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Abstract

This thesis presents an experimentally focused study of three of the key physical phenomena of
the Selective Laser Melting (SLM) process. The SLM process increasingly gains momentum in
industrial applications. As awareness of the process and its capabilities for the manufacturing
of high performance objects increases, some of the current limitations of the process become
more apparent. The SLM process is not a fully mature manufacturing process and there are
still significant gains to be made in terms of material understanding, process optimization,
final part prediction and quality control.

The experimental study of the physical aspects contributes to the material understanding on a
fundamental level but also provides the tools for facilitating future research. A link to practical
applications is presented in a case study on evaluating the influence of beam movement
patterns and on the identification of process instabilities for quality control. A broad literature
survey covers the state of the art on improving the SLM process.

The three physical phenomena which are the subject of this study are: the interaction of laser
beam light with the material to be processed, the transport of heat within the material and the
behavior of the molten material. These three phenomena take place under conditions which
are unlike conventional production processes, in terms of energy intensity, thermal gradients
and liquid (metal) dynamics.

The laser-material interaction is characterized by the absorptance. An integrating sphere
setup is integrated in an SLM machine to measure the absorptance of the material in the
pristine and final state. Also the absorptance evolution is characterized. Results are available
for Maraging 300 steel powder, silver powder and AlSi10Mg powder. The influence of surface
oxidation and surface roughness is discussed.

The heat transport within the powder bed is characterized by diffusion. The thermal diffusivity
and thermal conductivity are measured using the flash method with a laser as the energy
source. The implementation uses a special laser beam intensity profile and data processing
by correlation with numerical simulations. Thermal diffusivity and conductivity values are
included for Maraging 300 steel, silver and titanium. The results confirm the large difference
between bulk and powder conductivity and the limited influence of the material type.

The melt pool behavior is studied using an integrated coaxial vision system. This system
uses a combination of sensors to monitor the radiation which is emitted by the melt pool
and its surroundings. The implementation presents optimized timing and data processing
protocols. The relation between the melt pool properties and the process stability is explained.
A procedure is also developed for obtaining temperature field profiles of the melt pool.
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Résumé

Cette theése consiste en une étude expérimentale de trois des phénomenes physiques clés
impliqués en fusion sélective par laser (SLM). Le procédé SLM est de plus en plus employé dans
les applications industrielles. Mais, en méme temps qu’augmente I'intérét de ce procédé pour
la fabrication d’objets complexes a haute valeur ajoutée, certaines de ses limites deviennent
de plus en plus apparentes. A I'heure actuelle, le procédé SLM n’a certainement pas encore
atteint sa pleine maturité et des progreés importants sont encore a réaliser en termes de
compréhension des matériaux, d’optimisation des parameétres opérationnels et de controle de
la qualité des pieces.

Les études expérimentales présentées dans ce travail doivent contribuer a une meilleure
compréhension du comportement du matériau traité et fournir des outils a méme de favoriser
de nombreuses recherches futures. D'un point de vue plus appliqué, on présente aussi une
étude de cas sur l'influence des stratégies de balayage laser. On discute aussi la possibilité
d’identifier les instabilités du procédé pour proposer un contréle direct de qualité. Une large
revue de littérature donne, en outre, une vision précise des recherches effectuées a ce jour
pour améliorer le procédé SLM.

Linteraction du faisceau laser avec la matiere, le transport de chaleur dans le matériau et le
comportement du bain liquide sont les trois phénomenes physiques principaux concernés
par cette étude. On fait observer qu’ils impliquent des conditions tres différentes de celles
observées dans les procédés de production traditionnels, que ce soit en terme de gradients
thermiques, de concentration d’énergie ou de dynamique d’écoulemement de fluides.
Linteraction laser-matiére est essentiellement caractérisée par I'absorbtivité du matériau.
A cette fin, on propose un montage de sphere intégratrice adaptée aux machines SLM. Il
est capable de mesurer, in situ, ’'absorbtivité des matériaux en fonction de leur évolution
entre I'état de poudre libre a celui de solide consolidé. Les résultats sont disponibles pour
des matériaux comme l'acier maraging 300, ’argent ou un alliage d’aluminium AlSi10Mg.
Linfluence de I'oxydation et de la rugosité de surface est aussi discutée.

La diffusivité et la conductivité thermique conditionnent le transport de chaleur dans le lit de
poudre. On propose de mesurer ces quantités grace a une méthode flash qui utilise le laser
équipant la machine SLM comme source d’énergie. La mise en oeuvre de cette méthode fait
intervenir un traitement des données particulier. On utilise, en outre, une corrélation avec des
simulations numériques. On illustre cette technique en 'appliquant aux mémes matériaux
(acier maraging 300, argent et alliage d’aluminium AlSi10Mg). Les résultats obtenus confirment
la grande différence qui existe entre la conductivité de la poudre et celle du matériau massif.
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Résumé

Le comportement du bain de fusion est enfin étudié a I’aide d’'un systéme intégré de vision
coaxial. Ce systéme utilise une combinaison de capteurs pour analyser le rayonnement infra-
rouge émis par la poudre en fusion et ses environs. On propose des protocoles d’échantillonage
et de traitement de données optimisés pour des conditions de puissances laser et de vitesses
de balayage tres élevées telles qu’elles sont couramment utilisées, aujourd’hui, en SLM. La
relation entre I’évolution du bain de poudre et la stabilité du processus est clairement illustrée.
Pour finir, on met au point une procédure de calibration permettant d’utiliser le systéme de
vision coaxial comme un pyrometre bidimensionnel permettant de filmer I’évolution des
profils de température en surface.

Mots clefs : fusion sélective par laser, absorptivité, conductivité thermique, contrdle du bain
liquide, champ thermique, défauts, stratégies de balayage
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Introduction

Project structure

This work is a collection of efforts to increase the general productivity and industrial accep-
tance of the Selective Laser Melting (SLM) process. The introduction will explain some of
the base terminology of the topic, provide a reference frame for the work and summarize the
structure of this document.

The state of the art is a compilation of the published works related to the productivity of SLM.
A broad range of topics is covered in three categories, based on how these topics influence the
process productivity. The first category combines aspects related to the raw productivity. The
raw productivity is anything which improves the pre-process optimizations and the raw build
rate of parts. This includes fundamental material research and technological developments.
The second category is the effective productivity. This category bundles efforts to decrease the
amount of post-process work and to decrease the failure rate of parts by studying, monitoring
and repairing defects. The third and last category is the versatility of the process. This category
tries to list some of the prime aspects of the SLM process and demonstrates how these can be
applied to the development of new materials and applications.

The core part focuses on helping the SLM process by improving the knowledge on the SLM
sub-processes. Three key physical phenomena are studied in three separate chapters: the
interaction of the laser radiation with the build material, the diffusion of heat within the
material and the behavior of the material in its molten state. For each phenomenon a ded-
icated measurement setup is designed and integrated in the in-house SLM machine. Both
quantitative and qualitative results are provided. The last chapter contains three short case
studies on applications related to the behavior of the molten material.

A general conclusion will summarize the most important results from each topic and discuss
the general impact on the future of the Selective Laser Melting process.



Introduction

Selective Laser Melting

For those unfamiliar with the term, Selective Laser Melting (SLM) is an additive manufacturing
process [1]. An additive manufacturing process builds up a 3D object from a smaller scale
base material. In the case of SLM, the base material is a powder or granulated material.
The base material is delivered in a series of thin layers. Each layer is selectively irradiated
by a laser beam, which completely melts the material in the selected regions. A new layer
is applied on top of the previous one and the process repeats until the 3D object is fully
constructed. A computerized 3D model determines for each layer which regions are to be
processed. Additional algorithms calculate the path the laser beam needs to follow to melt
the base material in these regions. Some creative implementations of the SLM process do not
necessarily adhere to all points of this description, but it holds in general.

Several advancements have been made in the SLM process. Recent successes attest to a
growing maturity and acceptance. Large industrial manufacturers like Boeing, Siemens and
General Electric are increasingly using SLM for aeronautical and aerospace applications. They
cite cost reductions, lead time reductions and a reduction in the number of required parts as
the main reasons to shift to additive manufacturing and SLM [2-4]. This is an important step
up from the production of prototype parts and tooling equipment, the original applications
of the SLM process, and the medical implants and specialized, small functional parts that
were later added to the process portfolio. SLM also benefits from the succes of other additive
manufacturing processes as fused deposition modeling. The wider commercialization has
led to the incorporation of additive manufacturing tools in model design software packages
as AutoDesk Inventor [5] and Adobe Photoshop CC [6]. This helps in public awareness and
familiarity with the process capabilities.

Problem statement

Despite SLM technology being a fast expanding business, there are signs that some aspects
of the technological development of the process are lagging behind. Additive manufacturing
is known for producing complex components at low extra cost compared to more simple
components [7]. For higher SLM production speeds, this is no longer the case. Increased
process instability makes extensive calibration and optimization necessary, increasing cost
and lead time [8]. Even though many materials are theoretically suitable to be processed by
SLM, again extensive individual optimization is often required. It is also difficult to predict the
resulting micro-structure and mechanical properties, preventing directed research strategies
and requiring adjustments and iterations to reach the desired properties.

These are manifestations of a lack of fundamental process and material understanding, espe-
cially within the physical environment of SLM. The process behaves often unstable and the
mechanisms, while well researched, are not yet mastered [9-11]. Qualification and certifica-
tion, despite significant progress over the last few years for a select number of materials, is still



difficult. Advancements in process monitoring, control and repair strategies are progressing
and could aid in qualification and ultimately increase process confidence. This is supported
by industry, which indicates the need for improvements in material development, process
control and inspection tools [12].

Goal and methodology

The ultimate goal is to make the SLM process a viable and preferred choice for as many indus-
trial applications as possible. Reductions in total process time, increased process mastery and
improved mechanical characteristics are the paths. The knowledge gained during this work,
the techniques that were developed or refined and the new applications that are proposed all
help to pave the road.

The work does not present any concrete, quantifiable improvements of productivity. It does
aim to present tools and knowledge to facilitate productivity improvements, both in future
research and in production environments. The methods presented in this work are developed
with maximum machine compatibility in mind and the information is delivered in a format
which should be useful both for theoretical engineers developing models as for process
engineers looking for practical information.

This thesis is part of a parallel effort in Selective Laser Melting at the Laboratory for Production
Management and Processes of the EPFL. It provides experimental data as input and validation
for theoretical models developed by Tatiana Polivnikova as part of her thesis [13].
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1.1 Introduction

While the SLM process is considered fast in the way it doesn’t require custom tooling, a typical
small part with dimensions of a few centimeters takes hours to days to build, depending on the
desired accuracy and properties [14, 15]. This is because, in the SLM process, at any given time,
only a very small volume of material is in the molten state. Often this is in the range of 107
to 103 mm3. The laser beam which provokes the melting moves typically at a few hundred
to a few thousand millimeters per second. This leads to typical raw melting rates of a few
cubic millimeters per second [16, 17]. Added to this are the powder layering times, machine
setup time, pre-process 3D model optimizations and process data generation, post-process
cool-downs, part extraction and any further post-processing steps. An overview of the process
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Figure 1.1 — Overview of the process steps for Selective Laser Melting, with the main tasks for
each step on the right.
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steps and the main tasks for each step is presented in Figure 1.1.

This chapter gives a broad overview of the topics which affect the productivity of the SLM pro-
cess. The topics are divided in three categories: the raw productivity, the effective productivity
and the versatility of the process.

1.2 Raw productivity

This section contains aspects which influence the raw productivity of the SLM process; the
consolidation by laser and the powder layering. For large parts, the raw processing can take
80% of the total processing time [16, 17].

1.2.1 High power lasers

While more of a natural technological evolution, the availability of increasingly powerful laser
sources enables an increase in the melt rate. Even though multi-kilowatt (CO-) laser sources
were available [18-20], the resulting laser beams did not have favorable cost/quality ratios
and a low efficiency [11]. Newer generations of laser technology (Yb:YAG, Yb-fiber, diode disk)
combine high quality laser beams with higher output powers.

Due to an increase in process instabilities at higher energy throughputs (evaporation, spat-
tering), the increase in melt rate is usually not linear with the beam power. The same effects
make process optimization increasingly time-consuming. For AlSi10Mg, a 4 fold increase in
melt rate was achieved with a 6 fold increase of beam power [16]. Sometimes the increase
in energy density, provided by high quality, high power beams allows or facilitates the pro-
cessing of materials. An example is aluminum, which has a high reflectivity and high thermal
conductivity, two properties which lower the efficiency of the process [16].

1.2.2 Multiple lasers

A rather straightforward approach in concept, is the integration of multiple lasers in the
same processing unit. This decreases the melting time, while all other process steps remain
unchanged. The multiple lasers can work in series or simultaneously, depending on whether
they share some of the hardware.

When only one laser can be active at any time (serial), the lasers are usually distinct in func-
tionality. For example one laser is used for high precision at small features or edges, while a
higher power laser melts areas with a lower required precision (due to a larger or more instable
melt pool) [17].

Simultaneously operating laser beams are possible in different configurations. Similar, in-
dependent lasers can be used to double, triple, or further multiply the melt rate by melting
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different regions independently. Dissimilar lasers can be used in the same way as explained
before, with each laser having its own functionality, but operating simultaneously. A third
configuration is the use of dissimilar lasers with movement constraints. A second laser can be
positioned in front, superimposed, next to or behind another laser. This technique changes the
energy distribution of the combined lasers and can lead to increases in productivity, process
stability [21] or part quality.

1.2.3 Alternative energy sources

A number of alternative ways of delivering a portion of the required energy for melting have
been reported. These energy sources are often less spatially and temporally concentrated as
the laser beam but can increase the melting rate by decreasing the required laser energy.

One approach is to use an external energy source. The energy can be delivered by a radiative
source to the surface of the construction bed. The radiative source can be a lamp or another
laser. Conductive heating is possible, and in the case of electrically conductive materials also
inductive heating. These generally heat the whole build volume, usually from the bottom
up. Although the difference in thermal (and electrical) conductivity between the unexposed
powder and the solidified material can preferentially heat the constructed part. Practically,
the required energy can only be reduced by 10 — 25% when micro-structural changes should
be avoided.

A quite different approach is to use the energy of an exothermal chemical reaction [22]. The
reagents are pre-mixed with the base powder or present in the processing units atmosphere.
The reaction is usually thermally activated by the scanning laser beam and can release the
additional energy in a very localized way, in space and in time. An example is the reaction of
iron oxide (Fe; O3) in aluminum powder [22].

1.2.4 Energy optimization

Optimizing the energy needed to melt a unit of volume of material leads to similar improve-
ments as using higher power lasers or external energy sources, but is more economical [23].
Usually the idea is to reduce the energy density as much as possible while still achieving
the required physical [23] and mechanical properties. The energy optimization is often per-
formed by establishing a process map for a large range of process parameters [24, 25] and by
optimizing the energy density parameter.

Energy optimization can also be carried out by optimizing the energy uptake. The energy
uptake efficiency of the powder bed can play an important role, as the material absorption
strongly depends on laser wavelength [26, 27] (Figure 1.2). Modifying the beam shape and the
powder layer thickness can change the influx of energy [28]. The powder morphology also has
an effect. For instance, in a bimodal size distribution, a lower fraction of large particles will
result in a higher energy flux in the powder bed [29].
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Figure 1.2 — Absorptance as a function of wavelength for various metals [27]. Typical laser
types are highlighted.

Locally adapting the part quality can save on energy for the mechanically less important
regions of a part [30]. For example a higher quality but less productive input strategy can be
utilized at the exposed surfaces of a part or at sharp features. While a reduced energy input -
through higher melt rates at constant beam power - is used for the internal part regions. This
is sometimes called a skin-core approach [17].

