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Abstract

In the past decades, additive manufacturing (AM) has been evolving from a rapid prototyping
technology towards a mature manufacturing process with significant advantages for lightweight
design and the potential of fulfilling requirements for highly demanding and specialised applica-
tions. Surface quality is often of functional importance and hence critical for the qualification of
metal AM parts, particularly for load-bearing aerospace applications.

Surface quality resulting from a laser powder bed fusion (LPBF) AM process is typically
characterised by agglomerations of attached powder particles, spatter, weld or layer tracks. The
specific features depend on the used material, powder properties, build direction and further
influencing factors.

This work contributes to a more comprehensive understanding and an improved, more holistic
description of surface quality from LPBF, its formation, characterisation, and role in part
functionality. This will be achieved by taking novel approaches to tailored surface texture
characterisation of metal AM parts from LPBF, employing state-of-the-art optical measurement
techniques and areal surface texture characterisation.

The results of this thesis are presented in three parts: “Measurement and Data Post-processing”,
“Surface Texture and Mechanical Properties” and “Areal Surface Features”.

Part one, “Measurement and Data Post-processing”, discusses the application of optical meas-
urements and related method-specific challenges in regard to as-built and post-processed LPBF
surfaces. The current practice for surface texture characterisation in industry is based on
stylus contact measurements, resulting 2D profiles and corresponding parameters. However,
the characterisation based on individually measured profile lines is hardly representative of the
complex surface structure generated in LPBF processes. By means of a systematic, user-centred
and application-based comparison of confocal microscopy, fringe projection and stylus profilo-
metry, it is demonstrated that areal measurements do have considerable advantages regarding
representative surface coverage, reproducibility and inhibition of surface damage (i.e. contact
vs. non-contact measurements). In conclusion, the transition from 2D to 3D parameters for
surface texture characterisation and, correspondingly, from contact stylus to non-contact optical
methods is proposed. This is an important first step towards enabling a holistic description of
AM surfaces by providing adequate and comprehensive data.

Part two, “Surface Texture and Mechanical Properties”, suggests a description of AM surfaces
related to part functionality. Specifically, the use of surface texture parameters from the material
ratio curve in the context of fatigue performance is introduced, as opposed to the typically
used 2D profile extreme value, the maximum height difference Rt, and the arithmetic mean
of the roughness profile Ra. These parameters fail to capture the specific nature of LPBF
surfaces which is often dominated by powder particle agglomerations and layer or weld tracks.
Additionally, they are sensitive to outliers and hence largely influenced by the measured location
and measurement artefacts. Even their areal equivalents Sz and Sa are affected by these
disadvantages. The material ratio curve is less effected by local irregularities, as it is derived from
the entire surface height distribution. The reduced valley depth Svk is one of the parameters
that are derived from that curve. Rather than an individual extreme value, it represents the
size of the valley population within the measured surface region. As fatigue failure for as-built
LPBF parts often occurs from multiple crack initiation locations on the surface, Svk relates
particularly well to this observed failure mode. The use of Svk in conjunction with fatigue of
LPBF parts is an outstanding example of an adapted and functionality-based approach to surface
texture characterisation. Furthermore, it is demonstrated that the optimisation of processing
parameters can lead to surface and mechanical properties competitive with surface post-processed
and conventionally manufactured properties. This finding shows the potential to eliminate the
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surface post-processing step from the LPBF value chain, reducing overall process duration and
cost.

