Nonetheless, an embedding strategy is developed,
which results in a metallurgical bonding between the fiber and the SLM component.

6.1.1 SLM setup & sensor specifications
The experiments were conducted in 1.4404 on an m1. Details regarding material are defined in
subsection 4.1.1, while the machine is specified in subsection 5.1.3. Of particular importance for
the experiments in this section are the dimensions of the build chamber of the m1 with 160 mm
x 230 mm. These dimensions lead to restricted accessibility to the manufacturing zone and limit
the handling space, particularly for bending the fibers. However, this is inevitable since the SLM
process requires a horizontal surface for the powder supply.
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The optical fibers used for embedding trials are Corning® SMF-28® fibers, which are widely used
in telecommunications, as already described in the state of the art (see 2.3.1) as well as in the
study of Havermann et al. [35]. Either these fibers can, depending on the future application, act
as optical strain or as temperature sensors, based on an ultraviolet (UV) laser inscribed fiber
Bragg grating. The purpose of use of the fiber, either as strain or as temperature sensor, affects
the required embedding quality. While for temperature sensing a pointwise bonding between
fiber coating and surrounding SLM component is sufficient, the detection of strain requires a
full metallurgical bonding to the SLM component to directly transfer the mechanical data into
the fiber. The focus of these experiments is on the development of a direct embedding strategy,
aiming at the best possible bonding quality. Detailed specifications of fiber dimensions and
coatings, which are essential to achieve this goal, are discussed in the following subsection.
Further details regarding the sensor functionality have to be looked up in literature.

6.1.2 Pre-Embedding Process
In order to ruggedize conventional optical fibers against the thermal loads during the SLM
process, they require to be protected by a thermal barrier absorbing the high energy input of the
laser during the SLM process and to provide a bonding layer between the fused SiO2 fiber and
the host material. The preparation of the optical fibers prior to the embedding procedure is
currently a labor-intensive manual process that is of crucial importance for the subsequent
process steps. Cross sections of the metallized fiber, showing the various layers that are vapordeposited onto the SiO2 core, are schematically illustrated in Figure 6-1. The Ni coating
facilitates an appropriate metallic bonding between the fiber and the surrounding coupon and
acts as a thermal sink. The very thin Cr layer (< 1 µm) acts as a keying layer between the fused
SiO2 and the electroplated Ni coating.

Figure 6-1: Optical fibers: a) cross section of metallic jacketed part of fiber; b) cross section of acrylate
coated part of fiber; c) real fiber used for experiments
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6.1.3 Embedding Process
In Figure 6-2, the entire embedding process is illustrated in an exploded assembly drawing
showing the discrete steps that need to be executed. The coupon, that is finally equipped with
an optical fiber, has a bounding box of 24 x 9 x 9 mm. Preliminary tests revealed that the cavity,
into which the fiber is mounted, ideally has an elliptic shape with the semi-axes a = 570 µm and
b = 200 µm (Figure 6-3), if the outer diameter of the metallized fiber is 400 µm. The depth of
the cavity, represented by semi-minor axis b, is of particular significance since it determines the
thickness of powder that has to be molten after applying a new powder layer onto the tensioned
fiber. If this layer is too thick, i.e. the distance x in Figure 6-3 is too large, sufficient bonding to
the already consolidated material cannot be achieved. As indicated in Figure 6-3, the diameter
of the minor semi axis is half the size of the coating’s diameter (b = 200 µm; dcoating = 400 µm).
Thus, in the chosen setup, the fibers have to be mounted with their axes running parallel to the
motion direction of the powder recoater. Furthermore, the recoater lip needs to be soft or
flexible to not damage the part of the fiber sticking out of the cavity. Within this study, a brush
is taken as recoating lip.

Figure 6-2: Embedding procedure, exploded assembly drawing

Figure 6-3: Form of the cavity: elliptic shape with semi-axes a and b; a metallized fiber located in the
cavity
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Further preliminary tests indicated a positive effect on the surface roughness within the cavity
if the top layer of the cavity is scanned a second time while the process is interrupted and the
powder was removed, applying a specific scan strategy reported by Yasa et al. [190]. This effect
of polishing the surface of the cavity is based on sufficient re-melting and is realized with a small
hatch distance in combination with low scan speed, which leads to an area energy density that
is ten times as high as during the standard manufacturing process (see Table 6-1). The scan
tracks are schematically illustrated in Figure 6-2 and run parallel to the axis of the cavity, i.e. in
the direction the fiber will be embedded. Figure 6-4 shows a qualitative comparison between
the surface roughness of an as-built by SLM and an additionally laser polished cavity. The latter
enhances the probability of achieving strong bonding between the embedded fiber and the
surrounding coupon, particularly on the underside of the fiber.

Figure 6-4: Effect of laser polishing on surface roughness within elliptic cavity measured with a GelSight
device (GelSight, Inc.); a) unpolished, as built by SLM surface; b) laser polished surface, one additional
scan with vectors parallel to cavity axis

The next steps in the embedding procedure are the tensioning of the fiber and the bonding by a
specific scanning strategy. Since the most fundamental aspect is so assure that the fiber survives
the interaction with the laser, the scan strategy was developed prior to the tensioning concept.
Several different strategies were tested. All strategies first focused on the fixation of the fiber by
spot welding, which was followed by the creation of a bonding layer in a second step. Figure 6-5
illustrates a wobbling scan strategy to fuse the fiber locally to the coupon and continue the SLM
process on top of that layer. Although the fixation step proved successful, the further SLM buildup was not capable to fill the space between the wobbling scan tracks appropriately, which
resulted in voids and insufficient bonding between the first and the second part of the coupon.
Based on that observation, a bonding strategy that scans the entire coupon surface was tested,
eliminating the spot-wise scanning process step. The strategy that was developed, is divided into
two scanning patterns that are shown in Figure 6-6 as well as in Figure 6-2, named
perpendicular and parallel bonding. In the first step, the scan tracks run perpendicular to the
axis of the fiber, in the second step parallel to it. Figure 6-6 also demonstrates the way the fibers
are clamped on either side of the coupon – fixed clamping on one side and auto-adapting
tensioning mechanism on the other. For the first scanning process, the start point of the laser is
of significant importance to profit of the fiber mounting: it has to start at the fixed bearing and
continue to the loose one enabling the fiber to expand along the cavity but not to bend out of it
because of the high energy input. The thermal expansion would cause the fiber to bend out of
the cavity if it is fix clamped on both sides, as shown in Figure 6-7. Furthermore, this way of
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clamping the fiber and the corresponding scanning strategy prevent inducing compressive
strains into the fiber during the embedding process.

Figure 6-5: Wobbling scan strategy. a) schematically illustrated scan strategy; b) fixed fiber by wobbling
scan strategy; c) cross sectional image showing insufficient bonding between the two parts of the coupon

Figure 6-6: Bonding scan strategy. a) 1st step: scan vectors perpendicular to axis of fiber. Start at fixed
clamping; b) 2nd step: scan vectors parallel to axis of fiber. Start at fixed clamping

Figure 6-7: Fiber fix clamped on both sides bending out of cavity due to induced heat of SLM process

The previous section explained the significance of tensioning the fiber on one side. This is not
trivial since the SiO2 fibers are very brittle, particularly in the transition zone between the
metallized and the acrylate coated sections. Furthermore, the SLM process requires a cleared
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horizontal surface for the recoating step, which implies that the fiber has to be bent out of the
processing plane. The test rig, in compliance with the restricted space for handling, leads to a
bending radius of the fiber of 14.2 mm, which is clearly larger than the smallest bending radius
of 10 mm specified by the fiber providing laboratory for the acrylate coated part. Still, the
bending generates an additional load on the brittle fibers that has to be taken care of in the
process parameters. The mounting of the fiber is done with a cross bar and screws for the fixed
clamping, while the auto-adapting tensioning is realized by a spring applying a preload onto the
fiber and keeping it tensioned during its expansion because of the laser energy input. Figure 6-8
visualises the tensioning of the fiber. In Table 6-1, the process parameters applied for successful
fiber embedding are summarized. The polishing process step applies 10 times more energy per
area than the standard SLM process during part manufacturing. The bonding parameters have
a 3 times larger area energy density compared to the standard process. However, for the first
layer, the powder layer thickness of 50 µm, compared to the standard thickness of 30 µm,
decreases this factor of 3 (7.3 J/mm2 compared to 2.4 J/mm2) to factor 1.8. This energy input
proves capable to achieve a sufficient bonding (see 6.1.4 and Figure 6-9) and to not damage the
fiber with its weld penetration depth.

Figure 6-8: Tensioning of optical fiber: a) mounting device and forces shown schematically; b) practical
realization of scheme shown in a)
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Table 6-1: Scanning parameters for the embedding process (the numbers in the first column refer to the
numbers in Figure 6-2; *) area energy density = laser power / (hatch distance * scan speed))

Process step

Area energy
density*)

remarks

1.

Build-up of coupon

2.4 J/mm2

- Standard parameter for 1.4404
- Islands strategy (5 x 5 mm)

2.

Laser polishing of
cavity

25 J/mm2

- 1 layer
- No islands, scan vectors parallel to axis
of cavity

3.

Tensioning of fiber

--

- Fix clamping: cross bar and screws
- Loose clamping: spring

7.3 J/mm2

After positioning of fiber: application of 1.
powder layer before scanning
- 1. layer: 50 µm; scanned 2x
- 2.+3. layer: 30 µm; each scanned 1x
- No islands, scan vectors orthogonal to
axis of cavity

Perpendicular
4. bonding of fiber
(90° to fiber axis)

5.

Parallel bonding of
fiber
(0° to fiber axis)

7.3 J/mm2

Application of 1. powder layer before
scanning
- 3 layers: 30 µm each
- No islands, scan vectors parallel to axis
of cavity

6.

Further build-up of
coupon

2.4 J/mm2

- 1. layer: 20 µm; scanned 1x
- Standard parameter for 1.4404
- Islands strategy (5 x 5 mm)

6.1.4 Results
The bonding quality was analyzed based on microscopic analysis of cross sectional images taken
at different locations within the coupon. Since this requires a destruction of the embedded fiber,
the evaluation of the bonding as shown in Figure 6-9 was merely performed on embedded nickel
wire. The use of a solid nickel wire instead of an optical fiber is a valid model system, since the
cross section of an embedded optical fiber is dominated by the nickel layer and the fiber itself
only contributes approximately 10 % to the cross section. The images clearly show two important
results. While an appropriate bonding without any pores or voids is achieved on the upper side
of the wire, there are still some issues regarding the bonding on the underside of the wire.
However, the bonding achieved is already satisfying for temperature measurements, since these
measurements in opposite to strain investigations do not necessarily require a perfect
intermetallic bonding.
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Figure 6-9: Evaluation of bonding quality based on four cross sectional images per coupon; a) positions
within coupons, where different cross sectional images were taken; b) embedding quality assessed at four
cross sections for two coupons that were identically processed

Figure 6-10 shows an SLM coupon with embedded optical fiber. In Figure 6-10 b), the transition
from metallic jacket to acrylate coating is indicated. As stated by Davis et al. [33], special
attention has to be paid to fiber ingress and egress points in and out of the SLM part since these
locations are predetermined breaking points. In this study here, this issue is overcome through
a length of metallic jacket that exceeds the lengths of the SLM coupon (see Figure 6-10 b)).
Hence, ingress/egress of the fiber in/out of the cavity are not the weakest points anymore.
Instead, the transition from metallic jacketed to acrylate coated fiber needs to be treated
carefully.
To prove the functionality of the embedded fiber, the transmissivity for laser light through the
fiber was assessed. Figure 6-11 illustrates both scheme and real setup of the measurement. The
result is shown in Figure 6-12 The detector box records a current proportional to the incident
light. The average of transmitted optical power through the metallized optical fiber prior to the
embedding into the 1.4404 coupon is equivalent to 252.0 ±0.6 arbitrary units (a.u.). After the
embedding, it decreased to an average of 242.5 ±1.0 a.u. (Figure 6-12), which represents a typical
loss of 3.8 %. The representation in a.u. is required as the power measurement is not calibrated.
A variation in transmission of a few percent is easily attributed to changes in connector losses.
Thus, it is concluded that the embedding procedure did not harm the optical fiber.
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Figure 6-10: SLM coupon with embedded optical fiber; a) coupon still mounted on SLM machine; b)
unmounted coupon revealing the transition from the metallic jacketed section of the fiber to the acrylate
coating

Figure 6-11: Light transmissivity measurement setup; a) schematically shown; b) real measuring setup
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Figure 6-12: Light transmissivity measurement through a fiber before and after integration; mean ±
standard deviation for both conditions; several measurements have been conducted per condition to
randomize the order and the influence of the connected elements