1.2.5 Structural optimization

Another way to improve the part build time is to reduce the volume to melt. This uses one of
the key advantages of additive manufacturing, which offers additional part complexity for free.
There are two main ways to reduce the part volume in exchange for an increase in complexity:
topological optimization of the general part shape and lattice structures. Weight reductions
up to 50% can be achieved, by example for automotive parts [16].

Topological optimization heavily relies on mechanical models and simulations. The shape and
volume of each feature of a part is optimized towards a number of geometrical and mechanical
constraints. One of the possible optimizations is to reduce the mass as much as possible
while maintaining the minimum mechanical properties. Several software solutions are already
available [31]. A less generic form of topological optimization is layout optimization, which
optimizes the size and orientation of discrete elements to yield solutions which are generally
more practical to implement [32].

Lattice structures are a structured way of introducing internal porosity in a part. Different types
of unit cell geometries, formed by consolidated struts, have been researched and assessed
in terms of production quality and resulting morphological and mechanical properties [33—

8
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35]. Different types of geometry and orientation are optimal depending on the eventual
mechanical load [36]. The struts should be preferentially loaded along their longitudinal axis
[33]. The layered processing does affect the lattice quality for some orientations, especially
horizontal struts and bridges tend to be lower in quality [34]. Ultimately, optimizing the type,
orientation and density of the internal lattice structure of parts can significantly decrease the
volume to melt, while maintaining the part functionality [33]. Some design rules for optimal
incorporation of lattice structures have been derived [35]. The lattice structure can also be
exposed to the surface of the part. This is especially useful for some medical applications, for
example to facilitate bone ingrowth in implants [33].

1.2.6 System identification

The laser beam is in most cases positioned by a system of galvanic mirrors. For higher
displacement speeds (>1 ms™1), signal lag and inertial lag drive the need for proper timing
or synchronization. For lattice structures or very porous parts, the beam displacement time
during which the laser is ‘off” due to acceleration/deceleration phases can be substantial.
Identification of the beam displacement and laser ‘on/off” systems can help in optimizing
the beam displacements to reduce the laser ‘off’ time. Reductions of 10% [37, 38] in raw
consolidation time have been obtained.

1.2.7 Process understanding

The SLM process takes some basic physical mechanisms to extreme grounds, introducing
effects that are not observed or are of lesser importance for classical production processes.
These include effects caused by the high energy density of the laser beam and the difference
in properties of the powder versus the solidified material.

Radiation absorption

The first interaction of the laser beam with the material is the absorption of part of the
incoming radiation. Typically radiation is either absorbed by the material or reflected back
(specularly or diffusely). For most solid materials transmission of radiation is limited. However,
for the SLM process, the powder bed acts as a diffuse and partially transparent medium. It has
been demonstrated both theoretically [26, 28, 29, 39, 40] and experimentally [26, 41] that there
can be significant penetration of the radiation in the powder bed. The general mechanism is
through multiple reflections on the curved powder particle surfaces and through the pores of
the powder bed.

The volumetric absorption mechanism of the powder bed results in very different amounts
of energy absorbed by the material. The increased absorption of unconsolidated material is
one of the reasons for ‘burn in’ or overheating at the start of a new scan vector [42]. A stable
interface below the laser beam is in general important for process stability. Even variations in
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rugosity of the surface (solid or molten) can significantly affect the absorption [43].

The absorptance ratio of a material is also temperature dependent [44, 45]. The large temper-
ature interval of the SLM process can require to take this dependence into account. Metals
generally show an increase in absorption for increasing temperature and also phase transfor-
mations can affect the absorptance. However, around the wavelength range of 1 pm, many
metals have a relatively low temperature dependence of the absorptance [46].

The high energy density of the modern SLM process can introduce secondary effects at the
surface, as oxidation [45], vaporization [28], plasma formation [47, 48] and the creation of
shock waves through rapid heating of air and material vaporization [45]. These are generally
unwanted effects as they result in material loss, inefficient use of energy and obstruction of
the laser beam. Sometimes the presence of oxides at the surface can increase the absorption
efficiency, without adversely affecting the melt pool [49].

Heat transfer

The transport of thermal energy is the key physical aspect of the SLM process. Ideally the
temperature is homogeneous and just above the liquidus in the volume being melted. The
melt pool should extend just into the previously consolidated layer to achieve good bonding,
while it should not expand too much outwards near the top surface.

The heat transfer within the powder bed has been researched extensively [50-56]. The transfer
mechanism inside the powder bed is characterized by thermal conductivity [44]. Generally
the thermal conductivity of the powder bed is very low compared to the fully dense state of
the same material. For metals the difference can span several orders of magnitude [57]. The
main reason is the thermal resistance of the contact points between the powder particles. The
powder morphology has been found to have an influence: smaller and irregularly shaped
particles have higher contact resistance and lower thermal conductivity. The thermal conduc-
tivity can be as much as three times lower for 10 um particles as for 100 pm particles [52, 58].
Mechanical compression or thermal sintering improves the particle contacts and can increase
the thermal conductivity (approximately 10% for a 7% increase of density at 40% powder bed
relative density for 316L steel) [52, 58].

In between the loose powder state and the consolidated state the thermal conductivity changes
depending on the resulting pore morphology. This transition has been studied both theoreti-
cally [44, 56, 57, 59] and experimentally [52, 57, 60].

The large difference in thermal conductivity of the powder bed versus the consolidated mate-
rial has several implications. A scan next to consolidated material will leak energy from the
melt pool to the consolidated material [61, 62]. The downwards expansion of the melt pool
is slower because it has to penetrate powder. Thinner powder layers (20 to 50 um) can use
the radiation penetration effect to reduce the necessary heat transfer [28]. Once the melt pool
reaches the previously consolidated layer, the heat loss to the consolidated layer can decrease

10



1.3. Effective productivity

the temperature of the melt pool and prevent the melt pool from creating a continuous inter-
face with the previous layer. The absence of some of these sources of energy loss at part edges
or at overhanging geometry can drastically change the temperature field and negatively affect
process quality [63].

Simulation

While a better comprehension of the previously mentioned physical phenomena can aid
directly in process optimization, the principal use is the application in models and (computer)
simulations of the process [64].

Various models have been adapted or developed for the SLM process, ranging from analytical
descriptions [65] over mixed analytical/finite element models [62, 66] to comprehensive multi-
physics finite element models [67-71]. Some models simulate the powder volumes and melt
pool hydrodynamics [53, 70] which can predict porosity, surface shape, and sintering in heat
affected zones. The models are used to estimate starting values for the process parameter op-
timization [72], analyze the process stability [73-75] or to predict the mechanical performance
(68, 71, 76]. These techniques can lead to significant time savings in the initial optimization
for a new material or a particularly complex part. Accurate models are also a requirement for
other aspects, such as topological optimization.

1.3 Effective productivity

This section discusses the topics related to the effective productivity; the pre-processing, the
failure rate and the post-processing.

1.3.1 Pre-production

For unique parts or small series, the pre-production can be more time-consuming than the
actual production. The general pre-production is the preparation of the process code from the
3D model data and the process parameter iterations until the part meets the specifications.
Once a parameter set has been established for a certain material or a certain geometry, the
pre-production time is greatly reduced and limited to the software part pre-processing.

Part pre-processing

For the SLM process the orientation of the parts relative to the build orientation (z-axis) is
an important parameter which impacts the mechanical properties and other aspects as the
surface quality [1, 34, 77-80]. The height of the part also determines the number of required
powder layering steps. More layers increase the production time.

Even though the powder bed can support overhanging features, additional supporting struc-

11



Chapter 1. SLM productivity - State of the art

Table 1.1 - List of process parameters applicable to Selective Laser Melting.

- Beam wavelength - Powder class - Processing temperature
- Beam size - Powder shape - Process atmosphere
- Beam shape - Powder size (distribution) - Process pressure
- Beam intensity distribu- - Powder bed density - Scan pattern type
tion - Layer thickness - Scan spacing
- Beam power - Various pattern modifica-
- Beam scan speed tions

tures are sometimes required to aid in the thermal balance or prevent warping of the part [76,
81]. Software solutions become increasingly capable of highlighting regions that may require
additional support and adding these supports to the 3D model [82].

In order to avoid geometrical inconsistencies, it is important to limit rounding or approxima-
tion errors during the conversion of the 3D model to the beam path. Improved geometrical
algorithms [83, 84] and compensation strategies have been proposed [79].

Parameter optimization strategies

The actual production process itself encompasses many more process parameters, the optimal
values of which are sensitive to changes in the equipment (laser, atmosphere) and material
properties (powder morphology and physical properties). These are represented in Table 1.1.
The current level of understanding of the interactions between these parameters requires ex-
perimental optimization of at least some of them [77]. Often process maps are experimentally
defined for new materials and specific sets of equipment [20, 24, 25, 85] (Figure 1.3).

Experimental design strategies have been proposed to decrease the experimental workload,
ranging from factorial designs to genetic algorithms [87-93]. Computer simulations can also
provide a starting point or help define process limits.

1.3.2 Defect reduction

Various types of defects can occur during the production and cause the part to fail quality
control. The main types of defects are: geometrical inaccuracies [30, 94-96], warping [75, 76,
97-101], delamination [20, 98], internal and edge porosity [102-104], balling and spattering (20,
42, 85, 86, 97, 105, 106]. The reduction of the prevalence of these defects can be achieved by
optimizing the process parameters. Other means to reduce defects exist but often negatively
affect the raw productivity, so a trade-off has to be made between fewer failed parts and shorter
production run times.

12
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Figure 1.3 — Proces map for single tracks with various types of anomalies [86].

Scan pattern

The scan pattern is the geometrical pattern the laser beam follows to melt a cross-section of
the part. The basis is usually a series of parallel lines (also tracks or vectors). Many additions
and small variations have been studied. Usually they try to address a specific type of defect.

One variation is to scan the contour of the cross-section as a separate step, before and/or
after the filling of the cross-section. Scanning the contour before filling can reduce the edge
porosity [63, 107].

For large cross-sections, the area can be divided into a series of smaller, connected areas.
Scanning in shorter vectors can decrease deformation (warping) of the part and avoid de-
lamination (the parting of layers) [91, 98, 108]. Shorter vectors also effect the thermal field;
some of the heat of the previous vector is used to decrease the required energy to melt the
next vector. The influence of the smaller areas’ size has been studied both experimentally [98]
and mathematically [107]. Incorporating these patterns in more complex parts poses some
challenges, solutions to these have been proposed and tested [108].

Sometimes the pattern can be adapted to the part shape. Using a concentric circle pattern can
improve the micro-structural homogeneity of cylindrical parts [109].

Scan strategy

The scan strategy encompasses the changes in the scan pattern and process conditions for
different layers or different geometrical features.

A gradual change in process parameters can improve the quality of horizontal overhangs.
Reducing the power and vector spacing at the onset of the overhang, and gradually increasing

13
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the power towards nominal conditions further away improves the geometrical accuracy [94].

Adapted parameters for the first scan vector(s) in a pattern can reduce inhomogeneities in the
part surface [30]. Lowering the laser power at the scan vector extremities can also improve the
surface quality at the edges of a layer [30]. The varying of the laser power can be taken to the
extreme, in the case of pulse shaping. Pulse shaping is a deliberate, pre-configured variation of
the laser beam output as a function of time. Pulse shaping can increase layer bonding, reduce
spatter or reduce warping [97].

Changing the orientation of the scan vectors in between layers can reduce internal porosity
[103, 110] and reduce part distortions [68, 74]. The strategy can also be applied in combination
with multiple scan passes over the same surface for a reduction in thermal stresses and the
related part distortions [111].

Scanning the same cross-section in multiple passes can improve the porosity, the surface finish
of part exteriors [110] and the overall process stability. A first pass at reduced energy followed
by a second pass at full power was shown to significantly lower porosity [112] and improve
processability [103]. Other research found that this strategy can in fact reduce the surface
quality at the edges of a part [30]. Scanning each layer a second time, with parallel vectors, but
in between the previous vectors can also reduce internal porosity [110]. A further reduction
of porosity can be achieved by scanning a first time at double vector spacing, re-depositing
powder at the same layer height and scanning a second time in-between the previous vectors
[110, 113]. These last two examples are applications of non-sequential patterns (the vectors
are not scanned in order).

To reduce the (often negative) effect on the layer quality of the the first scan vectors, the start
point of the pattern can be shifted from layer to layer. This approach has been found to reduce
surface inhomogeneities [30].

The powder layer thickness has been related to the amount of residual stress in produced
parts. Thicker layers have been found to result in higher residual stresses [99]. Starting with
more compact (higher apparent density) layers can result in improved part porosity [102].

Pre-heating

The most common use of powder bed pre-heating is to decrease the cyclical and residual
thermal stresses in the part [76, 99, 100, 114]. This can either be achieved by lowering the ther-
mal gradients during the laser scanning or, if the temperature is high enough, by stress-relief.
Lowering the thermal stresses prevents warping of the part [76, 99, 114] as well as delamination.
The pre-heating can result in demonstrable improvements in the part properties, e.g. the
fatigue life [115]. Pre-heating also helps in the homogenization of the mechanical properties
[115].
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Figure 1.4 — Sample cubes produced without (top) and with (bottom) real-time process control.
The scan speeds were 300, 500 and 700 mm/s from left to right, all other parameters were
constant [117].

Active process control

A more recent development for SLM is active process control. Based on sensor feedback and a
target value, one of the SLM process parameters is adapted in real-time to stabilize the process.
For some processes, like laser cladding [116] and laser welding, this is already an established
technique.

For SLM, the sensors currently measure part of the radiation emitted below and around the
laser beam. The sensor is placed either within the process chamber or outside, using the same
optical path as the laser beam to guide the radiation (also called coaxial setup). The control
variable is so far always the laser beam power [96, 117].

Active process control requires a good understanding of the process to provide the target
value and a good characterization of the process response to changes in the control variable.
Currently, the technique has been demonstrated to be useful in decreasing edge overheating
[42], improving surface smoothness [117] (Figure 1.4), and improving the quality of horizontal
overhangs [95, 96].

1.3.3 Defect detection

The detection of the various defects is an important step towards increased process confidence.
Understanding the defects and the conditions in which they occur can lead to better processing
strategies. Critical defect detection can save time by aborting the process before completion
or by removing the defective part from the process queue if multiple parts are produced
simultaneously. The focus here is on defect detection during the process, called on-line
process monitoring.
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Process monitoring

Already in place for other manufacturing processes as laser welding, cladding and classical
manufacturing processes [19, 47, 116, 118-121], online monitoring is an effective method to
control part quality. Different methods and sensor types exist for process monitoring of laser
material processing. Most frequently used are the observation of back reflected laser radiation
(for the most popular laser sources at a wavelength of 1 = 1060-1070 nm), plasma induced
radiation (1 =400 nm to 650 nm) and thermal radiation (1 = 900 nm to 2300 nm). The used
detectors can be separated into two types: spatially integrating, e.g. photodiodes and spatially
resolving, e.g. CCD and CMOS-cameras [122].

The Katholieke Universiteit Leuven has a long tradition in melt pool on-line monitoring [63,
95, 96, 117, 123-125]. An in-process system based on a high speed CMOS camera (10 kHz,
20x16 pixels) and photodiode has been developed. The camera and photodiode look at the
process through the beam deflection unit and thus the system is capable of observing the melt
pool at all times during the process, regardless of the movement of the laser spot. The CMOS
camera and photodiode can extract information from the melt pool radiation. The photodiode
integrates all melt pool radiation whereas the CMOS camera provides a two-dimensional
image from which the melt pool geometry can be extracted. Some post-processing steps
such as thresholding and filtering of tiny particles around the melt pool are required before
the extraction of melt pool geometry giving the melt width, area or length. An important
application of the monitoring data is mapping [125]. This visualization technique correlates
each data point to the physical location where it was taken. The resulting image gives more
information about structural defects as overheating and de-lamination (Figure 1.5).