Part three, “Areal Surface Features”, introduces the development of process-related character-
isation of surface texture and will take the concept of a functionality-based description one
step further. The measurement of areal surface data enables the extraction and quantification
of process-specific surface features, such as the aforementioned particle attachments or weld
tracks. The presented work on surface feature characterisation focusses on the determination of
appropriate pruning thresholds. The ISO 25178 standard on areal surface texture characterisation
proposes to define the threshold in terms of the extreme value Sz. It is demonstrated that
this approach is unfit to obtain meaningful feature segmentations on as-built LPBF surfaces.
The suggested solution is to base pruning thresholds on the particle size distribution of the
used metal powder. These defined thresholds are then applied to predefined surface feature
parameters from ISO 25178 and for the detection of the LPBF-specific particle attachment
features. While height-based ISO 25178 parameters are based on (extreme values of) height
variations and deviations from the mean profile line/area, feature characterisation provides
insights on various physical properties of topography elements, such as shapes, quantity, and size
distribution. Height pruning strongly affects the numerical results on those properties. This novel
approach of connecting the definition of pruning thresholds to the knowledge on materials and
processing variables is introduced for the first time. It will pave the way for future advancements
of tailored surface texture characterisation concepts. Feature-based characterisation has great
potential for defining functionality-based requirements on surface texture and to obtain the most
accurate description achievable with data from modern measurement instruments. It will con-
tinuously evolve with improved metrology systems and significantly advance the comprehension
of process-structure-property correlations of AM components. As a result, AM will become more
accessible and sustainable. The range of application of AM technologies will be broadened across
various sectors with specialised functionality requirements.
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Kurzfassung

In den letzten Jahrzehnten hat sich die additive Fertigung (AM) von einer Rapid-Prototyping-
Technologie zu einem ausgereiften Fertigungsverfahren entwickelt, welches erhebliche Vorteile
fiir den Leichtbau bietet und das Potenzial hat, Anforderungen fiir sehr anspruchsvolle und
spezialisierte Anwendungen zu erfiillen. Die Oberflichenqualitit ist oftmals von funktionaler
Bedeutung und daher entscheidend fiir die Qualifizierung von AM-Metallteilen, insbesondere
derer fiir hoch belastete Luft- und Raumfahrtanwendungen.

Die Oberflaichenqualitét, die aus einem Laser Powder Bed Fusion (LPBF) AM-Prozess resultiert,
ist typischerweise durch Ansammlungen von anhaftenden Pulverpartikeln, Spritzern, Schweif3-
oder Schichtspuren gekennzeichnet. Die spezifischen Merkmale hdngen von den verwendeten Mate-
rialien, Pulvereigenschaften, Baurichtung und weiteren Einflussfaktoren ab.

Die vorliegende Arbeit tragt zu einem umfassenderen Verstédndnis und einer verbesserten Be-
schreibung der Oberflaichenqualitit von LPBF, ihrer Entstehung, Charakterisierung und Rolle
in der Funktionalitdt von Bauteilen bei. Dieses Verstdndnis wird durch neuartige Ansétze zur
angepassten Charakterisierung der Oberflichentextur von Metall-AM-Bauteilen aus LPBF unter
Verwendung modernster optischer Messsysteme und flichenhafter Oberflichentexturcharakteri-
sierung erreicht.

Die Ergebnisse dieser Arbeit werden in drei Teilen vorgestellt: “Measurement and Data Post-
processing” (Messung und Datennachbearbeitung), “Surface Texture und Mechanical Properties”
(Oberflachentexture und mechanische Eigenschaften) and “Areal Surface Features” (Flachenbezo-
gene Oberflichenmerkmale).

Teil eins, “Measurement and Data Post-processing” (Messung und Datennachbearbeitung),
behandelt die Anwendung optischer Messungen und damit verbundene methodenspezifische Her-
ausforderungen im Hinblick auf as-built und nachbearbeitete LPBF-Oberflichen. Die derzeitige
Praxis zur Charakterisierung der Oberflichentextur in der Industrie basiert auf Tastschnittmes-
sungen, daraus resultierenden 2D-Profilen und entsprechenden Parametern. Die Charakteri-
sierung auf Basis von einzeln gemessenen Profillinien ist jedoch in Anbetracht der komplexen
Oberflachenstruktur, die bei LPBF-Prozessen entsteht, nur wenig repriasentativ. Anhand eines
systematischen, nutzerzentrierten und anwendungsbezogenen Vergleichs von Konfokalmikroskopie,
Streifenlichtprojektion und Tastschnittmessung wird gezeigt, dass flichenhafte Messungen erheb-
liche Vorteile bei der reprisentativen Oberflichenabdeckung, der Reproduzierbarkeit und der
Vermeidung von Oberflichenbeschiddigungen haben (bertihrende vs. beriihrungslose Messungen).
Zusammenfassend wird der Ubergang von 2D- zu 3D-Parametern fiir die Charakterisierung der
Oberflachentextur und dementsprechend von beriihrenden Tastschnittgeriten zu beriihrungs-
losen optischen Methoden vorangetrieben. Dies ist ein wichtiger erster Schritt in Richtung
einer ganzheitlichen Beschreibung von AM-Oberflichen durch Bereitstellung der erforderlichen
Daten.