6.1.5 Conclusions
The experiment and results reported show that it is generally feasible to embed optical fibers
into metallic parts on a commercially available SLM machine, which was the goal of these
investigations. Hence, this is the first step of bringing fiber integration from an experimental
lab-environment to real production facilities. However, the developed embedding procedure
enables the integration of the fiber only in a horizontally orientated, straight cavity.
Additionally, the fiber has to be positioned parallel to the direction of recoater motion, as also
shown in subsection 2.3.1 for the embedding trials on an SLM test setup [108,110,62,63]. It is not
yet feasible to embed the fiber in such a way that it follows the contour of a more complex
geometry. With regard to sensor survivability, there are still a few aspects that need to be taken
care of. The handling of the brittle fibers as such, as well as in combination with the restricted
accessibility of the SLM machine during the embedding process turned out to be the major
shortcoming of the procedure. It is also the reason why finally merely one fiber survived both
the embedding and the handling process.
Regarding temperature measurements with the embedded fibers, the bonding quality achieved
so far and shown in Figure 6-9 is sufficient. However, for strain analysis of the surrounding
material, an intermetallic bonding between this host material and the embedded fiber without
any flaws or pores is required. If the sensors are successfully embedded in the coupons, they are
generally well protected against overloads or damage. However, in the experiments of
Havermann et al. [62], at temperatures above 430 °C the large mismatch in the thermal
expansion coefficient (CTE) of the SiO2 core and the metallic coating leads to problems with
respect to the bonding between the fiber and its coating. Either the fibers slip inside the metallic
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coating or compressive strain is induced into the fibers upon cooling during the SLM process,
which needs to be prevented if the fibers are used as strain sensors. Furthermore, if the coupons
with embedded fibers are plastically deformed, Havermann et al. [64] reported also on slippage
of the fiber inside the metallic coating, resulting in a defective sensor. Further details on limiting
factors for the integrated fibers and potential pre-damages due to the embedding process are
discussed in subsection 7.2.3.
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Eddy Current Sensors
6.2.1 Motivation and vision
According to Mathew et al. [115] condition monitoring of industrial components and machines
is an important topic, both from economical and from safety related points of view. The
intelligent solenoid valve presented in section 5.4 can be operated more safely and the service
technicians profit from the sensors data if the current condition of the valve is known. Beyond
condition monitoring, structural health monitoring (SHM) is a very promising approach for life
time assessment and maintenance activities of mechanically loaded components since it
explicitly investigates the components’ material integrity. Hence, the predictive maintenance
approach according to Matyas [119] can be applied. Compared to other maintenance concepts,
predictive maintenance is significantly cheaper because in condition based or periodic
maintenance the components are replaced too early as shown by Ryll and Freund [141]. In
general, the quality of the acquired data is of significant importance for the quality of the
predictive maintenance approach. However, often conventional manufacturing technologies
permit the positioning of sensors merely in locations, which are too far away from the region of
interest for data acquisition. Hence, the data are not as meaningful as they have to be in order
to determine optimal maintenance cycles. Since the SLM technology enables the integration of
sensors into metal components as shown in chapter 5 and section 6.1, it is expected that sensor
embedding bears a large potential for SHM applications. Regarding possible sensors and
detection mechanisms of structural defects inside mechanical components, non-destructive
testing (NDT) approaches, such as optical testing, acoustic testing and electro-magnetic testing,
are promising. Among the electro-magnetic processes, Eddy Current (EC) testing is well suited
and thus well established for crack detection and sizing. Additionally, it is a very robust testing
technology and the required components can be miniaturized, which is of particular interest for
sensor integration.
Within this section 6.2, the vision schematically visualized in Figure 6-13 shall be investigated
and successfully proven. An EC sensor is embedded in a mechanically loaded structural SLM
component. The field of detection is facing the location where a crack initiation is expected, e.g.
based on finite element method (FEM) simulations. Through the life cycle of this component,
the crack will grow and the measured signal will vary proportionally to the crack propagation. If
the signal reaches a certain threshold value, the data management software will warn the
operator that this specific component will have to be repaired or even replaced shortly.
Consequently, this approach enables an optimal use of the component: the use phase is long
enough to prevent changing still faultless components, but it is also short enough to prevent
having an expensive machine downtime due to a failure of the component. A big advantage of
EC technology in that context is, that for crack detection based on EC signals neither a direct
coupling nor a coupling gel between sensor and material is required. This is a very important
aspect regarding sensor preparation and embedding, which is explained in the following
sections. Furthermore, the flexibility of the EC test setups and configurations is another
important advantage of the technology. That way, sensor dimensions and acquisition
frequencies can be adjusted in dependence on the applications and their specific requirements,
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such as geometry of part to be tested, dimensions of defects or sensitivity of the signal.
Furthermore, the requirements regarding robustness to survive the embedding process can be
met by EC sensors.

Figure 6-13: Vision for structural health monitoring (SHM) of SLM components by crack detection with
eddy current (EC) sensors

Prior to the discussion of the detection of propagating cracks by embedded EC sensors, a
fundamental relation from fracture mechanics is introduced. Already back in 1963 Paris and
Erdogan [135] discovered and developed the Paris equation, which is defined as follows
𝑑𝑎
= 𝐶∆𝐾 𝑚
𝑑𝑁

(6.1)

where da/dN represents the fatigue crack growth with number of load cycles N, a is the crack
length and C and m are material coefficients depending on several influences. ΔK is the stress
intensity factor range. Figure 6-14 shows the Paris equation plotted on a double logarithmic
scale.

Figure 6-14: Crack growth as a function of stress intensity factor range ΔK, modified based on [7]
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In sector I, fatigue cracks grow at very low speed. In sector III, the cracks grow unstable at very
high speed. The Paris law, which is able to predict fatigue behavior of cracks under one
dimensional, elastic conditions and at a constant load range, is only valid in sector II, where
most of the life time of a part with a crack takes place. In this sector, the fatigue cracks grow
with a stable rate. This typical behavior of crack propagation is of particular importance for the
vision of SHM conducted by crack detection with EC sensors embedded in SLM components.
However, the stress intensity factor range ΔK is a function of the crack length [20], i.e. at an
application of a constant force range, ΔK is increasing with time. Nonetheless, if the major part
of the component’s fatigue life lies within sector II, it is a valid approach to observe crack
propagation with integrated sensors for a certain time and define a maximum crack length as a
threshold for initiating the next maintenance cycle, instead of repairing or even replacing the
component too early or too late.

6.2.2 Sensor functional principle and specifications
Prior to the introduction of the sensor used for the experiments in this chapter, the basic
functional principle of the sensor as well as the characteristic representation of the acquired data
are explained. If a coil is powered with alternating current (AC), an alternating magnetic field is
generated. If the coil is close to a conductive material, its magnetic field generates circular EC in
this conductive material due to the induction law. These EC lead to the formation of a magnetic
field that is counteracting the primary magnetic field of the coil. The impedance of the coil is
related to the magnetic field and the circulating currents into the material. For that reason, an
observation of the variation of the impedance enables a conclusion on the type of material
investigated and on the presence of any defects in this material. The deviation in the primary
magnetic field due to the EC’s magnetic field changes the impedance of the coil, which is the
signal detected in EC measurements. The path of the EC is schematically visualized in Figure
6-15 a). If there is some kind of defect, such as porosity or a crack in the conductive material, the
EC are forced to bypass this defect. Hence, the EC’s magnetic field and consequently also the
coil’s magnetic field change in magnitude, leading to a change in the coil impedance, i.e. in the
EC sensor signal. Generally, the coil impedance can be described by the following equation
𝑍0 = 𝑅0 + 𝑖𝜔𝐿0

(6.2)

with R0 being the resistance of the coil in air, L0 the inductance of the coil in air and ω the angular
frequency. The variation of this impedance, i.e. the analyzed signal, is expressed with real and
imaginary part and represented on the complex plane. This plane is shown in Figure 6-15 b) for
non-magnetic material. Depending on the properties of the material (conductivity σ,
permeability µ) as well as on the sensor specifications (coil radius a, angular frequency ω), the
characteristic curve in the impedance plane changes its shape. In Figure 6-15 b), it is also shown
that the detection of a crack leads to a significantly different trajectory than the detection of a
liftoff between sensor and material to be tested. This enables an unambiguous interpretation of
the detected signal.
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Figure 6-15: a) functional principle - generation of EC in a conductive material; modified based on Hippert
[67]; b) impedance plane for data representation from Hippert [67]

For the experimental study, only the EC sensors are embedded in the SLM parts, whereas the
electronics for data acquisition and signal processing are positioned outside. Nevertheless, the
integration of the electronics into the SLM part could also be possible, as the necessary elements
would fit in an extremely small volume, comparable to the size of the sensor itself. All these
components were provided by Sensima Inspection Sarl [152]. The instrument provides a direct
readout of the real and imaginary parts related to variation of the coil impedance, expressed in
arbitrary units (a.u.), as typically used by NDT inspectors.

6.2.3 Embedding concept
While in the sections dealing with temperature sensor integration (5.1 and 5.2) the investigation
of different embedding concepts, i.e. various cavity designs, is of interest, the goal of this chapter
is the crack detection as such, leading to a realization of the vision shown in Figure 6-13. Thus,
there is only one cavity design tested, which is displayed in Figure 6-16. The EC sensor with
diameter of 3.3 mm is placed inside a cylindrical cavity with a diameter of 5.0 mm, i.e. there is a
circular clearance of 0.85 mm between sensor and cavity to account for the roughness of SLM
surfaces. The cavity is closed gently with an overhanging surface (see Figure 6-16). Such
structure has no influence on the EC measurements since the sensor is directional, i.e. the major
region of sensitivity is oriented toward the location of crack initiation during the experiments.
The channel for the electrical wiring is orientated horizontally to a side face of the demonstrator
part.
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Figure 6-16: CAD model of demonstrator with dedicated cavity design for the integration of EC sensors

6.2.4 Embedding process
The machine used for the embedding trials was an m2. The SLM parts were manufactured from
1.4404. This leads to well suited conditions for the measurement of embedded cracks, since the
low magnetic permeability of 1.4404 (µrel = 1.25 [36]) allows a larger penetration depth of the
induced currents and therefore results in an enhanced sensitivity compared to materials with
higher permeability. The details regarding machine, material and process interruption are
specified in subsection 4.1.1. The configuration embedded sensor offers a sensitivity for crack
detection up to 3.5 mm.
As indicated in the previous section, the EC sensors are put into the cavity with their sensitive
side facing downwards. In order to achieve a proper positioning, they are pressed to the bottom
of the cavity and subsequently hold in place by filling the entire cavity with a quick hardening
resin (Plus 2-K-Epoxidkleber from UHU). While this process does not require any special
attention, the egress of the copper wires needs to be designed properly. The wires forming the
coils are only 60 µm in diameter, including an epoxy insulation to prevent a short circuit. Due
to these small dimensions, for the use phase of the part the wires have to be protected from the
sharp edges of the SLM component, particularly at the egress of the part. Hence, a shrinking
hose is inserted into the cable channel preventing any contact between the wires and the SLM
part. In Figure 6-17, the single steps of the sensor integration process are shown. The
continuation of the SLM process does not require any special precautions. Instead, the process
interruption steps can be done according to the procedure described in subsection 4.1.1.
After the SLM process, the fine copper wires are soldered to shielded twisted pair cables suitable
for the interaction with the data processing unit. In addition, to prevent a rupture of either the
thin copper wires or the soldering region, all is encapsulated and protected by a layer of hot120
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melt adhesive, thus ensuring a good mechanical fixation also against any vibration. Figure 6-17
e) shows an SLM test part with embedded EC sensor ready to be tested.

Figure 6-17: Sensor integration process for EC sensors: a) powder removal, insertion of shrinking hoses as
wire protection and leading of wires through shrinking hoses; b) integration of the EC sensor into the
cavity and application of resin to fix the sensor in its position; c) hardened resin and large shrinking hose
outside the part to protect the wires from metal powder and from handling during depowdering of the
build job; d) SLM test specimen with embedded EC sensor in as built condition; e) SLM test specimen
with soldered cables, ready to be tested

6.2.5 Measurement setup
As stated in subsection 6.2.1, the embedding of EC sensors into SLM components aims at SHM
of these parts. Hence, cracks approaching the embedded sensors have to be initiated and
propagated in the SLM test components. Therefore, different approaches were tested. Figure
6-18 shows cracks of various dimensions generated by laser ablation with an AMPHOS A200 ps
laser with wavelength of 1030 nm, laser power of 100 W at a pulse duration of 1 ps and a pulse
frequency of 400 kHz. With a focal diameter of 20 µm and a scan speed of 1500 mm/s, the cracks
shown below can be generated. However, the crack on the left with a depth of roughly 1000 µm
and an average width of 20 µm marks the limit regarding achievable crack depth for the laser
setup and the material (1.4404) tested. A maximum crack length of 1000 µm means that the
sensor for its detection needs to be positioned very close to the location of crack initiation.
Besides this limitation regarding crack dimensions, the laser ablation process is not providing
any information on the depth of the crack while it is created. However, for the studies here, it is
of significant importance to be able to correlate the signal of the EC sensor with the respective
crack length at that time. This correlation allows the qualification of the sensor, i.e. it studies
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the sensitivity of the EC sensor to the growth of an embedded crack. Hence, laser ablation is not
suited for these first experiments, which are also intended to set a reference base line for the
sensor signals. Nonetheless, for tests at a later stage of the SHM development in SLM
components it might be used again, since the cracks that can be generated reveal a very realistic
shape and aspect ratio.