On the basis of this type of image processing, it is shown that the size of the bath increases
almost linearly with respect to the laser power and decreases exponentially with the scanning
speed. In addition, there is a correlation between the size of the bath and the signal of the
photodiode. With this system, many problems related to excessive oxygen, powder layering
failures, dirt on optics and sub-optimal process parameters, can be detected during or after
the process [124]. For instance, the build can be stopped if it will not succeed due to some
problems such as excessive powder feed and insufficient melting of the thick layers. Stopping
the build may prevent any possible material waste and extra effort to recycle the deposited
and unused powder.

In the Ecole Nationale d’'Ingénieurs de Saint-Etienne (ENISE) a monitoring system was devel-
oped to visualize the melting of metallic powders [14, 61, 126-128]. Visualization is carried out
using LED illumination and a CCD-camera. A photodiode-based, two-wavelength pyrometer
is used to measure the maximum surface temperature in the irradiation spot. It is found that
the maximum temperature value is rather sensitive to deviations of SLM parameters from
their optimum values. For example, a sharp temperature increase and its instability indicate
that the energy input per unit length of beam scanning should be decreased. The monitoring
equipment can also help in assessing process parameters like the scan vector spacing, the layer
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Figure 1.6 — The use of process monitoring for process characterization. Pyrometer output for
the scanning of two simple squares, one using a simple one-zone parallel scanning strategy
(left) and one using a two-zone scanning strategy (right) [112].

thickness and the scan pattern type [112] (Figure 1.6). For example, the measured temperature
decreases with increasing vector spacing, and increases with increasing layer thickness. The
camera output was detailed enough to detect overheating at the start of scan lines and the
ejection of molten droplets from the melt pool. Extensive quantification of the characteristics
of these droplets was carried out [14].

The Fraunhofer-Institute in Aachen uses a mix of the previous techniques [122]. The image
information from the processing area is transmitted back through the laser beam optical
system. Imaging at high scanning velocities with a high resolution requires an additional
external illumination source.

While the previous systems use the laser optical path for the monitoring system (coaxial setup),
there are also systems which directly view the processing surface. The sensors can be normal
cameras or pyrometers. This technique allows for a larger field of view and the characterization
of the thermal field around the melt-pool over multiple scan vectors. The technique has been
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applied to the investigation of the influence of a wide array of process parameters as: beam
power, scan speed, vector spacing, vector length and layer thickness [129].

1.3.4 Defect repair

A combination of process monitoring and repair scan strategies can be implemented to detect
defects and attempt a repair. For example a region with insufficient melting (laser beam
occluded, more thermal losses through the part) can be repaired by re-scanning the specific
region. Excessive surface rugosity could be remedied in the same way, preventing a process
shutdown [103, 112]. Up to now, no concrete implementations of real-time repair strategies
have been reported. However, the use of laser remelting for crack repair or stress relief has
been explored [130].

1.3.5 Post-processing

Post-processing can add a significant workload to the SLM process [15]. Part removal from the
build surface often requires wire cutting or electro-erosion [124]. Faces which form part of an
assembly often require surface finishes [78] or precision milling [78]. Even normal faces may
need to be treated due to the sintering of powder in the heat affected zone surrounding the
solidified material [131]. Powder removal can be tricky for parts with complex internal struc-
tures which have to conform to strict hygienic conditions (e.g. implants). Some techniques
have been reported which can decrease the post-processing time [81].

Adaptive surface quality

Scan strategies which result in a smoother surface layer can be selectively applied to external
faces of the parts. Solutions exist for upwards facing surfaces [112, 124], downward facing
surfaces [94] and vertical surfaces [107]. These techniques can decrease the need for post-
process surface finishing operations [132].

Support-free construction

Optimized process strategies [35, 107] and low expansion coefficient alloys or eutectic alloys
[81] reduce the need for additional supports at overhangs. This can significantly reduce the
post-processing effort. Analysis of the build process by optical sensors can help in optimizing
the use of these support structures [125] (Figure 1.5).

1.4 Versatility

The following section groups SLM innovations which increase the versatility of SLM. This
can be related to material properties, new materials or new applications for the SLM process.
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Expanding the applications often leads to equipment cost reductions, incites more research
efforts and increases machine utilization.

1.4.1 Physical properties

The physical properties of dense, defect-free parts are largely defined by the material micro-
structure. The SLM process often results in performant micro-structures as built, though
post-process heat-treatments can be used to tune the properties as desired.

Micro-structure formation

The rapid heating and cooling -up to several 10 Ks™! [16]- which is characteristic for the
SLM process is particularly suited for creating very fine micro-structures. Significant research
has ben performed on the implications for the mechanical properties. An ultra-fine lamellar
a + B micro-structure (200-300 nm) in Ti-6Al-4V resulted in both a yield strength and ductility
improvement over electron beam melting and mill-annealing [133].

The fast cooling allows the preservation of meta-stable micro-structures. The combination of
hard martensitic phases and the fine grains can significantly improve the part wear rate (40%
lower wear rate compared to cast samples) [134].

The micro-structure, in particular the preferred crystallographic orientation and the size
distribution of the grains, can be tailored by varying the process parameters [109, 135]. This
flexibility can be used to optimize the (anisotropic) mechanical properties for specific load
cases [80].

The SLM process is also interesting for the field of high entropy alloys. High entropy alloys are
multi-component alloys (typically >5 components) with either very complex micro-structures
or a single-phase solid solution. This class of metals is very promising for the development
of new specialized alloys. FeCoCrNi samples with a single-phase micro-structure have been
produced [72]. The mechanical properties are superior compared to arc-melting and casting of
the same alloy and comparable to SLM produced stainless steels. The increased performance
is attributed to the finer micro-structure.

Heat-treatment

Post-process heat-treatments are applied for various reasons. The fast cooling and the re-
peated thermal cycles due to the layered process can result in high internal stresses. Stress-
relief heat treatments can result in improved ductility, especially when performed under
increased pressure (HIP) [34].

Peak hardening of SLM produced AlSi10Mg samples can increase the (high-cycle) fatigue
resistance and decrease the build orientation induced anisotropy of the properties [115].
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Annealing heat treatments can incite precipitation, increasing the yield strength, ultimate
tensile strength [34] or hardness [91, 136].

1.4.2 Novel materials

The SLM process is increasingly applied to the production of metal matrix composites, where
the reinforcement is usually a particulate ceramic. These materials lead to, for example, light
weight materials with increased strength, hardness, wear resistance and/or thermal stability.
The SLM process has some key advantages compared to the processes currently used (arc
melting, stir casting, sintering). These advantages include better homogeneity and higher
interface strength [137, 138]. In-situ formation of the reinforcing particles can result in even
better homogeneity and smaller reinforcement sizes [137-139].

Functionally graded materials are materials with locally varying compositions. The technique
has been researched for tool steel (H13) - copper mixtures with the goal of creating regions
with higher thermal conductivity in hard cutting tools [113].

The production of shape memory alloys has been researched [109]. The SLM process allows
(limited) control of the transformation temperature by varying the laser scan speed.

1.4.3 Novel applications

Originally the SLM was mainly applied to (functional) prototypes and tools for use in other
production processes (molds [140], cutting tools, dies [4, 21, 113]). Better part quality and
increased process understanding have expanded the application field to the medical sector
(implants, surgical aids) and the aeronautics sector [10].

There are still areas where the SLM process can get a foothold. An example is the electronics
and sensors sector, which require a downscaling of the process. Research into even thinner
layering devices [141] is one example which can further develop this field.

1.5 Conclusion

It is clear that there are many aspects of the SLM process where improvements are both
possible and actively researched. Each of these aspects is quite complex and oftentimes
an actual improvement in productivity depends on the interaction and trade-offs between
multiple aspects. Table 1.2 gives an overview of the treated aspects and how they interact.

The effort is concentrated around improved understanding of material properties and physical
mechanisms, integration of diagnostic sensors, hardware improvements and increasingly intel-
ligent software solutions. The following thesis topics concentrate mainly on the understanding
of the physical mechanisms and related diagnostic techniques.
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Table 1.2 — SLM process productivity aspects and the related benefits and drawbacks.

Aspect Positive influences Negative influences

Raw productivity

High power lasers Laser scanning time Process optimization time
Multiple lasers Laser scanning time Scan path complexity

Alternative energy sources

Energy optimization

Structural optimization

System identification

Process understanding

Laser scanning time

Laser scanning time, energy
usage

Laser scanning time, mate-
rial usage

Laser scanning time, geo-
metric tolerance optimiza-
tion

Laser scanning time, pro-
cess stability, parameter op-
timization

Material properties, process
stability, part extraction
cool-down

Process optimization time,
strategy complexity

Process data generation,
3D model optimization,
requires good mechanical
property prediction

Scan path complexity

requires large research effort

Effective productivity
Defect reduction

Defect detection

Defect repair

Failure rate, mechanical
properties

Lasing time, qualification
Failure rate, mechanical

properties

Process optimization time

Detection calibration time,
process control complexity
Laser scanning time, process
control complexity
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Y4 General materials and methods

2.1 Introduction

This chapter introduces the main equipment, materials and methods which are used by most
of the experimental procedures of the next chapters.

2.2 Selective Laser Melting machine

Almost all of the experiments in this work are performed on an in-house built SLM machine
[50, 142] (Figure 2.1). The base machine is composed of a vacuum chamber with gas inlets for
atmosphere composition control. Vacuums up to 10~* bar are possible and the available fill
gases are Nitrogen and Argon.

The chamber has a circular build platform with a 100 mm diameter and approximately 60 mm
of vertical travel (z-axis).

The main laser source is an IPG Ytterbium fiber laser with a 500 W maximum output, a
Gaussian beam profile, a minimum beam waist of 57 um and a wavelength of 1070 nm. The
laser beam is displaced by a 2-mirror scan head with an f—6 focusing lens with a focal distance
of 714 mm. The scan head mirrors are controlled by a XY-200 controller, while the general
beam path and laser beam control is assured by a Cambridge Technology SM1000 controller.

For the powder layering, the system can be configured in several ways to allow deposition by
a sieve and roller system or by a hopper and rake system. The execution of the layering and
lasing steps is performed by a PC with custom software, programmed in National Instruments
LabVIEW as part of this thesis.

The base machine can be equipped with a diverse series of measurement devices, such as
thermocouples, cameras or photodiode systems. These will be further detailed in the relevant
chapters.
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Figure 2.1 — Photograph of the experimental SLM machine setup.

2.3 Reference materials

Four materials are selected as the base reference materials for the experiments. The first is a
Maraging 300 type steel (SandvikOsprey), the second is an AlSi10Mg alloy (AvioProp), the third
is commercially pure silver (Nippon Atomized Metal Powders Corporation) and the fourth
is a commercially pure titanium (PyroGenesis). The first two are commonly used both in
SLM processes and in traditional processes. The Maraging steel is suitable for dies, tools and
in general applications which require high tensile strength at elevated temperatures. The
AlSi10Mg alloy is used in lightweight aerospace structures. After precipitation hardening a
high specific tensile strength is achieved. The silver has potential applications for the (Swiss)
jewelery sector. Titanium is used in lightweight structures and medical tools and implants.

The materials have also been selected because of their varying physical properties. The silver
and aluminum alloy have a much higher thermal conductivity and reflectance compared to the
steel and titanium. This difference will be exploited in the chapters on thermal conductivity
and radiation absorption. The silver powder is also interesting because of the small granule
size and spherical particles. The AlSi10Mg alloy consists predominantly of large, irregular
particles. The Maraging steel powder consists mostly of spherical particles, but the larger
particles often have small particles (satellites) attached. This limits the flowability of the
powder. The Titanium particles are spherical and smooth and the powder flows very well.
Custom powder deposition strategies have been developed for each powder.

The powder properties are detailed in Table 2.1. Figure 2.2 shows the powder morphology. The
powder composition and particle size are as stated in the material data sheet or accompanying
manufacturer information. The relative densities were obtained using the procedure in
Section 2.4.2. A summary of thermal and physical properties for the equivalent bulk materials
is provided in Table 2.2.
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Table 2.1 — Chemical and physical properties of the reference powders.

Maraging  AlSil0Mg Silver Titanium
300 steel
Composition Fe 60 —70; Al 80 —90; Ag>99.9 Ti >99.6
Ni 10-20; Si 9 - 11;
Co 0-10;, Mg0.2-0.5
Mo 0 - 10;
Al0-10
Particle size [um]; 10%,50%,90%  3.5,8.2,9.4 20-63 3.1,5.,5,89 8.0, 14.3,
24.1
Particle shape Spherical, Irregular Spherical,  Spherical,
satellites non- smooth
smooth
Bulk density [kgm™3] 8.26x 103  2.68x10%  10.49x10% 4.50x103
Apparent density - deposited [%] 44 49 31 57
Apparent density - tapped [%] 60 58 51 65

Table 2.2 - Thermal and mechanical properties for the reference materials in bulk form.

Maraging  AlSil0OMg  Silver (c.p., Titanium
300 steel [144] annealed) (c.p.) [146]
(SLM, [145]
as-built)
[143]
Heat capacity [J kg_1 K™ 1] 540 960 230 530
Thermal conductivity [Wm™'K~!] 19-21 113 419 17
Melting point [°C] 1427-1454  557-596 962 1650-1670
Heat of fusion [Jkg™!] 247x10°  389x 103 105x 103 435x103
Elastic modulus [GPa] 160-200 71 76 116
Yield strength [MPa] 900-1100 170 / 140
UTS [MPa] 1000-1200 300 140 220
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Figure 2.2 — Micrographs showing the reference powder morphology.

2.4 Additional methods

2.4.1 Microscopy

The various optical micrographs are obtained by an Olympus SZX10 stereo-microscope. The
electron microscope micrographs are obtained using a FEI XLF-30 FEG scanning electron
microscope. Both backscattered electron (BSE) and secondary electron (SE) images are
available.

2.4.2 Powder apparent density

The apparent densities in Table 2.1 are obtained using a volumetric cup (24.80 cm?3). The
density is measured after gentle deposition (deposited) and after manual tapping (>50 times,
tapped) using an extension cylinder. The extension cylinder is lifted and excess powder is
removed by a scraper blade. Weighing of the powder contents and division by the cup volume
yields the apparent density. Each measurements is repeated at least five times. The densities
are presented as a fraction of the bulk density.
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] Radiation-material interaction

3.1 Introduction

3.1.1 Aim

The aim of this chapter is to improve the understanding of the radiation-material interaction
and the influence of the melting process. The principal characteristic for this interaction is the
absorptance, or the ratio of the energy absorbed by the material to the total incoming energy.

The absorptance defines a part of the efficiency of the process, but has also implications for
the stability of the process. The material undergoes large physical changes during the melting
phase. This changes the momentary uptake of energy (absorptance) and modifies the energy
balance.

The experimental measurement of the absorptance during the radiation-material interaction
is used to study the qualitative material changes and the dynamics thereof. The aim is to
obtain a description of the energy uptake which is representative for the SLM process. The
results can be used in material selection and for numerical simulation models.

3.1.2 Methodology

A methodology has been defined to carry out absorptance measurements as close as possible
to SLM conditions. The followed steps are:

- Design and implementation of an absorptance measurement system, capable of working in
conditions close to SLM;

- Validation of the system by correlation with existing data;

- Validation of the system for conditions with no comparable, existing results;

- Measurement of the absorptance change in conditions closely mimicking the process.

The definition of ‘close to SLM conditions’ for this work means a comparable:
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- Powder bed state;
- Beam type, size and power;

- Timescale of the absorption event.

The measurements close to SLM conditions gradually increase in complexity. The steps are:

- Measurement of the absorptance in the initial and final material states, specifically the
powder bed and the fully dense solid, at room temperature;

- Measurement of the absorptance during a controlled transition between these states, emu-
lated by short beam pulses using a static beam.

