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Kurzfassung

In den letzten Jahrzenten fand die Technologie des pulverbettbasierten Laserstrahlschmelzens
(engl. Laser Powder Bed Fusion (LPBF)) neben der Prototypenfertigung zunehmend An-
wendung in der industriellen Herstellung von Endprodukten. Um den damit gestiegenen An-
forderungen an Bauteilqualitét, Produktivitit und Reproduzierbarkeit sowie der Erweiterung
des verfiigbaren Legierungs-Portfolios gerecht zu werden, miissen Prozessparameter fiir neue
Legierungsysteme entwickelt und bereits bestehende Prozesse entsprechend den hoheren An-
forderungen und neuen Maschinenkonfigurationen angepasst werden. Auf Grund der Kom-
plexitit des pulverbettbasierten Laserstrahlschmelzens werden Prozessfenster iiblicherweise in
einem kosten- und zeitaufwendigen Trial-and-Error-Verfahren entwickelt. Ein moglicher Ansatz
die experimentelle Komplexitit zu reduzieren besteht darin, verschiedene Prozessparameter zu
einer Variable zu gruppieren und den Effekt dieser Variable als Ganzes zu evaluieren. Dieses
Vorgehen findet gingige Anwendung in Formulierungen fiir den Energieeintrag. Allerdings
beriicksichtigen diese Energieeintrige keine Unterschiede in den physikalischen Materialeigen-
schaften verschiedener Legierungen womit die Ubertragbarkeit von Prozessparametern zwis-
chen Legierungssystemen erschwert wird. Dimensionslose Skalierungsgesetze konnten hier
einen Vorteil bieten, da sie die relevanten thermophysikalischen Materialeigenschaften mit
einbeziehen und damit das Schmelzverhalten materialunabhéngig beschreiben. In der vorliegen-
den Arbeit wurde die Anwendbarkeit der dimensionslosen Enthalpie H* - Verhiltnis aus der
durch den Laser in das Material eingebrachten zu der zum Aufschmelzen benétigten Energie
- zur Charakterisierung der Schmelzbadgeometrie und der Formulierung eines gemeinsamen
Prozessfensters fiir verschiedene Werkstoffe untersucht. Dafiir wurden einzelne Schmelzspuren
in einem breiten Parameterbereich und mit verschiedenen Legierungen auf Basis von Ni (EN
2.4668), Fe (EN 1.2709, EN 1.4404), Ti (EN 3.7164) und Al (EN AC-43000) hergestellt und
deren Schmelzbadmorphologie sowie Stabilitiit evaluiert. Die Untersuchungen zeigen, dass die
dimensionslose Enthalpie alleine nicht ausreicht um die Schmelzbaddimensionen hinreichend
zu beschreiben. Daher wurde der Einfluss der Wirmeverteilung ausgedriickt durch die Peclet
Zahl Pe - Verhiltnis aus Wirmeverteilung durch Konvektion zu Wirmeleitung - mit in den
Untersuchungsrahmen aufgenommen. Bei konstanter dimensionsloser Enthalpie wurde eine
nicht-monotone Abhingigkeit der Schmelzbadtiefe von der Peclet Zahl beobachtet. Bereiche
niedriger und hoher Peclet Zahlen zeigten eine unterschiedliche Steigung und Vorzeichen dieser
Abhingigkeit. Als Hypothese wurde aufgestellt, dass das unterschiedliche Verhalten auf eine Er-
hohung der Wirmeverluste durch Warmeleitung zusammen mit einer Umverteilung der Wéarme
innerhalb des Schmelzbades bei niedrigen Peclet Zahlen zuriickgefiihrt werden kann. Fiir hohe
Peclet Zahlen konnte eine quantitative Beziehung zwischen Peclet Zahl und Schmelzbadtiefe bei
konstanter dimensionsloser Enthalpie aufgestellt werden. Basierend hierauf wurden zwei neue
dimensionslose Kennzahlen zur Charakterisierung der Schmelzbadtiefe und -breite eingefiihrt
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(H}; und H} ). Mit diesen beiden dimensionslosen Kennzahlen konnten die Schmelzbaddi-
mensionen fiir die untersuchten Werkstoffe im Bereich des Tiefschweilens mit einem Fehler
von +32% und +20% fiir Schmelzbadtiefe und Schmelzbadbreite vorhergesagt werden. Des
Weiteren konnte die Skalierung mit /1, verwendet werden, um ein gemeinsames Prozessfenster
fiir Fe-, Ni- und Ti-basierte Legierungen zu definieren. Das gefundene Prozessfenster kon-
nte allerdings nicht fiir Al-basierte Legierungen verifiziert werden und weitere Forschung ist
notig um die beobachtete Abweichung zu erklidren. Die Verwendung von /1, zur Vorhersage
des Prozessfensters ist in einem materialspezifischen Bereich der Scangeschwindigkeit limitiert.
Wobei der Verlust der Anwendbarkeit von H; zur Tiefenvorhersage bei kleinen Peclet Zahlen
das untere und der Beginn des Humping-Phédnomens das obere Limit darstellt.
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Abstract

Over the past decades, Laser Powder Bed Fusion (LPBF) has evolved from a prototyping to a
manufacturing technology leading to increasing requirements on part quality, productivity, and
reproducibility. In addition, there is a high interest in extending the portfolio of available alloys.
To satisfy those demands, suitable processing parameters have to be developed for new alloy
systems and existing processes have to be adapted for refined requirements or new machine
systems. Due to the complexity of the LPBF process, development of process windows is often
done on a trial-and-error basis which can be time and cost intensive. One approach to reduce
experimental complexity is to group process parameters and evaluate their combined effect,
such as done with energy input definitions. However, those energy input expressions do not
contain physical material properties, making it difficult to transfer process parameters to varying
materials. Dimensionless scaling laws could help to overcome this drawback by including
relevant thermophysical material parameters. In this work, the usability of the dimensionless
enthalpy H* - relating the energy input from the laser to the energy necessary for melting -
to characterize melt pool geometry and to formulate a common process window for different
materials was investigated. Single line scans were produced and evaluated with respect to their
stability and melt pool morphology in a broad range of processing parameters for a variety of
alloy systems based on Ni (EN 2.4668), Fe (EN 1.2709, EN 1.4404), Ti (EN 3.7164), and Al
(EN AC-43000). The dimensionless enthalpy alone is shown to be not feasible to correlate
melt pool dimensions. Therefore, the influence of heat distribution characterized by the Peclet
number Pe - defining the ratio between heat convection and heat conduction - was included
within the investigations. At constant dimensionless enthalpy melt pool depth was observed to
vary non-monotonically with changing the Peclet number. The relation differed in slope and
sign for high and low Peclet number regions. It was hypothesized that this variation is caused
by an increase in heat loss due to conduction as well as redistribution of heat inside the molten
material at low Peclet numbers. A quantitative scaling of melt pool width and depth in relation
to the Peclet number was derived for high Peclet numbers. Two new dimensionless numbers
were introduced based on this scaling to characterize melt pool depth and width (/}; and H, ).
With those two dimensionless numbers, melt pool dimensions were observed to follow common
trend lines for all investigated alloys with an prediction error in keyhole mode of £32% and
£20% for melt pool depth and width, respectively. Furthermore, the scaling of H; with melt
pool depth enables the definition of a common process window for Fe-, Ni- and Ti-based alloys.
However, the proposed process window range could not be verified for the Al-based alloy and
further research is necessary to understand the different behavior. The use of H; to determine
a process window was found to be valid only in a material specific velocity range limited by the
loss of validity of H; to predict melt pool depth at small Peclet numbers as lower and the onset
of the humping phenomenon as upper bound.
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1 Introduction

In the past 30 years, Additive Manufacturing (AM) has matured from prototyping to an industrial
technology. While functional prototypes - with 19.3% - represented the largest share in AM
applications in 2011 [1], they got outpaced by parts produced for end use applications in 2020
by an application share of 24.6% to 30.9% [2]. With a production volume of more than half
a million parts per day clear aligners from Align Technology is considered a success story
for mass customization using AM within the polymer sector [3]. While industrialization of
polymer AM faces lower system and production costs, metal AM has also been successfully
integrated into end user products - demonstrated by BMW by the inclusion of a metal AMed
roof bracket into serial production of the BMW 18 Roadster [4]. Despite stagnation of metal AM
systems revenue growth in the last years [2] and slowed economic growth due to the COVID-19
pandemic, annual growth rates of 24% till 2025 are expected [5]. Besides its negative influence
on world economics, the pandemic might also give new chances to broaden AM applications
with businesses questioning traditional supply chains, thereby fostering industrialization of AM

[6].

According to the AMPOWER Report [5], Laser Powder Bed Fusion (LPBF), which uses a
powder bed as feedstock and a laser to selectively melt specific regions of powder, is still the
dominant metal AM technology with applications ranging from medical [7, 8] and aerospace
[9, 10] to tooling [11, 12] and customer luxury goods [13]. However, there are still drawbacks of
LPBF limiting a widespread utilization and industrialization, such as restricted build volumes, a
necessity of post-processing to reduce surface roughness and residual stresses, as well as limited
standardization [14]. Furthermore, the range of commercially available alloys for LPBF is mainly
limited to cast Al alloys, selected steels, Ti6Al4V and commercially pure Ti, Ni-superalloys,
and some Cu-alloys. However, to introduce new alloy systems into the LPBF market a feasible
process window has to be found for each new material. In addition, process parameters have to
be adapted for different machine systems. This is commonly done using experiment-based trial-
and-error strategies which are time and resource consuming. The same applies to established
alloy systems where process parameters are constantly under revision to enhance production
quality and/or speed, which are both critical factors for the industrialization of AM. In general,
there does not exist one optimum set of process parameters for every use case and they have to
be carefully selected and adapted.

To enable process developers and application engineers to select suitable processing parameters,
three different strategies can be applied: 1. Fast screening techniques with creation of dimen-
sional process maps [15-17], 2. Simulation of melt pool dimensions and stability [18-22],
3. Process parameter selection from scaling law based dimensionless process maps [23-31].
In the first case, typically, a high number of small scale samples which can be evaluated in
a timely manner are built with a wide range of process parameter combinations to give first
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estimations of properties and determine a parameter subspace for more detailed investigations
[16]. Instead of three dimensional parts, single scan tracks can be utilized for fast screening of
suitable process parameter combinations, further reducing material waste and build time [15].
Satisfactory process parameter combinations can then be transferred and additional parameters
relevant for three dimensional parts, such as hatch distance, can be adapted based on knowledge
of melt pool size from single scan track experiments. Although those fast screening techniques
certainly reduce development time and costs, experiments have to be repeated for each material
investigated and changes in hardware setting, e.g., laser beam size. In the second approach,
material and machine specific properties can be included to derive suitable processing parameter
combinations prior to experimental investigation. In addition, numerical models enable further
insights into physical phenomena and melt pool characteristics that are difficult or impossible
to observe experimentally, such as melt pool convection [18, 32], temperature distribution [33],
and solidification characteristics [34]. However, fast interaction times in LPBF and small length
scales make accurate simulations quite challenging and time consuming [35]. Furthermore,
models and their simplifications have to be validated experimentally, introducing additional
costs to computing time and hardware. Finally, the application of dimensionless scaling laws to
connect characteristic dimensionless numbers with process outcomes - such as single scan track
dimensions [24-27] or relative part density [23, 28, 29] - has seen increased research interest.
Those characteristic dimensionless numbers contain process parameters as well as material de-
pendent thermophysical properties such that process outcomes can be described in a material and
machine agnostic way. Thus, viable process parameter combinations can be transferred to new
alloys, provided the knowledge about thermophysical properties of these new materials exists
[30, 31]. Ideally, the chosen dimensionless numbers represent physical phenomena, thereby,
giving additional process insights.

Within the presented work, this new approach is investigated and utilized to characterize melt
pool dimensions and process windows for alloys with different thermophysical properties. The
first part of this work concentrates on the applicability of the dimensionless enthalpy to scale
melt pool width and depth of single scan tracks. Since melt pool depth can be closely related
to stability and defect formation within single scan tracks, the viability of the dimensionless
enthalpy to describe a material agnostic process window is investigated as a second aspect.
Corresponding limitations are identified and discussed in context of their relevance for industrial
processes. An outlook is given on the applicability of single scan track results to the fabrication
of three dimensional parts.



2 Fundamentals
2.1 Laser Powder Bed Fusion (LPBF)

2.1.1 Process description

Laser Powder Bed Fusion (LPBF) is a subcategory of Powder bed fusion (PBF), which is one
of the seven additive manufacturing techniques defined by the standards DIN EN ISO / ASTM
52900 [36]. Additive manufacturing enables the direct production of three-dimensional objects
from virtual Computer Aided Design (CAD) data by layer-wise addition of material, in contrast
to conventional subtractive or formative processes, such as Computerized Numerical Control
(CNC) machining and casting. In the case of LPBF, the metallic feedstock material is provided
as powder bed and the powder particles are fused selectively by a laser. The production sequence
from CAD file to a finished three dimensional part is shown in Figure 2.1. The CAD model
is converted into a Standard Tessellation Language (STL) file, which is then sliced into single
layers. Those layers are processed in sequential cycles according to the provided machine and
scanning parameters until the part is finished. Each cycle consists of the three following steps:
First, a thin layer of powder, typically between 20 pm to 100 pm [37], is applied onto a build
area by a recoater blade or roller. Subsequently, the powder is scanned by a laser according to
the data from the slice file. Due to an increased absorptivity of most metals in the infrared (IR)
spectrum, IR fibre lasers of 1060 nm to 1080 nm [37] wavelengths are most commonly used
instead of C'Os lasers. Beam diameters typically range from 50 pm to 100 pm [38]. Finally, the
build platform is lowered and a new cycle starts. The components are built onto a base plate
to prevent part distortion and ensure heat conduction from the process zone. Many commercial
LPBF systems enable preheating of the base plate to further reduce thermal stresses during
fabrication. To avoid oxidation caused by the high oxygen affinity of molten metals, especially

Scan
system
Ec=cl ’ Y Powder
reservoir
Collector Build Recoater

CAD data

l bin \ chamber
—— 17 =
: - u\ Vi NS
L Powder A\
w Gl SA\
STL conversion Post processing
and slicing

Figure 2.1: Schematic of LPBF system and virtual part preparation
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Ti- and Al-alloys, and to reduce contamination of the process area by process by-products, such
as spatter or smoke, an inert shielding gas, commonly Argon or Nitrogen, is guided over the
process area. After processing, the part is removed from the build platform and post-processed,
e.g., cleaned from remaining powder and surface and/or heat treated. Unused powder is collected
in an overflow bin and can be reused. [37, 38, 40]

As production costs do not strongly scale with part complexity, LPBF is a suitable processing
technique for small to medium lot production with high need for customization and freedom of
design [39]. Therefore, it is especially suitable for medical applications with complex bionic
implant designs that mimic natural bone structures [8] and topology optimized light weight
components in the aerospace sector [10]. LPBF can also present a suitable manufacturing option
in tooling, decreasing prototyping time and enabling fast tool design iterations [11]. Example
parts made via LPBF for the different industry sectors are shown in Figure 2.2. Additional
benefits of LPBF are reduced material waste and the ability to manufacture multi-component
parts in a single manufacturing step, reducing the need for assembly. However, the layered
buildup and powder adhesion lead to high surface roughness, typically between 7 pm to 20 pm
[38]. Although lower surface roughness can in general be achieved by LPBF compared to other
metal AM techniques such as electron beam melting or direct energy deposition, resulting surface
quality is still insufficient for most applications [38, 40]. Therefore, post-process surface finishing
treatments are necessary. Another drawback of LPBF is part deformation due to internal stresses
introduced during manufacturing [40]. Furthermore, overhangs or cavities need to be braced
by additional support structures to prevent deformation and enable heat conduction to the base
plate. This enhances material waste and requires post processing to remove support structures.
A major drawback for large scale industrialization of LPBF is the constrained build chamber
volumes and low build rates [41]. However, there are now multi-laser systems commercially
available to increase productivity by parallel scanning and larger machines are developed to
increase build volumes. Another important point in the industrialization of LPBF is the range of
fabricable metals and alloys. Today, alloys widely available for metal AM as powder feedstock

Figure 2.2: Example parts made by LPBF for different industrial applications; a) acetabular cup for hip implants
made from Ti6Al4V, b) satellite bracket from AlSi10Mg, and ¢) mold with conformal cooling channels
made from maraging steel
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include Ni-based alloys, such as IN718' and IN939! | Ti-based alloys, mainly Ti6Al4V and
commercially pure Ti, Al-based alloys, mainly AlSil0OMg, austenitic stainless steels, such as
316L, as well as tool steels, like M300 and H13, and some Cu-alloys [43—45]. However, research
effort is taken to broaden the material selection for LPBF to high strength Al-alloys [46] or
functional materials, e.g., shape memory or magnetic alloys [47].

2.1.2 Process parameters and terminology

LPBF is a quiet complex process with many process parameters influencing part microstructure
[37], texture [48], mechanical properties [38], surface roughness [49], internal stresses [50], as
well as build rates [51]. According to VanElsen [52], there can be easily named more than 50
parameters influencing the build process. Since a holistic discussion of all parameters is outside
the scope of this work, only a selected group of parameters, important for the understanding of
this thesis, will be explained in more detail in the following. The interested reader is referred to
[52] and [53] for a complete review.

2.1.2.1 Energy input parameter

In LPBF, three dimensional parts are created layer by layer and track® by track with a laser
melting neighboring scan lines to consolidate a layer. The different parameters regulating the
energy input are shown in Figure 2.3. Laser power P and scan speed u determine the energy input
to the material as well as the interaction time of this energy input. Their qualitative influence
on physical process phenomena and their use in energy input models will be discussed in more
detail in Section 2.2. The laser spot diameter « is defined here as the laser spot diameter in the
build plane. Most LPBF systems use a laser with a Gaussian power distribution [38], although
other beam shapes, such as top-hat or doughnut, have recently been tested to allow better heat
input control [54, 55]. Together with the laser power P, the laser spot diameter a defines the
laser intensity on the powder bed surface. The laser beam focus can be shifted out of the build
plane to achieve larger beam sizes [56] The focal point can either be shifted below or above
the build plane. Due to the converging or diverging nature of the beam at those two options,
the melt pool shape can change significantly despite similar beam diameters at the build plane.
For a focus shift above the build plane the material interacts with a divergent beam leading to
shallower melt pools compared to a laser beam focused in the build plane. In contrast, for a
focus shift below the build plane deeper melt pools are achieved due to the convergent nature of
the beam. [51] Therefore, the focusing condition is also an important factor in LPBF.

' IN stands for Inconel, which is a trade name for a series of Ni-based alloys developed by Special Metals

Corporation.

2 The terms track, scan line and hatch will be used synonymous in this work.
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Parameter Variable Dimension
Laser power P W

a Scan speed u mm/s
Laser spot diameter a mm
Hatch distance hd mm
Layer thickness It mm
Hatch length hi mm

Figure 2.3: Schematic of process parameters in LPBF

The hatch distance h4 describes the distance between the center points of two neighboring scan
lines. To reduce the build time, h; should be chosen as large as possible without creating
lack-of-fusion porosity. This form of defect occurs when the molten tracks do not sufficiently
overlap with neighboring or underlying scan lines. As a guideline, Meiners [57] recommends
hq =~ 0.7a as a starting value to avoid lack-of-fusion porosity.

The nominal layer thickness /; is defined here as the nominal value which the user determines in
the pre-processing software. The build platform is lowered by this value after each processing
cycle. Due to the lower density of the powder layer compared to the bulk material, the height
of the consolidated layer is smaller than the height of the powder layer [57, 58]. Thus, to
consolidate the material to the nominal layer thickness, a higher effective powder layer thickness
(EPLT) is needed. In theory, the EPLT can be calculated as the quotient of /; and the powder
bed density ppp [57, 59]. With typical powder bed densities around 50% this would lead to
an effective powder layer thickness twice [,. However, recent investigations by Wischeropp et
al. [58], Mahmoodkhani et al. [60], and Bidare et al. [61] showed that the experimentally
determined EPLT is higher than theoretically calculated. This is explained by not all powder
particles contributing to the consolidated layer. In keyhole mode melting (see Section 2.2.1),
some powder particles are blown away by the vapor plume or are expulsed from the melt pool
as spatter [62—-64]. With thicker /; the amount of powder to be molten is increased, therefore
the energy input has to be adapted to enable complete melting and connection to the underlying
solid. A high [; is beneficial in terms of built time, as the number of layers required to build
a part is reduced, thus decreasing the recoating time. However, increasing /; produces the so
called stair-case effect [40], a decrease in resolution of geometrical features, such as slopes and
curvatures. Additionally, surface roughness is increased [65].

The hatch length A;, length of a scan track, influences the distribution of heat as well as the
development of residual stresses. As a result of the local heating by the laser beam and corre-
sponding steep temperature gradients, residual stresses are inherent to the LPBF process. The
expansion of the heated material is constrained by the underlying colder solid, resulting in plastic
deformation [66]. Upon cooling shrinkage of the material introduces tensile residual stresses.
Since with increasing hatch length residual stresses increase, short hatches are preferred to avoid

6
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part deformation [50]. Together with scan speed, the hatch length determines the time between
consecutive hatches, thereby influencing the temperature distribution around consecutive tracks.
Reducing the hatch length shortens the time between consecutive hatches to cool, resulting in
increased heat accumulation. Which, in turn, increases melt pool dimensions [67]. Besides
those direct process parameters, the scan strategy significantly influences part quality. It will
therefore be discussed in the next paragraph.