Figure 6-18: Cross section of test piece for crack initiation by laser ablation; parameter study

As an alternative to laser ablation, wire electrical discharge machining (wire-EDM) was used for
crack initiation. The machine for the tests is an Agie Charmilles Technologies type Robofil
4030SI-TW with a wire of 250 µm diameter. Although this dimension deviates significantly from
a typical crack width that the embedded EC sensors should detect, it perfectly fulfils the
requirements for the experiment. Generally, the width of the crack to be detected is not that
important as long as it is an order of magnitude smaller than the diameter of the coil. The
decisive advantage of the wire-EDM process compared to laser ablation is that the position of
the wire, i.e. the depth of the crack in this case, is well defined. Hence, the EC sensor signal is
determined as a function of the crack depth. However, the data acquisition cannot be done
continuously but in discrete steps since the very strong current of the wire-EDM process
significantly disturbs the EC sensor signal. Consequently, the cutting process was done in small
steps from 50 to 100 µm, whereas the EC sensor signal was acquired during the pausing of the
cutting. The specimens were cut until the wire was reaching the sensor surface, which cannot
be cut as it is from insulating material. This condition, verified visually by the operator, was used
to determine the effective crack length. Unfortunately, this procedure suffers from uncertainty
due to the difficulties in ensuring the parallelism of the specimen surface with respect to the
cutting axis. The distance of 0.0 mm between crack and sensor was finally determined in a postexperiment crack length correction. This correction is required since the distance between the
location of crack initiation and the sensor is not known perfectly accurate because in addition
to the 5.0 mm defined in the CAD model (see Figure 6-16), some more material needs to be built
up to account for the die clearance for part removal from SLM substrate. This results in an
uncertainty of ±0.15 mm, which has to be compensated by this additional position
determination. In Figure 6-19, the process for wire-EDM crack generation is depictured,
showing the setup in the machine (a), the start of cutting and pausing for data acquisition (b
and c) as well as the embedded EC sensor, that was laid open after the test was finished (d).
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Figure 6-19: a) Setup in wire-EDM machine to detect the cut depth by embedded EC sensors; b) start of
the wire cutting process; c) cutting is paused for data acquisition; d) cut off of demonstrator part laying
open the embedded EC sensor

Although the wire-EDM approach is well suited for the proof of concept for crack detection in
SLM demonstrators with embedded EC sensors (see results in 6.2.6), a second test campaign,
which is distinctly closer to real crack detection, was conducted.
EC sensors were embedded in compact tension (CT) specimens that are used for crack
propagation investigations in material characterization. The general design and dimensions of a
CT specimen according to ASTM E1681 [10] are depicted in Figure 6-20 a). In b) the sensor
orientation is shown with respect to the propagating crack. It is important to note that in the
SLM process merely blocks were manufactured (Figure 6-20 c)), while the final geometry
(Figure 6-20 b), d)) was realized by wire-EDM machining in an additional processing step.
Figure 6-20 d) shows the machined CT specimen already mounted in the test machine. In the
test cycle, the CT specimens were cyclically loaded to initiate and propagate the crack. The
machine used for the tests is a Rumul Testronic 100 kN from Russenberger Prüfmaschinen AG.
During the measurements, it operated at a maximum frequency of 55.6 Hz and a maximum load
of 6.11 kN. In Figure 6-20 e), which was taken during the experiment, the propagating crack can
clearly be detected. As for the wire-EDM process, the data points were measured discretely,
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regularly stopping the machine. The step size was defined by a frequency drop of 1.0 Hz, which
is a machine specific value and which was upfront correlated to a crack propagation of ≈1.0 mm.
The evaluation of the real crack length at the discrete stops was done after the cyclic testing by
beach mark analysis since each stop results in a distinct mark on the fracture surface. This
approach also accounts for the unknown material thickness below the 5.0 mm between sensor
and location of crack initiation due to the die clearance for part removal from the SLM substrate
as explained previously for the wire-EDM process.

Figure 6-20: Various stages of CT specimens throughout crack detecting experiment; a) general
dimensions according to ASTM E 1681 [10]; b) position and orientation of EC sensor with respect to
propagating crack; c) CT specimen with embedded EC sensor, as built by SLM; d) SLM CT specimen with
embedded EC sensor, machined and mounted on test machine; e) propagating crack in CT specimen
during cyclic loading
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6.2.6 Results – detection of crack propagation
In a first step, the EC sensors’ survivability of the embedding process is evaluated. Due to the
orientation of the EC sensors and the embedding concept, the sensors are not damaged by the
laser beam or the heat induced into the parts during SLM process continuation. Instead, the
handling of the thin copper wires during soldering of thicker cables and during machining of
the test specimens imposes the biggest risk regarding sensor destruction. The integrity of the
embedded sensors was verified measuring the coil impedance before and after embedding.
Several prototypes were manufactured and a negligible variance of less than 1.5% of nominal
impedance was observed. This effect is also partly due to the variation of the magnetic
environment of the sensor surrounded by SS 316L. Such deviation is considered negligible and
not affecting the purposes of the experiments.
Prior to the discussion of the crack detection capabilities of the embedded EC sensors, the EC
signal measured as a function of the crack length can be observed in Figure 6-21 exemplarily for
a CT specimen (CT 1). The plot clearly reveals a drift for the discrete data points in the typical
direction of a propagating crack (see Figure 6-15 b)). The cluster of data points in the lower left
corner, corresponding to measurements with up to 53k load cycles, are confined in a confidence
boundary of 0.5% of the instrument full scale range (i.e. 100 a.u.), meaning that yet no crack
propagation has been detected. From 59k cycles onwards, the effect of crack propagation can be
easily noticed; the data samples migrate towards a preferential direction, until reaching the
maximum distance from the starting point at 80k cycle (top right corner of the graph), when the
experiment was stopped.

Figure 6-21: Raw EC sensor data sampling points represented on the impedance plane resulting from the
fatigue testing on a CT specimen (CT 1) for different cumulative load cycles. Also, the trends of the data
points due to crack propagation and liftoff are indicated
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In Figure 6-22, the results are displayed for the specimens, in which the wire-EDM process
initiates and propagates the crack. In the graph, the horizontal axis shows the remaining
distance between crack and embedded EC sensor, i.e. at 0.0 mm the crack has reached the
sensor. In the graph, the curve corresponds to the modulus of the relative impedance variation
with respect to the reference point at the instant of the experiment. This measurement also
serves as calibration of the sensor, as for the given material (1.4404) and measurement settings
(see Table 6-2) it provides information on the sensitivity of the sensor in material depth, i.e. of
the maximum detectable distance of the embedded crack to the sensor. In general, the
penetration depth δ of an EC sensing element into a specific material is calculated as follows
2
𝛿= √
𝜇𝜔𝜎

(6.3)

with the angular frequency ω, the material’s magnetic permeability µ and its conductivity σ.
With the values listed in Table 6-2, the penetration depth in the trials here is δ = 0.87 mm. It is
important to express that the EC measurement, however, is still sensitive beyond the calculated
penetration depth. Further details are described in the study of Ramos et al. [138].
Table 6-2: Material data for the calculation of the penetration depth δ

Measure

Formula

Value

Magnetic permeability µ

µ = µrel * µ0
µrel = 1.25
µ0 = 4 π*10-7 H/m

µ = 1.57*10-6 H/m

Angular frequency ω

ω=2πf
f = 200 kHz

ω = 1.26*106 rad/s

Conductivity σ

σ = 1/ρ
ρ = 0.75 (Ω*mm2)/m

σ = 1.33 m/( Ω*mm2)

The data in Figure 6-22 demonstrates that the embedded EC sensors are capable of detecting a
crack approaching them, as it was assumed in the SHM vision (see Figure 6-13). For all EDM
specimens tested, the data shows a linear trend up to a distance of 1.0 mm between crack and
sensor, which afterward increases dramatically. An empirical and sufficiently conservative
threshold of 0.5 % of the instrument full scale range, is considered for the raw unfiltered data to
determine the largest distance from the sensor at which cracking is detected. For all EDM
specimens tested, this threshold is reached at a distance of 2.8 ±0.3 mm between crack and
sensor, where 0.3 mm is the maximum deviation calculated over the set of 5 specimens.
For the CT specimens, in Figure 6-23, the number of cycles (a) and the EC signal (b) are plotted
over the estimated crack length. In b), it is possible to observe a variation of more than 0.5% at
about 2.8 mm from the sensor. It is worth to notice that the crack length is a visually determined
value from beach mark analysis in this case. During each stop of the cyclic loading of the CT
specimens, a beach mark is formed on the fracture surface, which is visible in a post-process
analysis. It reveals an uncertainty of ±0.25 mm. However, a correlation among the EC data and
the force applied by the testing machine is observed as the equivalent specimen load carrying
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cross section reduces, therefore supporting the validation of the sensor capability in monitoring
a growing crack.
In both experimental setups, similar results were observed while comparing the obtained curves
of EC signals with respect to the estimated distance to the crack. The data sampling during the
EDM experiment is based on significantly more points, since the wire-EDM process can be done
in finer discrete steps from 50 to 100 µm. For the CT specimens, the uncertainty of the distance
among sensor and crack is larger, which is particularly attributed to the beach mark analysis for
crack length detection. Additionally, the number of samples is coarser due to practical reasons
in the operation of the fatigue machine. A view to the whole dataset built from the campaign of
experiments over 2 specimens (for the other 2 specimens the results were too close to saturation,
hence a bias due to saturation effects could not be excluded) led to comparable result in the
trend, while comparisons aimed to define the distance, at which the sensor detects the crack,
are made harder due to the uncertainty of the crack length estimation. With CT specimens, it
should further be noted that the cracks do not always propagate in a straight line. In both
experimental setups, it was possible to detect the crack while entering the region of sensitivity
of the EC sensor and reconstruct the overall propagation trend until the end of the experiment.
At this purpose, the measured EC signal has been compared to the distance between crack and
sensor. The amplitude and the slope over time of such quantity provide a direct information on
the evolution of the crack propagation in the component. The deviations observed among the
different specimens are mainly attributed to the difficulties in performing an accurate
measurement of the crack length, which would also enable the sensor calibration and, with
further processing, a direct calculation of the crack to sensor distance based on the EC
measurement only. Other factors contributing to the uncertainty of the results are the
difficulties to guarantee a controlled alignment and distance of the sensor to the surface during
the embedding and, to a minor degree, potential variations of the specimen porosity as the SLM
process parameter set used for the manufacturing of the test specimens typically results in a
relative density > 99.0 %. Hence, the remaining porosity can affect the detected signal.

Figure 6-22: Results of crack detection trials; crack representation by wire-EDM
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Figure 6-23: Results of crack detection trials with crack initiation and propagation by dynamic testing of
CT specimens; a) correlation between load cycles and crack length that is expressed as remaining distance
of the crack to the embedded sensor; b) absolute EC signal as a function of the crack length
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6.2.7 Conclusions on embedding of eddy current sensors
The results presented and discussed in this study highlight the possibility of using embedded
EC sensors for SHM of SLM components, as it was formulated in the author’s vision in Figure
6-13. A reliable embedding process for EC sensors was developed. For the survivability of the
sensors regarding the SLM process it was essential to assure that the temperature of the SLM
specimens did not exceed 250 °C during the manufacturing to prevent a damage of the epoxy
insulation of the fine copper wires. However, the temporary and particularly spatially limited
high energy input during the SLM process is obviously not causing any damage to this epoxy
insulation. Regarding the egress of the fine wires (60 µm) from the SLM components, the
protection by shrinking hoses turned out to be a feasible solution. Still, the soldering of these
wires to thicker communication cables is a challenge, particularly since a slight motion of these
cables can break the fine wires immediately.
All embedded sensors are capable to detect a crack approaching them, even though there is
some scatter in the data. Hence, the results elaborated in this chapter have to be seen as
pioneering step regarding SHM of SLM components. The data retrieved by the EC sensors
embedded into SLM parts are proven to provide a direct information about the crack
propagation and its evolution over time. Nevertheless, further studies could be devoted to enable
more advanced estimation of the end-of-lifetime of the components, for instance, using models
based on the direct estimation of the crack size.
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Overall sensor embedding strategy
Subsequently to the investigations of the embedding of various types of sensors for different
purposes and applications in the previous chapters 5 and 6, in this chapter the key findings are
summarized and a general procedure for sensor embedding in SLM components is derived.

Determination of measurands and resulting
requirements for sensors and materials
The determination of the measurand is the first step in the process chain of sensor integration
into SLM components. Usually, the measurand is defined by the final application. The following
measurands, that are also listed in Table 2-3 and that were investigated in the previous chapters,
are considered within the frame of this chapter:




Temperature
Magnetic field / eddy current
Strain

The decision for a measurand directly results in requirements for the embedding process as well
as for the bonding quality.

7.1.1 Metallurgical bonding
Based on the required bonding quality to detect a specific measurand, a design for embedding
process step is applied. This design step affects both the sensor and the SLM component,
particularly the sensor cavity. Generally, there are two different approaches. In the direct
embedding approach, the laser directly interacts with the sensor, whereas in the indirect
concept, the sensor is hidden from direct laser irradiation. The latter is realized by a
corresponding cavity design. The sensor can be embedded in its as-purchased condition (e.g.
including its plastic housing like in the case of the Hall effect sensors), i.e. no pre-processing is
required. Details regarding the specific cavity designs are described in the explicit embedding
concepts for the different sensor types (see chapters 5 and 6). For the direct embedding, the
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cavity is designed in such a way, that upon SLM process continuation, the laser directly hits the
sensor. As this leads to a very high energy input, there are specific requirements for the sensors:
either, the sensor is a metallic component as it is the case for the thermocouple measuring tip
(5.2), or it is metallically coated as the ceramic fibers (6.1). In both cases, the laser partially melts
the metallic part of the sensor/coating, ensuring a metallurgical bonding while preventing a
sensor damage.
For strain detection, a metallurgical bonding between the sensor and/or its housing and the
surrounding SLM component is mandatory. Hence, a direct embedding process needs to be
applied. Therefore, the sensor and/or its housing, which will be embedded accordingly, have to
be pre-processed. While the pre-processing in form of several coating layers of a piezo stack is
reported by Lausch et al. [98], within this thesis as well as in the studies of Maier et al. [108,110],
Mathew et al. [115,116] and Havermann et al. [62-64], the fiber optical sensors were also coated
with several layers (see Figure 6-1 a)), among which a Ni layer forms the interaction layer for
the laser. This Ni layer was between 130 and 140 µm thick, compensating for the large energy
input of the laser, which typically penetrates up to 100 µm into the material. While the sensor
coatings fulfill their protection purposes, Havermann et al. [62,63] revealed a general drawback
of fiber coatings. At certain thermal loads (T = 430 °C, for the experimental setup and the specific
embedding strategy in their study) the SiO2 fiber delaminates from the Ni coating due to
significantly different CTE, defining the maximum thermal load applicable while maintaining
functionality of the system.
For temperature detection, a metallurgical bonding between temperature sensor and
surrounding SLM material would be beneficial. However, it is not mandatory, since the clearance
between sensor and cavity can be filled with heat conductive paste, which is capable of bridging
the gap and ensuring a sufficient heat transfer. Its application is particularly important for the
embedding of Pt elements, since they cannot be coated. For the integration of thermocouples
into SLM components, there is a further approach beyond the usage of heat conductive paste.
Since the thermocouple detects the temperature at its metallic tip, a direct embedding is
feasible, as investigated in section 5.2.2, Figure 5-10. Even though the results do, due to the
measurement setup, not outplay the concepts with application of heat conductive paste, the
direct embedding does not harm the sensing capability. Furthermore, for the directly embedded
thermocouples, there is no risk of aging or settling of the heat conductive paste, which
deteriorates the conductive properties. Instead, the conditions remain constant throughout the
entire use phase of the embedded sensor. If the concept of directly welding the thermocouple to
the SLM component is pushed to the extreme, a thermocouple, in which one wire is replaced by
the metallic SLM component itself, can be manufactured. However, in this theoretical
consideration, a current will be running throughout the entire SLM component, which is not
acceptable in all applications. Furthermore, this approach does not mitigate the necessity of a
cable channel for the embedding. As the wires in the case of thermocouples are very fine, a large
benefit is not expected from the elimination of one wire. And, even though this single wire could
be welded to the SLM component at several locations, a temperature detection across these
several spots cannot be achieved, as the current is flowing the most direct way. Consecutively to
this theoretical consideration on sensing capabilities, the direct embedding concept from
chapter 5.2 reveals an additional benefit compared to the indirect one, as it inherently prevents
a pullout of the thermocouple during handling, machining or in the use phase of the component.
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7.1.2 Material of the SLM component
Both EC and Hall effect sensors, which are detecting a change in magnetic properties, do not
require a metallurgical bonding with the SLM housing. Instead, in contrast to the
aforementioned sensors, for these sensors the material, in particular the magnetic properties, of
the SLM component is decisively important. Here, the magnetic permeability µrel indicates the
suitability of a material to acquire data of the magnetic field in a meaningful distance and with
sufficient sensitivity. 1.4404 is with µrel = 1.25 [36] a well suited material for these purposes, since
it is not shielding the signal by reducing the penetration depth or the like. For all other types of
sensors, the material of the SLM housing is not relevant.