3.1.3 State of the art

A more extensive description of radiation absorption in SLM can be found in Section 1.2.7.
The general state is that it has been demonstrated that both the surface roughness and surface
oxidation level can significantly alter the radiation absorption for solid surfaces [46]. Xie et al.
(1999) [49] carried out absorptance measurements on molten metals, using different types
of lasers. The absorptance of powders for application in SLS and SLM has been studied by
Tolochko et al. [45] and Furumoto et al. [58]. Both used an integrating sphere type setup.

3.1.4 Novelty

The previous research measures the absorption properties mainly for a stable material state
(exceptions [45, 49, 55]). The conditions were also selected in a way to avoid effects which can
decrease the measurement accuracy, resulting in a low energy flux and longer measurement
times.

The current work includes a study of what actually happens during the melting and solidifi-
cation of the original powdered material and the effect of non-idealized conditions. These
include higher energy fluxes and shorter exposure events, as well as possible oxidation effects.

3.2 Design and implementation

3.2.1 Method selection

There are several methods for measuring the absorptance of a material. Most can be catego-
rized as reflection based or based on caloric measurements. Direct reflection methods were
not suitable because of the strong diffuse reflection component and the in-homogeneity of the
diffuse reflection. Caloric measurements are not compatible with the time scale and spatial
resolution of the measurements.

The selected method is an indirect reflection based method, often referred to as the integrat-
ing sphere method or Ulbright sphere method. The method homogenizes the total diffuse
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reflection, and optionally also the specular reflection. Drawbacks of the method are the need
of a reference standard and the sensitivity of the sphere inner surface to powder blowout.

3.2.2 Implementation

The integrating sphere has an internal diameter of 95 mm and contains three port holes. One
is a rectangular laser beam entry hole of 15 by 5 mm; one a circular sample hole of 8 mm
diameter and one a circular detector hole of 2.7 mm diameter. The total surface area of the
port holes amounts to 2.3% of the integrating sphere surface. The detector port hole contains
an SM1 threaded fixture suitable for the attachment of a photodiode, possibly in combination
with 1” diameter optical filters. The port holes are constructed so that no direct reflections
can reach the sensor chip of the detector. The integrating sphere coating consists of a 1.8 mm
thick layer of Gesso paint, applied in > 10 layers and polished.

The integrating sphere is equipped with a Thorlabs PDA36A, Si-based, photodiode with a
measurement range of 350-1100 nm and a sensor area of 13 mm?. The photodiode has a
built-in amplifier with an amplification factor between 0 and 70 dB (Figure 3.1).

3.2.3 Integration

The designed setup is compatible with the in-house developed SLM machine, as described in
Section 2.2 and shown in Figure 3.2. The integrating sphere replaces the powder container
of the sieve and roller powder layering device. Sample holders can be placed on a specially
prepared substrate plate. The laser beam follows the same optical path as during normal SLM
operation, as depicted in Figure 3.1. In this case, the beam passes the collimator, the beam
splitter mirror of the Vision sensor system (optional), the CTI scan head with the f6-lens and
a protective glass, to finally enter the process chamber. The target sample can be introduced
in the focal plane of the laser beam, or at a specific de-focus distance. De-focus is possible
by using a raised platform for the integrating sphere and the z-axis of the table for raising the
target sample.

Custom samples were machined from the reference materials (Section 2.3). The sample
surface is circular with a diameter of 6 mm. Some samples have a top surface which is at an
angle with the measurement plane in order to study the effect of specular reflections and to
validate the sphere homogeneity (Figure 3.3). Small cups for powder samples are prepared in
the same shape, with inner dimensions of 4 mm diameter and 3 mm depth. Non-standard
solid samples are simply positioned on top of a standard sample holder.
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Figure 3.1 — Schematic of the laser beam path for integrating sphere measurements.

Figure 3.2 — Picture of the integrating sphere setup in high flux mode, inside the SLM process
chamber.
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Figure 3.3 - Demonstration of the sample placement for the measurement of the specular
reflection component.
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Table 3.1 — Absorptance values for the calibration materials.

Material Absorptance Source

Fine polished aluminium 5% Wijers et al. 1996 [27]
6% Xie et al. 1999 [49]

Rough polished aluminium  30% Nicolle et al. 1969 [147]
10-21% Xie et al. 1999 [49]

3.3 Materials

3.3.1 Calibration materials

The calibration material is an Aluminum 7075-T6 (AlZn5.5MgCu). Two surface preparation
methods are considered, one polished at 320 grit (Ra ~ 0.25 um), the second polished down to
4000 grit (Ra <0.1 um) using SiC coated paper.

Values for the reflectivity of the reference materials are obtained from literature (Table 3.1).
These are values for similarly rough material surfaces for radiation at the same approximate
wavelength (1060-1070 nm).

3.3.2 Sample materials

The three base materials as described in Section 2.3 are used for the powder samples. The
samples are prepared by gentle deposition of an excess of powder in the sample holder,
followed by removal of the excess powder by a scraper blade.

The dense Maraging steel samples are produced in-house by SLM. The oxidized sample is
produced in normal atmosphere. For the base sample the production chamber’s atmosphere
was evacuated (to +5 x 1072 atm) and subsequently filled with Argon gas. All other processing
steps and conditions are equal. After processing, the samples are cleaned using pressured air.

3.4 Methods

3.4.1 Calibration and validation

The integrating sphere method requires reference standards with a known absorptance for the
calibration of the sphere/sensor combination. Furthermore, validation measurements are
performed for sensor linearity and sphere homogeneity with regard to angle of incidence of
the beam and the in-plane sample orientation.

The calibration is performed for two beam flux densities (energy per unit of surface and unit
of time). The flux density is varied by off-setting the sample from the laser beam focal point,
which increases the beam area. The first series of measurements has the sample surface at 80
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Table 3.2 — Overview of the various calibration conditions.

Beam power Sample de-focus Angle of incidence Surface polish

30W, 30-100 W 0 mm, 80 mm 90°, 85°, 80° 320 grit, 4000 grit

mm offset from the beam focal point (de-focus) in order to create a larger sampling surface
and have a lower beam intensity. These are referred to as the low flux (density) measurements.
The second series of measurements has the sample surface at the beam focal plane, where it
has a waist of about 57 pm. These are referred to as the high flux (density) measurements.

The standard input beam power is 30 W. For the linearity validation the beam power is
increased from 30 to 100 W, in steps of 10 W. The effect of the angle of incidence is mea-
sured for angles of 90°, 85° and 80°, relative to the sample surface. The 90° measurement
excludes specular reflections (Figure 3.3). The sphere homogeneity is verified by rotating the
(inclined) samples by approximately 90° around the beam axis between measurements. The
test conditions are summarized in Table 3.2.

Each measurement series consists of samples taken at 8 different locations. Between each
series the sample surface is re-polished and cleaned. The tests are all performed under normal
atmospheric conditions.

3.4.2 Measurement procedure

The measurements with a stationary beam are performed with modulated pulses of the laser
beam. The beam output during a pulse is constant, except for the on/off transients which take
approximately 20 us for the on-transient and 20-50 us for the off-transient, as measured by a
high-speed photodiode coupled to an oscilloscope. The beam output is 30 W, measured at the
sample surface.

Again 8 positions are sampled per measurement, with sufficient time between pulses and after
displacements to stabilize the powder surface and the beam position.

3.4.3 Data-acquisition

For the low beam flux samples, a single measurement pulse has a duration of 100 ms with
a sampling rate of 500 samples per second. The measurements at high beam flux -with the
sample at the laser beam focal point- are performed for either 2 ms with a sampling rate of
50 000 samples per second or for 0.5 ms with a sampling rate of 100 000 samples per second.
These settings result in 50-200 data points per sample.

A second sensor measures the beam output level, synchronized with the integrating sphere
Sensor.
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3.4.4 Data analysis

For the average absorption calculations the data is analyzed by an automated pulse detection
algorithm which uses the second beam output sensor and a thresholding algorithm. The
integrating sphere data points are averaged and additional statistical information (median,
standard deviation) is stored.

For the dynamic analysis the curves of multiple measurement series are averaged. Approxi-
mate models are derived using the least squares method.

3.4.5 Absorptance calculation

The sensors provide readouts of the signal intensity in Volts. The signal intensity is proportional
to the average intensity of the reflection. For each measurement, samples are acquired at zero
beam intensity to define the zero offset of the sensor signal. This offset is calculated as the
average over 50-100 data points and is subtracted from the raw signal:

signal = raw signal — zero offset. (3.1

The reflectance of the sample can be calculated by comparing the sample signal to the signal
of a reference material with known reflectance, according to:

sample signal

sample reflectance = x reference reflectance. (3.2)

reference signal

In some cases an adjustment may be required if the sampling beam power is different from
the reference power:

sample signal reference power
———— xreference reflectance x — . 3.3
reference signal input power

sample reflectance =

Or after grouping the calibration parameters:

sample signal reference reflectance x reference power
X

sample reflectance = (3.4)

input power reference signal

For the calculation of the absorptance, the assumption is made that there is no transmittance
of radiation through the sample and that the contribution of emitted radiation is negligible.
Under these conditions, the equation simply becomes:

sample absorptance = 100%—sample reflectance. (3.5)
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Figure 3.4 — Demonstration of a series of calibration and validation measurements using
Aluminum 7075 and a high flux density beam (in-focus).

3.5 Results and discussion

3.5.1 Calibration and validation

Figure 3.4 demonstrates a calibration and validation series for a high flux density beam. It
shows the sample signal for varied conditions. Several results can be derived from this data.

The signal value is used for calibrating the integrating sphere. The reference measurement
series is the one with a rough polished surface (320grit) and a non-perpendicular angle (85°) to
include the specular reflection in the measurement. The reference reflectivity is from Table 3.2.
The conversion value for this particular calibration was 0.052 VW™, The other measurements
are used to investigate the sub-properties of the reflection.

The trend in the data for linearly increasing beam powers can validate the linearity of the
detector. This is under the conditions that the beam output is stable and the material state
does not change significantly. For the reference measurement conditions and the selected
power range the trend is confirmed to be linear. The standard deviation of the conversion
value over the calibration range was +2%.

The error bars on the graph represent the standard deviation of the sample signal for 4 samples
with a different in-plane orientation. The orientation shift is approximately 90° between each
sample. The standard deviation for the reference series is 3 — 10%, for the other conditions it
is generally higher and on the order of 10 — 20% or even more for the finer polished surface
with perpendicular beam. The standard deviation over the 50-100 data points of a single beam
pulse is 3 — 6% for the reference conditions. This means the orientation does not influence the
results.

The difference between the 320grit and 4000grit polished surfaces with a perpendicular beam
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is a measure of the specular and diffuse components of the reflection. It is clear that a 4000grit
polish is not yet mirror-like, but the diffuse component of the reflection is only one third
compared to the rougher surface. Since the total reflectance is similar, as demonstrated by
the measurements at non-perpendicular angles, the specular reflection has to be higher. A
higher specular reflection is more sensitive to local variations in the sphere coating, explaining
the higher standard deviation between samples. This is compounded by small variations in
the surface orientation for the perpendicular samples, causing some portion of the specular
reflection to be included in the measurement.

While at non-perpendicular beam angles the sample signal seems lower for the smooth pol-
ished samples compared to the rough polished samples, the variation is within measurement
€error.

3.5.2 Absorptance
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Figure 3.5 — Average absorptance measurements for several materials and material states.

Figure 3.5 groups a series of averaged absorptance values. The obtained results for the bulk
Maraging steel (55%) are in line with reported values for non-polished stainless steels (40—60%
[43]). As previous research pointed out, the absorptance for powders can be significantly higher
compared to the dense material state. The effect is increasingly large for highly reflective
materials. The absorptance for powdered aluminum (AlSi10Mg) and silver are approximately
six and ten times higher, respectively(62% to 5 — 10% for aluminum and 53% to 1 — 5% for
silver), compared to reported values for dense, flat samples. For Maraging steel, which has a
higher absorptance for the base material, the increase is less than two times (78% vs 55%). No
direct comparison with literature is available, however the measured values are in line with
those reported for metal powders (65 —80% [45]).

One observation is the good agreement of the results for the Maraging steel powder for low
and high flux density beams. For sufficiently short exposure times a higher flux density can
be tolerated. The high flux density measurements also have a small sampling surface, the
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diameter of which is in the same order of magnitude as the individual powder particles. The
current measurements, however, do not show a bias or change in the results.

The direct comparison of the absorptance of powdered materials is not possible with the
current results as the powder morphology is different for the three tested materials.

Another observation is the effect an oxidation layer can have on absorptance. The dense
Maraging steel samples produced in normal atmosphere presented an oxidized top surface,
which seems to greatly increase the absorptance. The hypothesis is that the increase in
absorptance is due to the increased surface rugosity by the oxidation layer, rather than through
a higher absorption by the oxides. This hypothesis is supported by Bergstrom (2008) [43] who
found a 50% increase in absorptance with increasing surface rugosity for stainless steel, and
the low absorptance of the oxide particles themselves [45, 46].

Overall, the state of the material under the laser beam and the environmental conditions can
greatly affect the absorbed energy during processing.

3.5.3 Absorptance evolution

Figures 3.6 and 3.7 show the evolution of the absorptance for the transition from powder to
liquid. The instantaneous absorptance is integrated and multiplied by the beam power to
obtain the total energy absorption. Each graph contains a measurement series of 8 samples
(graphs in grey). The samples are fitted with a simple logarithmic equation using a least-
squares-error fit to demonstrate the trend.
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Figure 3.6 — Evolution of the instantaneous absorptance during the transition from powder to
liquid metal for Maraging steel. Compilation of 8 measurements (grey) and a least-squares
exponential fit (black, —0.0441n(x) + 0.84).

A notable observation is that the instantaneous absorptance stays higher than the absorptance
of the equivalent dense, flat material. This could be due to the surface of the molten liquid,
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Figure 3.7 — Evolution of the instantaneous absorptance during the transition from powder
to liquid metal for commerically pure silver. Compilation of 8 measurements (grey) and a
least-squares exponential fit (black, —0.091n(x) + 0.54).

Figure 3.8 — The melting of Maraging steel powder with a static beam. State after 500 us and
2000 us of exposure at 30 W beam power, in high flux density mode.

oxides, temperature dependence of the absorption or absorption of a part of the radiation by
the surrounding powder. This observation is of importance when absorption properties are
used in numerical simulations of the SLM process; standard literature values for the dense
material may not represent the reality.

The graphs demonstrate the variation of the absorptance during the transition and variance
over multiple samples. If the powder bed quality is good (uniform density and flatness) the
absorptance varies only by 5-10 percent points. However, defects in the powder bed can
greatly influence the total energy absorption. Increases of the total energy absorption of 50%
have been measured. These can significantly change the energy balance. The effect depends
on the size and shape of the defect, and the depth of the powder bed. A small crack results
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Figure 3.9 — The melting of commercially pure silver powder with a static beam. State after 500
us and 2000 us of exposure at 30 W beam power, in high flux density mode.

in higher absorption and less material availability, which can disrupt the melt pool, provoke
overheating and/or create pores.

Figures 3.8 and 3.9 show the effect on the material for pulses of different durations. The figures
show how the molten material usually takes on a spherical shape due to surface tension forces.
The shape change, together with the material shrinkage during the transition from porous
powder to dense liquid causes a gap between the liquid and powder. The lower intensity
radiation at the edge of the beam and any heat transported through the material also cause
(partial) sintering of the powder and create a heat-affected-zone.

3.6 Additional considerations

The current method’s implementation relies on the absence of emission of radiation during
the absorption event. For some conditions, especially in normal atmosphere, the oxidation of
powder particles may cause significant emissions. The sensor also detects radiation in a wide
band so thermal emission could disturb the measurement. For the parameters used in this
study the thermal radiation is expected to be less than 1% of the reflected beam power. An
improved implementation could use optical filters in front of the sensor in order to remove all
radiation except for the radiation with a wavelength close to the laser beam’s wavelength.