2.1.2.2 Scan strategy

The scanning of a part area can be realized using different strategies with the most common ones
shown in Figure 2.4. The simplest strategy, called NoPattern, consists just of alternating hatches
as shown in Figure 2.4a. The scan lines can be scanned along the same as well as alternate
directions. Although, alternate scanning is preferred to reduce jump times between hatch end
points and diminish the effect of defect alignment at laser start and end points. The transition
between subsequent hatches can be realized with or without Skywriting. Without Skywriting,
the motion of the laser is started at the beginning and stopped at the end of each hatch including
distances for acceleration and deceleration. As a result, the scan speed is nonconstant along
the full length of a hatch, indicated by the color gradients in Figure 2.4a. Since the laser has
already been decelerated at the end of a hatch it can directly jump to the start of a consecutive
one, illustrated in the schematic by the short dotted turns. This is beneficial in terms of build
time. However, since scan speed is nonconstant over the hatch length, energy input varies.
When scan speed is low, the energy input increases, which can introduce keyhole porosity [68]
(see Section 2.2.1). Skywriting can be applied to avoid variations of scan speed by adding a

a) NoPattern
Skywriting No
Skywriting
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Figure 2.4: Schematic drawings of the most common scan strategies in LPBF; a) NoPattern with and without
Skywiriting (color gradients of the hatches for the no Skywriting side indicate the reduced scan speed
at those locations), b) Stripes with two stripes indicated by different colors, and c¢) Chess with 90°
rotations between neighboring cells



2 Fundamentals

distance for deceleration and acceleration before and after each hatch. During those additional
scan segments, the laser is switched off, so that it is only active when scanning a hatch at set
speed. The additional distance needed for deceleration and acceleration increases the turn time,
but decreases the risk of keyhole porosity. As mentioned in the previous paragraph, the hatch
length should be short to reduce thermal stresses. Therefore, a Stripe or Chess scan strategy is
preferred for large area parts [40]. For the Stripe strategy (Figure 2.4b), the part is divided into
stripes which are scanned sequentially. To avoid defects at the stripe borders, a stripe overlap
between hatches of consecutive stripes is added (not shown in Figure 2.4b for simplicity). Instead
of dividing the part into stripes, it can be divided into a checkerboard pattern (Figure 2.4c). The
new parameters are then cell size, overlap between cells, rotation of hatches between cells,
as well as the cell scan order. Independent of strategy, the scan pattern is commonly shifted
and rotated between subsequent layers to avoid build up of defects [69], reduce anisotropy of
mechanical properties due to texture [48], and decrease the build up of residual stresses [50].
With complex geometries of real components, some areas, such as corners or small walls, might
get exposed with short hatches. The possibly resulting bulging and overheating of material in
those areas can be avoided using either time homogenization or power reduction strategies. Time
homogenization applies a certain wait time between consecutive hatches allowing them to cool
down. For example, on EOS systems the applied wait time corresponds to the time required
to scan a standard stripe’s hatch. Since such homogenization increases the build time, power
reduction can be applied if time is a critical requirement. For power reduction, the laser power
of a hatch is reduced depending on its length.

2.1.2.3 Process boundary conditions

While the previous subsections considered process parameters and strategies, additional bound-
ary conditions applied by the machine setup will be discussed in the following. A highly effective
method to reduce residual stresses in parts is preheating of the base plate. Kempen et al. [70]
managed to build crack free parts from M2? tool steel (EN 1.3343) with a preheating of 200 °C.
Preheating the build platform does not only reduce residual stresses, but also decreases the
energy input required for melting, thereby influencing part porosity [71]. The shielding gas flow
distribution, speed, and type is another important parameter influencing part quality. Besides
diminishing oxidation of the molten material, the shielding gas flow is necessary to transport
spatter [63], ejected powder particles [64], metal vapor, and condensate from the process zone
[62]. Melt spatters and powder particles could shield the laser beam and lead to unmelted regions
if they travel through the process zone [69]. Anwar et al. [72] observed a decrease in UTS
for AlSi10Mg when scanned in a direction oriented with the shielding gas flow in contrast to
samples scanned against the shielding gas flow direction. This was attributed to the attenuation
of the laser beam by spattered particles. Furthermore, if spatter particles reintegrate into the

3 Composition in wt%: 0.86-0.94 C, 5.9-6.7 W, 4.7-5.2 Mo, 3.8-4.5 Cr, 1.7-2.1 V, < 0.45 Si
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Figure 2.5: Schematic of the laser deflection over the build plane and its influence on melt pool geometry; a)
definition of the angle of deflection oz, b) angle of deflection as distribution over an EOS M290
build platform, and c) effect of inclination on melt pool geometry shown as schematic and exemplary
micrograph for IN718

powder bed at areas that will be processed, the larger size of those particles prevents complete
melting [69, 73]. Thus, they can lead to lack-of-fusion defects. Additionally, vaporized material
from the melt pool can scatter and attenuate the laser beam, and thereby further decreases the
laser beam intensity on the molten material. Reijonen et al. [74] observed a change in melting
mode from keyhole to conduction with variation of shielding gas flow velocity for single line
scans of 316L. They attributed their observation to the attenuation and scattering of the laser
beam by the vapor and smoke from the keyhole if the shielding gas flow speed was too low to
sufficiently remove the process by-products from the interaction zone. The importance of flow
conditions on process quality was also shown by Ferrar et al. [75], who could reduce the location
dependence of sample porosity by optimizing the gas flow inlet system. Ladewig et al. [73]
proposed the following requirements for the shielding gas flow: 1. It should be homogeneously
distributed in velocity and space over the whole build area; 2. It should be as high as possible
without excessive redistribution of original powder particles; and 3. It should be close to the
build platform. Along with the shielding gas flow distribution, the distance and orientation to
the laser center are significant factors influencing homogeneity of part properties over the build
plate. LPBF systems utilize an F-Theta lens* to enable constant focusing conditions throughout
the build plane. However, with increasing distance from the laser center the laser impinges
with a tilt on the powder layer. This inclination can be described by the angle of deflection oy,
(Figure 2.5a). The angle of deflection over the build plate was exemplarily calculated for an

4 AnF-Theta lens is a special arrangement of lenses to correct for field curvature over a laser scan field to achieve

a constant focus distance and focus diameter within the scan field.
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EOS M290 in Figure 2.5b, reaching a maximum of about 15° in the corner locations. Since
the laser impinges on the powder and substrate with an angle, the created melt pool is tilted
accordingly, as shown by the micrograph in 2.5¢. In addition, with increasing deflection, the
laser spot deviates from its circularity and deforms to an ellipse, which influences intensity and
power distribution.

As the reader is now familiar with the basic concepts and important influencing parameters of
the LPBF process, a deeper discussion about process physics and its relation to process parameter
selection will be given in the following section.

2.2 Process mapping

Since parts are created in LPBF by consolidating multiple neighboring scan tracks and con-
secutive layers, a single melt pool can be defined as the basic processing unit. A general P-u
process map for single scan lines with different regions, limiting the process window, is shown in
Figure 2.6. Single line scans considered inside the process window should ideally have sufficient
adherence to the underlying substrate material, no surface irregularities, and no porosity. The
process window is limited by the balling boundary, the humping boundary, and the keyhole
porosity boundary. Each of those boundaries is attributed to a specific physical phenomenon,
which will be described in more detail in the following subsections.

Humping region

o
-

Balling region

Process window

Scan speed u [mm/s]

\Keyhole porosity region

o

Laser power P [W]

Figure 2.6: Schematic of laser power and scan speed process map with different defect regions
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2.2.1 Welding modes

Laser welding conditions are commonly distinguished as conduction mode or keyhole mode
welding with distinct process parameter ranges and melt pool characteristics. Figure 2.7 shows
micrographs of typical melt pools together with schematic drawings for the two welding modes.
In conduction mode, the laser energy is absorbed on the flat metal surface and thermal transport
mainly happens by conduction, resulting in a wide and shallow melt pool (Figure 2.7a). Due to
the low absorptivity of a flat molten metal surfaces, only a fraction of the laser energy contributes
to melting of the material. This results in low process efficiency. In contrast, in keyhole mode
welding, the incident laser energy is high enough to enable local evaporation of the material
and a cavity, called keyhole, is formed in the melt pool by the resulting recoil pressure. The
depression in the melt pool surface leads to a more efficient absorption of the incident laser beam
by multiple reflections, which further facilitates the increase in keyhole depth. Therefore, deep
and narrow welds can be achieved in keyhole mode welding (Figure 2.7b). [76]

However, keyhole welding is prone to the formation of process defects due to melt pool instabili-
ties as will be discussed within this subsection. Since conduction mode welding can be attributed
to the low laser power regime and keyhole welding to the high power regime, the transition be-
tween those two modes is typically defined in the welding community as power density threshold
of 105 W / cm? [76]. However, Assuncao et al. [77] showed that the onset of keyholing is not
sharp, but that there exists a transition region with the melt pool containing characteristics of both
modes. Furthermore, Fabbro et al. [78] considered melt pools with small vapor depressions,
not acting as ray traps to the incidence laser beam, as conduction mode weld pools. Although
criteria based on the vaporization of material and dimensions of the vapor depression would
best represent the physics between the two welding modes, they are not observable post-mortem

a) b) Laser,

apor plume

Melt pool

\\\\.

Figure 2.7: Schematics of welding modes with micrographs of corresponding melt pools; a) conduction welding
and b) keyhole welding, material is IN718
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and expensive experimental techniques such as X-ray or Schlieren imaging® have to be applied
for observation. Therefore, the two welding modes are often distinguished based on the aspect
ratio R of melt pool depth to melt pool width.

_d J<0.5, conduction mode

= (2.1)
W > 0.5, keyhole mode

A melt pool with depth larger as half its width will be considered to be in keyhole mode [79].
In this thesis, the definition in Equation 2.1 will be used to distinguish between the two welding
modes.

While conduction welding mode was suggested to be beneficial in terms of process stability and
productivity [51], with typical beam diameters in LPBF ranging from 50 pm to 100 pm and laser
power up to 500 W, it can be assumed that a large portion of the processing space is dominated
by keyhole mode welding. This has been validated experimentally by Cunningham et al. [80]
and Zhao et al. [81], using X-ray imaging of the melt pool. For almost all their parameter
combinations, including a wide range of processing speeds, laser power, and beam diameters, a
vapor depression was observed to form. Although keyhole mode welding is beneficial in terms
of process efficiency, as stated previously, it is also prone to form so called keyhole porosity at
certain process parameter combinations. While for modeling purposes the keyhole front wall is
often depicted as perfectly smooth, in reality severe distortions can occur due to the complex
melt flow and pressure conditions inside the keyhole. The formation of humps in the keyhole
front wall can change the absorption condition by shielding the lower part of the keyhole from
the beam or redirecting the vapor plume to the rear keyhole wall creating a disturbance [68, 82—
86]. Both cases can lead to collapse of the keyhole and formation of porosity. Such a keyhole
collapse, with subsequent pore formation, is shown in the X-ray image series in Figure 2.8a.
Zhao et al. [81] investigated an extensive parameter space for LPBF with and without powder for
keyhole instability in Ti6Al4V. They found a lower threshold power for keyhole porosity creation
while with increasing power the transition from unstable to stable keyhole shifted to higher scan
speeds. The addition of a 100 pm powder layer only slightly moved the boundary for keyhole
porosity onset to higher speeds and a higher threshold power [81]. Similarly, for laser welding,
the keyhole was observed to stabilize with increasing welding speed [76, 84]. Therefore, the
keyhole porosity boundary limits the process window at low scan speeds and has a positive slope
with laser power in Figure 2.6. The increase in stability with increasing speed can be attributed
to a decrease of the front keyhole wall angle ©, as shown in Figure 2.8b [78, 81, 87]. Since the
majority of the laser impinges on the front keyhole wall, its tilt significantly affects the efficiency
of the reflected laser radiance and the occurrence of multiple reflections. With an increase in tilt
angle, corresponding to a decrease in scan speed, the laser is reflected in a downwards direction

> Schlieren imaging is a technique to visualize differences in refractive indexes introduced by temperature,

pressure or concentration gradients and can thereby be used to observe fluid motion.
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Figure 2.8: X-ray images of Ti6Al4V illustrating the collapse of a keyhole and formation of porosity [87]; a)
frame-by-frame series of images (time step of 20 pus) showing collapse of keyhole front and rear wall
and formation of a pore (230 W, 400 mm//s) and b) change in keyhole front wall angle with scan speed,
1: 416 W, 800 mm/s and 2: 260 W, 1200 mm//s

to the rear keyhole wall (Figure 2.8b1). This increases the probability for multiple reflections to
occur [78]. However, the reflected rays as well as the vapor from the front keyhole wall impinge
on the rear wall and could lead to bulging and connection of the rear keyhole wall with the
front keyhole wall as depicted in the image series in Figure 2.8a. Due to the decreased tilt angle
(Figure 2.8b2), the reflected rays as well as vaporized material impinge on the upper part of the
keyhole rear wall and elongate it. Thereby, the probability of the keyhole to collapse is reduced.
Cunningham [87] proposed a critical keyhole front wall angle for keyhole porosity formation of
77°. However, the keyhole front wall angle can only be determined with significant experimental
effort. Zhao et al. [81] instead propose a threshold based on keyhole depth. However, this
critical depth is supposed to vary with scan speed and laser power. A quantitative criteria for the
onset of keyhole porosity does not exist up to now, although recent research contributed a lot to
the understanding of the phenomenon. Even when processing with stable keyhole parameters,
the scan strategy and its settings have to be taken into account to avoid keyhole porosity.

Concerning preheating, the increase of surface temperature reduces the energy input required for
keyhole formation. This is of special importance at low scan speeds where the scanning beam
can induce a temperature increase in front of the scan path. A transition from a shallow to a
deep vapor depression along a scan line was observed by Zhao et al. [81] using X-ray imaging.
Furthermore, in LPBF the scanning of neighboring scan lines and layers can cause local variation
in preheating temperatures, influencing the melt pool and keyhole dimensions [67, 87]. Similarly,
locations close to the start and end point of hatches or turns of the laser, where the speed is
slowed down at constant power if no Skywriting is applied, can cause a steep increase in keyhole
depth. The susceptibility for pore formation is thus increased at these locations as was observed
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in experiments [68] and simulations [69]. In both cases, pore formation was avoided by the
adaption of beam power to local scan speed. While the parameters for those power adaption
strategies have to be calculated for each material and parameter setting, a less complex way to
mitigate these defects is to apply Skywriting as explained in Section 2.1.2.2. Nevertheless, even
with Skywriting, so called end-of-track defects can occur for keyhole mode welding. When the
laser beam is abruptly turned off at the end of a hatch, the sudden lack of the vapor jet to keep
the keyhole open leads to a collapse due to surface tension forces. A cavity can be formed as
the top part collapses and solidifies before filling the keyhole bottom [88]. Even if no pore is
created, incomplete back filling of the keyhole cavity with material leads to a depression in the
solidified surface, which is prone to defect formation in the next layer. End-of-track defects
can be reduced by applying a power ramp down at the end of a hatch, thus allowing the molten
material to fill the keyhole cavity. [69]

2.2.2 Balling

The low power high speed corner of the process window is limited by the so called balling
defect, which is shown in comparison with a stable scan track in Figure 2.9. Balling occurs
when the energy of the laser beam is sufficient to melt the powder, but is insufficient to deeply
remelt the underlying substrate material making the melt pool prone to the Plateau-Rayleigh
instability [89-94]. In the most severe case of balling, molten powder particles cannot connect
to the underlying material and instead coalesce with each other to decrease their free surface
energy. In case of a moving laser beam over a loose powder bed, the melt pool can be viewed
as a free cylinder of molten metal. According to the Plateau-Rayleigh instability criterion, it
will break into smaller droplets if its length becomes larger than its circumference [94, 95]. In

LPBF, most scan tracks are not free floating cylinders, as they are scanned upon a substrate

—
i1 mm

Figure 2.9: Example macrographs of stable single scan tracks (top) and scan tracks with balling defect (bottom);
micrographs on the right side show corresponding melt pool cross sections; indicated are the contact
width angle ® and contact angle 1
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or already solidified material. To account for this, Yadroitsev et al. [92] proposed a stability
criterion against surface perturbations in a cylindrical segment partially connected to a substrate.
Besides length and circumference of the cylinder, its stability is then also related to the contact
width with the substrate (defined by the contact width angle ® indicated in Figure 2.9). For
® < 7/2 the melt pool is always stable indicating that a sufficient connection to the substrate
will avoid the balling defect. Scan track stability can also be related to the contact angle 1)
between melt pool and substrate surface (Figure 2.9) as a measure of wettability between the
liquid and solid material. For lower v the molten material prefers wetting and spreads over
the surface. Wetting characteristics can change greatly in dependence of surface chemistry as
experiments by Li et al. [96] had shown. Due to the formation of surface oxides, an increase
in oxygen content within the process gas led to a decrease in wettability of the molten metal
[96]. The probability of balling to occur can be decreased by increasing the energy input to
enable sufficient connection between the newly formed scan track and the underlying layer, so
that the criteria of & < 7/2 is met [96, 97]. Increasing scan speed, in contrast, will enhance the
balling probability by increasing the melt pool length, while slightly decreasing melt pool width,
thus decreasing the diameter to length ratio and the contact area to the substrate [90, 96, 97].
This explains the positive slope of the balling boundary with increasing power in Figure 2.6.
Additionally, as observed by Yadroitsev et al. [92], the balling onset velocity decreases with
increasing powder layer thickness since a higher layer thickness needs higher energy input to
fully melt the powder and connect the material sufficiently to the underlying substrate. The
balling phenomenon was only discussed in relation to single scan lines, and one should keep in
mind that multiple consecutive scan tracks might be stabilized by their neighboring scan track, as
they reduce the free surface area. Thereby, the balling boundary is shifted to higher scan speeds.
Nevertheless, balling might still be present even for multiple neighboring scan lines under severe
process conditions as observed by Rombouts et al. [98]. However, in case of process maps for
three dimensional parts, one does not find a balling boundary, but a lack-of-fusion boundary.
Lack-of-fusion defects occur when there is insufficient overlap between neighboring scan tracks.
A rational connection can be given between the balling and lack-of-fusion boundaries: Since
tracks with surface instabilities will have significant variability in width and height of a melt
pool, they will be prone to lack-of-fusion defects between neighboring scan tracks [89]. Beside
balling, another phenomenon in regard with melt pool instability is the so called humping, which
will be discussed in the following subsection.

2.2.3 Humping

Humping is a well known phenomenon in arc, electron, as well as laser welding when welding at
high speeds in keyhole mode[79, 99-104] and refers to the formation of periodic agglomerates
of molten material (humps) at the melt pool surface, as shown in Figure 2.10a. Typically,
undercuts are observed at the melt pool sides, while material is accumulated at the melt track
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center. Although, humping without undercuts was also observed experimentally [102]. While in
the laser welding literature humps are most often observed to form periodically [101, 102, 104],
Seiler et al. [105] state that in microwelding humps form stochastically. Despite the enormous
amount of research on this phenomenon, a physically sound and conclusive explanation is still
lacking [79, 106]. Therefore, general characteristics and experimental results of the humping
phenomenon will be discussed in the following. Patschger et al. [106] refer to three different
view points in the explanation of humping which are fluid dynamic, surface tension driven,
and geometric aspects. The fluid dynamic approach attributes humping to the formation of a
high velocity stream behind the keyhole which piles up at the end of the melt pool [108, 109]
(see Figure 2.10b). As the keyhole constricts the volume for molten material to pass through,
high flow velocities are achieved within the melt flowing around it and a high velocity jet
forms in the center region of the melt pool behind the keyhole (corresponding to the ’strip
liquid jet’ in Figure 2.10b). This high velocity jet can lead to the typical undercuts at the melt
pool sides and a pile up of material, a hump, at the melt pool end [108]. In addition to melt
pool dynamics, Fabbro et al. [109] consider the Plateau-Rayleigh instability to support hump
formation in the central high velocity jet region. Its unfavorable dimensions, long and thin,
make it prone to surface tension driven instabilities. Actually, the Plateau-Rayleigh instability
was mainly considered responsible for humping by many research groups [100-102]. However,
the description solemnly by this phenomenon, neglecting melt flow dynamics, does not agree
with hump formation observed by high speed imaging, and therefore seems too simplistic [109].
Finally, Berger et al. [84] add geometrical constraints due to solidification of the molten material
to the fluid dynamic and surface tension considerations. In their model, solidification, starting
from the melt pool boundaries, additionally constricts the melt pool cross section, and thus
increases the fluid velocity. Additionally, the solidification front creates a ramp for the central

a) b) Strip liquid

’S"

Wz

Figure 2.10: Humping phenomenon; a) example of humping defect of a laser weld with insert showing melt pool
cross section and b) schematic of melt pool morphology and dynamics to explain humping; reproduced
from Fabbro et al. [107], with permission of the Laser Institute of America
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melt jet to accumulate and form a hump. Thus, despite its relation to the Plateau-Rayleigh
instability, additional mechanisms contribute to the humping phenomenon and distinguish it
from the balling phenomenon.

Since the creation of a high velocity jet within the melt pool behind the keyhole plays a crucial
role in hump formation, it occurs at high scan velocities in connection with keyhole mode
welding. The critical velocity for the onset of humping g, depends on material and process
parameters such as laser beam size and power [101, 106, 110]. In laser welding [101] and micro
laser welding experiments [106], wg,m,, Was observed to decrease with increasing laser power.
Therefore, the humping limit is plotted with a negative slope in Figure 2.6. When the laser beam
diameter is increased, u gym, Was found to increase due to the expansion of the keyhole size and
corresponding decrease in melt pool velocities [106]. Concerning material, w g ,m, 18 affected
by the temperature difference between evaporation and melting as well as by thermal diffusivity,
influencing the size of the molten material surrounding the keyhole [106]. Furthermore, a high
liquid viscosity decreases melt velocities [106, 110]. Additionally, a low surface tension seems
beneficial in terms of hump formation [106], although contradicting results have been observed
by Tang et al. [110]. Besides surface tension itself, its gradient with temperature can contribute
to hump formation as well. A positive surface tension gradient increases the likelihood for hump
formation, as it supports the build up of material at the melt pool center line [110].

2.2.4 Marangoni convection

Although the Marangoni convection is not directly linked to one of the boundaries in the process
map in Figure 2.6, it influences the melt pool morphology and affects probability for defect
formation. The Marangoni convection is a fluid flow induced by the temperature dependence
of surface tension [35, 41, 79, 113]. Two different melt pool flow profiles can be distinguished
depending on the sign of the surface tension gradient as depicted in Figure 2.11. Molten metals
usually have a negative surface tension gradient [35], meaning that hot material from the molten
pool near the laser center will flow to the colder boundary regions of the melt pool as shown
schematically in Figure 2.11a. As the hot material is transported to the colder region, the
melt pool width and length are enlarged, while melt pool depth decreases. In contrast, for a
positive surface tension gradient, which applies to molten metals with surface active elements
such as sulfur or oxygen [79], the melt flows from the colder boundary regions to the melt
center. Thereby, melt pool width and length are narrowed, while melt depth is increased (Figure
2.11b). Since the Marangoni convection can influence the shape of the melt pool cross section,
a contribution to the previously discussed balling and humping phenomena is expected. For
example, a negative surface temperature gradient could have a positive effect on balling as well
as humping by increasing the wettability with the substrate and increasing melt pool width, thus
decreasing flow velocities in the melt pool [110, 114]. The influence of Marangoni convection
on melt pool morphology is material and process parameter dependent. While disregarding melt
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Figure 2.11: Schematic of the Marangoni convection in case of a) negative surface tension gradient with temperature
and b) positive surface tension gradient with temperature, redrawn after [79]

pool convection might not lead to large errors for high thermal diffusivity materials, such as Al-
alloys, as heat is mainly distributed by heat diffusion, it can introduce large errors in estimation
of melt pool dimensions for alloys with lower thermal diffusivity, such as steels [79, 115]. In
keyhole mode welding, additional flow contributions are introduced by the recoil pressure of
the keyhole as well as vapor-melt interactions. While at low to medium welding speeds the
Marangoni convection dominates melt pool dynamics [113, 115, 116], it is assumed by Fuhrich
et al. [113] that keyhole flows might be more important at high speeds.