7.1.3 Accurate sensor positioning
In general, the biggest advantage of sensor embedding during AM is the excellent accessibility
to each cross section of the produced component. Hence, the sensors can be positioned in direct
vicinity to the location, where a signal has to be detected, i.e. exactly where they have to be in
order to detect meaningful and representative data. Besides the general benefit of this
manufacturing strategy, the accurate positioning of sensors to be embedded is of decisive
significance for the acquisition of the best possible data. From the various embedded sensors
presented in the previous chapters, an exact positioning is of highest relevance for the crack
propagation detection with EC sensors, since it is a direction dependent measurement. Even
though this is also valid for the Hall effect sensors, in the configuration investigated in section
5.3 (material of SLM component, sensor type, used magnet with corresponding field), a
robustness against angular deviations of up to 10° was observed. In general, a perfectly accurate
positioning of the sensors is very hard to achieve in as built SLM cavities due to the
accomplishable dimensional accuracy of the process in combination with its maximum
achievable surface qualities. Nonetheless, an accurate positioning is strongly dependent on the
dimensions of the sensor cavity in relation to the size of the sensor. The tolerable angular
deviation of 10° for the Hall effect sensors can be met in any case because of the chosen
dimensions and clearances of the cavities. Whereas for the embedding of temperature sensors
heat conductive paste can compensate an inaccurate positioning, for the reasons explained in
5.2.6 a direct embedding with an accurate positioning of the thermocouple is preferable.
However, depending on the sensor type, there are also limitations regarding the embedding
strategy. While thermocouples can be embedded directly, i.e. the laser and consequently also
the operator sees the sensor during embedding, for Pt elements a hidden approach is preferred
to protect them from laser irradiation. Thus, their positioning cannot be visually controlled by
the operator during the embedding process. This situation can only be improved with an
automated sensor positioning, which, however, was not the goal of this thesis. In case of the
embedding of fiber optical sensors for strain detection, the accurate positioning is also of
significant importance. Due to the coating of the fiber, a direct exposure to the laser, similar to
the integration of thermocouples, is possible, facilitating a visual control of the operator during
manufacturing. In the setup presented in section 6.1, the coating of the fibers leads to a stiffness,
enabling merely a horizontal and straight orientation of the fibers during embedding. This,
however, supports an accurate positioning.
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Boundary conditions and maximum
robustness of sensor systems
7.2.1 Mechanical properties
Typically, the need for embedded sensors in SLM components is driven by a specific application,
which is based on several specifications. These external factors might have a significant impact
on the sensor to be embedded. On the other hand, sensor integration also affects the material
properties and consequently the part’s performance. As discussed in section 4.1 for 1.4404, the
required interruption of the SLM process for sensor integration leads to a decrease of the static
mechanical properties, e.g. to a drop of Rm values of 11.5 % (horizontal orientation) and 17.5 %
(vertical orientation). This impact has to be taken into consideration for calculations and
simulations for dimensioning, when sensor integration is intended and planned.

7.2.2 Impact of surrounding material
Besides the mechanical properties of the SLM components, another aspect that needs to be
taken care of with regard to sensor integration is the temperature evolution in the sensor
cavities. The results in section 4.2 clearly show that the detected temperatures are in a critical
range regarding sensors’ survivability, which is discussed in the following subsection. Even
though merely one material (1.4404) and a specific demonstrator design were investigated, the
simulation presented supports an extension of the results to other designs and/or materials.
In Figure 5-4 and Figure 5-11, the sensor signals before and after the embedding of temperature
sensors are shown. However, even though there is a difference in the signals, a direct impact of
the surrounding material on the sensor and its sensing capability is not observed, as the
deviation in the signals is not systematic. For some sensors, the deviation of the signal to the
reference value is increased after the embedding, while it is decreased for others. Certainly, the
heat conduction properties of the SLM component surrounding the sensor affect the response
time of the embedded sensors, which can be calculated by transient heat conduction. However,
the general functionality and the detection capabilities of the temperature sensors are not
affected. With regard to the measurements, the thermal inertia of the SLM components as well
as heat convection and contact pressure between the SLM component and the hot reference
surface are decisive factors for the final results.
For the sensors that work based on magnetic fields, the properties, particularly the magnetic
permeability µrel, of the SLM component surrounding the sensors is of significant importance.

7.2.3 Sensor pre-damage due to embedding
The embedding of sensors into metallic components during the SLM manufacturing is a process
that requires specific attention in order to not damage the sensing capability. The SLM process
leads to a very high energy input into both the raw and the already consolidated material.
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Furthermore, the very fine powder with a typical median particle diameter d50 = 20.0 µm (see
4.1.1) causes a harsh environment, particularly regarding contamination of electric connections
and printed circuit boards (PCB). In these conditions, special strategies for the embedding of
sensors are required. All sensors, which do not require a metallurgical bonding to the
surrounding SLM component, are protected or hidden from a direct laser irradiation, as it
destroys the sensor immediately. Such a hidden approach reduces the thermal impact on the
sensor. Thus, as shown in section 4.2 in a worst case simulation, in which even heat conductive
paste is applied in the sensor cavity, the heat distribution in the component is not critical for the
sensor’s functionality anymore. Hence, for these sensors, to which the Pt 100 elements, the Hall
effect sensors as well as the EC sensors belong, a partial pre-damage due to the thermal loads
upon embedding is prevented. Regarding the powder contamination of the embedded
electronics, the only critical area is the soldering joint between the wires that are part of the
purchased sensors (see Figure 5-1 for Pt 100 elements and Figure 5-15 a) for Hall effect sensors)
and the stranded wires. Although this soldering joint is protected with a shrinking hose (see
Figure 5-15 b)), powder contamination cannot be fully prevented. However, as described in
subsection 5.3.1, the very poor electrical conductivity of the powder prevents short circuits with
the SLM housing. The clearance between the cavity walls and the sensor, which is required to
compensate for the rough SLM surfaces and the achievable dimensional accuracy, is filled with
a resin to fix the position of the sensor. Hence, in contrast to a direct embedding approach, a
mechanical pre-load, e.g. compressive strain, does not arise upon cooling in the embedding
process. For EC sensors, the change in the coil impedance due to the embedding in an SLM
component does not affect the sensing capability, as these sensors work with a relative
measurement, i.e. the signals are compared to the corresponding start value for each
measurement.
For sensors that require a metallurgical bonding with the housing part, such as the
thermocouples embedded according to concept (c) and the fiber optical sensors, a direct
interaction between the laser and the sensor, respectively its coating, is mandatory. As described
in the corresponding subsections (5.2.5 for thermocouples and 6.1.4 for optical fibers), a
successful embedding that maintains the functionality of the sensors can be achieved. However,
if the SLM components with accordingly embedded sensors are heated up, mechanical loads are
imposed on the sensors due to different CTE of sensor/sensor coating and SLM part. In case of
the directly embedded thermocouples, this mismatch in CTE is not significant, as both the
measuring tip of the thermocouple and the SLM housing are made from steel. Furthermore, the
insertion and positioning of the thermocouple in the SLM component during SLM process
interruption requires a certain clearance on the side faces of the cavity. During SLM process
continuation, the thermocouple is molten and directly bonded to the housing only in its top
region. Upon heating up of the SLM component, the thermocouple can still expand in lateral
direction as well as in the direction of the electrical wiring. Thus, a thermally induced
mechanical load can be excluded.
For the fiber optical sensors, the situation is clearly different. Mathew et al. [117] showed the
feasibility for high temperature sensing up to 700 °C with embedded optical fibers. In contrast
to the approach of Havermann et al. [62,63], Mathew et al. [117] applied an additional brazing
process step during the fiber embedding. This lead to an intended compression strain on the
embedded fibers due to the significantly different CTE of the SiO2 fiber core (αS = 4.9*10-7 K-1),
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the Ag brazing alloy (αB = 22.0*10-6 K-1) and the Ni coating (αC = 15.8*10-6 K-1), as reported by
Havermann et al. [62] and Mathew et al. [117]. For the embedding approach developed in section
6.1, it is assumed that the auto-adapting tensioning mechanism for the fiber prevents not only a
compressive load on the fiber but also a partial pre-damage of the fiber due to the thermal
impact. However, due to the different CTE of the SiO2 fiber core and its Ni coating, also during
the use phase of the embedded fiber, there are still thermal impacts that jeopardize its
functionality. In a personal communication, R.R.J. Maier, who is a well-known expert in the field
of embedding optical fibers in additively manufactured components and therefore authored and
co-authored several publications that are also cited within this dissertation
[64,62,63,108,110,115,116,118,163], specified that pristine SiO2 fibers should be able to withstand a
maximum strain without breaking of around Ar = 0.5 -1 %. However, it has to be noted that this
is an ideal case. Since fused SiO2 is a brittle material and it is highly susceptible to microscopic
surface damage, this maximum strain can vary strongly, depending on handling and processing,
on the chemical environment and the history of the processing. With the CTE mentioned above,
the maximum tolerable temperature difference without exceeding Ar can be calculated with the
following two equations

Δ𝐿𝑚𝑎𝑥

𝐴𝑟 = Δ𝐿𝑚𝑎𝑥 /𝐿0
= 𝐿0 ∗ (𝛼𝐶 − 𝛼𝑆 ) ∗ Δ𝑇𝑚𝑎𝑥

(7.1)
(7.2)

to be ΔTmax = 327 K (for Ar = 0.5 %). Assuming that the fibers are usually handled at room
temperature, the maximum temperature the embedded fibers can withstand without exceeding
their elongation at break is 352 °C. Beyond that temperature, the difference in the CTE of SiO2
and the fiber coating results in a rupture of the fiber, if the assumptions, that the fiber is fully
embedded and that no compressive strain was induced in it due to the embedding process, are
met. Furthermore, this temperature is also dependent on the ratio of the cross sections of the Ni
coating and of the SiO2 core. For the fibers used in this thesis (see 6.1.1), the Ni cross section is
approximately one order of magnitude larger than the SiO2 cross section. Hence, the thermal
expansion behavior of the coated fiber system is clearly dominated by the Ni coating. Besides
this potential failure mode of the fibers during the use phase of the SLM component, the results
in Figure 6-12 show also a loss in transmissivity for the embedded fibers in comparison to the
fibers not yet embedded. This deviation is caused by micro-bending, which occurs due to the
embedding of the fibers in an SLM built cavity, which despite the additional polishing step still
reveals a certain surface roughness. However, as stated in 6.1.4, regardless of these minor losses,
the sensors are still operational.
In case of the embedded EC sensors, the by far most common case of failure is a breakage of the
fine wires during sensor handling or soldering onto the shielded twisted pair cables for further
data processing. If this fatal failure is prevented, the embedded sensors maintain functional, as
they are well protected from any external impacts by the resin surrounding them.

7.2.4 Life cycle assessment of sensors
If the sensors are successfully and in an operational state embedded in the SLM components, as
it is described in the previous subsections, they do not functionally degrade during their life
cycles, unless they are overloaded during the use phase, which clearly is not intended. The
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thermocouples and the Hall effect sensors embedded in the solenoid valve (see section 5.4) still
proved functional after more than 50’000 test cycles. In the case of the embedded EC sensors for
crack detection, the general approach is different, as in this destructive test setup, the crack is
propagated until the sensor is reached. Hence, the SLM component is damaged and the sensor
cannot be used any further. However, all EC sensors embedded in CT specimens, which are
cyclically loaded to initiate and propagate a crack, are still fully operational at the end of the
measurement, i.e. when the crack reaches the sensor. This corresponds to a minimum of 65’000
load cycles of the specimen (see Figure 6-23 a)) throughout which the sensor maintains its
functionality despite the mechanical loads applied. Among the sensors embedded and discussed
in the frame of this dissertation, the fiber optical sensors are the most critical ones regarding
pre-damage during embedding, as discussed in the previous subsection.