At high beam intensities, the rapid heating and corresponding expansion of the gas/air in
between powder particles can cause particles to be ejected from the powder bed. This phe-
nomenon is called powder blowout. When these particles are suspended in the atmosphere
they may obstruct the laser beam, altering the measured reflection. The powder particles
will eventually be deposited on the sphere’s coating and cause contamination, skewing the
measurements.

The SLM process often takes place within an enclosure with a protected or non-oxidizing
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atmosphere. While the experimental setup supports protected atmospheres, the combination
with the integrating sphere module was not possible due to powder blowout during the
flushing.

The beam power applied during the experiments is lower than the powers which are used
nowadays in SLM. The reason is to prevent damages to the sphere coating. However, recent
experiences suggest that samples with a low specular reflection component could permit
higher powers.

3.7 Conclusion

Itis demonstrated that the integrating sphere method can be an effective method for the study
of the radiation-material interaction in SLM. The designed implementation is a technologically
straightforward way of performing absorptance measurements in SLM conditions. The validity
of the setup and the absorptance results have been proven by comparison with available data.

The possible influence of the base material properties, the presence of oxides and the material
surface have been studied, though not extensively. The absorptance does not vary much for
surface rugosities typical of SLM processed samples. However, the presence of oxides can
have a large influence.

The absorptance of the material in the powdered state can be several times higher compared
to the dense and flat material state, especially for materials with a low natural absorptance.

Furthermore, the approach can also be applied to the transient behavior of the absorptance
during the melting of powder. The results are of particular relevance for numerical simulations.
They also demonstrate the importance of a uniform powder bed for maintaining a consistent
energy balance.

Overall, the approach presented in this chapter can be of use for SLM machine manufacturers
to study material and environmental influences and aid in process optimizations by optimizing
the energy absorption for quantity and stability.
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Heat diffusion in powder beds

4.1 Introduction

This chapter expands on existing methods for characterizing the heat diffusion in packed
powder beds. In packed powder beds the heat transport mechanism is characterized by heat
diffusion. The diffusion can be quantified by the thermal diffusivity or thermal conductivity
of the powder bed. These properties are dependent on the material, the material state and
environmental properties (fill gas, temperature, pressure).

4.1.1 Aim

The focus is on the measurement of the effective thermal conductivity for various powder
materials in the initial packed bed state or in a partially sintered state. The effective thermal
conductivity in the powder state has no direct relation to the melt pool created by the laser
beam, but it defines how heat will spread in the surrounding powder. This in turn influences
part surface quality and precision. It can also alter material properties as the absorptance,
which influences the melting of subsequent tracks.

The general aim of this chapter is to contribute to the available data on the thermal conduc-
tivity of powder beds. The implementation is also chosen in such a way as to enable future
studies of the thermal conductivity change during powder sintering.

4.1.2 Methodology

The thermal diffusivity is measured using the flash method, with a laser beam to excitate
the surface of the powder bed. The thermal conductivity can be derived using the material
volumetric density and specific heat capacity.

The flash method is a transient method, which uses information on the change of temperature
over time. A laser beam pulse initiates a heat wave which propagates through the powder
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bed, increasing the local temperature before cooling back down (Figure 4.5). A thermocouple
which is embedded in the powder bed below the laser beam center measures the temper-
ature response. The time between the laser pulse and the measurement of the maximum
temperature at the position of the sensor is characteristic for the thermal diffusivity.

4.1.3 State of the art

Section 1.2.7 gives an overview of works related to heat transfer in SLM. The flash method has
been in use since the 1960’s [148], though initially for dense, solid materials. Many different
implementations exist, using various geometries for the heat source and different types of
sensors for the temperature response registration. The conductivity of powders and other
granulated materials has been experimentally studied using transient methods since the 1930’s
[51].

The experimental study of the thermal conductivity of powders in relation to the SLS/SLM
process is more recent [58, 149-151]. All use some form of the flash method. Taylor et al. (2001)
[151] use both a stationary and moving laser as the excitation source, a thermocouple as the
sensor and the time to maximum temperature as the characteristic. Furumoto et al. (2007) [58]
use a similar setup to study the influence of the powder particle size and powder bed (relative)
density on the thermal conductivity. Sih et al. (1992) [149] use the rate of temperature increase
as the characteristic to measure the thermal conductivity of powders for temperatures up to
100°C using a water bath. Rombouts et al. (2005) [150] use a pyroelectric sensor to study the
influence of the material composition and the powder bed density.

The basic flash method puts some conflicting requirements on the test conditions:

- Enough energy needs to be delivered to provoke a well-defined temperature rise at the
position of the sensor, however, the energy shouldn't alter the material state;

- The sensor should not be too far from the surface to prevent dissipation of the energy, but it
should be far enough to consider the beam a point source;

- The duration of the beam exposure should be small compared to the time the thermal front
takes to reach the sensor; however, this decreases the delivered energy.

Typical test conditions use a low intensity beam with a relative large cross-section and pulse
duration, and place the temperature sensor at 5-10 mm deep in the powder bed. With the
assumptions of far enough boundaries and heat transport only by conduction, a simplified
heat diffusion model can be used. The model is based on semi-hemispherical diffusion from
a point source. Furumoto et al. (2007) [58] pose that for a sufficiently small beam radius to
measurement depth ratio (<1.22) and for a sufficiently large time to maximum temperature to
pulse duration ratio (>10) the diffusivity is characterized by:

depth?

diffusivity = .
ty 6 x time to max. temperature

4.1)
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4.1.4 Novelty

Due to the measurement conditions, the usual simplified equations for the calculation of the
diffusivity can not be used. A series of finite element simulations of the experiments are used
to correlate the time to maximum temperature to the effective diffusivity.

The implementation in this work uses a special type of laser beam as the excitation source.
The beam has a ring-like intensity distribution, which lowers the energy density while a higher
total energy can be delivered. The higher total energy increases the temperature rise at the
point of the sensor. The setup also uses shorter pulse times and a sensor placement which is
closer to the surface compared to existing implementations. In the future, this setup can be
used to study the change in thermal conductivity for increasingly higher degrees of sintering
of the powder bed.

4.2 Design and implementation

4.2.1 Method selection

The flash method was chosen over alternatives for several reasons. The flash method is a
transient method, which does not require heating to high temperatures for prolonged periods
of time. It also does not require extensive isolation of the measurement volume, which makes
integration more practical. The presence of a laser in SLM machines is another plus for
integration of the test in the normal processing environment.

There are some drawbacks to integrating the flash method. The equipped SLM laser is not
always suitable for the measurements, usually due to a too high energy density. The flash
method also has a larger measurement uncertainty compared to alternatives. This is generally
due to the sensor positioning error, beam instability, powder bed preparation variations,
temperature registration noise and uncertainty on the material density and specific heat
capacity.

4.2.2 Implementation

The implemented version of the flash method uses an open powder vessel (Figure 4.1). The
vessel is 25 mm in diameter and 10 mm deep. Inside the powder vessel is an adjustable
platform (height-axis) composed of PETP polymer. The platform is spring loaded and can
be locked using a screw. In the center of the platform is a hole through which the head of
a thermocouple protrudes. The sensor is a K-type thermocouple with a 0.25 mm diameter
head. The thermocouple wires are guided through the platform and the vessels bottom to the
registration equipment.

The powder vessel can be mounted on the SLM machine processing platform. The z-axis of
the machine can be used to move the powder bed surface out of the laser beam focal plane
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Thermocouple

Figure 4.1 — Drawing of the powder vessel with tunable thermocouple depth, used for the
thermal conductivity experiments.

(de-focus) in order to reduce the energy density.

The heat diffusion is initiated by one of the laser beams which with the SLM machine can be
equipped. The pulse timing is measured either by monitoring the laser modulation signal
or by using a photodiode (Thorlabs DET10A) which uses stray laser light. The laser pulse
registration is coupled with the temperature registration equipment.

The laser beam is a Quantronix Nd:YAG laser. The laser has a special mode, designated as
TEMO1*, which results in a ring-shaped intensity profile. The profile expands when the laser
is de-focused (Figure 4.2). This mode is used to decrease the energy density and avoid the
temperature build-up in the center of the beam. Figure 4.3 shows the powder bed, the laser
imprint and the sintered powder cake after repeated exposures.

The manufacturer provided software is used to control the laser beam. The temperature
and pulse timing data is registered by an Agilent 34420A. A custom Matlab routine transfers,
processes, displays and stores the data.

4.3 Materials and methods

4.3.1 Sample preparation

The main measurements were performed on three powder materials as described in Sec-
tion 2.3: commercially pure silver, commercially pure titanium and Maraging steel. The
samples are prepared by gentle deposition of an excess of powder in the powder vessel, fol-
lowed by removal of the excess powder by a scraper blade.
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Figure 4.2 — Intensity distribution of mono-mode laser beams [152]. The laser has a TEM01*
type of beam, which results in a ring-like intensity distribution for randomly polarised beams.

Figure 4.3 — Left: Surface of the powder vessel, filled with Maraging steel powder and the mark
of the laser beam. Right: Sintered powder cake after repeated exposures.

4.3.2 Calibration

The thermocouple sensor is calibrated using a water-ice bath. However, the exact temperature
value is not important for the results. The voltage to temperature conversion is handled by the
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registration software.

The depth of the sensor is set by a micrometer placed on the top of the powder vessel. The
platform containing the sensor is subsequently locked using a screw. The sensor depth is
checked by the same procedure after a measurement series. The estimated accuracy for the
sensor depth is 0.1 mm.

The laser beam power output is calibrated with a Gentec power meter before each measure-
ment. The power was always accurate to within +1 W.

4.3.3 Measurement procedure

All measurements are performed under normal atmosphere. The laser beam output is fixed at
13 W, as measured at the sample surface. The sample surface is elevated by 50 mm above the
focal plane. This results in a ring-shaped beam with an outer diameter of roughly 2.0 mm and
and inner diameter of 1.8 mm. Data samples are acquired at approximately 7 Hz.

Measurements are performed for a range of sensor depths (0.5-2.0 mm) and beam exposure
times (4/20/50 ms). 9 measurements are taken for each condition.

4.3.4 Simulation procedure

2
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Figure 4.4 — Representation of the simulation area. The software simulates the heat diffusion
in a 2D cutout using the axio-symmetric property.

PN

A series of finite element simulations allows to relate the time to maximum temperature to the
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effective diffusivity of the material. The simulation software is provided by the LGPP laboratory
of the Ecole Polytechnique Fédérale de Lausanne. The algorithm uses a simple axio-symmetric
geometry, based on a cut-out of the actual powder vessel (Figure 4.4). Heat transport is only
possible by conduction (standard heat diffusion equation). The boundaries of the domain are
insulated. The laser energy is applied through a ring shape, based on the actual beam size and
shape (1.8 mm i.d. - 2 mm o.d.), but with a uniform intensity distribution of 21.8 Wmm 2.

The powder bed is modeled as a homogeneous material with a fixed diffusivity.

Virtual thermocouples are placed at various depths along the symmetry axis. The profile of
the temperature over time is recorded and the time to maximum temperature is retrieved
(Figure 4.6). Since the time to maximum temperature depends only on the thermal diffusivity
parameter and not on any other material parameters, the same series of simulations can be
used for a range of materials.

The maximum temperature reached is also dependent on other material parameters as the
the density, thermal conductivity and absorptance. The actual temperature values can not be
compared between materials.

The simulation is repeated over a range of diffusivities in order to obtain a correlation table.
Bundling all the data for a given sensor depth results in correlation curves (Figure 4.7).

4.3.5 Diffusivity and conductivity calculation

The diffusivity is calculated by interpolation of the simulated curve for the specific sensor
depth. The thermal conductivity can be further calculated using the powder bed density and
material specific heat capacity:

conductivity = diffusivity x density x heat capacity. 4.2)

4.4 Results and discussion

4.4.1 Measurements

Figure 4.5 contains some example measurement curves. The noise is low, but at test conditions
with a small temperature increase there can be significant uncertainty on the time of the
maximum temperature. The subsequent calculations use the numerical maximum.

A possible alternative approach is to fit a continuous function to the raw data, and calculate
the time to maximum temperature using the fit. According to Furumoto et al. (2007) [58], the
time-temperature curve takes the following form:

AT=%(1—e;§2)e;f3, 4.3)
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Figure 4.5 — Examples of temperature-time curves for Maraging steel powder, a pulse time of

20 ms and various sensor depths. The grey curves are the raw measurement data, the black
curves are fitted models.

with AT the temperature rise, t the time since the pulse start and c;,cy,c3 the fit parameters.
The fits are included in Figure 4.5 and agree well over the full range of measurement conditions.

4.4.2 Simulations
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Figure 4.6 — Examples of simulated temperature-time curves for Maraging steel powder.

Figure 4.6 contains some simulated curves for equivalent conditions as figure Figure 4.5. The
difference in maximum temperature does not impact the time to maximum temperature.

The time to maximum temperature for all the simulated curves results in Figure 4.7. These
graphs are correlated in turn to the experimental data.
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Figure 4.7 — Diffusivity calculation table for the conversion from time to maximum registered

temperature to diffusivity. Each curve represents a specific temperature sensor depth.

4.4.3 Diffusivity and conductivity
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Figure 4.8 — Diffusivity results for the three tested powder types. The first group gives the
average over all measurements. The second group gives a breakdown in terms of sensor depth

and the third group in terms of beam exposure time. The error bars represent the standard
deviation.

Figure 4.8 presents averaged diffusivity values for the three analyzed powder materials. For
each of the measurement conditions the average diffusivity and the standard deviation are
included. This allows an evaluation of which combination of conditions results in the least

amount of spread. The optimal conditions appear to be with a sensor depth of 1.5 mm and a
pulse length of 20 ms.

Table 4.1 summarizes the relevant material properties and the calculated effective thermal
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Table 4.1 — Thermal and physical properties of the studied powders, and their measured
diffusivities and conductivities. Material data is from Table 2.1 and Table 2.2. The given
uncertainty interval for the diffusivity and conductivity is +1 standard deviation.

Silver Titanium Maraging
300 steel
Heat capacity [Jkg ' K] 234 528 540
Bulk thermal conductivity [Wm™! K] 419 17 19-21
Bulk density [kgm™3] 10.49x 103 4.50x 10° 8.26 x 10
Powder density [kgm™3] 5.35x 103 2.93x103 4.96 x 103

Powder volumetric heat capacity Jm3K™!] 1.25x 10° 1.54 x 108 2.68 x 108
Powder diffusivity [m?s™!] 720+ 100 720 + 150 480+ 100
Powder thermal conductivity Wm™ 1K1 0.090+0.012 0.111+0.024 0.128+0.026

diffusivity and conductivity. The thermal conductivities do not vary much, despite the large
differences in the bulk thermal conductivity. Silver, with the highest bulk thermal conductivity
has the lowest powder thermal conductivity. This could be explained through the low volu-
metric heat capacity (0C,) of silver powder. The numerical results compare well with those of
Rombouts et al. (2005) [150] (0.11-0.19 Wm ™! K™!) and Furumoto et al. (2007 [58] (0.11-0.18
Wm~! K1) for comparably sized powders, in air and at room temperature. The dataset is
unfortunately too small for an investigation of the influence of the powder density. The results
do support the theories that the thermal conductivity is predominantly decided by the powder
particle contact thermal resistance.

4.5 Conclusion

The combination of the measurement conditions and the processing method by correlation
with simulated data provides results in line with published works. The conductivity for the
powder materials is orders of magnitude lower than the bulk thermal conductivity, at least for
the analyzed metals. Moreover, the powder thermal conductivity depends little on the bulk
thermal conductivity.

The work demonstrates the viability of a thermal conductivity measurement system which is
integrated in existing SLS/SLM equipment. A setup with a sufficiently low variability can be
designed with few extra materials and used for a wide range of materials.