2.2.5 Energy input definitions

Since empirical testing of a wide combination of laser power and scan speed to determine process
maps is time and cost intensive, various energy input formulas combining different process
parameters are used in literature. Instead of single parameter ranges, the process window and
melt pool morphology is then related to a specific energy input regime. The most common of
such energy input formulations are linear energy density LE D [117-120], areal energy density
AFED [121], and volume energy density V ED [51, 122, 123].

LED = E (2.2)
U
P

AED = — (2.3)
ua

VED = i 2.4)
ualy

For multitrack experiments, energy input formulations AF D and V E D are often defined with
hatch distance h, instead of beam diameter a [89, 124, 125]. Zavala-Arredondo et al. [125]
compared the usability of the three energy input definitions for density optimization of A1Si10Mg
samples fabricated with two different layer thicknesses and a variety of laser power and speed
combinations. They found LE D to better represent defect formation compared to V E'D and
AED. However, they suggest that beam diameter should also be included in the energy input
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and propose their own definition of energy input by specific point energy and power factor
to compare results from machines with different laser spot diameters. An extension of V ED
including the ratio of mean powder particle size and beam diameter was proposed by Oliveira
et al. [126] to compare research results of the same alloy obtained with different powder size
distributions.

As discussed in the previous paragraphs, defect formation is closely related to melt pool mor-
phology, and therefore numerous studies investigated the relation of process parameters and melt
pool dimensions [15, 51, 89, 117, 119-122, 127]. While a general trend of increasing melt pool
dimensions width and depth with increasing energy input is indisputable, the validity of the
introduced energy input formulations to scale melt pool dimensions for different process param-
eter combinations is not clear from literature. While, for example, Campanelli et al. [121] found
melt pool dimensions width and depth to scale well with AE D, Keshavarzkermani et al. [120]
observed a dependence of melt pool dimensions on applied process parameter combinations at
constant LE D. This inconsistency was attributed to a greater influence of laser power compared
to scan speed, resulting in the wrong scaling with the L 2D definition of Equation 2.2. Therefore,
Bertoli et al. [122] proposed a scaling of 1/y/u instead of 1/u for melt pool depth. However, melt
pool depth and width were observed to fit equally well with 1/y/u as well as 1/u by Metelkova et
al. [51]. Although, they noticed a discontinuity in the scaling of melt pool depth with V ED in
dependence of the applied scan speed range. Furthermore, Guo et al. [128] showed that similar
AED could lead to different melt pool dimensions and melting modes, which was attributed
to the difference in absorptivity and heat loss of the compared process parameters. This shows
that a deep understanding of the influence of process parameter ranges on different physical
mechanisms and their interaction is necessary to evaluate experimental results derived under
varying process conditions.

Besides inconsistencies in the observed scaling relations, another drawback of using energy input
formulations, solemnly based on process parameters, is the lack of comparability for different
materials. While for similar alloys comparable ranges of energy input might be valid as a starting
point for process optimization, the range of energy input resulting in low defect formation has
to be experimentally investigated anew for alloys with different thermophysical properties. To
overcome this drawback, Fabbro et al. [103] introduce a scaling parameter that depends on
thermal properties of the investigated alloy within their depth to energy input relation. In a
similar approach, dimensionless scaling laws can be developed to relate physical phenomena
independent of actual dimensional values as will be discussed in the following section.
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2.3 Dimensionless humbers

The concept of dimensionless numbers is often used in the field of engineering to describe
similarity between physical phenomena independent of scale [129, 130]. The most famous
dimensionless number is probably the Reynolds number Re

L
Re = UL
v

(2.5)
characterizing the flow of a liquid with velocity U and kinematic viscosity 7 along a charac-
teristic length L as laminar (low Re) or turbulent (high Re) [131]. Analyzing the fundamental
dimensions of variables of a specific physical problem, one can arrange those variables to form
groups of dimensionless numbers. The maximum number of such dimensionless groups that
can be formed is given by the Buckingham-Pi-Theorem [132]: Any problem with n indepen-
dent variables consisting of ¢ independent fundamental units can be represented by ¢« < n — ¢
dimensionless numbers. Grouping of variables to dimensionless numbers is beneficial in terms
of experimental effort, as it reduces the number of experiments. Instead of each single variable,
only the dimensionless number has to be varied and the experimentally most convenient variable
can be chosen to do so. [129] In addition, it enables deductions from experiments on small scale
models, which is especially useful in aerospace or nautical applications [130].

An overview of various dimensionless numbers that can be used to study LPBF was given
by VanElsen et al. [133]. Some of those dimensionless numbers will be introduced in the
following and the interested reader is referred to [133] for the complete list. The Peclet number
Pe, determining the surface temperature [79], is an important dimensionless number in laser
welding and is often included in estimations of melt pool dimensions for conduction [134, 135]
as well as keyhole mode welding [115, 136, 137]. It defines a ratio of heat distribution by
conduction to heat convection and corresponds to the inverse of the Fourier number Flo.
UL ua 1

Pe:3:5:ﬁ (2.6)
As common in this community scan speed w is used as characteristic velocity U and beam
diameter a as characteristic length L. In this form, it characterizes the ratio between heat
distributed by the movement of the laser to heat distributed by conduction. It can also be defined
based on the velocity of the liquid metal within the melt pool u,;p and melt pool length [ as
characteristic length [138].

2.7

In this case, it relates heat distributed by convective flows within the melt pool to heat distributed
by conduction. In general, it characterizes the heat distribution mechanism, and thus the shape
of the temperature field and the melt pool dimensions [26]. At high Pe numbers, heat is mainly
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2.3 Dimensionless numbers

distributed by convection, resulting in a shallow and long melt pool. In contrast, for small Pe
numbers, conduction dominates, leading to near hemispherical melt pools. Due to its influence
on melt pool geometry, it in turn affects cooling rates and thermal strains [138].

Another dimensionless number often discussed in connection with melt pool dimensions in laser
welding [113, 135] and LPBF [38, 138] is the Marangoni number M a, which characterizes the
strength and direction of the Marangoni convection. It is defined as

5_0 Afrmcmc-[/

Ma = —
“ or  nD

(2.8)
with surface tension gradient do /07T, temperature difference between maximum temperature
and solidus temperature AT, and dynamic viscosity 7. Melt pool width is often used as
characteristic length L. As discussed in Subsection 2.2.4, the Marangoni convection influences
melt pool shape and melt pool instabilities.

Additionally, melt pool dynamics can be characterized by the Weber We and Ohnesorge Oh
number, as well as the aforementioned Reynolds Re number (Equation 2.5). Corresponding
definitions are given in Equation 2.9 to Equation 2.11 with density p and surface tension o. For
Re in this context, a is set as the characteristic length L, u as characteristic velocity U, and /p
is substituted for -, resulting in the definition of Equation 2.11.

u?pa

We = —— = Re?0Oh? (2.9)
ag
vVWe
Oh = ;’M == (2.10)
Re:%: ”(;Ze @2.11)

While OF is the ratio of viscous to surface tension forces, We is the ratio of inertial forces
to surface tension forces, and Re the ratio of inertial forces to viscous forces. Although their
influence was acknowledged by VanElsen et al. [133], no quantitative or qualitative statements
on their influence on melt pool instabilities in LPBF was given.

Concerning energy input, a variety of different dimensionless parameters were suggested in
literature [26, 28, 29, 133, 138]. Mukherjee et al. [138] proposed a non-dimensional heat input
Q* as ratio of P/u to a predefined reference Pr/ug. Although being a dimensional number,
this ratio does not include thermophysical material properties and limits its applicability when
quantitatively comparing results for different materials. An alternative dimensionless energy
input definition including material properties was proposed by Wang and Liu [29] as the multi
track efficiency 7,,, relating laser energy input to energy necessary to melt the material.

B AP
 whalip(c, AT + hy)

Mhm (2.12)
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2 Fundamentals

With absorptivity A, temperature difference from initial to solidus temperature A7T", and latent
heat for melting ~;. The term (c,AT + hy) describes the total amount of energy needed for
melting per mass of material and will be denoted / in the following. This non-dimensional melt
efficiency is a dimensionless version of the V D in Equation 2.4. In addition, they proposed
a multi track efficiency for vaporization n,,where hs was substituted by the energy needed for
vaporization h, to estimate the formation of keyhole porosity (Section 2.2.1). Using those two
dimensionless numbers, they found a process window obtaining the lowest porosity for three
different alloys with conditions 7,, > 5 and 7, < 0.838. While incorporating many important
process parameters, those dimensionless efficiencies neglect the influence of laser beam diameter
on melt pool dimensions and defect formation. Additionally including laser beam size, Fourier
number, and melt pool dimensions besides thermophysical material properties and process
parameters, Mukherjee et al. [140] propose the lack-of-fusion number Ly to predict sample
porosity. However, melt pool dimensions need to be known to calculate L. Moreover, as
implicated by the name, it is only applicable to predict lack-of-fusion defects.

Since melt pool dimensions depend on energy input, as discussed in Subsection 2.2.5, a variety of
investigations exist relating melt pool morphology to some non dimensional numbers. GroBmann
et al. [25] found a linear relationship between melt pool width represented in a form of Peclet
number and dimensionless specific power for six different alloys. In a follow up work, they
introduced a modified version of the specific power including a factor for the beam size effect
[141]. Besides introducing 7,, and 7, for process window estimations, Wang et al. [29] could
correlate melt pool width and depth for two alloys with the so called track size number (a
ratio of maximum surface temperature to temperature difference from initial to vaporization
temperature). While this dimensionless track size parameter was developed based only on
heat conduction and a laser beam impinging on a flat surface, Fabbro et al. [142] proposed a
dimensionless number derived from a cylindrical keyhole model to scale with keyhole depth.
Applying the Buckingham-Pi-Theorem, they could validate their proposed scaling relation -
that the aspect ratio of keyhole depth to beam diameter is a function of Peclet number and a
dimensionless energy input ratio [24]. Their proposed scaling holds for laser welding parameters
in the kW range as well as for typical LPBF process settings. Recently, an increased amount of
publications have used the dimensionless enthalpy equation, or some derived form, as energy
input parameter in LPBF [26-28, 56, 68]. Similar to the melting efficiency 7,,, the dimensionless
enthalpy H* is a ratio of laser energy input to energy required for melting. However, as it was
originally introduced by Hann et al. [143] for laser welding, the volume for energy input is
formulated in a different way to Equation 2.12 resulting in

H* — hLEV - 4AP
hy wphsVadDu

with the energy input volume defined by the laser beam area and the heat diffusion length. A

2.13)

graphical illustration of the derivation of the dimensionless enthalpy is shown in Figure 2.12a.
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2.3 Dimensionless numbers

The relationship between dimensionless melt pool depth d*, which is melt pool depth d divided
by beam diameter a, and the dimensionless enthalpy H*, observed by Hann et al. [143] for
different alloys and process parameters, is shown in Figure 2.12b. Despite its origin in laser
welding, the dimensionless enthalpy was found useful for determining melt pool depth and
conduction to keyhole mode transition in LPBF [51, 56, 68]. A guideline on how to apply
the dimensionless enthalpy to translate optimum process parameters for different materials was
given by Ghasemi-Tabasi et al. [30]. Besides melt pool depth, keyhole depth was also observed
to scale nicely with H* for different alloys [28]. In addition, melt pool depth was scaled with
an adapted version of H* by Ye et al. [27], comparing single scan track dimensions for three
different alloys processed under varying scan speeds, laser power, and beam diameters. In
their adapted equation, they multiplied //* with a normalized diffusion length L} which is no
other parameter than 1/v/Pe. Although a good correlation was already achieved using constant

a)
Energy input during interaction time: AP%
|:> Energy input per Volume:
; y=1_2p2 4AP
Volume for energy input: V = Jma fD - hypy = ——
— mvDua3
Energy needed to bring material t0 Tj;quiqus: Phs = (cp(Tsotiaus — To) + hy)
P = laser power D = thermal diffusivity (at Tliquidus)
u = scan speed A = absorptivity
a = beam diameter of Gaussian beam (86%) ¢, = specific heat capacity
AT = Tsotiaus — To p = density
hy = heat of fusion
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Figure 2.12: Dimensionless enthalpy; a) schematic drawing of derivation and b) results from Hann et al. [143]
(©IOP Publishing. Reproduced with permission. All rights reserved.), scaling dimensionless melt
pool depth with the dimensionless enthalpy for laser welding of different materials and process
parameters
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2 Fundamentals

absorptivity for the enthalpy calculations, they could improve their fit by substituting A with
an absorption function A = f(H*L}) that included the variation of absorptivity depending on
keyhole geometry as observed by calorimetric measurements. A similar adapted form of H*
including L, was used by Gan et al. [28] in combination with 7, to predict porosity within
samples. In accordance with those previous studies, Rubenchik et al. [26] derived that melt
pool dimensions should scale with the dimensionless enthalpy and the Peclet number based on
a purely thermal conduction model. They proposed a difference in the scaling relation with
melt pool depth depending on Peclet number. However, no experimental validation of such a
transition in scaling relation was given in the work of Rubenchick et al. [26] nor in any of the
aforementioned investigations.

From the presented literature, it can be seen that steps are already taken to introduce dimension-
less scaling laws in LPBF with increasing interest in recent years in verifying their use for process
control as well as prediction of melt pool dimensions. However, constraints on their applicability
in terms of process range and thermophysical material properties have not been readily discussed
in literature. Therefore, in this work, the usability and limitations of the dimensionless enthalpy
H™ to characterize melt pool dimensions and define a process window for different materials are
investigated in a wide field of process parameters.
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3 Materials and methods
3.1 Investigated materials

3.1.1 Powder feedstock

The investigated samples were built from standard commercially available gas atomized EOS
powders of the alloys IN718 (EN 2.4668), MS1 (EN 1.2709), 316L (EN 1.4404), Ti64 (EN
3.7164), and AlISi10Mg (EN AC-43000). The iron-based alloys MS1 and 316L, as well as the
nickel-based superalloy IN718, were selected due to their comparable thermophysical properties
and good weldability (see Table 3.2). Furthermore, Ti64 was chosen since it obtains a lower
density, higher solidus and liquidus temperature, as well as lower surface tension and viscosity
at similar thermal conductivity compared to the aforementioned alloys. AlSil0OMg is included
in the investigations, as it has significantly different thermophysical properties than the other
alloys. The compositions of all alloys are shown in Table 3.1 and the particle size distributions
for the powders are presented in Figure 3.1.

6 100
——Ti64
MS1
5 —316L
IN718
—— AISi10Mg le d50 dgo
4 IN718 18um  32pm  49pm |
MS1 15um  32pum  48pm
316L 22um  35um  47um
Ti64 25um  38um  47um [ %0

AISilOMg 26pm = 44pm = 63um

N

Frequency distribution p3 [%]
Cumulative distribution Q3 [%)]

y
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0 50 100
Particle size [um]
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Figure 3.1: Particle size distributions of powder feedstock

Table 3.1: Composition of powders in wt%

Element Al Co Cr Cu Fe Mg Mn Mo Nb Ni Si Ti V Zn C N (6] P/S  Others

IN178 0.20 17.00 Bal 2.80 4.75 50.00 0.65

-0.80 - 1.00 -21.00 -0.30 -0.35 -3.30 -5.50 -55.00 -0.35 - 1.15 -0.08 -0.015 -0.05
MS1 0.05 8.50 Bal 4.50 17.00 0.60

-0.15 -9.50 -0.50 -0.50 -0.10 -5.20 -19.00 - 0.10 - 0.80 -0.03 -0.01 -0.01
316L 17.00 Bal 2.25 13.00

- 19.00 -3.00 - 15.00 -0.03 -0.10

Ti64 330 Bal 3:50

-6.75 -0.3 -4.50 -0.08 -0.05 -0.2 -0.1

.2 .
AlSilOMg Bal 0-25 90
-0.05 -0.55 -0.45 -045 -0.05 -11.0 -0.15 -0.1 -0.05
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3 Materials and methods

3.1.2 Thermophysical properties

To calculate dimensionless variables, thermophysical properties of the investigated alloys have
to be known. An overview of the thermophysical properties for the investigated alloys used in
this work is given in Table 3.2. Wherever available, data has been taken from the literature.
Due to the lack of data for thermophysical properties up to the liquidus temperature for the
alloys AlSi10Mg, 316L, and MS1, thermophysical properties were calculated with the software
JMatPro v10 [144]. Calculations in JMatPro were done with the average composition of each
element for the respective alloy according to Table 3.1 and a temperature range from room
temperature 7" up to 400 K above liquidus temperature in steps of 10 K. Thermal diffusivity
D is calculated based on Equation 3.1 with thermal conductivity k, density p, and specific heat
capacity c,,.

D=— 3.1

For surface tension and viscosity of all investigated alloys, except Ti64, the average value from
liquidus temperature to 400 K above liquidus from the respective JMatPro calculations has been
taken as reference. Surface tension and viscosity of Ti64 were taken from Mohr et al. [145].
Absorptivity was estimated as rounded values from the minimal absorptivities measured by Ye et
al. [27] for IN718, 316L, MS1, and Ti64. For AlSi10Mg, absorptivities for flat surfaces proposed
in literature range from 0.01 [28] and 0.05 [125] to 0.15 [146]. Therefore, an absorptivity of 0.1
is choose as an approximation.

Table 3.2: Thermophysical properties of investigated alloys used to calculate dimensionless numbers; absorptivity
taken from [27] for IN718, MS1, 316L, and Ti64, and an average between [125] and [146] for absorptivity

of AISil0Mg
Density p  Melting range Enthalpy i, Thermal conductivity k; Thermal diffusivity D; Surface tension ¢ Dynamic viscosity 77 Absorptivity A
RT [kg/m?] [K] 10% [J/ke] [W/(mK)] 1076 [m?/s] [mN/m] [mPas] [-1
IN718 [144, 147] 8260 1528 - 1610 968 26.8 4.5445 1709 6.3 0.3
MSI [144] 8209 1659 - 1714 1121 315 5.7697 1704 5.6 0.3
316L [144] 7865 1653 - 1706 1143 30.3 5.4662 1716 6.0 0.3
Ti64 [145, 148, 149] 4420 1878 - 1928 1563 29.2 7.8416 1492 4.0 0.3
AlSil10Mg [144] 2667 826 - 868 1062 80.0 29.0974 755 1.2 0.1

3.2 Sample processing via LPBF

3.2.1 Substrate preparation

To reduce post processing effort and enable a reproducible surface quality, single line scans
and single layer hatch packages produced in this work were build on substrate plates. The
substrate plates with print dimensions 40 mm x 43 mm x 6 mm were additively manufactured
on an EOS M290 systems using the same powder feedstock as for the respective experiments.
Figure 3.2a shows the arrangement of the substrate plates within the process chamber in the
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Figure 3.2: Preparation of substrate plates; a) screen shot of print job layout and b) surface topography image of
cut and milled substrate plate

build preparation software. The substrates were built with standard EOS InFill parameters for
each alloy without any contour scans or Up- and DownSkins. The time homogenization feature
(explained in Section 2.1.2.2) was enabled to avoid overheating of short scan tracks at corners.
To reduce deformation of the substrates upon cutting, a stress relief heat treatment of the whole
build plate was conducted after processing for all alloys except IN718. The respective heat
treatment procedures are listed in Table 3.3. In addition to reduced distortion, the heat treatment
also contributed to enhanced contrast between the substrate material and the single scan tracks
within metallographic cross sections. After cutting from the base plate, the substrates were milled
to final dimensions of about 39.7mm x 39.7mm x 5mm . Despite careful milling, in-plane
distortions throughout the substrate plates could not be completely avoided. To quantify the
distortion, each substrate plate was measured with a Keyence VR3200 3D surface profilometer
(see Section 3.3.3) with the measuring stage as reference plane. A surface topology image of
a final substrate plate is shown in Figure 3.2b. The substrates for IN718, 316L, MS1, and
AlSi10Mg used for this work had a maximum in-plane deviation of 77 pm, meaning that, in
the worst case, the powder layer applied upon the substrate would vary by this value. The Ti64
substrate plates generally showed a higher in plane variability due to difficulties in machining
with a maximum deviation of 108 pm. Taking into account the relation between effective and
nominal powder layer thickness measured for IN718 and Equation 4.10, a change in powder layer
thickness of 100 pm would correspond to a decrease in melt pool depth by 40 pm. Since melt
pool depths of up to 485 pm had been achieved with the investigated parameter combinations, a
possible error introduced by the insecurity of applied powder layer is not expected to strongly
effect the overall relation of dimensionless number and dimensionless melt pool depth. The
actual error within the applied powder layer thickness is expected to be even lower as substrate
plates were leveled again inside the process chamber in reference to the recoater blade.