7.2.5 Robustness of sensor contacting
While the previous subsections focused on the sensor survivability of the embedding process,
this subsection concentrates on the robustness of the electrical cables of the sensors. This
completes the statement on the robustness of the entire sensor systems, as the cables and their
connections are often a limiting factor in this respect. For thermocouples, several coatings of the
cables exist, capable to withstand various temperature levels. For the thermocouples presented
in sections 5.2 and 5.4, glass-fiber insulated cables, which can withstand a permanent
temperature of up to 480 °C, were used. In an experimental validation conducted by the author,
these cables also proved to survive hardening operations at 510 °C over 8 hours. Thus, SLM
components equipped with this thermocouple configuration can also be heat treated to a certain
extent. For the fiber optical sensors, the entire part of the fiber, which is embedded, is coated.
Hence, the continuation of the SLM process is not critical with regard to damaging the uncoated
section of the fiber. However, a critical aspect regarding robustness of coated optical fibers is
their maximum bending radius, which is depending on both the type of coating and its
thickness. For the fibers used in the experiments in section 6.1, the critical bending radius is 10
mm for the acrylate coated and more than 20 cm for the metallic coated region. In case of Pt
elements and Hall effect sensors, the limiting factor regarding robustness is depending on the
configuration. For the investigations presented in sections 5.1 and 5.3, the soldered stranded
wires respectively their insulation marks the limit, as standard stranded wires were used.
However, if high temperature insulated wires are used, the robustness can be increased
significantly. Besides the sensor housings and the stranded wires themselves, the soldering joints
that connect wires and sensors, also limit the maximum temperature load applicable to the
components without damaging the connection, which results in a malfunction of the sensor. For
the embedded EC sensors, this soldering joint is outside of the SLM component. Hence, the
robustness of the sensing system is defined by the epoxy insulation of the Cu wires forming the
coil. A damage of this insulation, which occurs at T > 250°C, leads to a short circuit, damaging
the sensing capability. The protection of this insulation requires special attention, particularly
at the egress from the SLM component with its comparably sharp edges. The developed solution
with a protecting shrinking hose (see 6.2.4, Figure 6-17 a)) proves successful. For optical fibers,
the egress from the SLM component is also very critical with respect to fiber breakage. However,
a protection of the fiber for its entire perimeter at the egress is due to the open and horizontally
orientated cavity not possible. Instead, the fibers are coated on a longer distance than they are
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embedded. This mitigates the problem at the egress of the part, but it shifts it to the transition
between metallic and acrylate coating. Thus, a careful handling of components processed
accordingly is mandatory.
As discussed, the major concerns regarding sensor survivability and robustness are related to
temperature issues, and for particular cases to the protection of the wires at the egress from the
SLM component. However, even if the SLM component with integrated sensor survives the
embedding process, post-process heat treatments for hardening or stress relieving might be very
critical regarding the maximum thermal load the sensors and their wires can withstand. This
needs to be checked carefully prior to the decision to follow the sensor embedding process route.
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Sensor embedding procedures
Based on the aspects discussed in the previous sections 7.1 and 7.2 and on the experiments
conducted in chapters 5 and 6, the embedding procedures summarized in Table 7-1 can be
derived.
Table 7-1: Different procedures for sensor embedding in SLM components
Direct embedding
PreProcessing
Cavity +
sensor
positioning

Pre-processing + direct
embedding

Hidden approach

Indirect embedding +
resin

Pre-processing of sensor
in form of coating(s)
Cavity is open at the top,
i.e. laser directly hits the
sensor

Laser directly hits the
coating

Positioning of sensor is
flush with top layer of
bottom half of SLM part

Positioning of sensor is
flush with top layer of
bottom half of SLM part

Partial melting of sensor

Partial melting of sensor
coating

Cavity is closed at the
top, sensor is hidden
from laser beam, i.e. no
direct irradiation

After sensor is
positioned cavity is
filled with resin
Resin does not serve as
support structure, i.e.
laser must not directly
hit the resin, but SLM
design limitations are
valid

Sensor fills cavity 
process continuation
with horizontal covering
layer (without supports)
Potential
sensors

Thermocouples

Piezo stacks

Sensors without the
need of physical contact
and very exact
positioning

Basically all sensors

Optical fibers
Advantages

Mechanical data
acquisition possible

Mechanical data
acquisition possible

Fast & cheap, no preprocessing required

Accurate positioning
(visible during
embedding)

Accurate positioning
(visible during
embedding)

Accurate positioning
(visible during
embedding)

Applicable for all sensors

Applicable for all sensors

Applicable for various
sensors
Disadvantages

Very limited selection of
applicable sensors, just
thermocouples

Cost- , labor- and
knowhow-intense preprocessing

Cheaper than preprocessing
Undefined position

Mechanical data
acquisition is not
possible
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Process chain of sensor integration
The experimental investigations of sensor integration in the previous two chapters clearly show
the general feasibility and the large potential of sensor integration during the SLM
manufacturing of components. Even though, the sensors are very different from each other,
among others regarding outer dimensions or material, the embedding procedures presented in
Table 7-1 prove that each of the investigated sensors is embeddable and still capable to acquire
meaningful data after its integration. It is not the type of sensor that defines the suitability for
its integration, but it is the embedding strategy.
Figure 7-1 displays the entire process chain for sensor integration into SLM components,
concluding the investigations conducted in the field of sensor integration. It puts the individual
steps from definition of measurand and choice of sensor type/model over design steps for
cavity/cable channels and boundary conditions to sensor robustness and embedding procedures
in a logical sequence and indicates the interrelations among the different input parameters.
Thus, it serves as an instruction to follow, if the idea of sensor embedding is to be implemented.

Figure 7-1: Flow chart of entire process chain for sensor integration into SLM components
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Integration of acceleration sensor in
powder bed based polymer AM
components
Subsequent to the presentation of an overall embedding strategy of sensors into SLM
components, in this chapter, which has partially already been published in [164], an outlook for
sensor integration into SLS components is given based on a proof-of-concept for the embedding
of acceleration sensors. Besides the investigation of the general feasibility of sensor integration
and a final validation by proving the functionality of the embedded sensor, the key aspects with
regard to a sensor embedding strategy for the SLS process, which were pointed out in the
research gap (see 3.1), are derived.

SLS process setup and sensor specification
In order to overcome size issues regarding material consumption and machine handling, the
present investigation was performed on a Sintratec Kit setup, which is a commercially available,
small scale SLS machine purchased from Sintratec AG. The build envelope is 110 x 110 x 110 mm.
A specific feature of this machine is the laser diode with a wavelength of 445 nm to selectively
melt the powder. This diode requires the usage of black powder in order to achieve sufficiently
large energy absorption for complete polymer melting. Thus, the powder used for the
manufacturing of demonstrator parts was black polyamide 12 (PA 2202 black) from EOS GmbH.
The process parameters determined to manufacture the components were:




laser scan speed:
550 mm/s
surface temperature of powder bed: 170 °C (for heat-up and build cycle)
temperature in process chamber:
140 °C (for heat-up and build cycle)

The acceleration sensor used in this study was supplied from Robert Bosch GmbH. In Figure
8-1, both sensor (b) and component (a), into which it will be embedded, are depicted. The
sensing unit (black part in Figure 8-1 b)) is soldered to a lead frame, which can be directly
contacted with a plug. Hence, cable channels as shown in the previous chapters are not required
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for this specific sensor configuration. However, for confidentiality reasons a more detailed image
of the sensor cannot be provided.

Figure 8-1: a) SLS component for acceleration sensor integration; b) acceleration sensor

Embedding concept
The schematic visualization of the general procedure for integrating sensors into SLS
components (Figure 8-2) is identical to the one for sensor integration into SLM parts (see Figure
2-7). However, while for the SLM process the temperature upon process continuation as well as
the impact of the interruption on the mechanical properties are important, for the SLS process
the powder removal from the cavity as well as the fixation of the component in the powder bed
during sensor integration are of significant importance.

Figure 8-2: Principle process steps for integration of external parts into SLS parts; modified based on [98]

8.2.1 Part modifications
The component, into which the acceleration sensor is to be embedded, is an industrial part.
Thus, there are strict design restrictions and both location and orientation of the sensor are
defined. In Figure 8-3 a), a section of the CAD model of the component is shown for the moment
of process interruption. In b) the entire part is depicted, revealing an important design
modification. In the standard SLS process the parts are manufactured directly in the pre-heated
powder bed, hence support structures are not required (see subsection 2.5.1). However, during
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sensor integration it is inevitable that there are forces exerted on the component, both during
powder removal and sensor positioning. The latter is due to the requirement that the
acceleration sensor should have no clearance to the surrounding SLS housing since it is supposed
to move synchronously with the entire part and it must not have a relative motion to it. In order
to absorb the forces during sensor integration, the lower part of the geometry must be precisely
fixed in the loose powder. This fixation is achieved with a base plate made from a fiber-filled
polyamide 12 (Duraform® HST), which is permanently mounted on the bottom of the building
platform (Figure 8-3 c)). The fixation of the SLS part on that base plate is achieved with a
pedestal (Figure 8-3 b) and d)).

Figure 8-3: Relevant CAD model and required part modifications: a) level of process interruption for
sensor integration; b) modified CAD model with pedestal; c) fiber-filled PA 12 substrate; d) test geometry
directly manufactured on fiber-filled PA 12 substrate

8.2.2 Powder removal
In addition to the part fixation, the removal of residual powder from the sensor cavity is an
important process step. As explained in the state of the art (see section 1.1), the pre-heating
during the SLS process leads to a necking of the powder, resulting in powder agglomerates. This
impedes the powder removal from sensor cavities, particularly from sharp edges or detailed
structures. The approach of sucking the powder from the cavity with a canula, presented by
Glasschroeder et al. ([51], see subsection 2.5.2) is only working for cold powder, which is not
agglomerated. Furthermore, for sharp edges it leads to geometrical deviations. Due to these
drawbacks as well as based on several pre-tests, in the study here, a different approach is
pursued. During the SLS process, the cavity is filled with a sacrificial sensor dummy part, i.e. a
part with identical dimensions as the sensor is also manufactured. This dummy part additionally
has a loop at its top (see Figure 8-4). During process interruption, it is grabbed with a pincer
and pulled out of the cavity. Thus, the powder is removed from the cavity and the real sensor
can be positioned accurately. Generally, the cavity is designed with a clearance of 0.2 mm in each
direction to the sensor to account for SLS manufacturing accuracy. This clearance leads to a
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separation between the real component and the sensor dummy and facilitates an easy and fast
dummy removal, leaving behind merely a minimum powder quantity.

Figure 8-4: Sacrificial sensor dummy for powder removal

Embedding process
8.3.1 Machine adjustments
Following the procedure in Figure 8-2, it is obvious that machine adjustments are crucial to
intervene in the running process to perform the required manipulation steps. Since the machine
control software is not facilitating a designated process interruption, the machine was
additionally equipped with manual switches. Hence, the motors of the two pistons for powder
supply and built chamber as well as the one of the powder recoater could be controlled manually,
enabling a stop of the motions at any desired time. Since the goal of this investigation is the
proof-of-concept for acceleration sensor integration in SLS parts, an automation of this
embedding procedure is not pursued. Instead, the manipulation of the SLS part in form of
powder removal from cavity and sensor positioning is done from outside of the machine through
a very small slot in the front door. In order to disturb the thermal management of the system as
little as possible, this slot is closed with an insulating plug while the standard SLS process is
running. It is merely removed for manipulation purposes.

8.3.2 Embedding procedure
As mentioned in the previous section, the sensor integration is done manually with a pincer
through a slot in the front door of the machine. For that reason, taking photographs for the
visualization and documentation of the embedding process was not possible during
manipulation. However, the removal of the sensor dummy from the cavity is shown for a
previous test in Figure 8-5. As stated in subsection 2.5.1, a homogeneous temperature
distribution is essentially important for a stable SLS process. In order to disturb the temperature
distribution as least as possible, the manipulation steps for sensor integration need to be
conducted in a fast manner. For that reason, the fast powder removal with a sensor dummy is
beneficial. Another important aspect with respect to the homogeneous temperature distribution
in the process chamber is that the sensor is already stored inside the machine, thus heating up
during the process and not leading to a thermal shock of the SLS part upon sensor integration.
Furthermore, the sensor configuration with the soldered lead frame enables a quick positioning
in the cavity since the elaborate handling of electrical cables is obsolete. Figure 8-6 illustrates
exemplarily the sequential process steps of the process continuation after positioning of the
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sensor. The images a) and c) show very homogeneously and evenly spread powder layers, from
which a precise positioning and alignment of the sensor with the SLS part can be concluded.

Figure 8-5: Removal of sacrificial sensor dummy during SLS process interruption

Figure 8-6: Continuation of SLS process after sensor integration

Embedding results and sensor activity
Figure 8-7 a) depicts the part in the as built version, where the contacts can be clearly seen from
front view. Likewise, the proper integration of the sensor is demonstrated by X-ray analysis.
Figure 8-7 b) and c) present the respective X-ray images showing side- and top-view of the part.
The sensor is represented by dark color whilst the polymer body is given by a light grey contour.
Furthermore, the plug connecting the contacts with external data logging instruments is
displayed in light grey colour as well. After the successful embedding of the acceleration sensor,
its remaining sensing capability is analyzed, proving that the harsh conditions of the SLS process,
such as fine powder particles as well as temperatures of 140 °C in the process chamber, did not
negatively affect the sensor. The function of the sensors is checked on a shaker test bench
(Figure 8-8) with regard to the transfer function. The investigated sensors are functional and
can be read out during the test run. The excitation of the sensors is done by the shaker, which
passes through a frequency profile. While the test results cannot be shown here for
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confidentiality reasons, merely a qualitative interpretation of the signals is given. The behavior
of the SLS part with embedded sensor is very similar to the one of the original part manufactured
with plastic injection moulding. Hence, it is concluded that the sensor is fully functional and has
been tightly embedded without clearance to the surrounding SLS part.