The measurements could potentially be expanded to studies of the influence of pressure and
atmosphere. Due to the low depth of the thermocouple sensor in this design, the change in
thermal conductivity during SLS/SLM processing can be characterized. Exploratory studies
have been performed using the current setup, though no conclusive results are available as of
writing.
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Melt pool behavior

5.1 Introduction

5.1.1 Aim

This chapter applies process monitoring to the characterization of the melt pool, another of
the key physical aspects of the SLM process. The melt pool is the liquid material formed under
the laser beam. The melt pool size and shape are related in several ways to the process stability
and quality.

The focus here is on the design considerations of the melt pool characterization setup and
the procedures for obtaining valid data. The aim for this chapter is to extract a number
of parameters which are characteristic for the melt pool. The solution should be able to
accommodate for a range of materials and process conditions.

The next chapter focuses on applications of the melt pool characteristics, using three short
case studies.

5.1.2 Methodology

The implemented system is based on a coaxial optical monitoring system (see Section 5.2
for terminology). The system is modular in order to accommodate various sensors and
wavelength ranges.

The methodology is formed around the optimization of three steps:

- Data acquisition;
- Extraction of general melt pool characteristics;
- Calculation of the detailed melt pool temperature field.

Each step performs an analysis and optimization of the relevant parameters.
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5.1.3 State of the art

An extensive state of the art on process monitoring for SLM is provided in Section 1.3.3. The
designed setup is very similar to the most common method for on-line monitoring in SLM
and laser welding.

The most prevalent characteristics in use are the peak and averaged intensity of the melt pool.
For a more in depth analysis of the melt pool the contours can be calculated. Some works
assign the material melt temperature to a reference intensity, based on the size of the melt
pool as measured a-posteriori. This reference is then used to create a false-temperature image.

5.1.4 Novelty

While the basic method is very similar, the current work implements some acquisition and
processing procedures to improve the quality of the retrieved data. The most notable are the
hybrid timing methods for complex beam strategies and the rotation and translation invariant
melt pool detection.

The calculation of the actual temperature field over the melt pool uses a unique combination
of calibration and image processing techniques.

5.2 Background

The following paragraphs introduce some of the key concepts which apply to the contents of
this chapter.

5.2.1 Process monitoring

Process monitoring has several application areas. A first application is process characteriza-
tion. The gathered data can be used post-process in combination with other sample data to
analyze the performance of the process parameters, aiding in process optimization. A second
application is process monitoring. The data can be used to certify the quality of parts, demon-
strating that they should be free of certain types of defects. This is of interest for medical and
aeronautical industries.

The monitoring can also be used for real-time (on-line) detection of defects and process
instabilities. This can lead to an automatic stop of the process or remove failed parts from
the processing job. The result would be less time spent on parts which would not qualify and
reduced material loss.

The last and most advanced application is real-time process control, where the collected data
is interpreted and used to vary selected process parameters in real-time, in order to prevent
or repair defects. From characterization over monitoring to control, the requirements of the
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system performance become more extensive.

5.2.2 Coaxial vision systems

A coaxial type of vision system is selected as the general basis of the monitoring setup. Vision
systems detect some form of electromagnetic radiation. In laser processing methods, a coaxial
vision system uses largely the same optical path as the laser beam. The radiation which is
emitted or reflected from the processed spot returns through the same path as the incoming
laser beam and is separated back out through the use of a selectively transparent mirror.

5.2.3 Sensors

The type of sensor has severe implications on the defect detection possibilities, as demon-
strated further in this chapter. The sensors used in vision systems can be categorized in
multiple ways. They can be separated by their wavelength sensitivities. Generally, sensors for
the SLM process operate in the visible wavelength range (400-700 nm), the near-infrared range
(NIR, 700-2000 nm) or in deeper infrared ranges (>2000 nm). A second form of classification
is by spatial resolution. Typically two categories exist: spatially resolving sensors (1D or 2D
cameras) or spatially integrating sensors (photodiodes). A third classification is by temporal
response. For example, cameras typically integrate over a period of time, thermal sensors can
have a settling time and photodiodes give an instantaneous snapshot measurement.

5.2.4 Data mapping

Data mapping is the spatial localization of measured or derived data quantities. In the case of
monitoring systems for SLM, the sensor or image data is available as a function of time. If the
position of the laser beam is also known as a function of time, the two data streams can be
combined into a data series with the sensor data as a function of 2D or 3D position ((x,y) or
(x,y,2)). This technique has already been applied to SLM by Craeghs et. al. (2011) [63]. The
approach allows for easier visualization of structural defects and easier analysis.

5.3 Design and implementation

5.3.1 General assembly
The monitoring setups is integrated in the in-house SLM machine as detailed in Section2.2.

A schematic of the monitoring assembly is presented in Figure 5.1. The main reason for
selecting a coaxial vision system is that the region of interest - the vicinity of the laser spot -
remains centered in the field of view of the sensor. This allows for optimal use of the resolution
and precision of a camera, assures a steady output for a photodiode and results in easier data
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Figure 5.1 — Schema of the components of the general monitoring setup for two sensors. The
filters and focusing optics are optional. The sensors can be CMOS cameras, photodiodes or a
mixture.

treatment. It is also easier to shield the sensor equipment from influences of the processing
chamber. Disadvantages of a coaxial setup are the smaller field of view - you don’t see the
complete processing area at once -, a more complicated setup and limitations in the studied
wavelength bands.

The basis is a semi-transparent mirror (LaserOptics), which reflects or transmits light based
on the radiation wavelength (also called dichroic mirror or beam-splitter). The dichroic mirror
is used in reflection mode for the laser beam light. The cut-off wavelength is 1000 nm, the
laser beam has a wavelength of 1070 nm. The mirror is mounted between the laser beam
collimator and the scan head. Light emitted below and around the laser spot passes back
through the scan head. The portion of the emitted radiation with a wavelength below 1000
nm is transmitted to the vision module.

The developed vision module is highly modular and can be equipped with one or two sensors,
which can be cameras or photodiodes. Different configurations are selected, depending on
the application. When two sensors are used, a second semi-transparent mirror separates
the radiation. The second mirror can be a dichroic, to obtain light in two wavelength bands
(Chroma T810lpxr-UF3) or broadband to reflect and transmit a certain portion of the intensity
over all relevant wavelengths (Thorlabs BSW26R). Finally, focusing optics can be inserted
between the filters and the sensors to obtain a range of magnifications for cameras or to tune
the field of vision of photodiodes (Thorlabs AC254-200-B or Thorlabs AC254-300-B).
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Figure 5.2 — Relevant radiation wavelength bands, with the position of the vision sensor ranges
and the laser beam wavelength.

5.3.2 Wavelength band selection

The sampled radiation can be further adjusted by a series of optical filters. A wavelength
specific (notch) filter is most often used to filter out any remaining back-reflection from the
laser beam itself (Thorlabs NF1064). Long-pass and short-pass filters can be used to filter
out infrared radiation and visible light, depending on the specific needs (Figure 5.2, Thorlabs
FEL0700 and Thorlabs FES1000).

In standard conditions the wavelength band between 700 and 1000 nm is selected. The laser
beam reflections at 1070 nm are filtered out as these do not give information on the size
and shape of the melt pool, or the temperature distribution. The portion above the laser
wavelength is what is used in many thermal imaging sensors, however the melting point of
most SLM materials is higher, resulting in more intensity at lower wavelengths (<1000 nm).

The portion below 700 nm is often also filtered out, as emissions in this range are often
associated with plasma formation above the melt pool or emissions from chemical reactions
(oxidation).

5.3.3 Spatially integrating sensors

The setup can be equipped with a Thorlabs PDA36A photodiode with a measurement range
between 350-1100 nm and a sensor area of 13 mm?. The photodiode has a built-in amplifier
with an amplification between 0 and 70 dB.

Usually no focusing optics are needed for this type of sensor, however focusing lenses can be
used to tune the field of vision of the sensor. With the highest magnification optics (300 mm
objective) the field of vision of the PDA36A detector is approximately 7.5 by 7.5 mm.

The value returned by the photodiode is a measure for the average intensity over the field of
vision and correlates to the average image intensity of a 2D camera with equivalent field of
vision.
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96x96 pixels

Figure 5.3 — Example calibration image for the MV1-D1312-240-CL8 camera with 300 mm
objective. Demonstration of a typical 96x96 pixel region of interest.

5.3.4 Spatially resolving sensors

The vision setup can be configured with one or two CMOS cameras (PhotonFocus MV1-D1312-
240-CL8), with a sensor which covers the wavelengths between 400 and 1000 nm. CMOS
sensor technology was chosen over LCD technology because CMOS sensors are not sensitive
to blooming. Blooming causes the intensity of nearby pixels to be affected by an overexposed
pixel, which is a common occurrence for the high intensity variations in SLM. The selected
camera model comes additionally with a configurable intensity compression technology
which further increases the intensity range.

The pixel resolution can be varied by switching the focus lense. Three sets are available with
effective resolutions of 48 um (110 mm objective), 26 um (200 mm objective) and 17 pm per
pixel (300 mm objective). The image size is reduced to only include the vicinity of the melt
pool. In most cases 96x96 pixels are sufficient, the equivalent of an area of 1.6 by 1.6 mm for
the 300 mm objective (Figure 5.3). An increased resolution decreases the light intensity per
pixel and might require an increase in exposure time for a sufficient signal to noise ratio.

5.4 General acquisition procedure

5.4.1 Camera calibration procedure

The monitoring system requires a number of calibration steps after an equipment change or
even after process parameters changes.
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Figure 5.4 — Simplified optical chain for the calculation of the effective resolution.

Spatial calibration

When using the camera, the image resolution is measured experimentally by placing a cal-
ibrated object a the target plane. The object is sufficiently illuminated by an external light
source and images are recorded. The effective resolution (Res) can also be theoretically derived
from the f — 0 lens focal length (Fy_g), the sensor focus lens focal length (Fs) and the physical
sensor pixel size (Spix). Figure 5.4 gives a simplified model of how the light propagates through
the optical elements. Since the beamsplitter mirror and the low-pass mirror (see Figure 5.1)
do not affect the magnification properties, only the lenses have to be considered.

Since it is in the focal plane, the reference object (size Res) emits light rays which will be
parallel after the f — @ lens. Their angle with the lens axis is a:

R
tana = Lﬁc. (5.1)
Ff_g

The focusing lens now produces an image of the reference object in its focal plane. By defini-
tion of the reference object, this image has exactly the pixel size Spix. On Figure 5.4 it can be
seen that:

Spix = Fstana. (5.2)
It now follows from (5.1) and (5.2) that:

Ff_e
Reft = R Spix- (5.3)
If the camera operates with a reduced image size - to gain in sample rate -, an image centering
step is required. The camera orientation is first adapted manually, after which fine-tuning is
possible by selection of the area of interest by software. Often one of the principal axes of the

image is aligned with either one of the axes of the scan head coordinate system or with one of
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Figure 5.5 - Intensity compression capabilities of the PhotonFocus MV1 CMOS camera system.

the principal scan vectors (Figure 5.3).

Intensity calibration

The camera integrates the received light over a period of time, which is called the exposure time.
The exposure time calibration is heavily process and material dependent, which means it often
has to be optimized experimentally. The first step is to define the minimum exposure time in
order to distinguish the low intensity features. After the first step, the intensity compression
can be adjusted until almost no pixels are overexposed. The PhotonFocus cameras support
intensity compressions with four adjustable parameters (Figure 5.5). Stronger compression
results in a larger intensity range but lowers the resolution of the measurement.

For melt pool analysis the exposure time is between 10 and 200 ps, depending on the material
and process conditions. The tuning process can be quite tedious due to high variance in
received intensities.

5.4.2 Camera measurement procedure
Acquisition

An important part of the vision implementation in this work is the timing system for the
cameras. Several image timing options are available (Figure 5.6).

For the monitoring of very short vectors, as is the case when building thin walls or lattice
structures or when lasing at high speeds, the start of the camera exposure is synchronized with
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Figure 5.6 — Schematic representation of the image timing options for short (top curve) and
long (bottom curve) scan vectors for optimal data collection.

the laser on signal. The synchronization has an experimentally measured delay between 50
and 100 us. For a typical maximum exposure time of 200 us, this allows efficient monitoring of
0.3 mm wide structures at a laser beam speed of 1 ms™!. The minimum delay can be increased
if the application requires this, for example to take the image after an initial transient phase.

For longer scan vectors a fixed frequency sample rate is used in combination with the laser
on signal as a gate signal. Images are only taken if the laser is active. Both systems can be
combined, with the first image of a scan vector at a constant delay, and subsequent images at
a fixed interval.

This approach results in increased consistency of the acquired images and increased flexibility.
This is an important trait for the increasingly advanced and complex laser scan patterns
(Section 1.3.2) and also for complex parts, where longer vectors are used for reinforced regions
and short vectors for internal lattice structures (Section 1.2.5).

After the image acquisition is triggered through one of the available timing modes, the image
data is corrected for background noise, fixed pattern noise and defective pixels by the camera
hardware, before being send to buffer card in a PC. Custom software collects each image for
further processing.

Processing

Camera images are processed in-real time or post-process. Several image and melt-pool
characteristics are extracted to present the data in a more compact format, with a clear
relation between the data and the process stability. The corrected image is first thresholded
(binarized); all pixels with a low intensity value are discarded (typically < 80 — 120 out of 255).
A 4-neighbor particle analysis algorithm extracts the largest homogeneous object, which is
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considered the melt pool. Any extra objects are detected and simply counted.

The threshold and neighbor selection algorithm is translation and rotation invariant. Despite
the coaxial setup, the melt pool position is not entirely stable. The position and orientation
depend on the speed and orientation of the beam movement. The algorithm compensates for
these variations.

As for the melt pool detection, the characteristic algorithms have been selected based on
robustness for asymmetric melt-pool shapes. Currently there are 5 extracted characteristics:

* Average intensity This is the average pixel intensity of all the pixels in the image or in
a fixed subset of the image. The calculation is based on the image after correction but
before binarization. The average intensity indicates how hot the material around the
melt pool is and can indicate structural overheating or a bad contact with the previous
layer (delamination, layer too thick).

¢ Peak intensity The highest intensity in the image. This characteristic is primarily used
to calibrate camera parameters as the exposure time and the fine gain. An unusually
low peak intensity can be a sign of insufficient energy input. This can be due to smoke
occluding the laser beam or a powder deficit which causes energy loss through the
previous layer.

 Melt-pool size The surface area of the melt pool in pixels or mm?. This is the main
melt-pool characteristic. Too small a melt pool indicates insufficient melting, too large
amelt pool indicates overheating. It is also the principal stability metric.

¢ Melt-pool aspect ratio The aspect ratio of the melt pool is calculated as the ratio of the
Feret diameter and the length of the equivalent ellipse minor axis (Figure 5.7). The Feret
diameter is the longest distance between two points on the perimeter of the melt pool.
The equivalent ellipse is an ellipse with the same area as the melt pool and a major axis
with the same length as the Feret diameter. Typically an aspect ratio of over 3 indicates a
risk of balling or loss of melt pool cohesion.

¢ Total number of particles Ideally only one particle (the melt pool) is present on the
image. If multiple particles are found, this indicates spattering of material out of the
melt pool or balling. The current algorithm does not distinguish between the two cases,
even though it is technically possible to do so by analyzing the remaining particles size
and position.

Reporting

The monitoring software automatically saves the camera and processing settings in a file along
with the test data. The raw, processed and or thresholded images can be saved along with the
extracted numerical data.
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Figure 5.7 — Visualization of the concepts of Feret diameter, equivalent ellipse and the ellipse
minor axis for the calculation of the aspect ratio of a melt pool.