27



3 Materials and methods

Table 3.3: Stress relief heat treatment procedures

Material  Heat treatment temperature and time

MSI1 940°C for 2h
316L 1065 °C for 2.5h
Ti64 1020°C for 2h
AlSilOMg 530°C for 0.5h

3.2.2 Single scan track experiments

Single scan tracks were built with an EOS M290 LPBF system featuring a 400 W Yb fiber laser
with a wavelength of 1070 nm operated in continuous wave mode. The laser has a Gaussian beam
profile with nominal diameter of 80 £ 4 pm. Prior to experiments, actual laser beam sizes were
measured using a Primes FocusMonitor FMW+ and the beam diameters were calculated based
on the 86.5% power aperture method [150]. Measurements were done at 40 W and 200 W and
the average of those measurements was taken as the laser beam diameter. If measurements could
not be done or data was unavailable the nominal diameter was assumed as reference. All samples
were built under Argon atmosphere with residual oxygen content of maximum 0.17% and a base
plate temperature of 80 °C, except for AISilOMg experiments, where base plate heating was
35°C. A customized built plate was manufactured with frames in specific locations to hold the
substrate plates described in the previous section (Figure 3.3a). To avoid any influence of laser
deflection across the build plane, all samples were built in the central location of the holder,
ensuring a near orthogonal impact of the laser beam on the powder surface. Prior to inserting
the substrates into the holder, they were roughened with 320 grit SiC paper to avoid powder

slipping over the milled surface. The substrate was then leveled parallel to the recoater blade

Figure 3.3: Photographs of the experimental setup for single scan tracks and single layer builds; a) substrate holder
with substrate in EOS M290 prior to powder addition and b) after application of 40 pm powder layer
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and the build platform height was increased until the recoater blade scratched the substrate plate
surface. This height was taken as level zero and the build platform was subsequently lowered
first by 40 pm (Figure 3.3b) and then in 50 pm steps up to 190 pm total applied powder layer
thickness. A powder layer thickness of 190 im was chosen as this value was found in preliminary
experiments to correspond to the EPLT for the 40 pm standard processes of IN718 and MS1
(Appendix A.1). In addition, one build job for AISi10Mg was done with applied powder layer
thickness of 100 pm, as this corresponds to the EPLT of the 30 pm standard process (Appendix
A.1). Two hatches were scanned for each set of processing parameters to ensure repeatability.
Scan tracks were set 1 mm apart to reduce the influence of heat input from neighboring tracks
(Figure 3.4a). The scanning order was set against the shielding gas flow to avoid interactions with
debris from previously scanned tracks. The scan direction was set orthogonal to the shielding
gas flow.

In addition to the EOS M290 experiments, one single scan track built job for A1Si10Mg has been
built on an EOS M400 system featuring a 1 kW Yb fiber laser to extend the range of investigated
Peclet numbers. The approach for building the single scan tracks was similar to the setup in an
EOS M290: the substrate plate was placed in the center of the base plate, scratched with the
recoater to locate height zero, and then a powder layer of 190 pm was applied. However, the
EOS M400 does not provide a leveling option for the base plate, and therefore the zero level
height had to be taken as the highest point on the substrate, introducing a higher uncertainty
in powder layer thickness compared to EOS M290 experiments. Furthermore, Nitrogen was
applied as shielding gas, as Argon was not available on this specific machine. Instead of using
a substrate holder the sample was glued to the center of a standard build plate with Al tape.
Orientation of scan tracks and the scanning order in respect to the shielding gas flow were set

QO
S

b) 10 mm

10 mm

Shielding gas flow

Figure 3.4: Photographs of a) single scan track and b) single layer hatch package samples; both built with 190 pm
applied powder layer thickness
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similar to the EOS M290 experiments. The 86.5% laser beam diameter was measured using a
Primes ScanFieldMonitor.

3.2.3 Hatch package experiments

To investigate the effect of applied powder layer thickness on melt pool dimensions, hatch pack-
ages with dimensions 10 mm x 10 mm were built for IN718 at applied powder layer thicknesses
of 190 pm, 290 pm, and 390 pm. Hatch packages were used in this setup to additionally get a
first outlook on the change of processing space from single scan tracks to hatches within a layer.
The hatch package samples were built on an EOS M290 with similar setup as for the single
scan tracks and hatches were scanned orthogonal to the shielding gas flow direction. To avoid
short hatches and stripe boundaries within the hatch packages, a NoPattern scan strategy with
alternating directions was applied (explained in Section 2.1.2.2 and Figure 2.4a). Nine process
parameter sets (Table 3.4) were selected for this investigation. Five parameter sets were chosen
to be within the process window predicted in Section 4.2.1 and two parameter combinations were
selected outside the lower and upper process window boundary, respectively. Scan speeds were
calculated from the set laser power P and the dimensionless enthalpy /7* by Equation 2.13. Prior
to the hatch package experiments, single line scans were built at the same applied powder layer
thickness variations and track widths were measured from topographic images recorded with the
Keyence VR3200 3D surface profilometer. Those single line scan experiments were necessary
to calculate the hatch distance for hatch packages, so that the ratio of scan track width to hatch
distance would stay constant and similar to the standard ratio of 1.22. From the selected process
parameter combinations, three sets were found to be outside the humping speed limit (Section
4.2.3) marked in light red in Table 3.4, and were therefore excluded from further analysis. A
photograph of a fabricated hatch package sample is shown in Figure 3.4b.

Table 3.4: Parameter sets (PS) for IN718 hatch packages relative to standard values; scan speed for parameter sets
marked in red is above the humping limit

PS Laser power P Dimensionless enthalpy /* Process window condition

1 -30% -30% outside lower boundary
2 +15% -30% outside lower boundary
3 -30% Standard inside process window
4 -15% Standard inside process window
5 Standard Standard inside process window
6 +15% Standard inside process window
7 +30% Standard inside process window
8 -30% +30% outside upper boundary
9 +15% +30% outside upper boundary

30



3.3 Characterization

3.2.4 Three dimensional parts

To investigated the applicability of the proposed dimensionless process window to three dimen-
sional parts, density cubes were built from PS 1, 4, 5, and 9 of the hatch package experiments
(Table 3.4). Density cubes had dimensions 15 mm X 15mm x 15 mm and were scanned on an
EOS M290 with standard EOS parameters except for the adapted laser power, scan speed, and
hatch distance. Neither contour nor Up- or DownSkins were applied. The sample cubes were
built with a nominal layer thickness of 40 pm, 60 pm, and 80 pim, respectively, to investigate the
influence of layer thickness on the process window. Furthermore, ten parameter combinations
selected based on previous single scan track experiments and an estimated process window for
IN718 were applied to build additional density cubes with dimensions 10 mm x 10 mm x 13 mm.
Due to their small length scale, those cubes were built with NoPattern scan strategy and the
Time Homogenization feature (see Section 2.1.2.2) to avoid overheating. Process parameter
combinations were selected to result in Pe >4 and H, between 2.2 and 4.3 (a complete list of
parameter sets is given in Appendix A.4).

3.3 Characterization

3.3.1 Preparation

After processing, the substrate plates were cut with an ATM Brillant 240 cut-off saw. Parameters
and cut-off wheel type were chosen in accordance with the substrate material. The cuts were
conducted orthogonal to the single scan tracks or hatches within a hatch package, respectively,
and both sides of each sample pair were embedded in one sample mount. The samples were
cold mounted in acrylic resin (ClaroCit by Struers) and semi-automatically ground and polished
with a final step of colloidal silica suspension (OPS by Struers, pH =9.8). For each material the
corresponding in-house developed preparation procedure was used. To enable a visual contrast
between the substrate and scan tracks, the samples were etched prior to microscopy, except for
AlSi10Mg, for which good contrast was already achieved after the OPS polishing. Samples
of IN718 and 316L were etched in Aqua Regia (1 part 65%-HNQOs : 3 parts 37%-HCI) for
30s. MS1 was etched with Nital (3%-H NOj3 in ethanol) for 2min. Due to health and safety
restrictions, the Ti64 samples could not be etched in-house and an external specialist, IABG,
was commissioned. Density cubes for IN718 were sectioned parallel to the build direction, cold
mounted, and semi-automatically ground and polished to OPS-finish. Only one cross section
per density cube was embedded.
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3.3.2 Cross section analysis

The etched cross sections were analyzed using an Olympus DP27 light optical microscope
with Olympus Stream Software (Version 2.2). For each scan track, a separate micrograph was
recorded. Besides the image file, a corresponding configuration file with the microscope settings,
such as image resolution, was exported. Those two files were imported in an in-house developed
software, called WeldSeamAnalyzer (WSA), to analyze the melt pool dimensions. The WSA was
programmed by Dr. Peter Holfelder in Python code. It contains a database storing experimental
information, micrographs, and analysis results, as well as a graphical user interface (GUI)
enabling the user to draw Bezier curves around the melt pool borders. The dimensions melt pool
depth, melt pool height, and melt pool width, measured at the interface between melt pool and
substrate surface, were calculated from those Bezier curves. The definition of the different melt
pool dimensions are visualized in Figure 3.5a. For each parameter set, melt pool dimensions
were calculated from the average of four cross sectional micrographs.

Hatch packages were documented by stitching of multiple micrographs. Since only single scan
tracks can be analyzed with the WSA, dimensions of hatches within a hatch package were
measured with ImageJ [151]. For the first scan track, melt pool depth and height are taken as
average from the two cross sectional micrographs. Stable hatch dimensions were measured from
three hatches in the center region of the hatch package plus the last hatch on each cross section
giving a total of eight measurements per parameter set. The last hatch was included, as it was the
only hatch for which melt pool width could be measured due to the overlap between the other
tracks.

Center hatches

i Substrate
reference

Figure 3.5: Micrographs illustrating measurements of melt pool dimensions for a) single scan tracks using WSA
and b) hatch packages by ImageJ [151]
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3.3.3 Analysis of topography

Prior to sample sectioning, the surface profile for single scan tracks as well as hatch packages
was recorded using a Keyence VR3200 3D profilometer. It is a contactless profilometer based
on multiple triangulation to calculate the height profile of a surface. Samples were measured
in micro-mode with 40x magnification (measurement uncertainty of +3 pm in height direction
and +2 pm in lateral direction). The surface profiles were processed in the VR-3000 G2 Series
Analysissoftware (Version 2.5.0.332). The corresponding substrate surface was set as reference
plane for each recording and the single scan track stability was then evaluated by drawing a
profile line over the center of each single scan track. If the profile dropped to a height of 20 pm
or less from the reference surface, it was rated as instable, otherwise it was defined as stable. A
topographic image and respective line profile measurements for a stable and an instable line are
shown in Figure 3.6. Similarly, stability for hatch packages was defined based on line profiles
along the first and last scan track. Since average height of the scan tracks changes with applied
powder layer thickness, the limit for the maximum allowable drop of a stable line was adjusted
for evaluation of the first scan tracks at powder layer thicknesses of 100 jpm, 290 pm, and 390 pm
to 15 um, 30 pm, and 40 pm, respectively. For the last scan tracks, those limits were halved to
account for the lower average height for stable scan tracks within a hatch package compared to
the first scan track.

Line profile 1 - Stable
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Figure 3.6: Characterization of surface stability for single scan tracks; a) topographic image of IN718 single scan
tracks with line profiles for stability evaluation and b) line profiles for a stable single scan track (line
profile 1) and an instable single scan track (line profile 2), red dotted lines indicate 20 pm height
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3.3.4 Density measurements

The density of the three dimensional samples was measured with two different methods. First,
the density was determined by the Archimedes’ principle according to DIN ISO 3369 [152]. The
sample cube’s mass in air m,;, and destilled water my,o was measured with a Kern 770-660
precision scale equipped with a Sartorius YDK 01 density measurement kit. To determine
the water density pp,0, its temperature was measured with a Pt100 temperature sensor and
the corresponding density taken from the table provided in the Sartorius handbook. Absolute
density p, of the sample cubes is then calculated based on Equation 3.2, including a correction
factor for the sample holder given by Sartorius.

B (pry0 — 0.0012)my,
P = s — M11,0)0.99983 + 0.0012

(3.2)

To calculate the relative density p,., a bulk density of 8.26 g/cm? is taken as reference for IN718
(see Table 3.2). In addition, cross sections were prepared for each density cube to measure
area fraction of porosity within the sample. The whole surface area of the cross section was
recorded by stitching micrographs with 5x magnification using an Olympus DP27 light optical
microscope with Olympus Stream Software (Version 2.2). Pores were then marked by automatic
thresholding and any falsely indicated scratch or particle on the surface was manually removed
from the selection. The area fraction of porosity, defect number, mean defect diameter, and
maximum defect diameter were calculated and documented.

3.3.5 High speed video recordings

To analyze the observed change in Peclet number dependence of melt pool depth for single
scan tracks (Section 4.1.2), high speed (HS) videos were recorded for IN718 at two process
parameter sets selected from previous experiments. Parameter sets were chosen to result in Pe
= 1.4 and Pe = 7.3 at constant H* = 9.4. However, due to wrong laser linearization of the
used machine, actual laser power output was higher than calculated giving the following output
parameters: 99 W and 80 mm/s for Pe = 1.4 with H* = 10.7 and 202 W and 410 mm/s for
Pe =73 with H* =9.7. For each parameter combination, three single scan tracks with length
7mm were scanned on a substrate plate. The setup was similar to the standard single scan track
experiments with applied layer thickness of 190 pm. Due to the small field of view for the HS
camera, the distance between consecutive tracks had to be reduced to 0.7 mm. To record the HS
videos, an EOS M290 was equipped with a Photron FASTCAM NOVA S12 HS camera and a
CAVITAR CAVILUX®HF640 illumination laser. The illumination laser was fixed inside the
process chamber, while the HS camera was mounted at a modified M290 front door, enabling
close up viewing of the process zone. The setup is shown in Figure 3.7. For HS video recordings,
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g 1 HS camera FASTCAM NOVA S12

: 2 Camera holder

3 Object lens with inset for filters

4 lllumination laser CAVILUX® HF640

Figure 3.7: Setup of HS camera on EOS M290

the camera is set to 20000 fps resulting in 250 frames/mm and 49 frames/mm for each scan

track with the lower and higher scan speed parameter, respectively.
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4 Results and discussion
4.1 Characterization of melt pool dimensions

As the formation of stable and defect free single scan tracks is related to melt pool dimensions
and morphology, the characterization of melt pool depth and width using dimensionless numbers
is one of the major goals of this thesis. Furthermore, the knowledge of melt pool dimensions
can enable the process developer to select geometry or application specific process parameters.
For example, shallower melt pools might be favorable for overhang areas to reduce adhesion of
the underlying powder particles. Additionally, based on the relation of dimensionless number
and melt pool width of a single scan track, an appropriate hatch distance for hatch packages
can be chosen. While a vast number of investigations exist on the dependence of melt pool
dimensions and single processing parameters for specific materials [15, 51, 89, 117, 119-
122, 127], dimensionless numbers are used in this work to correlate melt pool dimensions
and process parameters in a more material and machine agnostic way. In the first subsection,
the applicability of the dimensionless enthalpy, introduced in Section 2.3, to predict melt pool
dimensions will be discussed. The results indicate that the dimensionless enthalpy alone is not a
valid representation of the energy balance. Therefore, the influence of the Peclet number on melt
pool dimensions is discussed in the second subsection. New dimensionless numbers, combining
the dimensionless enthalpy and the Peclet number, are proposed in the last subsection together
with their validation and an evaluation of the quality of prediction.

4.1.1 Influence of dimensionless enthalpy

The dimensionless enthalpy H*, originally developed for estimation of melt pool dimensions in
laser welding [143], has experienced increasing interest in the LPBF community [26, 28, 30, 56].
To validate the applicability of the dimensionless enthalpy H* to predict melt pool dimensions,
single scan tracks were fabricated and analyzed in accordance with the methods described in
Section 3.2.2 and Section 3.3. In a first set of experiments, two alloys, IN718 and MS1, with
a comparable range of thermophysical properties of the bulk materials (Table 3.2) and similar
powder particle size distributions (Figure 3.1), were investigated. Those two alloys were chosen,
as similar results in dependence of the dimensionless enthalpy /7* were expected. Additionally,
experiments for MS1 were done on two different machines of the same type, EOS M290, to
ensure machine comparability. Based on the EOS standard parameter set for the two materials,
four levels of the dimensionless enthalpy were selected, standard, -30%, +30%, and 90% from
standard, and corresponding process parameters were calculated based on Equation 2.13. To
check that similar dimensionless enthalpy values will result in similar dimensionless melt pool
dimensions for each enthalpy level, power was varied from the standard value to -30% and +30%
of the standard and scan speed was adjusted accordingly.
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4 Results and discussion

Results for dimensionless melt pool depth and width are shown in Figure 4.1a and Figure 4.1b,
respectively. Melt pool dimensions were normalized by the laser beam diameter a. As expected,
melt pool dimensions increase with increasing H* for both materials. The insets in Figure
4.1a examplarily illustrate the development of melt pool morphology with the dimensionless
enthalpy. At low energy input, the melt pool has a shallow connection with the underlying
substrate, making the scan track prone to instability due to the balling phenomenon (see Section
2.2.2). Therefore, instable lines are observed at those low values of H* marked in the graphs
by transparent symbols. For the lowest values of H*, melt pool depth is less than half of
the melt pool width, indicating conduction mode welding for those tracks (see Section 2.2.1
Equation 2.1). With increasing energy input, the melt pool depth is amplified due to keyhole
formation, which increases the risk of keyhole instability (see Section 2.2.1) at the highest
energy input. It can be noticed that melt pool depth shows a higher sensitivity to H* compared
to melt pool width, indicated by the steeper slope. This is in accordance with observations by
Trapp et al. [146] and Keshavarzkermani et al. [120], who both observed a more pronounced
increase in depth compared to width with increasing energy input. The higher sensitivity of
melt pool depth compared to melt pool width can be explained by the Gaussian distribution of
the laser beam in combination with the formation of a melt pool depression. As the highest
intensity of the Gaussian beam is in the center, the melt pool center will experience the highest
temperature, which might lead to material evaporation and the formation of a depression. Due
to multi-scattering within the depression, even more energy will be distributed in the center
of the melt pool which drives the increase of the melt pool depth and the formation of a deep
keyhole. In contrast, melt pool width is mainly influenced by heat conduction. While this
general trend is visible for both investigated alloys, the data of dimensionless melt pool depth
separates for MS1 and IN718. Deeper melt pools are obtained for MS1 compared to IN718 at
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Figure 4.1: Dependence of melt pool dimensions on the dimensionless enthalpy H * for a) dimensionless melt pool
depth d* with insets showing micrographs of melt pool cross sections and for b) dimensionless melt
pool width w*; experiments were done on machine M1 and machine M2; symbols with transparency
indicate instable lines
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4.1 Characterization of melt pool dimensions

similar dimensionless enthalpy. The two MS1 data sets fall close irrespective of which machine
is used, and thus machine independence can be assumed for this experimental setup.

Besides the difference in data for IN718 and MS1, large scatter is observed within data sets
from the same material obtained with different laser power and scan speed combinations at
similar dimensionless enthalpy. Especially, one notes the large scatter for the IN718 samples
at * = 12.3. Micrographs of cross sections for IN718 scan tracks built with varying process
parameter combinations at /7* = 12.3 are shown in Figure 4.2a. Despite having similar /7*, melt
pool dimensions, especially melt pool depth, decrease with increasing scan speed. A similar
trend is depicted for MS1 in Figure 4.2b, showing micrographs of cross sections for single
scan tracks built with H* = 9.5. In accordance with the IN718 data, melt pool dimensions
for MS1 decrease with increasing scan speed at constant //*. Thus, it can be supposed that
the dimensionless enthalpy cannot sufficiently characterize melt pool dimensions independent
of actual process parameter settings and material. This finding is in contrast to Hann et al.
[143] who observed a common trendline for dimensionless melt pool depth of stainless steel,
vanadium, and titanium welds produced at different processing parameters. That a good fit of
those data points was observed might be explained by comparing the range of investigated scan
speeds, which was between 16 mm /s and 48 mm /s for the laser welding experiments compared
to 130 mm/s to 3310 mm/s used for the present investigation. Due to the smaller range of scan
speeds, its influence on melt pool dimensions might not have been as pronounced, and therefore

H*=12.3, IN178

H*=9.5, MS1

Figure 4.2: Micrographs of melt pool cross sections with similar dimensionless enthalpy ™ built by different
process parameter combinations; a) H* = 12.3, IN718 and b) H* = 9.5, MS1
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4 Results and discussion

did not create as much deviation between the data points. Similarly, Gan et al. [28] found a linear
relation between keyhole aspect ratio and the dimensionless enthalpy for Ti6Al4V, Al6061, and
SS316 single scan tracks built under LPBF conditions, but without powder layer. However, they
directly measured the keyhole dimensions via x-ray imaging and stated that their relation does
not apply to melt pool depth analyzed by cross sectional investigations. While King et al. [56]
did not investigate different alloys, they compared the relation of dimensionless melt pool depth
and the dimensionless enthalpy for different processing parameters for LPBF of stainless steel
and found a good correlation. Nevertheless, data scattered strongly above the keyhole threshold.
Even in conduction mode the range of scatter was comparable to the one observed in Figure
4.1a. An in depth investigation whether this scatter was related to certain process parameter
combinations was not given. However, comparison of the cross sections in Figure 4.2a and
Figure 4.2b indicate that scan speed influences melt pool dimensions at constant H *.

The influence of scan speed on the development of melt pool dimensions can be rationalized by
taking into account the heat loss during the laser material interaction time. The definition of the
dimensionless enthalpy in Equation 2.13 only relates the energy input by the laser to the energy
required to melt the interacting material. However, some of the energy is lost to the surrounding
substrate by heat conduction during the interaction of the laser with the material. Since the
Peclet number characterizes heat loss, its influence melt pool dimensions for different materials
is discussed in the next subsection.