Figure 8-7: a) finished SLS component with embedded acceleration sensor; b) and c) X-ray images of the
final part, side and top view; light grey: contour of SLS part and conventionally manufactured connector;
dark grey: embedded acceleration sensor

Figure 8-8: a) shaker test bench; b) detail of a): SLS component with embedded acceleration sensor
mounted on test bench
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General embedding strategy for sensors into
SLS components
This study describes the successful integration and validation of acceleration sensors applicable
for various purposes into SLS parts. However, due to the rather basic machine setup and the
pioneering character of this investigations regarding sensor integration into SLS components,
many operations were done manually and severe machine and part adjustments had to be
implemented to achieve this goal. Nonetheless, smart solutions for the challenges identified in
the research gap (see section 3.1) were developed. In Figure 8-9, the four main hurdles regarding
sensor integration into SLS components during the manufacturing process are clearly visible:

Figure 8-9: Key aspects of the SLS process regarding sensor integration: 1. powder agglomerates; 2. parts
are built directly into powder bed, i.e. no support structures needed; 3. homogeneous temperature
distribution is required; 4. contacting of sensor with lead frame

1. The SLS powder agglomerates during the process
The challenging question of excavating the cavity from agglomerated powder is solved
with a sacrificial sensor dummy. During process interruption, the dummy is pulled out
of the cavity, resulting in a fast and clean powder removal. Hence, the sensor can be
directly positioned in the SLS component.
146

8.5 General embedding strategy for sensors into SLS components
2. SLS parts are not fixed on a substrate but manufactured directly into the powder
bed
A fixation of the SLS component in the powder bed must be achieved, for instance with
a pedestal designed to the original part geometry. As in the SLM process, the SLS process
is then started on the pre-fabricated substrate, i.e. the pedestal is built directly onto it.
Hence, during the manipulations for sensor integration, such as powder removal and
sensor positioning, the SLS component does not move, which enables the continuation
of the SLS process without a lateral shift between lower and upper part of the
component.
3. Homogeneous temperature distribution is mandatory
A homogeneous temperature distribution is mandatory for the SLS process in general.
During the sensor integration process, there is a higher risk of disturbing this
homogeneity. Thus, it is of particular importance that all manipulation steps are
conducted in a fast manner and that the interruption is as short as possible. Generally, a
temperature-resistant automation is required to ensure a fast embedding process and a
homogeneous temperature distribution. The pre-heating of the sensor, which will be
embedded, in the process chamber during the manufacturing process of the lower part
of the component is also of significant importance in that respect.
4. Contacting the embedded sensor
In Figure 8-7 b) and c), the plug connecting the contacts with external data logging
instruments is shown. This approach, i.e. soldering the lead frame directly to the
acceleration sensor, is particularly beneficial for the integration of sensors into SLS
components since the temperature in the process chamber is not affecting the soldering
joint, but it might be damaging plastic insulated electrical wires, which can be used
alternatively. In comparison to the additive manufacturing of metal parts, the nonconductive PA 12 facilitates this approach without the danger of a short circuit.

The presented results and the derived embedding strategy are encouraging to transfer this work
to larger SLS machines, which are closer to industrial purposes. Furthermore, the development
of temperature-resistant automation concepts for powder removal from the cavity and for
positioning of the sensors, e.g. with robotic arms or similar apparatus, is mandatory to ensure a
homogeneous temperature distribution, which is the basis for successful SLS manufacturing.
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SLM processing of elementally
blended NiTi shape memory alloy
Subsequent to the chapters dealing with sensors and their embedding into AM components, in
this chapter the integration of actuating functionality into SLM components by processing NiTi
shape memory alloys is investigated. These alloys are capable of conducting active motions
through phase transformations. Consequently, the focus of this chapter is on the material
properties resulting from SLM processing, whereas in the previous chapters standard powders
and corresponding process parameters were used.

Elemental powder blending
As already indicated in 2.6.3 and 3.1, the innovative idea investigated in this chapter is the SLM
processing of an elementally blended NiTi alloy. Elemental blending describes the procedure of
mixing powder from elemental alloy components. The desired alloy is then finally generated
during SLM processing. For the investigations presented here, pure Ni (purchased from
Goodfellow GmbH) and pure Ti (purchased from LPW Technology Ltd) powders with a
composition of 55 wt.-% Ni and 45 wt.-% Ti were mixed in a rotating drum. This alloy
composition, which is referred to as Ni55Ti45 in this study, represents an atomic ratio of 1:1
(equiatomic) and corresponds to the alloy used most widely in shape memory applications (see
2.6). The powders were mixed in a drum for 60 minutes with a rotating speed of 90 rounds per
minute, ensuring a proper blending. Pre-alloyed Nitinol powder from the corresponding alloy is
taken as a reference for the various analyses conducted. This powder was purchased from TLS
Technik GmbH & Co. Spezialpulver KG.
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Powder characterization
9.2.1 Particle size distribution
The particle size distribution (PSD) is a very important parameter to characterize the powder
and its suitability for the SLM process. As shown by Spierings et al. [156] for Fe and Ni powders,
the PSD significantly affects both the surface quality and the mechanical properties of SLM
components. Regarding the approach of blending two elemental powders and generating a
homogeneously distributed alloy, the PSD of the two materials is of decisive importance. It is
expected to be beneficial if the PSD of the two alloying components are similar to each other.
The PSD of Ni55Ti45 and Nitinol, which were evaluated with a laser diffraction particle size
analyzer, type Coulter LS 230 Small Volume Module, are displayed in Figure 9-1 and
summarized in Table 9-1. The monomodal PSD of Ni55Ti45 between d10 = 15.57 µm and d90 = 48.24
µm is in the same range as commercially available standard powders for the SLM process. The
pre-alloyed Nitinol powder reveals a narrower particle size distribution (d10 = 41.10 µm and d90 =
57.08 µm) with a small peak at d = 24.81 µm and a strong peak at d50 = 49.84 µm. Besides the
aforementioned impact of the PSD on surface quality and mechanical part properties, it also
significantly affects the flowability of a powder, which is discussed in the following section.

Figure 9-1: Particle size distributions of elementally blended Ni55Ti45 and Nitinol powder

9.2.2 Flowability
The powder bed based AM processes, both in plastic and in metal, require a certain flowability
of the powder, in order to be able to spread the powder in thin and homogeneous layers. Schmid
and Amado [147] as well as Vetterli [181] clearly pointed out the relevance of good powder
flowability for the SLS process. In addition, they introduced the Revolution Powder Analyzer as
a measurement device to assess powder flowability under conditions that are similar to the
powder bed based AM processes. This Revolution Powder Analyzer from Mercury Scientific Inc.
was also used for the analysis of the flowability of Ni55Ti45 and Nitinol powder. The results are
summarized in Table 9-1. They clearly show that Nitinol powder reveals an excellent flowability
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and that the flowability of the Ni55Ti45 powder is below the threshold values as well. Hence, it
can be applied in homogeneous layers, which is the basis for a stable SLM process.
Table 9-1: Particle size distribution based on d10, d50, d90 as well as avalanche angle αP and surface fractal
ψP of the different powders

Avalanche angle Surface
αP
ψP

Particle size distribution
Material

d10

d50

d90

Ni55Ti45

15.57

31.81

48.24

42.69° ± 11.57°

1.90 ± 0.62

Nitinol

41.10

49.84

57.08

27.93° ± 1.11°

1.70 ± 0.04

Threshold value for sufficient flowability of Ni powder
< 54°
(according to Spierings et al. [157])

fractal

< 5.0

Processing window
9.3.1 SLM process control
The experiments were conducted on an m1 that is specified in subsection 5.1.3. The first goal is
the manufacturing of dense and crack free parts, i.e. parts revealing a relative density ρrel > 99.0
% compared to the bulk density of Nitinol (ρ = 6.45 g/cm3), since parts revealing low density or
cracks cannot be used for real applications. The applied scan strategy is bi-directional with a
rotation of the scan tracks from layer to layer by 90° and a lateral shift of the scan tracks of 0.1
mm in x- and y-direction for the respective track orientation. The scan vectors are not organized
in islands, but the entire cross sections of the components are scanned consecutively. Based on
the commonly used definition for volume energy density (equation 4.1 in section 4.1.1), two
promising parameter sets regarding high relative density were identified and are shown in Table
9-2. Since Ti is a reactive material, the SLM build chamber is filled and rendered inert with Ar
with an upper O2 limit of 0.3 % during the processing.
Table 9-2: SLM parameter sets for processing of Ni55Ti45 and Nitinol

Parameter

Evol = 150 J/mm3

Evol = 185 J/mm3

Laser power PLaser

50 W

Hatch distance h

100 µm

Layer thickness t

30 µm

Scan speed vscan

110 mm/s

90 mm/s

These parameter sets are assessed based on micrographs, which are displayed in Table 9-3.
Additionally, the achieved relative densities are also noted in the table. The following three main
aspects are observed in the results:
i.
ii.
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Ni55Ti45 cubes reveal severe cracks; there is also a large crack in the Nitinol cube
manufactured with Evol = 185 J/mm3.
While Evol = 185 J/mm3 results in higher density of the Ni55Ti45 cubes compared to Evol =
150 J/mm3, there is qualitatively no impact of Evol detectable on the crack density.

9.3 Processing window
iii.

The relative density of the Nitinol cubes is significantly (> 0.6 %) higher than the one of
Ni55Ti45.

Table 9-3: Comparison of different SLM process parameter sets based on micrographs and relative
densities, for both Ni55Ti45 and Nitinol, based on a 6 mm cubic test geometry; scale bar is 1.0 mm

6 x 6 x 6 mm cube; pyramids as connection to substrate

Ni55Ti45
&
Nitinol

6 x 6 x 3 mm cuboid; pyramids as connection to substrate

Nitinol

Evol = 150 J/mm3

Evol = 185 J/mm3

ρrel = 98.58 %

ρrel = 99.14 %

Ni55Ti45
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Nitinol

ρrel = 99.78 %

ρrel > 99.9 %

9.3.2 Geometrical and thermal impact on SLM processability
Although the density evaluation based on Archimedes’ principle reveals promising results (ρrel
> 99.14 %, except for Ni55Ti45 processed with Evol = 150 J/mm3 resulting in ρrel = 98.58 %), the
micrographs in Table 9-3 show severe stress-induced cracks. Hence, besides the standard SLM
process parameters further elements in the complex SLM manufacturing process chain need to
be investigated. According to Li et al. [101] the SLM process induces a large amount of energy
into the component leading to high thermal gradients and finally resulting in residual stresses.
This effect is augmented with an increasing part volume. Kurzynowski et al. [94] and Parry et al.
[136] also indicate that the geometry of the manufactured component affects the residual
stresses. Since the residual stresses induced into a part cumulate during the SLM processing, as
a first mitigation of the crack issue, the cuboid manufactured with Nitinol in a second test (see
Table 9-3) is only half as large as the one produced in the first experiment as well as the ones
manufactured in Ni55Ti45. This decrease in part volume results in a significantly reduced amount
of cracks. Although the SLM processing parameters directly affect the residual stresses in the
manufactured components, in the case of the Ni55Ti45 cubes the part volume had a stronger
impact and determined the occurrence of cracks, since the crack density is similar between the
two process parameter sets. However, in addition to the part volume, there is another measure
to counteract the occurrence of residual stresses. Since the stresses arise because of the large
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thermal gradients present in the SLM process, these gradients have to be lowered. Usually, this
is achieved by a pre-heating of the SLM substrate. For the investigations on SLM processing of
NiTi from elemental powders, Zhang et al. [195] also heated their SLM substrate up to 80 °C. For
the study presented here, however, SLM substrate pre-heating is not applicable due to
limitations on the SLM machine. Instead, the reduction of the thermal gradient during SLM
processing was achieved geometrically. In Table 9-4, the corresponding test geometry is
depicted. This test cube was manufactured in the orientation shown. Hence, the heat
conduction, which mainly happens through one corner as the powder is a good isolator, is
significantly lowered compared to the large heat conduction zone for the test cubes presented
in Table 9-3. Furthermore, the optimized geometry positively affects the dimensional accuracy.
The manufactured cubes look like the respective CAD model, whereas the pyramids below the
6 mm cubes led to reproduction errors due to severe distortion. Compared to the results in the
previous section, the following aspects are observed:
i.
Particularly for Ni55Ti45 the geometrical and heat conduction optimizations proofed
successful resulting in relative density > 99.10 % for all cubes; however, the Nitinol cubes
still reveal a higher relative density (ρrel > 99.9 %) than the Ni55Ti45 ones.
ii.
The process parameter set with Evol = 150 J/mm3 enables the manufacturing of crack free
cubes in both materials.
iii.
Despite the optimizations, for Ni55Ti45 cubes an energy input of 185 J/mm3 still leads to
stress-induced cracks.
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Table 9-4: Comparison of different SLM process parameter sets based on micrographs and relative
densities, for both Ni55Ti45 and Nitinol, based on a 4 mm cubic test geometry; scale bar is 1.0 mm

cube with 4 mm side length; positioned with one corner onto substrate

Ni55Ti45
&
Nitinol

Evol = 150 J/mm3

Evol = 185 J/mm3

ρrel = 99.57 %

ρrel = 99.14 %

ρrel > 99.9 %

ρrel > 99.9 %

Ni55Ti45

Nitinol
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The results presented in this section clearly show the potential to additively process Ni55Ti45 and
Nitinol. Besides an appropriate energy input, a small part volume (4 mm cube in this particular
case) was identified to be important for the manufacturing of crack free components. Since the
thermal gradient is a key influencing factor regarding crack initiation, it is expected that its
reduction, e.g. by substrate pre-heating or geometrically, enables the manufacturing of larger
volumes than these cubes without cracks.
Following the successful proof of SLM processability, the consecutive sections focus on the
analysis of the shape memory behavior as the key material property of Ni55Ti45 and Nitinol.