5.4.3 Photodiode measurement procedure

Photodiode signal acquisition is performed at a fixed sample rate of typically 50-100 kHz. The
voltage output (0-10 V) is converted to a 16-bit digital quantity by a data-acquisition card
connected to a PC. Except for the amplification setting of the diode sensor, no additional
pre-processing or signal conditioning is applied.

5.5 General temperature field procedure

Apart from the general characteristics of the melt pool, an effort is made to advance the calcu-
lation of the true temperature field over the melt pool. The temperature calculations are based
on the concept of black body radiation and the ratio method for calculating the temperature
for materials with unknown emissivity. The ratio method relies on two simultaneous light
intensity measurements at two distinct wavelength bands.

The implemented setup uses two synchronized image sensors. The two images need to be
superposed (correlated) and cleaned (median or Gaussian convolution filter). If intensity
compression is used, the intensity of each image is linearized. The intensities of the two images
are divided pixel per pixel to obtain the intensity ratio. This intensity ratio can be related to the
black body spectrum. However, the optical elements do not transfer each wavelength equally.

The temperature calibration results principally in the measurement of the transfer function
for each wavelength band. Two distinct calibration procedures are explained. The calibrations
result in a correction on the theoretical intensity ratio.
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5.5.1 Image acquisition

A two-camera system is used in combination with a wavelength-selective mirror (Chroma
810lpxr-UF3) which splits the normal vision wavelength range in two bands (A: 810-1000 nm
and B: 700-810 nm). The images are acquired using a hardware synchronized timer and fixed
exposure time (0.1-0.2 ms).

5.5.2 Spatial correlation

Since mechanical spatial alignment of the two camera sensors is near impossible, a software
algorithm shifts (translates) one of the two images so that the two images are superposed. Two
methods are developed: one uses positional data from the melt pool characterization algo-
rithm (melt-pool-center method) and the other uses image cross-correlation (cross-correlation
method).

The melt-pool-center method uses the melt-pool detection algorithm and calculates the
center of gravity of the melt pool by uniform weights for each pixel in the melt pool, for both
camera images. The difference in the positions of the melt pool center of gravity is used as the
translation vector.

The cross-correlation method uses an implementation of normalized image cross-correlation
in LabVIEW. This standard technique [153] is applied in the Fourier domain. Conceptually, the
method works as follows: the gray levels in both images essentially correspond to two discrete
functions attributing an integer value to each pixel (in 2D). These functions can be extended
into two complex valued functions g; and g, defined over R?. If the second image is simply
obtained by shifting the first, g, is obtained by mapping a translation onto g;:

&) = Th, &1 (%), xR, (5.4)
where Ty, is the translation operator:
v="Thu= vX =ux—-hg),xe R2. (5.5)

The challenge of the correlation method is how to determine as accurately as possible the
translation vector hg € R?. The solution is to compute the Fourier transforms g; and & ofg
and g, respectively, and to consider the inverse Fourier transform w of the ratio &;/8»:

w(h) = f k8100 o (5.6)
R? & (k)

The theory says that the module |w| of w shows a very sharp maximum at h = hg where hy is
the translation vector between the two images (Equation 5.4). This property enables a precise
identification of hy.

Both correlation methods can not compensate for differences in rotation. Software algorithms
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exist, but degrade the quality of the image. In the current setup, the rotation alignment can
only be done manually. No scaling or perspective compensation is needed for this optical
setup.

For regular melt pools or calibration images the two correlation methods give equivalent
results (Figure 5.8). The cross-correlation method has more difficulties in unstable processing
conditions (bright spots), while the melt-pool-center of gravity method can be inaccurate for
small melt pools due to inaccuracies in the melt pool detection.

(a) Camera A (b) Camera B

(c) Cross-correlation (d) Center of gravity

Figure 5.8 — Example of 2 images for calibration procedure A and comparison between two
spatial correlation techniques: cross-correlation through the frequency domain (c) and melt-
pool center of gravity (d). The comparison image is the result of the subtraction of the two
images after correlation.
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Figure 5.9 — Resulting camera sensor return value (gray value) as a function of intensity for two
camera exposure modes: no compression and low compression.

5.5.3 Intensity linearization

The intensity linearization involves two steps. The first step is a shift of the intensity levels to
compensate for the mean background intensity level.

The second step is the linearization of the gray levels in case intensity compression has been
used. The intensity-gray level relation can be derived from the specifications provided by the
manufacturer. Figure 5.9 shows the intensity profiles for the two most common modes: the
linear mode with no compression and the LinL.og mode with pseudo-logarithmic compression
which roughly doubles the intensity range for the low-compression mode.

In the case of the low-compression LinLog mode, the link between the pixel gray value and
the collected intensity is derived to be:

col, ifI< I
coh+(1-t)coI-I)+alogl+unUI-NL),ifLH<I<D
g =+ colh +(1—-fH)cg(lrb— L)+ (A —(H+ B))co(T—- L)+ (5.7)

alog+n(I-1)(1+ (-1, ifL<I<I

255, otherwise.

In this relation, ¢y is an arbitrary constant since only the relative intensity will be considered
(Section 5.5.5). The two parameters #; and f, can be specified in the camera settings. The three
limit intensities I, I, I3 as well as the coefficient a are then determined from the manufacturer
LinLog documentation.
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Figure 5.10 — Emission spectrum for a black body at various temperatures. The two sensor
wavelength bands are indicated.

5.5.4 Radiation spectra

A section do on the surface of a body at temperature T emits a radiative power dP in the
wavelength band between A and A +dA:

dP =E(A, T)dodA, (5.8)

where E represents the intensity spectrum which depends on the wavelength 1 and on the
temperature T. According to Planck’s theory [154], E is expressed as:

~ 2hch P
EAT)=€¢(A,T) — Y [Wm “m ], (5.9)
)

where h is Planck’s constant (6.626 x 1073* Js), k is Boltzmann’s constant (1.380 x 10723 JK™1)
and ¢ the speed of light in vacuum (2.99792 x 102 ms™!). The positive factor (A, T) is the
emissivity of the material. The emissivity is wavelength and temperature dependent in most
situations, but its value is always less than 1. If it equals 1, then the material is said to be
a black-body. Figure 5.10 illustrates the intensity spectrum of a black-body for the relevant
range of temperatures. The wavelength bands corresponding to the equipped sensors are
indicated on this diagram as well.

Consider now a sensor S of surface dS (e.g. a single pixel), associated to an optical chain so that
it looks exclusively at the surface do. If the radiative power received by S is represented as dp,
then for each wavelength band (A, A +dA), the sensor actually collects a power proportional to
the emitted one (Equation 5.8). The proportionality constant K’ depends on the wavelength
and on the combination of the sensor and optical chain. It also takes the pixel sensitivity
and its exposure time into account as well as the view angle of the surface do and the losses
through the optical elements (lenses, mirrors, filters). K’ represents a function K’ = K'(S, A). If
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(Amin» Amax) is the wavelength band to which S is sensitive, the final conclusion is:
A-max
dp= f K'(S,)E(A, T)dodA. (5.10)
Avmin

The differential quantity dp can be correlated to the sensor size dS to obtain the total collected
intensity, expressed in Wmm™2. It is a function of the sensor characteristics and of the
temperature: I = I(S, T). To highlight this dependency, after dividing Equation 5.10 by dS and
replacement of E(A, T) by its value (Equation 5.9) the result is:

Amax thg
I1(S,T) :f K (S, Ve, T)Td/l. (5.11)
Amin A0 (e AT — 1)

In this relation the new factor K(S, A) is called the transfer function for sensor S. It is obtained
as the product of the previous factor K’ (S, 1) and of the magnification coefficient dS/do, which
obviously depends on the optical chain as K’ already does.

5.5.5 Ratio method

If the temperature dependency of the emissivity (A, T) of the material is known, the measure
of I(S, T) leads to an equation to be solved for the temperature T. For most materials, espe-
cially for powders, this information is not available or difficult to obtain. The ratio method was
developed to solve the problem of the unknown emissivity. Two sensors S, and Sy are used
to observe the same region do of the material surface over two different wavelength bands
A4 AR and (AB, 2B ). The assumption is that the wavelength bands are sufficiently
narrow and close together so that the emissivity is constant over each band for a fixed tempera-
ture: €(A, T) = e(T). The same condition applies to the two transfer functions K(S4, 1) = K(S4)
and K(Sp,A) = K(Sp). By dividing the two intensities, the emissivity factor cancels out and the
K(S4)

proportionality constants combine in a ratio C(S4, Sg) = XSy’ referred to as the calibration

constant.

The calibration depends on the two sensors’ characteristics and on their respective optical
chains. The conclusion is now that the intensity ratio:

1(S4,T)

R(S4,SB,T) = , 5.12
R % (512
only deviates from its so called normalized value:
A __d
f/lr/:lin 15(6%—1)
Rnorm(S4,Sp,T) = , (5.13)

66



5.5. General temperature field procedure

3400
| | | | | | | | | | | | | | |
| | | | l | | | | | | | | | |
3200 F--F - A " m T TIT T T T TT T T T AT TSI T TT ST TTCr oo
| | | | | | | | | | | | | | |
3000 - - - -\ - el o e oo d 4l lo Ll Lo _L__L__
| | | | | | | | | | | | | | |
| | | | | l l | | | | | | | | I
E‘ LUV il e i et e A e e e e e e e e
— | | | | | | | | | | | | | | | |
. 2600 - -l -\ O d_ A4l Ll _L__L__L._._
| | | | | | | | | | | | | | | |
&~ 2400 | | | | | | | | | | | | | | | |
) il i e Vo ffdind il i Bt Bt i Hinfidie B S B S e e
8 | | | | | | | | | | | | | | | |
E 2200 b - -l - - N - - el e oA Al Lo Lo _L__L__
| | | | | | | | | | | | | | |
S 2000 | | | | | | | | | | | | | | |
) == [t it bt Bl it B e e e e e e e
o | | | | | | | | | | | | | | | |
E 1800 b — =l — -0 - 1o - No - - P O
| | | | | | | | | | | | | | | |
g T F-———=—==——" | l | | | | | I I | I |
r I | { 1 r--
| | | |
1400 : : d ‘L——
| | |
1200 r | r--
| |
1000

Normalized intensity ratio, Rnorm

Figure 5.11 — Normalized intensity ratio for wavelength bands of 810-1000 nm (A) and 700-810
nm (B). [llustration of the method to identify T when the intensity ratio R and the calibration
constant C are known.

by the calibration constant:
R(S4,88,T) = C(Sa,SB) Rnorm(S4, Sp, T). (5.14)

If the value of the intensity ratio is measured and if the calibration constant is known, then
Equation 5.14 can be solved for the temperature.

Figure 5.11 represents the relationship between the temperature and the normalized ratio in
the case of the two camera sensors S4 and Sg, with wavelength bands between 810 and 1000
nm (S,4) and 700 and 810 nm (Sp). It also illustrates graphically the procedure for solving
Equation 5.14. The figure clearly shows a one to one correspondence. Observe as well that the
practical range of ratios is limited by the image intensity quantization levels. The rough limit
would be between 2 and 6 for 8 bit cameras.

Even with a good knowledge of the cameras’ settings and the optical chains, an a priori
computation of the calibration constant C(S 4, Sp) seems difficult. The next sections propose
two different experimental procedures (calibration methods) for the indirect calculation of
C(S4,Sp), after alignment of the cameras and optical chains.

An important assumption is that all the pixels in a given camera have the same settings
(sensitivity, exposure time, wavelength band) and are part of the same optical chain. This
means that the calibration constant C(S 4, Sg) has a given value as soon as S4 and Sp are pixels
in camera A and camera B, respectively, looking to the same physical point.
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5.6 Temperature calibration A - Calibrated light source

5.6.1 Setup description

This calibration strategy uses a light source with a known intensity distribution. The method
is tested with an Olympus KL1500 light source with a black body spectrum and an adjustable
color temperature between 2600 K and 3300 K. The light source is placed near the normal
processing plane, at the position of the laser beam.

This particular light source does not cover the entire relevant temperature range. Unfortu-
nately, alternative sources with lower color temperatures did not achieve sufficient intensity
for good images. Therefore some extrapolation is required.

5.6.2 Ratio calculation

The procedure consists of the acquisition of images for a number of color temperatures (Fig-
ure 5.8). The images are acquired and processed by the aforementioned procedure. The results
is a map of the intensity ratio (Equation 5.12), corresponding to a selected temperature. The
next step is to compare it to the map of the normalized ratio Ry, for the same temperature
(Equation 5.13 and Figure 5.11).

The ratio between the two maps results in the calibration constant (Equation 5.14):

R(S4,SB,T)

C(S4,SB) = .
o8 Rnorm(SA’SByT)

The results are illustrated on Figure 5.13 for twelve temperatures ranging from 2650 K to 3500
K. Statistics are calculated for six images per temperature to obtain an average value of the
calibration constant as well as the standard deviation over each image series.

Figure 5.13 seems to show a slight monotone increasing dependency of the calibration con-
stant with respect to temperature. This fact can not be explained by our model. A possible
reason is that the basic assumption on which the theory is based is not completely fulfilled
and that the emissivity € and the transfer function K do depend on the wavelength.

5.6.3 Temperature field

The value of the calibration constant deduced from Figure 5.13 can now be used to calculate
the full temperature distribution over the actual melt pool, as measured during SLM processing.
For each pixel the intensity ratio is calculated and converted into a temperature. An example
of a calculated temperature field is given in Figure 5.14. The melt pool was captured during
the scanning of a layer of Maraging steel powder on a stainless steel substrate.

68



5.7. Temperature calibration B - Melt pool size

Temperature [K]
-6000

-3015

Figure 5.12 — Temperature field of a calibration image at 3000 K. This type of image is used to
check the calibration homogeneity for a given temperature/intensity ratio combination.
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Figure 5.13 — Calibration constant as a function of temperature for a typical calibration. The
error bars represent the standard deviation over 6 images. The average value of the calibration
constant is 2.10.

5.7 Temperature calibration B - Melt pool size

5.7.1 Setup description

This calibration method relies on the correlation of the melt pool size on the acquired images
with a physical melt pool size. At the edge of the physical melt pool, the temperature is equal
to the melting point of the material.

The conditions for applying this method are:

- A stable, well defined melt pool should be created;
- The material needs to have a small temperature interval between solidus and liquidus;
- Arange of materials is necessary to perform a full calibration.
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Temperature [K]
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Figure 5.14 — Temperature field of a melt pool. Calibration according to the calibrated lamp
method. The resolution is 25 pm per pixel.

Table 5.1 — Suitable materials for melt pool calibrations. Sourced from MatWeb.

Material Solidus [°C] Liquidus [°C] Melt interval [°C]
Aluminum 1100 643 657 14

Brass 885 900 15

Silver 961 961 0

Copper C10100 1083 1083 0

Stainless steel 301 1400 1421 21

Titanium 1650 1670 20

The procedure is tested on one material: 316L stainless steel. Other materials which could
be considered for a complete calibration curve are listed in Table 5.1. These are either pure
metals or near-eutectic alloys.

5.7.2 Data-acquisition

The implemented procedure uses the SLM laser beam to melt a single, straight line in a solid
metal substrate. The laser beam operates at a power between 27 and 75 W in steps of 5 W. The

displacement speed is fixed at 80 mms™.

The image acquisition is performed with an exposure time of 1 ms and in low compression
mode. The images have a resolution of 17 um per pixel.
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5.7.3 Melt pool measurement

The real melt pool is measured orthogonal to the displacement vector, from a-posteriori
optical microscope images (Figure 5.15). The width of the actual molten portion is measured.
The heat affected zone with discoloration but no large surface topology changes is not taken
into account.

—— Heat-affected-zone
—— Melt pool width

100pum

Figure 5.15 — Measurement of the real melt pool width.
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Figure 5.16 — Correlation of the real melt pool width to the image intensity line profile.