4.1.2 Influence of Peclet number

4.1.2.1 Dependence on Peclet number

Since it was recognized from results of the previous section that melt pool dimensions vary
with changing processing parameters at constant dimensionless enthalpy /*, the dependence of
melt pool dimensions on the Peclet number was investigated in more detail. The Peclet number
was calculated based on Equation 2.6 with characteristic length a, characteristic velocity u, and
thermal diffusivity D; at Tj;quiqus- In this sense, it is a ratio of heat distribution by conduction
through the material to heat distribution by the movement of the laser beam as convectional part.
Results for single scan tracks built at varying Pe and constant /7* (with a small variation of 0.2,
due to round-off error between calculated and applied P and u) for IN718 are shown in Figure
4.3. In accordance to the observations from Figure 4.2a, melt pool dimensions decrease with
increasing scan speed, corresponding to increasing Pe. While this trend is valid for the full range
of investigated Peclet numbers for melt pool width (see Figure 4.3b), a change in its dependence
on Pe for Pe < 4 is observed for melt pool depth (see Figure 4.3a). At such low Peclet numbers,
melt pool depth decreases with decreasing Pe, while the opposite trend is observed at higher
Peclet numbers.
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Figure 4.3: Dependence of melt pool dimensions on Peclet number Pe at constant dimensionless enthalpies H*
for a) dimensionless melt pool depth d* and for b) dimensionless melt pool width w*; solid lines are fit
with a constant exponent, while dotted lines are best fits; Ri values are R2 values for an allometric fit
with d* oc Pe™®

To quantify the relation between dimensionless melt pool dimensions and the Peclet number,
best fit lines were calculated using an allometric function of the form ¢; Pe®. For melt pool
depth, the two regions, Pe < 4 and Pe > 4, were fit separately. Despite a qualitatively similar
trend for all three fits within the left region of Figure 4.3a and acceptable fit quality, with lowest
R? of 0.69, exponents ¢, for the allometric fits decrease strongly with increasing H*. Therefore,
a quantitative description of the low Pe region for melt pool depth will not be given at this
point. In contrast, the right hand region exponents for the allometric fit are closer together,
indicating a common trend independent of H*. This quantitative trend is taken as dimensionless
melt pool depth being proportional to the inverse square root of the Peclet number. Therefore,
additional to the dotted best fit lines, solid lines in Figure 4.3a represent allometric fits with
a constant exponent of -0.5. Although the best fit exponents do not result exactly in a square
root dependence, this constant exponent is chosen, as 1/ v/ Pe represents the thermal diffusion
length L, = \/m normalized by the beam diameter a. The importance of Pe on melt pool
dimensions has also been recognized in laser welding literature as it influences the temperature
distribution [79, 134, 137]. A decreasing trend of melt pool width and depth has, for example,
been observed for laser welding by Lankalapalli et al. [137]. Additionally, a combination of
the normalized thermal diffusion length and the dimensionless enthalpy has been successfully
used in LPBF to relate melt pool depth for varying alloys and process conditions [26, 27, 142].
However, a transition in Pe dependence at constant dimensionless enthalpy, as observed in this
work, has not been reported experimentally in those investigations. This might be because only
scan speeds higher or equal to 500 mm /s were applied by Ye et al. [27], resulting in Pe > 5 for
316L and IN625 and Pe > 3 for Ti64. In fact, a theoretical discussion about the change in Pe
number dependence is given in Rubenchik et al. [26] and will be referred to in Section 4.1.2.3.
However, no experimental evidence was presented there.
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4 Results and discussion

In contrast to dimensionless melt pool depth, a change in Pe dependence cannot be observed
for melt pool width (see Figure 4.3b). Except for the lowest H* data set for which a decrease
in width can be observed for data points with the lowest Pe values. In this case, the decrease
in width can be attributed to a change from keyhole to conduction welding. As for melt pool
depth, best fit lines and allometric fits with constant exponent of -0.2 are shown. To describe
the relation of melt pool width with Pe, the exponent of -0.2 is chosen as average between the
observed best fit exponents. This is in the range of results for micro laser welding by Patschger

—0.363 and

et al. [136], who calculated a proportionality of dimensionless melt pool width to Pe
Pe=9207 depending on the welding mode. One has to note that those investigations were done

on full penetration welds which might explain the slight deviation from the observed exponent.

Since the variation of Pe was achieved by an adjustment of the scan speed u, laser power had to
be decreased at low Pe to enable constant /*. Therefore, at the lowest Pe numbers, the melting
mode was observed to transition from keyhole to conduction mode. This is indicated in Figure
4.3 by the half-open square symbols. For simplification, absorptivity was set as constant in the
dimensionless enthalpy equation, although effective absorptivity will change when transitioning
to keyhole mode welding and varies with keyhole depth and shape [146, 153]. Absorptivity is
low in conduction mode due to the relatively flat metal surface. It then sharply increases when
changing to keyhole mode welding, finally saturating at a considerably higher value compared
to the absorptivity measured for a flat metal surface. For example, absorptivity of 316L was
observed to increase from about 0.3 for conduction to 0.78 at the saturated keyhole regime
[146]. Thus, a drop in melt pool depth and width is expected when changing from keyhole to
conduction mode at constant /7*. However, the change in Pe dependence is not only observed for
conduction mode samples, but also occurs for samples in keyhole mode welding. A comparison
of a melt cross section in conduction and keyhole mode welding at similar Pe is shown in Figure
4.4. From the typical elongated wine cup shaped cross section on the right side, it is clear that

this sample is in a deep keyhole state. It is, therefore, assumed that the Pe dependence of melt

Figure 4.4: Micrographs of melt pool cross sections at similar Peclet number Pe at different dimensionless en-
thalpies H* for IN718
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4.1 Characterization of melt pool dimensions

pool dimensions and its change in behavior for melt pool depth is not solemnly due to a change
in welding mode.

4.1.2.2 Influence of material feed

Since three dimensional parts are created in LPBF by consolidating multiple powder layers upon
each other, the application of powder adds additional physical phenomena and complexity to
the LPBF process compared to laser welding. Besides melting the substrate, energy has to be
spent to consolidate the powder layer. In this work, a constant powder layer thickness was
applied on top of the substrate plates, and therefore the part of energy spent on melting the
powder should be constant for all tested parameter sets and not influence the results relative to
each other. However, in reality, the powder layer is not a fixed solid and material redistribution
can change material feed considerably. Powder particles were observed to be dragged towards
the laser-powder interaction zone by the Bernoulli effect of the vapor plume in keyhole mode
welding [62—-64]. This creates the denudation zone, a region around the melt pool depleted of
powder. The attracted powder particles can either get entrained in the melt pool area or get
ejected with the vapor plume and redeposit at other locations on the powder bed. Thus, the
amount of powder actually interacting with the laser can vary in dependence of process parameter
settings. To depict a possible effect of material feed on melt pool depth, data from Figure 4.3a is
re-plotted in terms of dimensionless total depth d; (the sum of depth d and height &, normalized
by a) in Figure 4.5. In accordance with Figure 4.3a, the relation between dimensionless total
depth d; and Pe changes around Pe ~ 4. The high Pe region is still showing a good agreement
with the previously observed inverse square root dependence. At Pe < 4 dimensionless total
depth d; seems to saturate for 7 = 6.6 and slightly decreases for the two higher dimensionless
enthalpies. However, the decrease is not as severe as for dimensionless depth alone, dropping
by about 0.5 for d; compared to around 1 for d*.
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Figure 4.5: Dimensionless total depth df over Peclet number Pe at constant dimensionless enthalpies H* for
IN718;df = (d+ h)/a

43



4 Results and discussion

To further understand the influence of powder feed, HS video recordings were done according
to the experimental setup in Section 3.3.5 for parameter sets with Pe = 1.4 and Pe = 7.3. Due
to some issues with the machine calibration, process parameters do not exactly match parameter
sets for the data presented in Figure 4.5. However, as the Pe number dependence is similar for
different /7*, a comparison is assumed to be valid. Snapshots from those HS video recordings
are shown in Figure 4.6. Since the powder flow is difficult to see from the snapshot images,
the powder flow direction observed on the video recordings is indicated by red arrows. A wide
denudation zone can be seen for the scan track built with Pe = 1.4 in Figure 4.6a. In this
case, powder is dragged towards the single scan track over a large area around the laser-powder
interaction zone, leaving a wide region adjacent to the single scan track depleted of powder
particles. In contrast, no clear denudation zone can be detected from Figure 4.6b for Pe = 7.3
and the powder flow is more chaotic. For this sample, powder is sucked towards the scan track,
but also expulsed from the laser-powder interaction region. As discussed in Section 2.2.1, the
keyhole front wall angle increases with increasing scan speed, resulting in a tilt of the expulsed
vapor plume. Despite attracting powder particles from the surrounding area, the tilted plume
can also interact directly with the powder bed pushing particles away from the interaction zone
[62]. This can explain that powder is also blown away from the interaction zone at high scan
speed in Figure 4.6b.

Thus, while experimentally material addition was kept constant, the dependence of powder en-
trainment on process parameters can lead to a difference in powder material volume contributing
to the consolidated melt track. This could lead to a decrease in melt pool depth with an increase
in material addition, as a higher fraction of energy is spent to melt powder instead of substrate
material. While the difference in material feed certainly has an influence on melt pool depth
and stability, especially at low energies where a small change in melt pool depth easily creates
instability, it is not assumed to be the only contributing mechanism to the decrease of melt pool

a) Denudation zone
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Scan direction = *Scan direction
————————————>

Figure 4.6: Snapshots from HS video recordings for a) Pe = 1.4 at H* = 10.8 and b) Pe = 7.3 at H* = 9.7; red
arrows indicate the direction of powder movement as observed from the video recordings
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Figure 4.7: Dependence of melt pool dimensions on Peclet number Pe at constant dimensionless enthalpies H*
for bare plate experiments; a) dimensionless melt pool depth d* over H* and b) dimensionless melt
pool width w* over H*

depth below a certain Pe number. This assumption is rationalized as first, not all of the attracted
powder is contributing to the molten material and second, even total depth decreases for small
Pe (Figure 4.5). To substantiate this assumption, the influence of Pe on melt pool dimensions
was additionally investigated for single scan tracks made on bare plates without powder. Results
are shown in Figure 4.7 in comparison with data for 190 pm powder layer thickness. Qualita-
tively, the data is in good agreement with previous results from samples with powder addition.
Good fits are achieved for allometric functions with exponents of -0.5 for melt pool depth and
-0.2 for melt pool width. While melt pool width increases for all investigated Pe values, the
relation to melt pool depth changes at Pe of around 4 as observed for samples built with powder.
Furthermore, a clear separation of the data points for samples in conduction mode is visible
for both melt pool dimensions. This reassures that the decrease of melt pool depth at Pe < 4
is most likely not caused by a transition in welding mode. Thus, in addition to material feed,
another physical phenomenon has to be responsible for the change in Pe dependence at low and
high Peclet numbers and will be discussed in the following section.

4.1.2.3 Change in heat distribution mechanism

By its definition in Equation 2.13, the dimensionless enthalpy gives a ratio between energy input
by the laser and energy required to melt the interacting volume of material. A ratio greater than
one is needed to melt the material, as energy is lost during the interaction, e.g., by vaporization
of material or conduction of heat to the surroundings. The Peclet number describes the ratio of
heat conduction to heat convection, and thus is a measure of heat loss during the laser material
interaction. At high Pe >> 1, meaning high scan speed, low thermal diffusivity, and/or large
beam size, heat is concentrated within a small area around the interaction zone and heat loss
to the sides of the interaction zone is negligible. However, in case of Pe << 1, heat diffusion
during the interaction time is larger than the beam size and heat flow to the surrounding is

45
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non negligible. This can be illustrated from the different terms of Equation 4.1, calculating the
maximum surface temperature 7, for a moving Gaussian beam for Pe < 10! [79].

2AP a’u? au
T. =Ty + ex erfc| —— 4.1
’ V2mpe,Da P (128D) / (\/ 128D) “1)

This equation can be converted to Equation 4.2 only containing /* and Pe as variables.

T Pe?D Pe
T.=T,+ AT,/ —H*VP 4.2
¢ o+ \/; eexp( 198 )erfc(\/m) 4.2)

The functional terms containing Pe, except the exponential part, are plotted separately in Figure

4.8. The exponential term is always close to one because of the small values of D and is
therefore not plotted. At Pe << 1 the inverse error function term approaches a value of
1, and thus the moving Gaussian beam equation converges to the stationary Gaussian beam
solution. The maximum surface temperature is then mainly determined by the square root
term, meaning that 7, increases with increasing Pe, which is in qualitative agreement with
the experimentally observed behavior. With increasing Pe, the error function term approaches
zero, thereby decreasing the overall surface temperature with increasing Pe. Using a similar
rationalization, Rubenchik et al. [26] suggest that melt pool depth mainly depends on H* at
Pe > 1, while it is suggested to additional dependent on v/Pe for Pe << 1. In addition to the
two Pe terms of Equation 4.2, an inverse square root function is plotted in Figure 4.8 to indicate
the experimentally observed relation. For Pe between 1 to 10, the error between the inverse
square root function and inverse error function is small, indicating a comparable scaling for those
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Figure 4.8: Functional relationship of the terms within the moving Gaussian beam solution with Pe; the inverse
square root of Pe is additionally plotted for comparison

! The Pe range was adapted to account for a different definition of Pe in [79] compared to this work.
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4.1 Characterization of melt pool dimensions

two terms. The inverse square root trend of melt pool depth with Pe can be further rationalized
for Pe >> 1, using the one-dimensional heat flow equation, as heat loss in transverse direction
of the melt pool can be neglected at such high speeds. For simplicity a Dirichlet boundary
condition is chosen, resulting in the following solution:

T(zt) =T, ( 2 ) 4
n-1. "\ @3)

with constant surface temperature 75 = 7}, initial temperature 7;, and interaction time ¢. In

case of a moving laser beam, the interaction time is taken as ¢ = a/u. Since the coordinate
is searched where the temperature has reached the solidus temperature, Equation 4.3 can be

Zsolidus Tsolidus - Tb) 2
d* = =erfc 4.4
a 7 ( L,-T, ) VP @5

resulting in an inverse square root scaling of d* with Pe. Thus, qualitatively, the different trend

converted to

lines observed experimentally at low and high Pe can be explained based on heat distribution.
The decrease of melt pool depth at small Pe can be attributed to an increase in heat loss. Since
heat distribution mechanisms should be similar at comparable Pe, material dependence is not
expected and the transition point value should stay constant for all investigated alloys.

To check the material dependence of the transition point, additional experiments were done
on a bare substrate for AISi10Mg and with a 190 pm powder layer for AISi10Mg, 316L, MS1,
and Ti64. In all experiments, [/* was kept constant while Pe was varied. The results are
shown in Figure 4.9. Comparing the results for IN718 and AlSi10Mg for bare plate substrates
without powder, a similar Pe dependence is observed. At high Pe, dimensionless total depth
d; scales with the inverse square root of Pe, while at low Pe an increase in d; with Pe is
observed. However, the transition is shifted to a lower value for AISi10Mg, between Pe = 1 to
1.8, compared to observations for IN718. In contrast to IN718, a tendency for a change in Pe
dependence is also visible for melt pool width for A1Si10Mg. For samples in keyhole mode, melt
pool width seems to slightly decrease at the smallest Pe numbers (data point at Pe = 1.4 for
H*=3.8, Pe = 1.0 for H* = 4.2, and Pe = 0.7 for H* = 5.0). Similar results are observed for
the experiments with 190 pm powder layer in Figure 4.9¢ and Figure 4.9d. For all investigated
alloys, the data sets for dimensionless melt pool depth show a good match with the v/ Pe-fits.
While the transition happens around Pe = 4 for IN718 and the steels, 316L and MS1, it shifts to
lower values for Ti64 and AlSi10Mg. The ranges for the transition values are marked by shaded
areas of different color in Figure 4.9c. Melt pool width increases monotonically with decreasing
Pe for all alloys, except AlSi10Mg for which a decrease in width is observed at the smallest
Pe numbers in conduction as well as keyhole mode. Furthermore, it is interesting to note that
despite having the second lowest H*, AlSil0Mg obtains the highest dimensionless melt pool
widths. A deeper discussion on this observation is given in Section 4.1.3.2. Both experimental
setups indicate that the transition value for the Pe dependence is material dependent, which
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Figure 4.9: Dependence of melt pool dimensions on Peclet number Pe at constant dimensionless enthalpies H*
for different alloys; a) dimensionless total depth d; and b) dimensionless melt pool width w* over Pe
for bare substrate experiments, and c¢) dimensionless melt pool depth d* and d) dimensionless melt
pool width w* over Pe with 190 pm powder layer; transparent symbols indicate instable lines; colored
areas in c) indicate range for transition values

was not expected from the arguments based solemnly on the heat loss by heat conduction to the
surrounding material.

Besides on energy input itself, melt pool dimensions also depend on the distribution of heat.
Since the Marangoni convection influences heat distribution inside the melt and the melt pool
shape [113, 116], in this work, it is suggested that melt convection additionally contributes to
the observed change in Pe dependence. While at high scan speeds melt flow is mainly to the
back of the melt pool, due to the pressure of the vapor cavity, at low scan speeds the Marangoni
convection around the keyhole might play an important role. The influence of heat transfer
due to convection of the molten material to heat conduction can be characterized by the Peclet
number Pe);p (Equation 2.7). Instead of scan speed u, the velocity of the molten metal inside
the melt pool is used to calculate Pej;p. Since actual melt velocities could not be measured
within this work, the absolute contribution of convectional flows inside the melt pool to the
distribution of heat is not quantified. However, studies by Mukherjee et al. [138] and Rai et
al. [116] showed the importance of convectional flow in heat distribution for alloys with low
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4.1 Characterization of melt pool dimensions

thermal diffusivity. Furthermore, Mukherjee et al. [138] found a positive relation of Pe,;p and
the Marangoni number M a, which is a measure for the strength of the Marangoni convection.
The observed decrease of melt pool depth at low Pe and constant H* is, therefore, suggested
to result from the redistribution of heat due to the Marangoni convection inside the melt pool.
Since the investigated steels obtain a negative surface tension gradient with temperature, melt
will flow from the keyhole rim to the boundary. Thereby, heat is distributed from the hot to the
cold area, increasing melt pool width but decreasing melt pool depth. This matches with the
observed decrease in melt pool depth and increase in melt pool width at low Pe. Examining the
melt pool shapes of IN718 samples from the bare substrate experiments at Pe below and above
the transition point in Figure 4.10a, both melt pool cross sections show a wide spread at the top
and a slender penetration part at the center resulting in a wine cup shape. The increase in melt
pool width near the surface can be attributed to the Marangoni convection. In contrast, a wine
cup shape is not observed for the AISi10Mg cross sections in Figure 4.10b. For high thermal
diffusivity alloys, such as AlSi10Mg, heat is mainly distributed by conduction and the shape of
the melt pool is not strongly influenced by the melt pool convection [79].

To further characterize the influence of the Marangoni convection, its strength is estimated by
the Marangoni number M a, defined in Equation 2.8. The characteristic length is set to 1 to
enable a comparison solemnly based on the thermophysical properties of the investigated alloys.
The thermophysical properties used for calculation are listed in Table 4.1. A transition from

Bare substrate plate, H*=8.9

b) Bare substrate plate, H*=4.2

Figure 4.10: Micrographs of melt pool cross sections below and above the Pe transition for bare plate experiments
of a) IN718 and b) AlSil0Mg
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Table 4.1: Thermophysical properties to calculate M a; T, is taken from Fe for steels [154], Al for A1Si10Mg [148],
and Cu for CuCrZr [155]; 1 and do /dT for CuCrZr are taken from Cu [156, 157]

Thermal diffusivity D; Boiling temperature 7T}, Tj-Ts01:4us Dynamic viscosity 7 Surface tension gradient g—f

107% [m?/s] K] K] [mPas] [mN/(mK)]
IN718 [144, 147] 4.5445 3133 1605 6.3 -0.2952
MS1 [144] 5.7697 3133 1474 5.6 -0.3212
316L [144] 5.4662 3133 1480 6.0 -0.3207
Tio4 [144, 145, 148] 7.8416 3533 1655 4.0 -0.24
AlSi10Mg [144] 29.0974 2743 1917 1.2 -0.2122
CuCrZr [158] 32.5886 2840 1519 3.1 -0.2
W [159-161] 12.9757 6101 2414 8.5 -0.31

positive to negative surface tension gradient was calculated by JMatPro [144] for AlSi10Mg at
temperatures above 1000 K and only the slope of the negative gradient is taken into account here.

The resulting Marangoni numbers for the investigated alloys are shown in Figure 4.11. It can
be seen that a decrease in M a correlates with a shift in the Pe transition to lower values (closer
to 1). This would be expected, considering only the change in heat distribution mechanism
from heat conduction to the laser beam movement. This correlation gives another hint that the
Marangoni convection might be responsible for the change in Pe dependence for the melt pool
depth of low thermal diffusivity alloys. Additionally, M a has been calculated for CuCrZr and
W which both should behave similar to AlSi10Mg in terms of Pe dependence and could be
investigated in further studies to validate the proposed hypothesis.

To conclude, the observed dependence of melt pool dimensions on Pe as well as the transition
in Pe dependence for melt pool depth is not solemnly related to one physical phenomenon,
but an interplay of material feed as well as different heat distribution mechanisms, conduction,
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Figure 4.11: Comparison of Marangoni number M a for different alloys based on thermal properties in Table 4.1
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melt pool convection, and the moving beam. In cases where conduction is more significant to
heat distribution than the moving beam, melt pool depth will qualitatively follow the unmoving
beam solution, positively correlating to Pe. In contrast, at high speeds, when heating is mainly
due to the movement of the laser beam, melt pool depth and width decrease with increasing
Pe. In addition, heat distribution by convection inside the melt pool leads to a transition of Pe
dependence already at Pe > 1. With increasing importance of this convective part, decreasing
thermal diffusivity and increasing M a, the transition shifts to higher values. Since laser beam
size was not changed within this work, it would be of interest for supplemental research activities
to investigate how a change in laser beam size affects the Pe dependence.

4.1.3 Combination of dimensionless enthalpy and Peclet number

Within the previous sections, it has been shown that the dimensionless enthalpy H* cannot
be used to characterize the effect of process parameters on melt pool dimensions on its own.
The Peclet number Pe has to be taken into account to consider the effect of heat distribution.
Therefore, two dimensionless numbers combining Pe and H* are suggested to separately scale
melt pool width and melt pool depth. The proposed dimensionless numbers will be compared to
experimental investigations and their usability discussed within the following two subsections.

4.1.3.1 Dimensionless melt pool depth

For dimensionless melt pool depth, the depth corrected dimensionless enthalpy /1, is introduced:

H*
= (4.5)
d v/ Pe

Since a common exponent for the allometric fits could not be found at low Pe, [, is defined

such that it will only apply to combinations of process parameters and materials were the inverse
square root scaling of Pe is valid. Results of dimensionless melt pool depth for IN718, 316L,
MSI1, and Ti64 are plotted over H; in Figure 4.12. Only data with Pe > 4 is used for those
plots to ensure validity of the inverse square root scaling. Furthermore, data from parameter
sets with speeds greater than 1260 mm /s for IN718, 1240 mm /s for MS1, 1200 mm/s for 316L,
and 1550 mm /s for Ti64 have been excluded. Those speeds denote the humping limit, which
will be discussed in more detail in Section 4.2.3. Fulfilling the aforementioned conditions, all
data sets fall within a common curve for dimensionless melt pool depth d* despite different
thermophysical properties of the investigated alloys. To find the relation between d* and H,,
data was fit with an allometric equation resulting in a best fit expression of d* = 0.559H 117,
The 95% prediction band, the area where 95% of data falls in, is indicated as gray region. It
can be seen that data for Ti64 falls mostly on the upper side of the fit, while data for IN718 falls
on the lower side, indicating that there is still some material dependence. However, it has to
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Figure 4.12: Prediction of dimensionless melt pool depth d* by depth corrected dimensionless enthalpy H,; a)
dimensionless melt pool depth d* over depth corrected dimensionless enthalpy H, and b) corre-
sponding error of measured means to predicted values; yellow band indicates error for 95% of data

be taken into account that the calculation of dimensionless numbers was based on temperature
independent thermophysical properties and estimated absorptivities of the respective alloys which
might rationalize the observed discrepancies. To check the prediction’s quality, relative errors
of measured to predicted melt pool depths were calculated for all data points and are plotted
in Figure 4.12b. Figure 4.12a shows that melt pool depths for conduction mode samples are
over-predicted by the fit, resulting in large errors up to -62%. Nevertheless, by taking only data
for samples in keyhole mode into account, the prediction’s accuracy is increased. As indicated by
the yellow area, 95% of all data points in this mode fall within a -30% to 32% relative prediction
error. Data for IN718 is mostly over-predicted, while data for Ti64 is mainly under-predicted.
For 316L and MS1, data scatters around zero, indicating a more equal spread of the prediction
error on both sides. Furthermore, no trend in the prediction error with /1, is visible for IN718,
while for Ti64, 316L, and MS1 over-prediction is slightly increased at very low H, (H}, < 2).