Alloy composition and mixing of elemental
powders after SLM processing
Prior to the investigation of the shape memory properties, the alloy composition as well as the
mixing of elemental Ni and Ti during SLM processing are analyzed. The alloy composition of the
Ni55Ti45 and Nitinol samples processed according to the parameters given in Table 9-2 is
investigated with an energy dispersive X-ray analysis (EDX) on an SEM type Zeiss Leo 1455 VP
operated at 20 kV. The EDX detector is a Roentec Quantax QX2 from Bruker Corporation. The
results are summarized in Table 9-5. While the composition of the virgin Nitinol powder reveals
a slightly higher Ni content compared to the nominal equiatomic composition, for all SLM
processed samples the Ni content is significantly lower. As reported by Meier et al. [123] this is
due to the preferential evaporation of Ni, which has a significantly lower evaporation
temperature (2730 °C) than Ti (3287 °C). For Nitinol processed with 150 J/mm3, the Ni content is
52.3 wt.-%, processed with 185 J/mm3 it is 52.48 wt.-%. For the Ni55Ti45 samples, which show an
even lower Ni content, there is merely a tiny difference of 0.1 wt.-% between the alloy
compositions of the samples manufactured with energy densities of 150 J/mm3 (51.42 wt.-% Ni)
respective 185 J/mm3 (51.33 wt.-% Ni). Generally, all alloy compositions after SLM processing
belong to Ni poor alloys, i.e. the Ni content is below 50 at.-% (55 wt.-%). As described by Duerig
and Pelton [38], equiatomic alloys are typically used for applications requiring the shape
memory effect (49.7 – 50.7 at.-% Ti, i.e. 44.6 – 45.6 wt.-% Ti), whereas Ni rich compositions
represent a good superelastic behavior (49.0 – 49.4 at.-% Ti, i.e. 43.9 – 44.3 wt.-% Ti). Hence,
even though the compositions (Table 9-5) are below the specifications for NiTi shape memory
alloys mentioned in literature, the SLM processed Ni poor samples in this study are further
investigated regarding their shape memory effect.
Table 9-5: Results of EDX analysis on NiTi alloy composition

Process parameter

wt.-% Ni

wt.-% Ti

Nominal equiatomic composition Ni55Ti45 & Nitinol

55.00

45.00

Powder

Nitinol

55.53

44.47

Evol = 150 J/mm3

Nitinol

52.30

47.70

3

Nitinol

52.48

47.52

3

Ni55Ti45

51.42

48.58

3

Ni55Ti45

51.33

48.67

Evol = 185 J/mm

Evol = 150 J/mm
Evol = 185 J/mm

Material
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Besides the achievable relative density and the alloy composition of the SLM processed samples,
for the samples manufactured from the elementally blended powder batch, the mixing of the
two elements Ni and Ti is a key question regarding the functional capability of the approach.
Thus, an EDX element mapping is conducted for the two samples processed with 150 J/mm3
respective 185 J/mm3. In Table 9-6, a representative image of a cross section (see Table 9-4) is
shown per sample with the corresponding element mapping for Ni and Ti. However, since these
cross sections are taken from an arbitrary part orientation in the building plane of the SLM
machine (xy-plane) with regard to the orientation of the scan tracks, a determination of the melt
pools is not feasible. Generally, the images show a very good mixing of the elemental powders.
No systematic segregation of the elements is observed. Nonetheless, for the process parameter
set with lower energy input (Table 9-6, Evol = 150 J/mm3), there are areas in which one alloy
component is dominant, even though a clear trend, such as a separation between Ni and Ti along
the z-direction due to the significantly different densities of the two materials is not observed.
The image of the higher energy process parameter set (Table 9-6, Evol = 185 J/mm3) reveals a
clearly more homogeneous distribution of the alloying elements, which is attributed to an
increased melt pool dynamic resulting in a better mixing of the elements. Hence, that parameter
(Evol = 185 J/mm3) was defined as the best suited parameter for SLM processing of Ni55Ti45 and
therefore used for the manufacturing of compression test specimens for the shape memory effect
assessment in the following section. Table 9-7 shows the back scattered electron images of the
Nitinol samples, for which no segregation but a homogenous structure is observed. The available
EDX detector is not suitable to display concentration differences on the required scale for the
Nitinol samples, as they are significantly smaller than the ones present in Ni55Ti45. Hence, only
the SEM mass contrast images are shown.
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Table 9-6: EDX element mapping of Ni55Ti45 samples processed with 150 J/mm3 respective 185 J/mm3. Left
column shows the back scattered electron image; right column shows the element mapping for Ni (red)
and Ti (blue); scale bar is 100 µm

Evol = 150 J/mm3

Evol = 185 J/mm3

Table 9-7: SEM mass contrast of Nitinol samples processed with 150 J/mm 3 respective 185 J/mm3; scale bar
is 100 µm

Evol = 150 J/mm3

Evol = 185 J/mm3
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Shape memory behavior
9.5.1 Phase change temperatures
As stated in subsection 2.6.1, the shape memory effect is based on a phase transformation of the
NiTi alloy from austenite to martensite and vice versa. In Figure 2-28, the four important
temperatures indicating start and finish of phase transformations (As, Af, Ms, Mf) are indicated.
They generally are determined by DSC measurements. The results presented in Figure 9-2 and
Figure 9-3 were determined in a Discovery DSC25 from TA Instruments for a temperature range
from -50 °C to +200 °C under N2 atmosphere. The heating/cooling rate was set to 50 K/min.
During the heating cycle, the transformation from martensite to austenite takes place enabling
the determination of As as well as Af based on the graphical tangent method. In the cooling cycle,
the austenite transforms back into martensite, thus revealing Ms and Mf. In addition to the
graphs shown, Table 9-8 summarizes the relevant temperatures. As shown by Tang et al. [171]
in Figure 2-31 (2.6.2) for conventionally processed NiTi alloy as well as by several studies for
SLM processed NiTi [19,57,37], the phase transformation temperatures are depending on the
alloy composition. Hence, it is possible to tune these temperatures by the SLM process
parameters. Haberland et al. [57] as well as Bormann et al. [17] observed that the phase change
temperatures rise with an increased energy input. This behavior is directly linked to the
evaporation of Ni with increasing energy input. The evaporation of Ni can also be observed in
the alloy composition data determined by EDX (Table 9-5). While the investigations of
Haberland et al. [57] and Bormann et al. [17] covered a wide range of volume energy densities
(45 – 800 J/mm3), in the study presented here, the shape memory behavior was assessed only for
the best suited parameter sets for Ni55Ti45. Nevertheless, the aforementioned trend is also visible
in the DSC results in Figure 9-2. Ms, Mf and Af of the process parameter set with an energy input
of 185 J/mm3 are between 1.5 and 2.1 °C higher than for the 150 J/mm 3 parameter set. For As, the
lower energy parameter leads to a 0.8 °C higher value. The phase change temperatures
determined are all well comparable to literature data, particularly to the study of Zhang et al.
[195], who also pursued the approach of SLM processing elementally blended Ni and Ti powders
for generating the NiTi phase. For the Ni55Ti45 powder, as expected, no phase transformation is
detected in the DSC data since the NiTi phase is not present yet. For pre-alloyed Nitinol powder,
phase transformations are detected in the DSC measurement (Figure 9-3). The determined
temperatures differ by more than 45 K from the temperatures measured for Ni55Ti45. However,
since the composition of the Nitinol powder is 50.46 at.-% Ni, 49.54 at.-% Ti (respectively 55.53
wt.-% Ni, 44.47 wt.-% Ti, Table 9-5), the phase change temperatures correspond well with the
ones of conventionally processed Nitinol (Ms = -5 °C, As = 7 °C) as reported by Lagoudas and
Hartl [95] and visualized in Figure 2-31. For the SLM processed Nitinol (Evol = 185 J/mm3), the
DSC analysis merely shows a phase transformation in the heating cycle, i.e. for the phase
transformation from martensite to austenite, in the tested temperature range of -80 °C to +190
°C. The austenite peak temperature Ap = -25 °C significantly differs from the results obtained for
Nitinol powder. The available equipment for the compression test is working only from 20 °C to
250 °C, which means that the shape memory effect could not be tested for Nitinol.
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Figure 9-2: DSC curves for Ni55Ti45 powder and Ni55Ti45 samples in dependence on the SLM process
parameters, i.e. on Evol

Figure 9-3: DSC curves for Nitinol powder and for SLM processed Nitinol with Evol = 185 J/mm3
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Table 9-8: As, Af, Ms, Mf temperatures of Nitinol powder and of SLM processed Ni55Ti45 in dependence on
the process parameters, i.e. on Evol

Material

Process parameter

Mf [°C]

Ms [°C]

As [°C]

Af [°C]

Ni55Ti45

Evol = 150 J/mm3

19.7

54.5

65.3

88.9

Ni55Ti45

Evol = 185 J/mm

3

20.5

56.0

66.0

93.0

Nitinol

Powder

-49.8

10.1

0.6

44.1

-61.1

5.1

Nitinol

Evol = 185 J/mm

3

Not determinable

9.5.2 Shape memory effect
The assessment of the shape memory properties of SLM processed elementally blended Ni55Ti45
powder is conducted by compression tests with cylindrical test specimens, manufactured with
the best-suited process parameter (Evol = 185 J/mm3) regarding mixing of the elemental powders.
In Figure 9-4 a), the corresponding test geometry is schematically visualized in the as built
shape. Hence, the heat conduction, which mainly happens in vertical direction through the
frustum cone as the powder is a good isolator, is significantly lowered compared to the large
heat conduction zone for the test cubes presented in Table 9-3. Thus, the thermal gradient is
decreased and as depicted in Figure 9-4 b), the manufactured cylindrical specimens reveal
merely a few fine cracks, even though the cylinder’s volume is clearly larger than the volume of
the 4 mm cubes from Table 9-4. The cylinders have a diameter of 5.2 mm and are 6.4 mm long
after wire-EDM machining, which assures coplanar face surfaces. The compression tests were
conducted on a universal tensile testing machine type BT1-FRXXMOD.A4K from ZwickRoell
GmbH & Co. KG. The test cycle is following the description of Meier et al. [122] depicted in the
insert in the graph in Figure 9-5, whereas the temperatures were set based on the phase change
temperatures determined in the DSC measurement (Table 9-8, Evol = 185 J/mm3). The
assessment of the shape memory effect is done based on the length of the cylinders at each
process step respectively. Prior to the start of the cyclic testing, the samples are cooled in water
to 20 °C, which is slightly below Mf and particularly, more than 40 K below As. Hence, there is
no austenite phase present in the microstructure. Then the five specimens are loaded at a
displacement rate of 0.5 mm/min up to a maximum load of 20 kN (940 MPa). This stress level
was chosen based on the investigations of Meier et al. [122], reporting that the martensitic
detwinning of SLM processed NiTi is completed at 400 MPa and that 1200 MPa mark the limit
for elastic deformation of detwinned martensite. 940 MPa are within that range and clearly
below the plastic deformation threshold. After unloading the samples, they are heated up to 120
°C, which is 30 K above Af, ensuring a pure austenitic phase. Finally, the samples are cooled down
to 20 °C again to restart the test cycle. For each specimen, 10 cycles are tested in order to assess
the cyclic stability of the shape memory behavior.
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Figure 9-4: a) Schematic visualization of test cylinder in as built and in finally machined condition; b)
cross sectional image of cylinder after compression tests; scale bar is 1.0 mm

Figure 9-5 shows the load-strain plot of the cyclic compression test for a representative sample,
based on the procedure schematically described in the insert in the graph. In addition to this
visualization of the raw data, Figure 9-6 gives an overview on the irreversible (a) and recoverable
(b) strains determined. The graphs a) and b) show the mean strains plus standard deviations for
all samples over the 10 test cycles. The following results can be observed in the data:






Generally, as expected from the DSC results, the elementally blended Ni55Ti45 samples
reveal the one-way shape memory effect, i.e. each cycle reveals recoverable strain based
on the phase transformations.
The irreversible strain εirrev, which according to Haberland et al. [57] is caused by the
formation of dislocations, is accumulated over the 10 test cycles. After 10 test cycles εirrev
= 2.02 ±0.72 %, which is in a similar range than εirrev = 2 % at maximum stress of 400 MPa
and εirrev = 4.5 % at maximum stress of 1200 MPa for the equiatomic alloy composition
after 15 test cycles, detected by Meier et al. [122].
As stated in literature, also in the study here, the recoverable strain εpp is decreasing over
the 10 test cycles from 1.33 ±0.58 % to 0.88 ±0.34 %. In comparison, Meier et al. [122]
started with εpp = 3.2 %, which decreased to εpp = 2.5 % at maximum stress of 400 MPa
and εpp = 4.0 %, which decreased to εpp = 2.7 % at maximum stress of 1200 MPa after 15
cycles. For conventionally produced Nitinol samples up to 8 % recoverable strain are
reported [46], however, indicating that a conservative dimensioning would use less than
8 %.
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The shape memory behavior of the in-situ alloyed Ni55Ti45 specimens is not as good as the results
presented by Meier et al. [122], which is the only literature data existing, that investigated the
shape memory behavior based on compression tests. Haberland et al. [57], who belong to the
same research group, republished the results with a more detailed discussion of the tests
conducted at a maximum stress of 400 MPa. There are two main reasons for the differences in
the shape recovery behavior compared to this literature data. Although the phase change
temperatures of the study of Meier et al. [122] match well with the ones determined in this study
here, Meier et al. did not investigate the alloy composition after SLM processing. Hence, the
compositions might differ from each other. As described in the phase diagram (Figure 2-30), a
Ni depletion due to evaporation, as observed for the Ni55Ti45 samples (Table 9-5), leads to the
formation of Ti2Ni, which is impeding the shape memory properties of the material. A second
important aspect regarding shape recovery characteristics is the level of impurity, particularly
O2 and N2, picked up during the SLM processing of NiTi. For an energy input of 200 J/mm3
Haberland et al. [57] measured an impurity pick-up of 0.03 – 0.04 wt.-% O2 and 0.01 – 0.02 wt.% N2. These values are even below the 500 ppm threshold prescribed by ASTM F2063-05 [9] for
medical applications. For the investigations presented here, during the SLM processing of
elementally blended Ni55Ti45 powder, the impurity pick-ups detected with an ONH836
determinator from LECO Corporation, are with 0.14 wt.-% O2 and 0.044 wt.-% N2 (Evol = 150
J/mm3) respectively 0.20 wt.-% O2 and 0.057 wt.-% N2 (Evol = 185 J/mm3) significantly larger.
Particularly the large O2 pick-up is critical, since as stated by Dudziak et al. [37], it leads to the
formation of Ti oxides, hence reducing the shape recovery properties of the resulting alloy.