The melt pool image is bisected at the point of maximum melt pool width. The intensity
line profile is generated and the measured real melt pool width is fitted onto the line profile
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(Figure 5.16). The grey levels corresponding to the melt point Ti,¢; of the tested material are
obtained for both cameras.

After background level subtraction and linearization (Equation 5.7), the intensities I(S 4, Tielt)
and I(Sp, Tmelt) are deduced and the intensity ratio (Equation 5.12) is computed. Correlation
with the normalized value (Equation 5.13) results in the calibration constant C(S4, Sp).

Measurements for additional materials with a range of melting points will yield a calibration
curve with the temperature as a function of the intensity ratio. The rest of the procedure
continuous as described in Section 5.6.2 and Section 5.6.3.

5.8 Additional considerations

Several influences can disturb the monitoring process. There are those which affect the
emission of the melt pool radiation:

- Shielding of radiation due to smoke or suspended powder particles in the atmosphere;

- Emission of parasitic radiation through chemical reactions (oxidation).

The use of the camera means the melt pool emissions are integrated over the exposure time.
The emission fluctuations introduce some error on any calculations, especially the tempera-
ture field. All calculations using the gray value of the image are subject to quantization error
due to the limited number of discrete values available. Even dust particles on optical elements
or malfunctioning pixels will give local erroneous values.

Furthermore, the various algorithms introduce errors as well. The spatial correlation algorithm
can fail in the case of low intensity or a chaotic melt pool behavior. The errors can be mitigated
by smoothing the image using a convolution filter, however this reduces the resolution of the
resulting data.

Note that the description of the calibrations is mainly to demonstrate the procedures. It has
not yet been possible to verify whether the calibration holds up in the interval between 1000 K
and 2000 K.

5.9 Conclusion

The chapter presented a detailed technique for obtaining melt pool characteristics for SLM. It
builds upon existing setups and introduces some new techniques to improve the data quality
and quantity. The melt pool characteristics are useful process indicators for real-time process
monitoring.

The procedure for calculating the temperature field around the melt pool can give useful
data for comparison with and validation of numerical models and simulations. However, the
calibration is non-trivial, both in terms of equipment and effort. The measurements are easily
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disturbed, so control of the process environment is of vital importance. The base methods are
set, but more data is needed to validate the technique.
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Applications of melt pool characteri-
zation

6.1 Introduction

Three short case studies are presented to illustrate the various applications of melt pool
characterization as introduced in Chapter 5. The detailed camera vision results are applied to
the study of how defects develop and what their characteristic features are on the acquired
images. Spatial data mapping is used in identifying problem regions during the build process.
High-sample rate measurements help process optimization by comparing process conditions
in terms of stability.

6.2 Defect development

6.2.1 Case description

This case study uses the developed laser-camera synchronization (Section 5.4.2) to acquire an
image of the melt pool at fixed positions for each scan vector. The synchronization allows to
consistently acquire images even for short vectors and high scan speeds.

The case study attempts the production of a thin wall, 0.6 mm wide, scanned with a discon-
tinuous, inclined pattern with alternating vectors. The nominal speed of the laser beam is
2400-3500 mms~'. Each scan vector consists of a lasing part where the laser melts material
(0.3-0.6 ms) and a deceleration, reverse direction, acceleration part where the laser beam is
off (0.6 ms). The material is Maraging 300 steel powder in 50 pum layers on a stainless steel
substrate, beam power is 250 W vector spacing is 50 pum. The process takes place in the
in-house SLM machine under Argon atmosphere (Section 2.2).

The camera has a flexible acquisition rate, with a maximum of approximately 2 kHz. The syn-
chronization delay is 50-100 us and the camera exposure time is 100 ps. The pixel resolution
is 26 pm.
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Major overheating of the melt
pool, previously scanned
tracks remain hot.

Cycle of overheating and melt
pool decomposition, over-
heated area increases.

Escalation of melt pool over-

ple over a wide area.
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Figure 6.1 — [llustration of the development and escalation of a defect while scanning thin
walls (one image in two, interval +1.5 — 2 ms, total time 9-12 ms).
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6.2.2 Results and discussion

The results presented in Figure 6.1 are an extract of the 10th layer. The images demonstrate
the way in which a melt pool can become unstable. The melt pool goes through different
stages with each their characteristic features. The camera images allow to distinguish between
different types of instabilities. The melt pool characteristics which are extracted from the
images (Section 5.4.2) are based on this kind of analysis.

The series of images also demonstrates the time-scale at which these defects occur and develop.
The camera does not continuously register the melt pool emissions and there is time-averaging
of the emission over the sensor exposure time. Short time-scale instabilities can go undetected,
however, these are rarely critical. Critical defects, which require the process to be stopped,
could be detected during the escalation phase (3-5 ms).

This case study acquires the images in a relatively controlled environment, the scanning of
thin walls does not lead to significant powder bed heating and does not cause much powder
blow-out. During the production of bulk samples, there are often more factors disturbing the
measurement, making the assessment of instabilities more difficult. This will become more
apparent in the second case study.

6.3 Melt pool stability maps

6.3.1 Case description

This case study applies the technique of spatial data mapping (Section 5.2.4) to the extracted
melt pool characteristics from a camera image (Section 5.4.2). The purpose is to visualize the
data in a way which makes it easier to assess the process homogeneity and easier to detect
which parts of the scan strategy might give problems. In order to demonstrate the effect of
various process conditions, a benchmark of 10 scan patterns is assembled.

Data mapping requires the registration of the laser position along with the melt pool data. In
this case an indirect approach is applied. Timing data is stored together with the melt pool
data. The laser beam movement is simulated numerically, by a model which emulates the
functioning of the beam controller. The beam movement data is then correlated to the melt
pool data. The developed software can perform these calculations in real time.

The benchmark patterns are introduced in Figure 6.2. The actual scan strategy uses the same
configuration of the patterns. Each pattern is a separate sample of 6 by 6 mm. The state of the
art contains more information on common scan patterns (Section 1.3.2).

The melt pool data is obtained by scanning a solid 304 steel substrate (250 W, 765 mm g1

beam speed, 50 pm vector spacing) and acquiring images at a frequency of 500 fps with an
exposure time of 100 pus and low LinLog compression. The standard processing parameters
are applied (Section 5.4.2).
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Figure 6.2 — Benchmark consisting of 10 different scan patterns.

6.3.2 Results and discussion

Figure 6.3, Figure 6.4 and Figure 6.5 show the maps for three of the measured melt pool
characteristics: the melt pool surface area, the average image intensity and the peak image
intensity.

Visual analysis of makes it clear that for these specific parameters, samples ‘@’ and ‘b’ consis-
tently had a larger than average melt pool. The average image intensity agrees reasonable well
with the melt pool size. This indicates that an increase in overall image intensity generally
goes together with in increase in melt pool size. The same can be observed for the peak image
intensity. Since photodiodes measure a total intensity over an area around the melt pool, the
result for a photodiode sensor will contain a mix of the melt pool size and the intensity of the
melt pool emission.

The assessment of the severity of instabilities remains difficult, as apparently large differences
in melt pool parameters, even over large zones, do not necessarily have a visible effect on the
physical sample. Effective use of these maps requires a good understanding of the conditions
and values which result in critical defects.
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Figure 6.4 — Mapping of the number of the average image intensity on a benchmark of 10 scan
patterns as detailed in Figure 6.2.
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Figure 6.5 — Mapping of image peak intensity on a benchmark of 10 scan patterns as detailed
in Figure 6.2.

6.4 Scan pattern comparison

6.4.1 Case description

This case study retakes the scan pattern benchmark from the previous section (Figure 6.2).
This time the signal from a high-speed (100 kHz) photodiode is studied. The focus is on the use
of the detailed temporal information to better evaluate the differences in the scan patterns.

The process conditions for the test are the same as in Section 6.3.1, except for this case study a
100 um layer of the reference AlSi10Mg powder is applied (Section 2.3) and the process takes
place in Argon atmosphere.

6.4.2 Results and discussion

Figure 6.6 represents a discontinuous, alternating pattern. The signal varies substantially over
each cycle, with a higher intensity at the start of a cycle. The cycles themselves are very regular,
and the interruption in the series near the end of the sample resulted in a noticeable change
in surface texture. The source of the irregularity is unknown; one common cause is a powder
bed irregularity.

Figure 6.7, which represents a discontinuous, uni-directional pattern does not have the same
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Figure 6.7 — Photodiode output for a parallel uni-directional pattern (Figure 6.2b).

repetitive behavior. The increased intensity at the start is a fairly common occurrence as small
variations in the powder bed greatly influence the start of a laser scan. This type of pattern
has the tendency to leave a surplus of liquid at the end of the scan vector, resulting in a raised
ridge which can hinder the powder layering process.

Figure 6.8 is the signal from a continuous zig-zag pattern. This pattern is somewhat similar to
the discontinuous alternating pattern, with cyclic melt pool behavior. The highest intensity is
measured near the vector extremities.

Figure 6.9 shows a special type of pattern. The whole sample is scanned twice, but at double
vector spacing. This results in a first passage where the melt pool is surrounded by powder,
resulting in more unstable behavior. In the second passage the melt pool is mostly surrounded
by (partially) consolidated material, which results in a more stable signal. The increased
stability is due to the high thermal conductivity of the solid material, which diffuses short
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Figure 6.9 — Photodiode output for a non-sequential pattern with two passages (Figure 6.2e).

variations in temperature. This pattern has been shown to be able to reduce internal porosity
and improve the surface finish [110].

Figure 6.10 represents a non-consecutive scan pattern, where the vectors are not scanned in
the logical order. Instead, each cycle one vector is skipped, after which the skipped vector
is scanned. This results in vectors which are alternately surrounded by mainly powder and
mainly consolidated material. The effect is a relatively large variation in signal intensity from
vector to vector. The benefit of this ‘skipping’ pattern is that overheated melt pools cannot
propagate for very long as the pattern is continuously interrupted.

Figure 6.11 shows the signal development for a continuous, inwards spiraling pattern. The
signal is relatively stable for most of the sample, except for the innermost part where energy
rapidly accumulates. The effect is somewhat tempered though, due to the large amount of
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Figure 6.11 — Photodiode output for an inwards spiraling pattern (Figure 6.2g).

highly conductive solid material surrounding the center.

Figure 6.12 shows a continuous, outwards spiraling pattern. The signal starts high and is
unstable for a long time before it stabilizes. At the start of the pattern a lot of energy is
absorbed by the center at the center of the spiral. In contrast to the inwards spiral, the center

is now surrounded by low thermally conductive powder.

While spiral patterns are uncommon in practice, they demonstrate what can happen at fine
features in 3D objects. It is advised to start with the blunt side of the feature, to use the
consolidated material as a thermal sink to avoid overheating at the fine feature.

The average signal intensity level does not vary much between the scan patterns. Though all

present some unique features.
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Figure 6.12 — Photodiode output for an outwards spiraling pattern (Figure 6.2h).

6.5 Conclusion

The three case studies present practical applications which are made possible by the inte-
grated vision system. The applications cover a wide range from fundamental defect analysis,
assistance in pre-process optimizations and quality control in production environments. The
case studies also highlight the strengths and uses of the different sensors.

Spatially resolving cameras give more detailed information on the melt pool geometry, the
melt pool surroundings and melt pool desintegration. This information allows to distinguish
between possible types of defects in real-time. Spatial mapping of the data further helps in
identifying problem regions or in the detection of larger defects as delamination of layers.

High-speed photodiodes on the other hand are more suited to general stability analysis using
the high acquisition frequency and detailed intensity measurement. The photodiodes also
give precise information on the evolution of the melt pool along individual scan vectors and
help in identifying problematic regions in the scan pattern.

The analysis of the data and especially the prediction of the impact remain difficult and the
limit values for the extracted characteristics will have to be established experimentally for
each case, until predictive numerical models are available.
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The presented work tries to aid the SLM process by improving the understanding of the
physical mechanisms at play. It shows how focused experimental studies can help and are
even required for the further development of SLM.

The state of the art is written for stakeholders in the SLM process, to develop and increase
awareness of the multitude of efforts and solutions for improving the SLM process. It also
serves as a bridge to show how the study of the fundamental process aspects ties into sev-
eral solution strategies: material selection, parameter optimization, defect reductions and
improved predictive models for structural optimization of additive designs.

Three of the fundamental physical aspects are experimentally studied: the interaction of
laser beam light with the material to be processed, the transport of heat within the material
and the behavior of the molten material. The SLM process conditions for these aspects have
some unique characteristics. The radiation material interaction is characterized by very high
energy intensities, the beam is small compared to the individual powder particles and the
state transition from porous solid to liquid happens on very small timescales (~ 0.1 ms). The
small melt pool translates at high speeds (~ 1000 mms~!), while the thermal diffusion in the
surrounding powder material is very low.

The three techniques demonstrated in this thesis are designed for operation at the specific
conditions of the SLM process. Validation of the results is carried out by comparison with
available data where possible. Assessments of the precision of the techniques also receives
considerable attention. If the test conditions are well controlled the variability is shown to be
acceptable. Possible effects which can disturb the measurements are pointed out.

The performed absorptance experiments show that the classical material properties are not
a good indicator of the materials’ performance for SLM. The results indicate that during the
absorption event the effective absorptance varies greatly with the state of the material, but
is always higher compared to reported values for the same material in the bulk, cleaned and
polished state. The measurements show that especially materials with a low base absorption,
like silver and aluminum, have a significantly higher (5-10 times) effective absorptance.

Even the absorption by molten or re-solidified material can vary considerably depending on
the processing environment. Solid Maraging steel samples with an oxidation layer have a
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35% higher absorptance compared to samples processed in a protective atmosphere. These
are important considerations during material selection and during optimization of process
parameters such as the process atmosphere, scan vector overlap and scan speed.

The outcome of the thermal diffusion measurements are results for the thermal conductivity
for Maraging steel powder (0.128 Wm LK), silver powder (0.090 Wm K1) and titanium
(0.111 Wm~1 K™1). The results confirm those reported elsewhere and show that the powder
thermal conductivity can not easily be related to the bulk conductivity. The results also
validate the measurement technique, which uses an unconventional ring-shaped laser beam
and combines it with simplified finite-element simulations to correlate the measured data to
the material properties.

The thermal conductivity experiments measure the thermal evolution around the melt pool.
The thermal history will affect the material state and change related properties as the absorp-
tance and mechanical cohesion. The material change around the melt pool thus affects the
conditions for the next scan vector. The thermal conductivity also plays an important role
in the energy balance, as demonstrated by melt pool overheating at regions surrounded by
powder: first vectors, overhangs and sharp features. A correct simulation of the temperature
flow and balance can help optimize the processing conditions for these situations.

The study of the melt pool behavior gives detailed data on the process stability and is of vital
importance for fine-tuning process parameters and beam patterns. Significant research into
monitoring systems is already available for a variety of purposes. This work introduces a series
of acquisition and image processing techniques to extract relevant information and present it
in an understandable way, through mapping of the data.

The relationship between the melt pool characteristics and several types of defects is elabo-
rated. The detection capabilities are not perfect, powder blowout and smoke formation affect
the measurement and no detector can detect every anomaly. The monitoring techniques
are nonetheless already helpful in a number of situations, such as general overheating, de-
lamination and instability escalations. Early detection of critical defects can save process time
and prevent equipment damage.

It has to be stressed that the investigated aspects, while important, do not cover the whole
process. Aspects that are not included are the 3D melt pool dynamics, the cooling of the melt,
the subsequent micro-structure formation and the final mechanical properties.

Even for the studied aspects, the work represents an evolutionary step. The techniques build
on those developed by previous researchers. The implementations are robust and can be
used for further investigations. The SLM process involves many parameters and there is still
plenty of opportunity for research. Suggestions are a more thorough investigation of the role
of the process atmosphere, the measurement of the thermal diffusion at the moment the melt
pool comes into contact with the previous layer and an improvement of the interpretation of
measured melt pool characteristics.
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