To validate the fit, data from AlSi10Mg experiments, which have not been previously included
in the fitting, are plotted in Figure 4.13. Using AISi10Mg as validation material is especially
interesting due to its contrasting thermophysical properties compared to the previously inves-
tigated alloys (see Table 3.2). In comparison to the investigated steels, thermal diffusivity for
AlS110Mg is nearly one order of magnitude higher, while volumetric enthalpy of melting is only
about one third of the volumetric enthalpy of melting for the steels. For AISi10Mg, additional
experiments were conducted on an EOS M400, equipped with a 1 kW laser, to extend the range
of Pe numbers that can be investigated (setup described in Section 3.2.2). Since it was observed
that AISi10Mg was following the same Pe dependence, with the transition range shifted to
lower Pe numbers, data sets with Pe > 1.8 were included for evaluation. Figure 4.13 shows
that especially the EOS M290 data set falls close to the prediction, with a maximum error for
keyhole mode samples of -18% to 15%. Those values are within the previously proposed 95%
prediction error of -30% to 32%. For conduction mode samples, the maximum error is -45%.
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Figure 4.13: Comparison of AlSi10Mg data sets with best fit for dimensionless melt pool depth d* of Figure 4.12

Data for melt pool depth of EOS M400 experiments falls on the lower part of the prediction
band, and thus is mostly over-predicted. In keyhole mode, errors range from -28% to 1% and
in conduction mode from -35% to 9%. Overall, a good fit for dimensionless melt pool depth is
also obtained for AlISi10Mg, with an error for keyhole mode samples in a similar range to the
previously investigated low thermal diffusivity alloys.

Thus, it can be stated that melt pool depth can be predicted for different alloys to within +£32%
by the proposed allometric fit, which seems acceptable for such a simple scaling and considering
that errors of more complex simulations range from 5% to 15% [22, 33, 34, 162]. Additionally,
it has to be taken into account that, due to the stochastic nature of the process, variability of
melt pool dimensions can also occur along a single scan track or between multiple scan tracks
with the same process parameters. Scime and Beuth [163] observed a relative scatter in melt
pool depth of 4.5% to 37% for IN718 by measuring 10 cross sections with the same processing
parameters over a wide range of process space. A comparable range of scatter for melt pool
depth across measurements of different cross sections of the same scan track has been observed
for this work. The standard deviation varied from 0.6% to 46% for the investigated alloys. Thus,
the observed prediction error seems acceptable.

The herein proposed depth corrected dimensionless enthalpy /', is similar to the scaling used
by Ye et al. [27] and Rubenchik et al. [26] for melt pool depth of low thermal diffusivity alloys.
In contrast to their work, latent heat was included in calculating the necessary energy for melting
in this work. In accordance with these previous studies, the current work shows the usability
of H, to scale melt pool depth for different alloys. In addition, it was shown that the scaling
can also be applied to high thermal diffusivity alloys, such as AlSi10Mg. The dimensionless
enthalpy H* has also been applied without inclusion of Pe, giving acceptable fits in previous
investigations [28, 30, 56] despite wide ranges of investigated scan speeds [28], including speeds
leading to Pe < 1 [30]. Within a small range of scan speed variation or in the case of very high
scan speeds, neglecting the Pe dependence might be valid. However, it is not clear why data
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within those observations did not scatter strongly despite the significant speed ranges tested. A
large scatter of data for single tracks in keyhole mode welding is indeed acknowledged by King
et al. [56]. Nevertheless, a further discussion in relation to scan speed has not been made. An
alternate scaling for melt pool depth is given by Fabbro et al. [142] as

B, P 1 D

ua’pc, AT 1+ “0 WL o “a (4.6

and constants B; and B, depending on the range of Pe. Within a Peclet number range? of
0.4 < Pe < 12, they propose B; = 0.4 and By = 1.2. At scan speeds much higher than the
critical speed ug, the term 1/(1 + ug/u) reduces to 1 and Equation 4.6 results in a scaling of
d* similar to H,. For speeds smaller than v, dimensionless melt pool depth d* decreases with
decreasing scan speed which qualitatively agrees with the observed Pe dependence at small Pe
numbers (see Section 4.1.2.1). However, the term uo/u can be rearranged to

@_BQD_BQ

U au Pe

“.7)

showing that the ratio is dependent on Pe. Since Bs is proposed to be constant within the afore-
mentioned Pe range, the transition of Pe dependence should occur at similar Pe independent
of material. However, material dependence was observed in this work which is not taken into
account with the proposed scaling of Equation 4.6. In general, the presented results validate
existing scaling laws and extend the applicability of /1, to high thermal diffusivity alloys.

4.1.3.2 Dimensionless melt pool width

The proposed relation for dimensionless melt pool width is introduced as the width corrected
dimensionless enthalpy /7, and is defined by Equation 4.8.

H* = H*Pe %2 (4.8)

From the previous results on the relation of melt pool width and Pe, the proposed definition of
H? is expected to be applicable for Pe > 1. The same data sets as for the evaluation of melt pool
depth is used to plot dimensionless melt pool width w* over H, (see Figure 4.14a). The data is
fitted with a power law relation, resulting in w* = 3.154(1 — H, %), and the 95% prediction
band is indicated as gray area. The corresponding relative prediction error is plotted in Figure
4.14b. As for dimensionless melt pool depth, a tendency for over-prediction of conduction mode
samples is visible, however the maximum deviation is only -19% which is considerably lower
compared to the melt pool depth prediction error. For keyhole mode samples there is a tendency
for over-prediction of melt pool width for 316L and MS1, while IN718 and Ti64 show a tendency

2 The Pe range was adapted to account for the different definition of Pe in [142] compared to this work.
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Figure 4.14: Prediction of dimensionless melt pool width w* by width corrected dimensionless enthalpy H; a)
dimensionless width w* over width corrected dimensionless enthalpy /[, and b) corresponding error
of measured means to predicted values; the yellow band indicates the error range for 95% of data

to be under-predicted. However, the overall scatter of 95% of the data is within £ 19%, which is
almost a third lower than the 95%-error for melt pool depth. In accordance with results for melt
pool depth, the prediction error is within an acceptable range in comparison to melt pool width
deviations for more complex simulations of 2% to 18% [22, 33, 34]. Variation within scan tracks
is also smaller as for melt pool depth for stable scan tracks, as width is less influenced directly
by keyhole geometry and laser power absorption. Scime and Beuth [163] observed a relative
scatter in melt pool width of 2.9% to 14% which is in good agreement with scatter observed in
this work in the range of 0.8% to 29.9%.

To check the validity of the proposed scaling for another alloy not included in the fit, as for
melt pool depth, AISi10Mg data is used and is shown in Figure 4.15. In contrast to melt pool
depth, AISi10Mg data for both experimental setups, M290 and M400, clearly separates from
the previous best fit result. Wider melt pools as expected are obtained for almost all process
parameter combinations for AlSilOMg. Thus, even with correction for Pe dependence, the
dimensionless enthalpy H* does not give a material independent scaling relation for melt pool
width for materials with significantly different thermal properties. This can also be seen from
Figure 4.9b and Figure 4.9d with AlSi10Mg obtaining higher dimensionless melt pool widths
w*, despite smaller H* compared to the investigated steels, IN718, and Ti64. Furthermore, this
observation is in accordance with results from Hann et al. [143] who found a deviation from
scaling with H* for different alloys. A consolidation of data was achieved by additional scaling
dimensionless width w* with thermal diffusivity for the respective alloy to take into account the
effect of heat loss on melt pool width. However, with the definition of H,, conduction heat
losses should already be included. While, within the keyhole welding regime, melt pool depth
is mainly determined by keyhole depth, melt pool width depends on heat distribution around the
keyhole, and thus is influenced by thermal diffusivity as well as phase transition temperatures.
Since the keyhole diameter wg 7 1s defined by the boiling isotherm of the material and melt pool
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Figure 4.15: Comparison of AlSi10Mg data sets with best fit for dimensionless melt pool width w* of Figure 4.14

width by the solidus isotherm, the ratio of w/wg g should scale with T}, / T’siqus @s proposed by
Dausinger [154] for high Pe. In case of AlSilOMg, T,/ T soriaus is 3.3, while for the investigated
steels and Ti64 the ratio is 1.9. This explains that data falls close for those alloys in contrast
to the higher melt pool widths (at similar /},) for AlSi10Mg observed in Figure 4.14a. The
values of T}, / Tso1iqus for all investigated alloys are given in Table 4.2. Since the keyhole diameter
wg g is related to the laser beam diameter a, the 7}, /7T, scaling is expected to hold true also
for dimensionless melt pool width w*. Therefore, data for dimensionless melt pool width w*
was normalized by T}, /Tsiqus and replotted in Figure 4.16a. It can be seen that the replotted
data falls close for all investigated alloys including AlSi10Mg and a new best fit is calculated
as 1.439(1 — H7,%%). The corresponding relative prediction error is shown in Figure 4.16b.
Compared to the previously proposed scaling for w* in Figure 4.14, general trend and fit quality
does not change significantly for IN718, MS1, 316L, and Ti64. There is still a tendency of
over-prediction for 316L. and under-prediction for Ti64, while IN718 and MS1 data is more
scattered around zero.

The 95% data scatter for the new fit lies within +£20%, with some outliers in conduction mode
on the lower side and Ti64 in keyhole mode on the upper side (maximum error of 33%). Most
of the AISi10Mg data falls within the 95% prediction band with the majority of the data points
accumulating within the positive error side, indicating a tendency for under-prediction. There is
no significant difference observable between the M290 and M400 experiments. Thus, it can be
concluded that with the normalization of w*Tyy;4u5/Th, melt pool widths can be predicted for
different materials within an acceptable error range.

Table 4.2: Ratio of T}, /Tse1idus for investigated alloys; Ty, and Tsopi4us Were taken from Table 4.1 and Table 3.2

IN718 MS1 316L Ti64 AlSilOMg
To/Tsotiaqus 2.1 1.9 1.9 1.9 33

56



4.1 Characterization of melt pool dimensions

2.5
a) o IN718 b) so) ° [N718  » AISi10Mg M290
) e MS1 < o MS1 v AISi10Mg M400
|_-Q 204 ® 316L = 20 e [316L = Conduction mode Larger than predicted
5 A Tie4 1.439(1-H,, %), R?=0.69 e A Ti64 vl a 1
3 v AISi10Mg M290 o a P
(B15{ > AISilOMgM400 g 20 v rai i &
"2 = Conduction mode % = PAsge
o k
< g
B 1.0 L g
2 , ¢
0] .. =
g 057 & : K
» - - - - Best fit &
95% Prediction band -60
0.0 = 1
4 10 14 1 2 3 4 5 6 7 8 9 10 11 12
He, = H Pe®?[] Hg, = H Pe®? []

Figure 4.16: Width corrected dimensionless enthalpy H7, versus scaled width w*Tspiaus/Tp; @) prediction of
melt pool width and b) corresponding error of mean values from predicted mean; the yellow band
indicates the error interval for 95% of data

Compared to melt pool depth, not much attention has been spent on investigating dimensionless
scaling laws for melt pool width prediction in LPBF. Nevertheless, the knowledge of melt pool
width is important concerning geometrical accuracy of parts, especially for thin walled geome-
tries and lattice structures. Furthermore, melt pool width determines the range of applicable
hatch distances to ensure sufficient connection between consecutive scan tracks and to avoid
overheating. A dimensionless scaling relation for melt pool width has also been developed and
validated for six different alloys by GroBmann et al. [25] using a Peclet number based on melt
pool width and specific power. Although their proposed scaling proofed high fit quality and
applicability, the proposed model within this work has some benefit when comparing different
machine systems, as it includes the laser beam diameter as another important process variable
beside P and u.
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4.2 Characterization of process window

4.2.1 Prediction of process window

In Section 4.1.3, a model was proposed which scales dimensionless melt pool depth d* by the
depth corrected dimensionless enthalpy ;. Since parts are built in LPBF track by track and
layer by layer, single scan lines must have sufficient overlap with their neighboring and underlying
material. With decreasing melt pool depth, single scan tracks become prone to balling instability
due to the reduced contact area with the underlying substrate (see Section 2.2.2). However, very
deep and narrow melt pools are susceptible to formation of keyhole porosity (see Section 2.2.1).
Thus, it can be expected that process window boundaries can be related to specific melt pool
depth limits which in turn are scaled by H; as shown previously. Therefore, it is proposed that
a common range of values for [}, resulting in stable and pore free single scan tracks can be
found.

To illustrate the combinations of process parameters resulting in stable and defect free single scan
tracks, data of the investigated parameter combinations and corresponding track quality labels for
IN718 are exemplarily plotted in a typical scan speed versus laser power process map in Figure
4.17a. Process maps for the other investigated alloys are given in Appendix A.2. To indicate
line quality, single scan tracks are labeled as either stable, meaning that no keyhole porosity was
visible in the metallographic cross sections and surface profile measurements did not show any
dips down to 20 pm from the substrate plane, or instable if the aforementioned criteria were not
met. To have a conservative estimate for the process window, the label instable was given if
any of the four cross sections contained a keyhole pore or any of the two surface line profiles
contained a respective drop. Additionally, lines of constant /7, at 1.5 and 4 are indicated in the
graph to illustrate the P°/u scaling for /};. Since it was shown in Section 4.1.3.1 that melt pool
depth can be related to /7, these lines indicate process parameter combinations of similar melt
pool depths. The lines would shift depending on beam diameter as a third process parameter.
However, all of the presented experiments were done on an EOS M290 systems, which has a
nominal beam diameter of 80 pm. Since laser beam size variation between and within machines
should fall within £5%, the respective slopes for H, were additionally calculated for those
minimum and maximum values. This is indicated by the yellow areas around the dashed lines.
Figure 4.17a shows a clear separation for most data points into regions with stable lines (Figure
4.17¢c) surrounded by unstable lines (Figure 4.17b and d), which define the process window.

The upper scan speed boundary is determined by melting depth decreasing to a point were single
scan lines become prone to balling instabilities and start to form neckings along the scan length as
a preform to balling (see Figure 4.17b). The boundary between stable and instable lines seems to
follow a positive linear correlation between laser power and scan speed such that with increasing
laser power, a higher scan speed can be applied before the single scan track becomes instable.
The trend of the balling limit does not continue above a certain scan speed value, marked with a
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blue horizontal line that is denoted as dynamic cut-off. Despite an increase in laser power, stable
scan lines were not achieved in this region due to increased melt pool dynamics resulting in the
so called humping phenomenon. A deeper discussion of this dynamic cut-off will be given in
Section 4.2.3. Here it should only be noted that a formulation of the balling limit in terms of
H?, 1s only valid below the dynamic cut-off.

The lower scan speed limit is determined by formation of keyhole porosity at high energy input
as illustrated in Figure 4.17d. As introduced in Section 2.2.1, keyhole porosity is known to form
due to the collapse of the front and back keyhole wall, pinching off a part of the vapor cavity.
Thus, keyholes with a high aspect ratio, meaning narrow and deep keyholes, are especially
susceptible to formation of keyhole pores [87]. A critical keyhole front wall angle of 77° is
proposed by Cunningham [87] to characterize keyholes prone to pore formation. The front wall
angle can be calculated from the ratio of beam diameter and keyhole penetration depth by a
simple geometric relation tan © = d/a = d*, schematically drawn in Figure 4.18. This relation
assumes that the laser beam fully impinges on the front wall and neglects angular dependence
of absorption [78]. Thus, a constant critical front wall angle for onset of keyhole porosity, as
proposed by Cunningham [87], would mean that there exists a constant critical dimensionless
melt pool depth. Based on this, a critical /1, should exist as well. In contrast, observations from
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Figure 4.18: Schematic showing relation of keyhole front wall angle ©® with keyhole depth d and laser beam
diameter a, based on [78]

Zhao et al. [81] indicate that critical melt pool depth varies with process parameters such that
critical depth increases with increasing scan speed and power. Such a relation would result in a
curved boundary in the P-u process map. In terms of the process map in Figure 4.17, this would
mean that in the high power region (lower right corner) the slope of the keyhole boundary should
be more flat compared to the lower power region (lower left corner). Indeed, keyhole porosity
was less likely observed for samples in the high power and low scan speed region (P > 300 W),
which indicates that a linearly increasing boundary might not be a correct representation of the
keyhole porosity limit. However, only four cross sections were evaluated for each data point and
an existing keyhole porosity might not have been captured within those cuts. Therefore, a linear
boundary, respectively constant melt pool depth and [, is proposed within this work. This
approach also gives a more conservative estimate of the process window, as it would predict
keyhole porosity to already occur at higher speeds in the high power region. Additionally, the Pe
cut-off is indicated as horizontal red line, which is calculated with a minimum beam diameter of
76 nm. This value for the beam diameter represents the smallest beam diameter within the +5%
measurement uncertainty from the nominal value, giving the highest scan speed for a specific
Pe value. Thus, it represents a conservative estimate of the Pe cut-off speed. Although process
parameter combinations with scan speeds below this limit can result in stable scan tracks, it has
been shown in Section 4.1.2 that the scaling of H; with melt pool depth is not valid for those

*

low scan speeds, and therefore a prediction of the process window based on /1, cannot be given.

To evaluate if [}, can be used to characterize the upper and lower process boundaries, data from
the process maps is fit with binary logistic regressions for each process boundary. Since the
scaling with H, is only valid within the Pe and dynamic cut-off, data with scan speeds higher
as the respective dynamic cut-off velocities (see Section 4.2.3) and Pe < 4 is excluded. For
AlSi10Mg, the Pe limitis set to Pe = 1.8 and no dynamic cut-off limit is applied since a critical
humping velocity could not conclusively be determined. The corresponding characterization
of single scan tracks as stable or instable over /1, and respective binary logistic regression
fits for the investigated alloys are shown in Figure 4.19 (a summary of the resulting equations
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from the binary logistic regression fits is given in Appendix A.3). To obtain the lower process
boundary for energy input, the data sets were divided into instable scan tracks due to balling,
and stable scan tracks including parameter combinations with keyhole porosity resulting in the
left side regression fits. The opposite was done for the upper process boundary estimations,
where balling samples were grouped together with stable scan lines against samples containing
keyhole porosity (right side regression fits). For AlSi10Mg, only the left side regression line
corresponding to the balling boundary was fit since the investigated data set contained only one
sample with a possible keyhole porosity. Due to the stochastic nature of the process and since
only two single scan lines with four cross sectional cuts were investigated for each parameter
combination, the process window for the investigated alloys is defined with a probability of 90%
for a stable line result. A lower probability might as well be suitable to result in defect free parts
since defects in single scan tracks might be healed within three dimensional parts by remelting
of neighboring and underlying scan lines [164]. In this regard, it would be interesting to correlate
the single track probability for line stability to quality attributes of a final part, such as porosity
or surface roughness, in future work. However, as a conservative estimate, the 90% probability
is chosen to define the process windows within this work. In addition, the 50% probability range
for stable and defect free lines is indicated to illustrate the spread in H; between the 50% and
90% probability for each boundary.

For the investigated steels, IN718, and Ti64, the fit process boundary values are quite similar
with no specific trend between the investigated alloys. The lower process boundary ranges from
H?, of 1.8 for IN718 to 2.3 for 316L with a corresponding lower critical dimensionless melt
pool depth d; of 1.1 to 1.5, which would correspond to 32 pm difference in dimensional form for
a = 80 pm. Due to the steep slopes for the binary regression fits of the lower process boundary,
the difference in H; for 50% to 90% probability is quiet small with a maximum of 0.7 for
316L and Ti64. This indicates that there exists a defined and sharp transition between stable
and instable lines for the lower energy input for those alloys. For the upper boundary of the
process window, the values of /1, at 90% probability are more scattered, ranging from 3.1 to 5.0.
Additionally, the slopes of logistic regression fits are shallower compared to the fits for the lower
process boundary. The maximum difference between 50% and 90% probability is 1.9 for 316L
and Ti64. The shallow slopes can be explained, as only a minor fraction of the total samples
were observed to obtain keyhole porosity (only 2 samples in MS1 and 316L). Additionally, there
is no clear separation between regions of [, containing only samples with keyhole porosity
and without porosity (especially for Ti64), thereby smoothing the upper transition boundary.
The observed occurrence of stable single scan tracks even at higher H; might be a result of the
sampling strategy and not correctly represent the actual defect structure within the single scan
tracks. Since only four cross sections had been investigated for each parameter set, it might be
that keyhole porosity existing along the scan track length has not been captured within those cuts.
To capture the defect structure within the whole length of the scan tracks, volumetric analysis
methods like computer tomography would be necessary. However, those methods are time and
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4.2 Characterization of process window

cost intensive and have specific requirements for sample preparation. Therefore, they cannot be
effectively employed for a large sample set. To give an indication for the validity of the upper
process boundary to prevent keyhole porosity, the critical front wall angle with the boundary
condition of this work is compared with the one proposed by Cunningham et al. [87]. With H,
between 3.1 to 5.0, the critical upper melt pool depth is calculated to lie within d}, = 2.1 to 3.7,
which would correspond to front keyhole wall angles of 65° to 75° according to Figure 4.18.
Those values are slightly lower than the 77° proposed by Cunningham et al. [87] and can be
seen as conservative estimates. Some surface instability and keyhole porosity is also observed
to occur within the proposed process windows which could result from the stochastic nature
of the process. For example powder or spatter particles blown out during the process could
interact and shield the laser beam while passing through it, thus changing the local energy input
[69, 73]. Furthermore, although the samples were built to achieve the least impact on following
scan tracks, spatter particles and blown powder could also agglomerate at certain locations on
the powder bed and influence the amount of molten material locally [69, 73]. Despite those local
effects, overall a common process window of 2.1 < H, < 3.4 is proposed for the investigated
steels and Ti64. The corresponding equations for the binary logistic regression fits of the lower
and upper boundary over all data sets (except AISi10Mg) is also given within the summary in
Appendix A.3. This process window range is only valid for scan speeds within both the dynamic
as well as the Pe cut-off.