Figure 9-5: Compression tests – procedure and results; insert: schematic diagram of test cycle to assess
the one-way shape memory effect with cylindrical specimens [122]; εrev = reversible strain per cycle, εirrev =
irreversible strain per cycle, εel = elastic strain per cycle, εpp = recoverable strain per cycle; data: one-way
shape memory effect for Ni55Ti45 samples: load-strain plot for cyclic testing (n=10) of a representative
sample
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Figure 9-6: a) εirrev (mean value plus standard deviation) of 5 Ni55Ti45 specimens; b) εpp (mean value plus
standard deviation) of 5 Ni55Ti45 specimens

Conclusions
The investigations and analyses in this study clearly confirm the hypothesis that a functional
shape memory behavior is achievable with in-situ alloying of elemental Ni and Ti powders
during SLM processing. Although the general processability of the Nitinol powder is better, for
Ni55Ti45 a set of process parameters resulting in the manufacturing of dense parts was developed.
Regarding the microstructure and the homogeneous distribution of Ni and Ti, the Nitinol
samples reveal a better mixing. However, this can be explained by the proper distribution of Ni
and Ti already after the powder recoating step due to the pre-alloyed powder. For Ni55Ti45, such
a homogeneous distribution cannot be guaranteed in the powder recoating step, instead process
parameters leading to a homogenous mixing due to dynamic meltpools need to be identified.
Besides the identification of suitable process parameters, the manufacturing of functional parts
from Ni55Ti45 also requires a reduced thermal gradient during SLM processing, which is
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implemented with an adjustment of the specimens design within the frame of this study. For the
accordingly processed material, compression tests were conducted for the first time, proofing
the shape memory capability on real specimens. The recoverable strain εpp = 1.325 % (n=1) and
εpp = 0.884 % (n=10) is approximately 30% as large as it is described in literature for additively
processed pre-alloyed Nitinol powder (εpp = 3.2 % (n=1) and εpp = 2.5 % (n=15) at σmax = 400 MPa;
εpp = 4.0 % (n=1) and εpp = 2.7 % (n=15) at σmax = 1200 MPa). Compared to the pre-alloyed Nitinol
powder, Ni55Ti45 revealed also significantly larger phase change temperatures because of Ni
evaporation during the SLM process. However, the lower recoverable strains might still be
sufficiently large for specific applications; the different phase change temperatures might even
be beneficial depending on the final application.
In general, as already stated by other researchers [37,18,17], the SLM process parameters enable
a tuning of the shape memory behavior of the processed alloy. This approach is viable both for
Nitinol and for NiTi powder. However, the observations of Haberland et al. [57] show, that an
alloy adjustment by SLM process parameters is complex, since there are opposed effects linked
to the SLM process control. While a large energy input leads to an increased evaporation of Ni,
it also favors the impurity pick-up, which results in the formation of Ti oxides. Hence, the
relative Ni content in the NiTi phase is not necessarily lowered, although Ni evaporates. For that
reason, the approach of processing elementally blended powder reveals a large potential for a
fast, cost effective and well controllable change of alloy compositions, also for small amounts of
powder, compared to charges of the gas atomization process. In the experiments presented, for
all process parameter sets investigated, the SLM process lead to a Ni depletion, resulting in an
increase of the phase change temperatures. Hence, if an application requires specific phase
change temperatures, the portion of Ni needs to be adjusted to compensate for the loss due to
evaporation during SLM processing. In this case, elemental blending is highly beneficial in
comparison to the costly gas atomization of a new batch.
Finally, the successful in-situ alloying of elementally blended powders can be extended to
powder blending in general. This is potentially interesting for not binary alloy systems as well as
for alloy systems, in which one element is clearly dominating. In these cases, a powder batch can
be mixed with a batch, in which a specific alloying element reveals a significantly different
percentage. The mixed powder will finally be in-situ alloyed to the desired alloy composition,
which is between the compositions of the two individual batches.
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Conclusion & Outlook
The overall goal of this dissertation was the investigation of the integration of functionality in
additively manufactured components. This objective was pursued in several ways:
In chapter 5, standard, off-the-shelf sensors for temperature and position detection were
embedded in SLM demonstrators. The developed embedding process routes were finally applied
for the manufacturing of an industrially relevant component – an intelligent solenoid valve. The
two integrated thermocouples perform very well and the response time of 0.15 s after a switching
operation fulfills the specifications of the real application, particularly taking into consideration
the thermal inertia of the SLM valve due to the minimum wall thickness required to withstand
internal pressures of up to 1000 bar with H2. The Hall effect sensor outperforms the specifications
significantly, as it not only facilitates a distinction between “open” and “closed” state of the valve,
but it enables an exact position detection for the entire stroke of the piston. Hence, chapter 5
proved the usability of the developed sensor embedding concepts for real industrial applications.
As a further confirmation of the relevance of the developed concept, the industry project partner
filed two patents for the valve, its smart features and the corresponding manufacturing
procedure.
In contrast to this concrete use case of the SLM manufactured solenoid valve with integrated
functionality, in chapter 6, visionary sensor systems were embedded. Even though the
integration of fiber optical sensors has been discussed in several publications as presented in
2.3.1, the embedding was always done on an experimental SLM setup. This might be the reason,
why up to now, to the knowledge of the author no specific use case of fiber optical sensors
embedded in SLM components has been shown. In order to mitigate this situation, within this
dissertation, for the first time, the integration of fiber optical sensors into SLM components was
successfully conducted on a commercial machine. This is an important achievement, since it
brings the approach of optical fiber integration a step closer to industrially relevant applications.
In the second section in chapter 6, the vision of structural health monitoring of SLM components
by crack detection is presented. For the first time, eddy current sensors were embedded in SLM
parts. These sensors proved their capability to detect cracks propagating inside the SLM
component due to cyclic loading. Hence, these findings set the cornerstone for the development
of structural health monitoring concepts and applications for SLM components.
The findings from all these sensor embedding experiments were consolidated in chapter 7,
where an overall sensor embedding strategy was derived. Hence, this chapter serves as a
guideline for sensor integration. It is supposed to provide recommended procedures for
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interested people and industries, that like to go into the direction of smart SLM parts. Although
many aspects regarding a successful implementation of sensor integration are depending on the
type of sensor, on the material and other specific boundary conditions defined by the desired
application, the derived embedding procedures (Table 7-1) and the overall process chain
(Figure 7-1) support the start into this field of innovative manufacturing concepts.
While these three chapters discussed the sensor integration into SLM components, in chapter
8, the embedding of an acceleration sensor into an SLS part was investigated. This component
was developed with an industrial partner for a specific, real application. Besides this concrete
usage, the experiments conducted aimed at the demonstration of two aspects. First, the general
concept of sensor integration in AM components was projected to the plastic processing SLS
technology. Second, the trials revealed that despite the, at first glance, similar processes, there
are significant differences between SLM and SLS, which have a decisive impact on the
embedding procedure. These differences originate in the preheating of the SLS process chamber,
as visualized in Figure 8-9 and discussed in section 8.5. Nonetheless, shaker tests conducted at
the industrial partner’s facilities demonstrated the good results of the integration, as there was
no relative motion between sensor and SLS housing, i.e. the sensor was fully embedded. Hence,
this chapter demonstrated the applicability of sensor integration concepts for the SLS
technology as well. Furthermore, it showed the embeddability of acceleration sensors in AM
components, which might be of interest for future SLM parts as well.
Subsequent to the investigations on the integration of functionality in form of sensors, in chapter
9 the realization of actuator functions with SLM components was analyzed. However, instead of
embedding actuators into SLM parts, as it was also done in literature [121,120], the SLM
components were manufactured from the shape memory alloy NiTi. Hence, these components
can remember their initial shape and return to it through a thermal cycle after an initial
deformation. While the SLM processing of NiTi has been investigated in various publications
(see section 2.6.3), the innovative approach developed and verified in this chapter was the insitu alloying of NiTi during SLM processing of elemental Ni and Ti powders. The concept proved
successful, as the SLM processing lead to a homogeneous distribution of the elements and the
specimens manufactured accordingly revealed the shape memory effect. After n = 10 test cycles
a recoverable strain of εpp = 0.884 % was achieved. This result is merely 30 % as large as it is
described in other studies on SLM processed NiTi. However, it is the first study experimentally
revealing the presence of the shape memory effect in elementally blended NiTi. Hence, this
approach reveales a large potential for a fast, cost effective and well controllable change of alloy
compositions.
In addition to the development of the presented various concepts for functionality integration
in AM components, in chapter 4 two fundamental research questions regarding the concepts of
function integration were addressed. In the first section, the impact of an SLM process
interruption on the resulting mechanical properties was analyzed. Such a process interruption
is mandatory for all embedding concepts presented in this dissertation. Furthermore, for hybrid
manufactured components, i.e. components consisting of a conventionally part with simple
geometry and an SLM section with complex structures and/or embedded functionality, the
similar question with regard to mechanical properties is typically raised. The experiments
revealed a significant impact of a process discontinuity within the manufactured components,
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resulting in a drop of the static mechanical properties of 1.4404 of 11.5 % (horizontal) respectively
17.5 % (vertical) for Rm and the corresponding direction. Even though the investigations were
conducted merely for one material, the results clearly indicate that a discontinuity in the SLM
process needs to be taken into consideration in form of new material data during the design,
dimensioning and simulation phases of components that will be manufactured accordingly.
Finally, it has to be stated that the results elaborated in section 4.1 are very important for the
industrial sectors planning to enter the field of sensor/actuator embedding as well as the
industries aiming at manufacturing hybrid parts. In section 4.2, another boundary condition for
sensor integration in SLM components was quantified. The temperature evolution was
investigated for a representative sensor cavity in an 1.4404 demonstrator component. Further,
through the simulation conducted, it will be feasible to predict the temperature evolution for
other materials and cavity designs. These investigations are of high relevance for the
implementation of sensor integration in SLM components in general, since as discussed in
chapter 7, the high temperatures during the SLM process are the most critical factor regarding
sensor (and wire) survivability.

Despite the answers to the research questions raised in the beginning of this dissertation, the
investigations also opened further research gaps, which need to be addressed in the future. In
the field of sensor integration, approaches aiming at wireless data acquisition/transfer and
sensor powering definitely need to be investigated. The examples discussed in the previous
chapters indicate that the electrical wires are a critical factor for several reasons. They have a
limited robustness against high energy input both in the SLM process and in post-process heat
treatment operations. Furthermore, their handling is rather complex, particularly thinking of an
automated sensor integration, and the dimensions of the wires are in most of the cases similar
to the ones of the sensors. Hence, a wireless solution promises a huge potential for
miniaturization and for a significant reduction of the cavity dimensions, leading to a reduced
impact of the cavity on the load-bearing structure of the SLM component. As an intermediate
step between electrical wires and a wireless solution, a solution in which the embedded
component can be directly contacted with a plug, as it was presented for the acceleration sensor
in chapter 8, can be an interesting option. While this wireless topic is an innovative field to
conduct research, the automation of the sensor integration process, which is very important
with regard to small series manufacturing of industrial components, is a typical engineering task.
Nonetheless, in the future the sensor integration process needs to run automated.
The study on SLM processing elementally blended NiTi powder revealed not only interesting
and promising results, but also opened different new fields for research activities. In the case of
NiTi processing, it is worth investigating an alloy modification, i.e. increasing the Ni portion,
prior to the SLM processing, in order to compensate for Ni depletion caused by evaporation and
to meet the specifications of the nominal alloy composition. This approach can obviously also
be applied for other alloy systems, for which the material properties of the SLM component
depend strongly on the alloy composition. Generally, the blending of powders is a concept,
which needs to be investigated beyond the elementally blended NiTi powder, since it is a flexible
and cost effective approach to get a specific alloy composition, particularly if merely a small
amount is required. Hence, a material, which is with a specific alloy element at the upper limit
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of the specifications, can be blended with a batch of the same material, in which this alloy
element is at the lower limit. In this way the alloy composition can be adjusted according to the
requirements. As third research gap, the applicability of the approach to geometrically reduce
the thermal gradients in the SLM parts during manufacturing by frustum cone structures at the
bottom of the parts needs to be investigated. Here, the focus should be on alloy systems that are
prone to cold cracks, which can be reduced by increased thermal gradients during SLM
processing.
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