Contrasting results are observed for AISi10Mg as shown in Figure 4.19e. An upper process
boundary could not be determined with the investigated process parameter combinations as only
one single scan track contained a visible keyhole pore at Pe > 1.8 and this process parameter
combination resulted in [}, = 3.3. As this would mean that the boundary for keyhole porosity
would lie below the boundary for balling, the observed keyhole pore formation for this parameter
combination is expected to be an outlier. The lack of keyhole porosity observations within the
AlSi10Mg samples, in comparison to IN718 and Ti64, might be explained by the lower range
of investigated H.; values. In fact, due to the low absorptivity and high thermal diffusivity,
a laser power of P > 466 W is necessary to achieve 1}, = 5.0 at Pe > 1.8, which is only
capable with the M400 system with a 1 kW laser. As machine availability with this system
was limited, no experiments explicitly investigating the high energy input region for AlSi10Mg
were done in this work. The lower process boundary is considerably higher than for the other
investigated alloys, with even the 50% probability limit exceeding the highest proposed balling
boundary value of H; = 2.3 for 316L. In addition, the slope of the regression fit is shallower
compared to the other alloys meaning that the transition to line instability is less defined for
AlSi10Mg. The observed difference in process window boundaries for AISi10Mg and the other
investigated alloys was not expected, as a similar dependence of dimensionless melt pool depth
on H}, was observed in Section 4.1.3.1. To explain the deviation in behavior for AlSi10Mg,
melt pool morphologies and track topographies were evaluated for single scan tracks processed
at different parameter combinations. An excerpt showing part of the process map for AlSi10Mg
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4 Results and discussion

with corresponding micrographs and topographic images for selected instable single scan tracks
is given in Figure 4.20a (the full process map is shown in Figure A.3d). Only M290 experiments
are included in the process map. For the standard investigated powder layer thickness of 190 pm,
it can be seen that only a few single scan tracks formed stable lines while most of the parameter
combinations showed surface instabilities. Parameter combinations at low [}, corresponding
to high scan speeds and low laser power, show typical balling behavior with discontinuities and
agglomerates along the scan track and low melting depths within the cross sectional micrographs,
as exemplarily shown in Figure 4.20b. With a decrease of scan speed, deeper melt pools with a
good connection to the underlying substrate are achieved (Figure 4.20c and d). However, those
single scan tracks still contain neckings with highs and troughs along the length of the scan
track. Even a large hole is observed along the scan track in Figure 4.20c, as indicated by the
red square. Instability would not have been expected from the micrographs of those single scan
tracks since melt pools are quite deep and show a low contact angle ¢/. There is a slight tendency
for material agglomeration at the center of the melt pool for those two scan tracks which could
indicate instability related to the humping phenomenon. Furthermore, undercuts are visible
within the topographic images as indicated by red arrows. At those locations, the melt pool
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Figure 4.20: a) Excerpt of the AlSi10Mg process map for 190 pm and 100 pm layer thickness experiments with
cross sectional micrographs and topographic images of selected instable single scan tracks in b), c),
and d)
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surface is lower as the substrate surface and the melt pool forms a thin metal strip in the scan
track center. Thus, the occurrence of humping within the selected process speed range could be
a possible explanation for single scan track instability of AISilOMg. A deeper discussion about
the humping phenomenon observed for the investigated alloys will be given in Section 4.2.3. To
exclude a powder layer thickness related effect, experiments were repeated with a reduced layer
thickness of 100 pm This value was chosen since it corresponds to the effective powder layer
thickness of the AlSi10Mg M290 standard process with 30 pm nominal thickness (Appendix
A.1). Similarly to previous results, stable single scan tracks could not be achieved with the
chosen parameter combinations. Thus, instability due to the high powder layer thickness used
for the initial experiments can be excluded as an explanation. To fully understand the deviation
of AlSil0Mg from the proposed process window, further investigations should focus on the
use of high power systems to enable extension of the experiments to the high H.; region as
well as on HS imaging of the melt pool dynamics at different process parameter combinations.
The exceptional behavior of AlSi10Mg additionally depicts the importance in understanding the
interaction between different physical phenomena in LPBF, and therefrom resulting limitations
for the applicability of specific scaling laws.

4.2.2 Peclet limit

The influence of Pe on melt pool dimensions has already been discussed and possible physical
explanations have been proposed in Section 4.1.2.1. Therefore, within this section, the Pe limit
will be viewed in context of process efficiency and industrial relevance. The previously suggested
process window range for /7, is only valid for process parameter combinations with scan speeds
higher than the Pe cut-off. Below this limit a conclusive correlation for melt pool depth and
H* could not be found over the investigated alloys. Stable and defect free single scan tracks
can still be achieved below this scan speed limit, and thus the Pe cut-off reduces the process
parameter space that might actually be available. However, taking into account that the Pe limit
is attributed to low scan speeds for common laser beam sizes (see Table 4.3) its introduction
does not severely intersect the industrial relevant process space with scan speeds around 1 m/s.
Exempt from this are the high thermal diffusivity alloys, such as AlSi10Mg, for which the Pe
cut-off speeds are in a relevant range.

From the perspective of process efficiency, scan speeds resulting in Pe close to the transition
value should be preferred, as the maximum melt pool depth for constant H* is reached at
this point. At lower scan speeds the process efficiency decreases since energy is lost to heat

Table 4.3: Pe cut-off velocities for the investigated alloys calculated with beam diameter ¢ = 76 pm

IN718 MS1 316L Ti64 AlSilOMg
Scan speed [mm/s] 239 304 288 413 689
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the surrounding material during the long interaction time of the laser beam with the material.
However, process efficiency also decreases with increase in Pe above the Pe limit, as melt pool
dimensions decrease. For Pe > 15 this decrease saturates and melt pool dimensions do not
strongly vary anymore with Pe number (see Figure 4.9). Thus, process efficiency does no longer
decrease. From an industrial perspective this region should be preferred due to the high scan
speeds reducing build time at saturated efficiency. In fact, for the low thermal diffusivity alloys,
the standard InFill speeds on an EOS M290 result in Pe ranging from 12 to 17. Of course, it has
to be taken into account that melt pool depth should be sufficient to connect to the underlying
substrate and prevent balling defects. Processing at slower scan speeds, meaning at lower Peclet
number, could thus be required when enhancing built rate by increasing layer thickness or hatch
distance.

4.2.3 Humping limit

From the IN718 process map in Figure 4.17, it was observed that there exists a specific scan
velocity above which stable lines could not be achieved independent of laser power. This
specific velocity was called dynamic cut-off limit since the observed instability can be related
to humping caused by the movement of the melt pool. Humping is a well known phenomenon
not only in laser, but also arc and electron beam welding at high velocities. In the following,
only a brief review of hump formation will be given and the reader is referred to Section 2.2.3
for an in depth description. In keyhole mode welding at high velocity, the molten material is
forced to flow around the keyhole rim, resulting in a high velocity inside the central part of
the melt behind the keyhole [107, 108, 110]. This high velocity band of molten material is
prone to the Plateau-Rayleigh instability, creating neckings and corresponding swellings along
the melt band to decrease free surface energy. In addition, the solidification front at the back
of the melt pool acts as a ramp for the incoming high velocity melt which is pushed against it
and bulges upwards [84, 110]. Those two mechanisms in combination are supposed to form
the periodic agglomerates of material which are referred to as humps. Another characteristic
of humping phenomenon besides the humps themselves is the formation of undercuts within
the necked regions, which are created by the high velocity central melt jet behind the keyhole
[107]. Within this subsection, it will first be shown that the humping phenomenon presents
a reasonable explanation for the observed dynamic cut-off limit. Secondly, the influence of
material properties on the value for the cut-off speed will be discussed.

Examples of topographic images and cross section micrographs for single scan tracks built at
speeds above the humping limit for the respective alloys are shown in Figure 4.21. It is visible
from the topographic images that scan lines consist of hills and valleys with some of those valleys
even obtaining negative height values, meaning that the scan line surface at those locations is
below the substrate surface. Thus, it can clearly be seen that those scan lines are instable. The
scan tracks for MS1 show the least humps which can be attributed to the applied scan speed,
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Figure 4.21: Topographic images and corresponding cross section micrographs for different investigated materials
with parameter combinations above the humping limit; red arrows mark undercuts

which was close to the estimated critical scan speed as will be discussed in the next paragraph. In
contrast to welding investigations [101, 102, 104], there is no periodicity observed for humping
of single scan tracks in this work. Nevertheless, this does not exclude humping as the underlying
mechanism, since also stochastic appearance of humping was observed in microwelding [105],
which is closer to the presented experimental conditions than welding experiments. Additionally,
the powder layer might contribute to the irregular appearance of humps for LPBF single scan
tracks. With results only from the topographic images, it is difficult to distinguish between the
humping and the balling phenomenon (see Figure 4.17b for balling topography), as both result
in necking of the scan lines at certain locations. In the extreme case of balling, such that single
unconnected agglomerates are formed on top of the substrate, it might be possible to distinguish
between balling and humping by topography only. However, taking into account the cross
sections of the respective single scan tracks, it is clear that the observed instability is not related
to balling, as there exists sufficient melt pool penetration within the substrate. Furthermore,
undercuts are visible within the cross sections marked by red arrows. The observed single
scan track instabilities above the dynamic cut-off are attributed to humping since they show all
characteristics: 1. samples are in kehyole mode welding, 2. hump formation, which only appears
at high scan speeds, and 3. undercuts at melt pool boundaries.

The critical scan speed for the onset of humping wp,m,, varies with laser power and beam
diameter [106]. However, as laser beam diameter was nominally constant and no steep slope of
humping boundary is expected from the data within the process maps, the critical scan speed
is taken as constant for the following investigations. To estimate the critical scan speed .y,
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selected subsets of data from IN718, MS1, and Ti64 were fit by binary logistic regressions.
Subset selection was made so that only data relevant to humping was included, which meant u >
700mm/s and P > 225 W for IN718 (total of 51 data points), v > 500 mm/s and P > 275 W
for MS1 (total of 45 data points), and u > 1100 mm/s and P > 225 W for Ti64 (total of 54 data
points). Those three alloys were chosen to illustrate the influence of material properties since
thermophysical data for IN718 and MS1 are close, while distinctly different from Ti64 (see Table
3.2). A comparison of the corresponding logistic regression curves is shown in Figure 4.22.
The dynamic cut-off velocity is calculated at a probability of line instability of 50%, which is
marked by the red horizontal line. As expected, for IN718 and MS1 wpymyp 1s quite close, while
a higher limiting scan speed is calculated for Ti64. Compared to IN718 and Ti64, the logistic
regression fit for MS1 has a shallow slope leading to a wide scan speed range were neither
humping nor line stability can be predicted with certainty. This is a result of the low amount of
data points in the very high and very low scan speed regions, far away from the humping limit,
compared to Ti64 and IN718. Therefore, the uncertainty is increased in those regions. However,
investigation of further process combinations with scan speeds in the missing regions is only
expected to influence the slope of the binary logistic regression, but should not significantly shift
the 50% probability value. It is stated that humping onset is determined mainly by melt viscosity
7, surface tension o, and the size of the melt pool around the keyhole [106, 110]. A high
temperature difference between boiling and solidus temperature increases the rim width between
the melt pool boundary and keyhole, thus reducing the melt flow velocity. Furthermore, a high
melt viscosity enhances the force needed for movement and also reduces melt flow velocity.
Therefore, the slightly lower humping onset velocity calculated for MS1 compared to IN718 can
be explained by lower 7}/7 445 ratio and 1) (Table 3.2 and Table 4.2). Despite comparable (or
in case of IN718, slightly lower) 13,/7,;;4us and lower viscosity, Ti64 has the lowest o compared
to IN718 and MS1. This possibly explains the increased humping onset speed. For the other
two investigated alloys within this work, 316L and AlSi10Mg, separate data sets to investigate

stable = IN718| | 10

® MS1 o

:IN718 A Ti e

\Ti64 Ti64 £

MS1 1262mm/s o

b \ -(_%

% 1242mm/s \ |- 1551mm/s ‘E’

1) 059

g 2

§= £

- Qo

©

Q

o

i a
instable

0.0

600 800 1000 1200 1400 1600 1800 2000 2200
Scan speed u [mm/s]
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and Ti64
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the humping limit have not been collected. However, from the existing data for 316L, 23 data
points (u > 600 mm/s and P > 250 W) can be selected for evaluation of the humping onset,
resulting in a calculated ., of 1227 mm/s. This critical velocity is comparable to IN718
and MS1 which was expected due to the similarity in material properties. Furthermore, it is
in accordance with the observation of humping for v > 1.2m/s by Tang et al. [110] for 316L
at comparable power range and beam diameter. Since only few data points were evaluated for
316L, the humping limit was set to 1200 mm /s to give a conservative estimate in the selection
of data for Section 4.1.3.

Concerning AlSil0Mg, low melt viscosity is counterbalanced by its significantly lower surface
tension, half of that for Ti64, and high 7},/Ts.;;4us, creating wide melt pools. Therefore, A1Si10Mg
is expected to result in the highest onset speed for humping compared to Ti64 and the steels as
proposed also by Patschger et al. [106]. However, t,,,;, could not be determined with data
from AlSi10Mg experiments, since no clear boundary between stable and instable single scan
tracks was observed within the P-u map (Figure 4.23a). As discussed in Section 4.2.1, a process
window was not found and even at low speed (u < 1000 mm/s) instable scan tracks showed
characteristics of humping (Figure 4.20). A cross sectional micrograph and corresponding
topographic image for this low speed region I is shown in Figure 4.23b. With further increase
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Figure 4.23: a) Process map for AlSil0Mg with processing regions I-III corresponding to first humping, stable
scan track, and second humping region; corresponding micrographs and topographic images for scan
tracks within the three regions given in b), ¢), and d); red arrows indicate undercuts
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in laser power and scan speed, a region of stable lines is observed (region II and Figure 4.23c).
Although, one has to note that those lines still show highs and troughs, despite being rates
as stable with the applied stability criterion (see Section 3.3.3). Humping sets in again with
increased scan velocity in region III as shown by the strong undercut formation within the sample
cross section in Figure 4.23d. Thus, there seems to be a lower and upper humping region within
the process map, with upper humping velocity between 2240 mm /s to 2980 mm//s. It is not clear
why there are two humping limits and process parameter combinations in the transition regions
should be investigated in more detail.

Knowledge of the onset scan velocity for humping ,,,, is of great importance in an industrial
context, as it defines the upper process velocity and limits achievable build rates. An estimate of
Unump Dased on material properties, such as 7, o, and T3/T 501545, as well as processing conditions,
would therefore be of great interest. Although the trend in wp,,,, for Ti64 and the investigated
steels could be related with their respective thermophysical properties, alloys with a wider range
of the mentioned influential properties should be investigated to develop dimensionless numbers,
which characterize the humping behavior. Furthermore, process parameters influencing the melt
pool dynamics, such as beam diameter and shape, should be taken into account. Indeed, for a
given material, wy,,,, Was observed to increase with increasing beam diameter at constant power
[106] and an elongated beam source was recommended by Beck et al. [108] to reduce hump
formation. Moreover, defocusing of the laser beam above the material plane and wobbling the
laser along its scan path gave considerable reduction in hump formation for bead-on-plate laser
welds [166]. Such techniques from laser welding might also be applied in LPBF to increase
critical humping speed and productivity. Additionally, the influence of parameters unique to
LPBF, such as powder layer thickness and the attachment of neighboring scan tracks to each
other, has to be evaluated to understand hump formation in LPBF and prevent its occurrence.

4.2.4 Influence of powder layer thickness

In LPBF, three dimensional parts are built via consolidating powder layer upon powder layer.
Thus, the selection of powder layer thickness significantly influences build time, energy input,
powder waste, and geometrical accuracy of the part. A high powder layer thickness is preferred
in terms of built time as less layers are needed to build a part of similar height, and thus
recoating time is reduced [167, 168]. However, geometrical accuracy of the part might be
diminished due to the staircase effect especially on curved surfaces, such as domes or rounded
edges. While the two aforementioned criteria are readily taken into account when selecting
nominal layer thickness, the influence on powder waste is often overlooked. However, a change
in nominal powder layer thickness can significantly influence the amount of powder used for
consolidation versus the amount of powder lost during the process [169]. Furthermore, with an
increase in powder layer thickness, an increasing amount of energy is spent to melt the powder
layer, resulting in a decrease in melt pool depth. Since the two characteristic process window
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boundaries, balling and keyhole boundary, were attributed to specific melt pool depths, a change
in melt pool depth by variation of layer thickness should influence the process window as well.
In consequence, the proposed dimensionless process window of 2.1 < H, < 3.4 only applies to
a powder layer thickness of 190 pm that was used in the experiments. Therefore, in this section,
a method is proposed to approximate the shift in process window with layer thickness variation.
Experimental results will be given for IN718.

As arough approximation, the melt pool will be viewed as a rectangle of width w and total depth
d;, which is composed of depth d and height i (Figure 4.24a). Although width and shape of
the melt pool will vary with layer thickness, both will be approximated as constant here, so that
wy; = wy and dy; = dy» at constant process parameters. Thus, variation of the layer thickness
changes the fraction of height and depth of d; but not d, itself. Therefore, with Equation 4.9,
dimensionless melt pool depth for layer thickness 2 can be calculated from the knowledge of
the dimensionless depth and height from layer thickness 1 and dimensionless height of a single
track built with layer thickness 2.

dy = di + (h] — h3) (4.9)

When building parts in the saturated state, meaning that the effective layer thickness has stabi-
lized, the consolidated material for each layer should obtain a height equal to the nominal layer
thickness /;. Thus, for a scan line within a group of hatches the track height should correspond

a) Nominal thickness It Nominal thickness It

Stripe direction
p I D e

33 £ 5um

%

Figure 4.24: Influence of powder supply on melt pool depth and height; a) schematic of single scan tracks built
with different nominal layer thicknesses [;; < [;2 and b) micrograph of first 10 hatches from IN718
hatch package built with 190 pm applied powder layer
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on average to the nominal layer thickness and h; = [;; as well as hy = [;5. However, single scan
tracks behave differently from tracks within a hatch package since powder is supplied from both
sides of the scan track. Scan track height is therefore higher for the first scan track and decreases
until it reaches a stable height with increasing number of consecutive hatches. This trend is
shown in Figure 4.24b for the first 10 hatches within a hatch package. The measured average
height for the first hatch as well as for stable hatches from two cross sections are given. It can be
seen that the average height for the stable hatches is only slightly lower than the corresponding
nominal layer thickness of 40 pm and that the height for the first scan track is about two times
this nominal height. Thus, melt height for the first hatch can be approximated as h; = 2[;;.
Dimensionless melt pool depth d; can also be substituted since dimensionless melt pool depth
was estimated in dependence of H; (see Section 4.1.3.1), resulting in Equation 4.10 for single
scan tracks.

dy = 0.559H " +2(17, — 13,) (4.10)

Furthermore, assuming that critical melt pool depths for upper and lower process boundaries d;
and d;, will stay constant, the values for the lower and upper boundaries 1}, and [, can be
calculated by Equation 4.11 and Equation 4.12, respectively.

1
. o 20— )\ T
Hi = (Hc;zF R 51_559”)) (4.11)
. 20 — 1)\ T
Hcdu2 = <Hcd1l.117 - ( 61559t2)) (4.12)

To evaluate the influence of layer thickness on melt pool dimensions and process boundaries,
hatch packages of 10 mm x 10 mm were built on substrate plates varying the applied powder
layer thicknesses from 190 pm to 390 pm for six different parameter combinations. Predicted
dimensionless melt pool depth d;, is plotted against measured dimensionless melt pool depth d*
in Figure 4.25a for the first hatches of each hatch package, corresponding to single scan tracks.
The predicted melt pool depths for the different applied layer thicknesses were calculated based
on Equation 4.10. The applied powder layer thicknesses of 190 pm to 390 pm correspond to
nominal layer thicknesses of about 40 pm, 60 pm, and 80 pm, respectively, for IN718 (Appendix
A.1). It can be seen that data for nominal 60 pm and 80 pm fit well with calculated depths,
while for 40 pm measured melt pool depths are all lower than predicted except one data point.
However, most of the data points fall within the prediction error band of 32%, and thereby
lie within the prediction error of the original allometric fit without powder layer thickness
correction. It is interesting to note that a negative depth is predicted for the 390 pm data point
with the lowest measured melt pool depth. Actually, one of the cross sections showed a complete
disconnection from the substrate for this data point, qualitatively matching the predicted negative
depth. Thus, it has been shown that the presented approach can be used to predict melt pool
depths with variation of layer thickness for single scan tracks. A change in melt pool depth with
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Figure 4.25: Influence of powder layer thickness variation on single scan tracks of IN718; a) predicted dimensionless
melt pool depth d; (after Equation 4.10) versus dimensionless melt pool depth d* and b) shift in process
window calculated from Equation 4.11 and 4.12

variation of layer thickness will introduce a shift in process window boundaries for H;. The
first hatches of the investigated hatch packages were grouped into stable and instable lines using
the same criteria as for single scan tracks such that all lines with either instability due to balling
or keyhole porosity count as instable and all other lines as stable. The grouping is shown in
Figure 4.25b over ;. Additionally, process window ranges were calculated based on Equation
4.11 and 4.12. The process windows for the various layer thicknesses are indicated by the green
areas. Similarly, the H, ranges for 50% probability of a stable line were calculated and are
indicated as orange areas. Since only six parameter combinations had been investigated, exact
locations for the process boundaries at increasing layer thickness cannot be validated with this
data set. However, a clear trend is still visible with a shift of process windows to higher [, with
increasing layer thickness indicated by the increased number of instable low energy data points.
For the lower H; side, one stable data point for each layer thickness is observed to lie outside
the predicted process window. Nevertheless, those data points are still within the 50% range,
while all instable single scan tracks obtain /1, even below the 50% boundary. This indicates
the conservative nature of the process window range based on 90% probability for stable lines.
In contrast, keyhole porosity is found in samples within the 50% upper limit for 290 pm and
390 pm samples. However, single scan tracks with keyhole porosity all lie outside the upper
process window boundary.

To investigate if the proposed approach would also be valuable when estimating the influence of
powder layer thickness variation on scan tracks within a hatch package, the same calculations as
previously done for single scan tracks were applied for hatches in the stable state. The results
are shown in Figure 4.26. The predicted dimensionless melt pool depths d; in Figure 4.26a
match the measured depths even more closely than for the single scan tracks and all data points
fall within the prediction error band of 32% from the original allometric fit. The categorized
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Figure 4.26: Influence of powder layer thickness variation on scan tracks within hatch packages of IN718; a)

predicted dimensionless melt pool depth d, versus dimensionless melt pool depth d* and b) shift in
process window

data points for the process window comparison are shown in Figure 4.26b together with the
calculated 90% and 50% stable line probability ranges shaded in green and orange, respectively.
In comparison with the single scan tracks, the process windows are shifted to lower ;. The
shift between process windows with increasing layer thickness is smaller compared to the one
for single scan tracks. The first observation can be explained since hatches within a hatch
package obtain a higher melt pool depth compared to the first hatch at the same layer thickness.
Therefore, a lower energy input is needed to reach similar melt pool depths. As was shown in the
snapshots from HS video recordings in Figure 4.6, the laser does not only melt the powder within
the interaction zone but additional powder is drawn towards the scan track from surrounding
locations, increasing the amount of interacting material and creating a denudation zone around
the scan tracks. For the first hatch, a denudation zone is created on both sides of the hatch, while
for consecutive hatches, powder can only be drawn from one side, and thus a lower amount
of powder from the surrounding is added to the interaction zone. Furthermore, this change
in powder feed diminishes the influence of layer thickness variation for scan tracks within a
hatch package and explains the smaller shift of the process window. The experimental results
show no instability due to balling for all parameter combinations and all samples lie within
the 50% lower process boundary. Samples denoted as instable show keyhole porosity and lie
outside the corresponding upper process window boundaries, except two data points observed to
contain keyhole pores which are within the predicted process window. For the process parameter
combination at 290 pm, only one keyhole pore was observed within each cross section, and thus
keyhole pore occurrence in this samples seems to have a low probability. Multiple keyhole
pores were observed in cross sections for the 390 pm parameter set lying within the process
window. However, with H, = 3.3 it s close to the process window boundary of H; = 3.4, and

therefore might be more susceptible to keyhole porosity formation. In contrast to single scan
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tracks, stability of hatches within hatch packages can be further influenced by the connection
between consecutive lines and local temperature fields from previous scans. Nevertheless, as a
first estimate, the calculated process window ranges seem to fit the observations.

Despite the rough approximations made to take into account a variation of powder layer thickness,
experimental results for single scan tracks as well as scan tracks within hatch packages match
the calculated predictions. Thus, the presented method is suggested to get a first estimation of
suitable process parameter combinations when changing layer thickness. Since the proposed
method was only tested with a limited data set for IN718, it should be validated with a larger
sample size including other alloys.

4.3 Application to three dimensional parts

To give an outlook on the applicability of the proposed process window based on [, for
different process parameter combinations, density cubes were built in IN718 with selected
process parameter combinations (Section 3.2.4). The relative density of those samples, evaluated
by cross sectional microscopy as well as with Archimedes’ principle, is shown in Figure 4.27a.
From considerations of the previous section, the process window range for scan tracks within
a hatch package at [, = 40 pm is calculated as 1.4 < H}, < 2.7 and is indicated in the figure
as green area. The trend in relative density is similar for both measurement methods, although
the Archimedes’ method shows a higher deviation between samples and generally lower values.
This might be a result of the volumetric measurement of the Archimedes’ density, while for the
cross sectional analysis only one cross section was evaluated, which might not contain a full
representation of defects within the sample. It can be seen that all values within the process
window obtain high densities and only a minor amount of defects are visible within the cross
sections even at the lowest examined /1, (see Figure 4.27b). A high density is further achieved
for samples at H; > 2.7, but drops sharply for /1};, > 3.2. A high amount of keyhole porosity
is noticeable within this high A, region (see Figure 4.27c). The results are in accordance
with the hatch package observations for applied powder layer thickness of 190 pm such that
keyhole porosity is observed within the scan tracks for /17, > 3.3. Furthermore, the parameter
combination obtaining no keyhole porosity within the hatch packages despite an H; value of
3.5 is the same that achieves very high density for the density cube sample. It can be assumed
that this parameter combination is quite stable against keyhole porosity despite its high energy
input. As proposed by Zhao et al. [81], critical melt pool depth for keyhole instability might
vary with process parameter combinations, and thus the proposed constant critical depth for
keyhole porosity onset gives a conservative estimate.

As for the hatch packages, density cubes with corresponding parameter combinations were
additionally built at 60 pm and 80 pm nominal layer thickness. Relative density results for
those samples are shown in Figure 4.28. Additionally, the calculated process window and 50%
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Figure 4.27: a) Relative density of sample cubes built at [, = 40 pm with different process parameter combinations;
b) and c) showing micrographs of samples indicated in a); the calculated process window is marked
in green

probability range to achieve stable and defect free tracks are indicated as green and orange
areas, respectively. For parameter combinations resulting in /7, of 2.3 and 2.7, a high density
(> 99.0%) is obtained at all investigated layer thicknesses. Since those [, values lie within
the process windows for all layer thicknesses, a high relative density was expected. Despite
the parameter set with [, = 3.5 being outside the process window for all investigated layer
thicknesses, especially at 40 pm and 60 pm, keyhole porosity was not observed. This parameter
combination was also quite stable against keyhole porosity formation in the hatch package and
single scan track experiments. The samples with the lowest /1, of 1.6 for this investigation lie
within the process window for 40 pm, matching the observed high density at this layer thickness.
However, for 60 pm, the sample is only within the 50% probability limit, although it is close
to the process window boundary of A, = 1.7. This might explain that a high density is still
observed at 60 pm nominal layer thickness. In contrast, a high amount of porosity is observed for
the 80 pm sample, which lies close to the 50% stability boundary of H}; = 1.4. A large amount
of lack-of-fusion pores were found to have formed within this sample as shown by the micrograph
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Figure 4.28: Relative density measured by Archimedes’ principle of sample cubes built at different nominal layer
thicknesses; inset showing a micrograph of a sample containing lack-of-fusion porosity; the calculated
process window and the 50% probability range to achieve stable and defect free tracks are indicated
in green and orange, respectively

in the inset. Interestingly, this parameter set resulted in stable scan tracks for the corresponding
hatch package experiment at 390 pm applied powder layer thickness (I; ~ 80 m). A possible
explanation could be an increase in instability due to the difference in surface roughness from
layer to layer within a multi layer build, compared to the smooth sample substrate. This shows that
additional influencing factors have to be taken into account when transferring process parameters
to multi layer builds.

To conclude, the results of the density cube experiments qualitatively match the proposed
outcomes and the process window seems to be conservatively approximated with the proposed
H?, range. Thus, the model can be used to get first estimations of viable process parameter
combinations to use in a parameter study. Further investigations should concentrate on the
connection between porosity fraction and probability of defect formation such that a viable
process window might also be defined at a single line defect probability less than 90%. Moreover,
the applicability should be tested with other alloys and different quality measures, e.g., surface
roughness or residual stresses.
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With industrialization of LPBF, requirements on part quality, productivity, and material selection
become ever more demanding, arising the need for continuous revision of existing processes
and process development for new alloys. To enable a timely and cost efficient process pa-
rameter screening, the applicability of dimensionless scaling laws for characterizing melt pool
dimensions and process windows in a machine and material agnostic way was investigated.
The dimensionless enthalpy H*, representing a ratio of energy input by the laser to the energy
required for the interacting material to melt, has been used as a starting point to correlate melt
pool dimensions of single scan tracks for five different alloys commonly used in LPBF and
covering a range of thermophysical properties, namely IN718, MS1, 316L, Ti64, and AlISi10Mg.
Besides geometrical evaluation, single scan tracks were characterized based on surface stability
and porosity formation to evaluate respective process windows. In addition, single layer hatch
packages and density cubes were built to give an outlook on the applicability of the proposed
scaling laws to three dimensional parts.

The dimensionless enthalpy H* alone was found insufficient to describe melt pool dimensions
for different process parameter combinations and a dependence of melt pool dimensions on the
Peclet number Pe was observed. The variation of melt pool dimensions with Pe is divided in a
low Pe region, where melt pool dimensions increase with increasing Pe, and a high Pe region,
with a decrease of melt pool dimensions with increasing Pe. This division can be attributed
to a change in the primary heat loss mechanism from convection to conduction towards lower
Pe. The Pe value at which this transition happened was observed to vary for melt pool depth
and melt pool width. In addition, it was found to be dependent on the material. For melt pool
depth, the transition occurred at a higher Pe compared to melt pool width. This was attributed
to additional heat loss within the melt pool by convective melt pool flows, such as the Marangoni
convection, at low Pe. Thereby, also the shift in transition from Pe around 4 for the investigated
steels to lower Pe numbers for Ti64 and AlSi10Mg was explained. Based on the observed Pe
dependence for melt pool width and depth, two new dimensionless numbers combining H* and
Pe were proposed to correlate melt pool dimensions. For dimensionless melt pool depth d*,
experimental data was observed to fall on a common trend line for all investigated alloys when
plotted over H*, = H* / \/Pe. The common trend line was fit by d* = 0.559H;1'7 with a
prediction error of +32% for samples in keyhole mode. For samples in conduction mode a trend
for over-prediction was observed and quality of prediction was diminished, with the maximal
error being -62%. In addition to //* and Pe, for melt pool width, the ratio between boiling and
solidus isotherms 13/T.;;4.5, defining the relation between keyhole and melt pool width, had to
be taken into account for a common scaling of all investigated alloys. This gave a scaling law for
melt pool width of w*Tyopiqus /Ty = 1.439(1 — H};%%5) with H?, = H* / Pe®2. The prediction
error for melt pool width was within £20% for 95% of data. Thus, application of H, and H},
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enabled the introduction of material agnostic scaling laws to predict melt pool dimensions depth
and width within acceptable accuracy.

Defect formation is strongly correlated to melt pool depth since insufficient melting of the
underlying substrate leads to balling instability, while deep melt pools are prone to keyhole
porosity formation. Therefore, process windows for the different alloys were evaluated based
on H}, For IN718, MSI1, 316L, and Ti64, a common process window, defined by 90%
probability to create stable and defect free single scan tracks, was found with 2.1 < H}, <
3.4. Despite AlSil0Mg matching the scaling for dimensionless melt pool depth of the other
investigated alloys, data did not show a process window falling within the proposed range and
further research should concentrate on investigating the difference in melt pool dynamics for
this alloy. The proposed process window was found only valid within a material specific speed
range limited on the lower side by the previously observed change in Pe scaling and on the
upper side by the onset of humping. While the lower limiting speed is of less importance in an
industrial context, knowledge about the humping onset velocity wm,, is especially important
as it limits productivity. At scan speeds above upmp, Stable single scan tracks were not
achievable irrespective of laser power scan speed combination. Thus, 1, sets an upper limit
on processing speed. The value of g, was observed to depend on material properties and
increased from about 1200 mm/s to 1270 mm /s for the investigated steels and IN718 to around
1550 mm/s for Ti64. Due to the significantly different thermophysical properties compared to
the other alloys, the knowledge of 7., for AIS110Mg would be of special interest to understand
its material dependence. However, a conclusive estimate of gym, for AISi10Mg could not be
deduced from the presented data.

To extend the applicability of the observed single scan track results for varying powder layer
thicknesses, a method was suggested how to shift the proposed process window and predict melt
pool depths in dependence of powder layer thickness. Good results were achieved for depth
prediction of single scan tracks built at different applied powder layer thicknesses as well as scan
tracks within a hatch package. The majority of predicted melt pool depths obtained an error
within the 32% error range of the original fit. The predicted process window shift for single scan
tracks and tracks within a hatch package with layer thickness variation qualitatively agreed with
experimental observations. Similarly, regions of lack-of-fusion defects and keyhole porosity in
density cube evaluations were explained by process parameter combinations with unfavorable
H,

To summarize, the proposed scalings for melt pool width and depth can be used to predict
respective melt pool dimensions if process parameters and material thermophysical properties are
known. Process parameters can then be selected based on predefined geometrical requirements or
additional process parameters not included within the scaling laws can be selected in accordance
with the geometrical results, e.g., hatch distance in relation to melt pool width. Additionally,
the probability to achieve a stable and defect free track can be evaluated for different parameter
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combinations prior to experiments using the logistic regression fit for the common process
window. This enables a fast and easy screening of a vast parameter space and a selection
of promising parameter subsets prior to an experimental evaluation. However, the proposed
process window is only valid for parameter and material combinations with scan speeds above
the transition value of the Pe dependence and below g7y

While this work provided a hypothesis on the physical mechanism behind the transition in Pe
dependence of melt pool dimensions, the influence of the beam diameter, as another important
parameter to calculate Pe, was not evaluated. Therefore, further research should focus on
the influence of the beam diameter on the Pe transition as well as on checking the proposed
hypothesis that melt pool convection is responsible for the material dependence of the transition
value. Correspondingly, supplemental research should focus on the characterization of gy,
using dimensionless numbers to enable a prediction of the limiting process speeds for specific
material and hardware characteristics. Deeper investigations into the effect of focus position,
beam size and shape on ,,,,, are proposed not only in regard to better understand the humping
phenomenon, but also to enable the development of effective prevention strategies. In general,
proposed scalings for melt pool dimensions and the process window should be tested with
further alloys, especially ones having high thermal diffusivity, such as Cu-alloys, to ensure
universality. Although laser beam diameter a and initial temperature 7| are included within the
used dimensionless numbers, their correct scaling was not evaluated, since neither a nor 7; were
greatly varied within this work. Furthermore, the proposed method to calculate melt pool depth
and process window limits with variation of nominal layer thickness was only tested for IN718
within this work and should therefore be validated studying other materials. To enable process
parameter combinations to be optimized for specific process outcomes, e.g., a specific build
rate with allowance of a certain defect percentage, it would be of high interest to quantitatively
correlate part quality attributes, such as density or surface roughness, with ;. Such a direct
scaling would enable the process developer to easily select process parameter combinations
for different materials based on costumer specific requirements and machine hardware options.
Besides part density and topography, it can also be assumed that /1, influences microstructure
and texture formation within a part due to the influence on remelting area as well as the surface
to volume ratio of a melt pool.
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A Appendix
A.1 Determination of effective layer thickness

The methodology and experimental setup to measure the effective powder layer thickness (EPLT)
described in Section 2.1.2.1 was developed in the frame of a master thesis by Deniz Jansen [170]
and results are partially published in [169].

To apply a realistic powder layer thickness for single layer experiments, the effective powder
layer thickness was experimentally determined for the 40 pm EOS M290 standard processes of
IN718 and MS1, as well as the 30 pm EOS M290 standard processes of AlSilOMg. In addition,
samples were built with 30 pm nominal layer thickness for IN718 and MS1, and 40 pm nominal
layer thickness for A1Si10Mg to compare results. Furthermore, samples with the standard IN718
parameters were built at nominal layer thickness of 60 pm and 80 pm. The sample geometry to
experimentally determine /0., is shown in Figure A.1. The geometry was chosen in accordance
with the sample geometry from Wischeropp et al. [58], consisting of a staircase in the center
with single step height similar to /;. The outer frame was added as reference surface for the
measurement and to ensure powder to stay within the measurement area during unpacking. A
sample height of 3 mm was chosen to ensure that all steps in the stair geometry were in steady
state. The sample geometry was built upon a round build plate of 100 mm diameter screwed on
to the standard EOS M290 build plate to enable sample removal and measurement after the build

As-built sample

Shielding gas flow

65mm
51mm

Nomenclature

@ Stair step number
@ Powder, removed after build job
@ Powder, removed after first measurement
g S Number of layers
5}

hpow’Ref Height difference between reference
surface and powder layer surface

h, Effective melting height

Figure A.1: Experimental setup for EPLT measurements
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job. The gray powder marked in the schematic drawing was removed after the build finished,
while powder in the red area was kept untouched for measurement (see photograph in Figure
A.1). Surface topography of the as-built sample with powder was measured using a Keyence
VR3200 3D profilometer. The height difference between reference surface (outer frame and step
1) and powder layer surface, corresponding to Ao, ref, Was determined as the average height
difference from several line profile measurements. After this measurement, all powder was
removed from the sample and the height profile of the staircase geometry was measured. The
effective melting height h,, was determined for each stair step and the average calculated. The
EPLT hy,,, was then calculated as the sum of A0, rer and Ay,.

Results for the M290 standard processes of IN718, MS1 and AlSil0OMg built with [; = 30 pm
and /; = 40 pm, as well as [; = 60 pm and /; = 80 pm for IN718, are shown in Figure A.2. As
expected, effective melting heights h,, are close to [;, verifying that samples were in steady state
condition. The EPLT h,,,, is similar for IN718 and MS1 at both nominal layer thicknesses,
while 0., 18 lower for AlISi10Mg in both cases. The absolute values of EPLT £, change with
l;, and therefore the ratio of h,,/l; should be taken into account when comparing EPLTs. For
AlSi110Mg this ratio does not change significantly (30 pm: 3.4, 40 pm: 3.5), while for IN718
and MSI it increases from about 4.7 at 40 pm to 5.3 for IN718 and 5.5 for MS1 at 30 pym. Thus,
at similar applied powder layer thickness, a higher amount of powder contributes to material
consolidation for AISi10Mg compared to IN718 and MS1. The graphs shows that the applied
powder layer thickness of 190 pm used in the single scan track experiments corresponds to the
EPLT of the 40 pm standard processes for IN718 and MS1. However, it is equivalent to higher
nominal layer thickness for AlSi10Mg. This difference in EPLT to [; ratio has to be taken
into account, when comparing the presented single scan track results with observations from

400

ICJCJEIEPLT hy,, 398
350 4| [ M Effective melting height h,,

E 00 269

2 0 i

£ 200 191 190

© 158 164 T [ 140

< 150 — |

-

o 102

> 100 - _— 80

LU 62

50 - 31 % 41 [l {—T
0 4

MS1 |AISi1OMg| IN718 | MS1 |AISi10Mg IN718
30um 40um 60pm | 80um

Nominal layer thickness I, [um]

Figure A.2: Effective powder layer thicknesses hy.,, and effective melting heights h,, for IN718, MS1, and
AlSi10Mg built with M290 standard processes at different nominal layer thicknesses

104



A.1 Determination of effective layer thickness

multilayer builds. The applied powder layer thicknesses of 290 pm and 390 pm used to estimate
the influence of a change in powder layer thickness on melt pool dimensions (Section 3.2.3,
Section 4.2.4) approximately correspond to nominal layer thicknesses of 60 pm and 80 pm at
standard conditions.
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A.2 Process maps

Process maps for MS1, 316L, Ti64, and AISi10Mg are shown in Figure A.3. Single scan tracks
are labeled as stable if they do not obtain surface instabilities according to Section 3.3.3 and do
not contain any keyhole porosity. Trendlines for two values of H,; are exemplarily indicated.
The respective values were calculated based on a = 80 pm with the yellow areas indicating +
5% beam diameter variation. Additionally, dynamic and Pe cut-oft speeds are marked as red
and blue lines. For MS1, 316L and Ti64 the Pe cut-off is taken as Pe = 4, while for AlSi10Mg
a value of Pe = 1.8 was chosen based on the observed shift in Pe transition value in Section
4.1.2.3.

o Instable] MS1 ° b) sooo| ¢ Instable| 316L
N ®
° Stable =15 e Stable ° .
@ _|H,=15
£ 1600 o .-~
Dyamic E, g /
cut-off S ° ; s -1 ¢ Dyamic
5 1200 ] —% 3
o} : /} /g/ H cut-off
3 8 o o H S
- @ :/ /-/: s
H,=4 < 800+ '/c( T e I
g ° _- =
O ~ - ° ® /_ o cd
pe N /. ° o O gt |
cut-off 400 —/.0: /:{’_/.—:% ; ; Pe
= 8 § cut-off
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Laser power P [W] Laser power P [W]
- d) 5000 A — :
9 20004 ° Instable| | Ti64 He=15 ) = |nstable 2 M290| AlSilOMg
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Q) 4000 x e
€ 1600 - Dyamic S . -
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Q Q.2000 2
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2 800+ Heg= 4 c / A R Ty
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Figure A.3: Experimental process maps for single scan tracks of a) MS1, b) 316L, ¢) Ti64, and d) AlSil0Mg
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A.3 Logistic regressions for process boundary evaluation

A.3 Logistic regressions for process boundary evaluation

Table A.1: Summary of logistic regression fits for process boundary evaluation of the investigated alloys and logistic
regression fit for the combined process window of IN718, MS1, 316L, and Ti64 denoted General; p(2)

represents the probability to obtain a stable and defect free single scan track

Lower boundary

Upper boundary

IN7IS  p(2)
MS1 p(2)
316L p(2)
Ti64  p(2)

AISi1OMg p(2) =

General p(2) =

exp(6.87—1.455H )

_exp(—7.524+5.31H ) .
T Torexp(—7.5245.31H.,) p(2) = TTexp(6.87—1.455H )
_ exp(—T.65+4.84H) (2) = ~SPBILTBIH,)
= Trexp(—7.651484H7)  P\4) = TiepEos—17sH,)
_ _SPCESSHSIOAL) o) exp(T81LI2H,,)
~ Texp(—5.56+3.391H,) = Tfexp(7.81—1.126H",)
_ exp(—3.9824+3.289H ) (2) _ exp(5.69—1.135H,)
= Ttexp(—3.98213.280H7,) P\2) = Trexp(5.69-1.135H7,)

oxp(—5.3+1.738H,)

TFexp(—5311.738H",)

exp(—48T5H8AI6H,,) (o) _exp(6.262-1195H:,)

p(2) = I+exp(6.262—1.195H; )

T+exp(—4.875+3.416H "))
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A.4 Process parameter combinations for density cubes

Table A.2: Parameter sets for IN718 density cubes; hy = 110 um, [; = 40 pm

PS Laser power Scan speed Dimensionless enthalpy Peclet number Depth corrected dimensionless enthalpy

P[W] u [mm/s] H* [-] Pe [-] H -
1 315 1050 9.5 18.7 2.2
2 300 960 94 17.1 2.3
3 158 470 7.1 8.4 2.4
4 354 820 12.0 14.6 3.1
5 236 580 9.5 10.3 3.0
6 370 960 11.6 17.1 2.8
7 202 410 9.7 7.3 3.6
8 266 500 11.6 8.9 3.9
9 305 580 12.3 10.3 3.8
10 276 470 12.4 8.4 4.3
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