Teil zwei, "Surface Texture and Mechanical Properties" (Oberflichentextur und mechanische
Eigenschaften), schlégt eine Beschreibung von AM-Oberfliachen auf der Grundlage der Teilefunk-
tionalitdt vor. Insbesondere wird die Verwendung von Oberflichentexturparametern aus der
Materialverhéltniskurve im Zusammenhang mit der Ermiidungsleistung eingefiihrt, im Gegensatz
zu den typischerweise verwendeten 2D-Profilextremwerten, der maximalen Hohendifferenz Rt und
dem arithmetischen Mittelwert des Rauheitsprofils Ra. Diese Parameter werden der typischen
Beschaffenheit von LPBF-Oberflichen nicht gerecht, die haufig von Pulverpartikelagglomera-
tionen und Schicht- oder Schweiflspuren gepriagt sind. Dariiber hinaus sind sie empfindlich
gegeniiber Ausreiffern und werden daher stark von der Messstelle und Messartefakten beeinflusst.
Auch ihre flichenbezogenen Aquivalente Sz und Sa sind mit diesen Nachteilen behaftet. Die
Materialverhéltniskurve wird durch lokale Unregelmafigkeiten weniger beeinflusst, da sie aus



der gesamten Oberflichenhohenverteilung abgeleitet wird. Die reduzierte Taltiefe Svk gehort
zu den Parametern, die aus dieser Kurve abgeleitet werden. Sie ist kein einzelner Extremwert,
sondern reprasentiert die Grofle der Talpopulation innerhalb der gemessenen Oberflaichenregion.
Da Ermiidungsversagen bei LPBF-Bauteilen im as-built Zustand haufig von mehreren Rissinitiie-
rungsstellen an der Oberflache ausgeht, lasst sich Svk besonders gut mit dieser beobachteten
Versagensart in Verbindung bringen. Die Verwendung von Svk in Verbindung mit der Ermiidung
von LPBF-Bauteilen ist ein hervorragendes Beispiel fiir einen angepassten und funktionsbasierten
Ansatz zur Charakterisierung der Oberflichentextur. Aulerdem wird gezeigt, dass die Optimie-
rung der Verarbeitungsparameter zu verbesserten Eigenschaften in Bezug auf Oberflaiche und
mechanisches Verhalten fithren kann, die mit den Eigenschaften nachbearbeiteter und konventio-
nell hergestellter Oberflaichen konkurrenzfahig sind. Dieses Ergebnis erméglicht potenziell, den
Oberflichennachbearbeitungsschritt aus der LPBF-Wertschopfungskette zu eliminieren, was die
Gesamtprozessdauer und -kosten reduzieren wiirde.

Teil drei, “Areal Surface Features” (Flachenbezogene Oberflichenmerkmale), fithrt in die Ent-
wicklung der prozessbezogenen Charakterisierung der Oberflichentextur ein und wird das Kon-
zept einer funktionsbasierten Beschreibung weiterentwickeln. Die Messung von flichenhaften
Oberflachendaten ermdéglicht die Extraktion und Quantifizierung von prozessspezifischen Oberfla-
chenmerkmalen, wie z.B. die bereits erwédhnten Partikelanhaftungen oder Schweiflspuren. Die
vorgestellten Arbeiten zur Charakterisierung von Oberflichenmerkmalen konzentrieren sich
auf die Bestimmung geeigneter Prunenschwellwerte. Die Norm ISO 25178 zur flichenhaften
Charakterisierung von Oberflichentexturen schligt vor, die Schwellwerte {iber den Extremwert
Sz zu definieren. Es wird gezeigt, dass dieser Ansatz nicht geeignet ist, um aussagekraftige
Oberflichensegmentierungen auf LPBF-Oberflichen im as-built Zustand zu erhalten. Die hier
vorgeschlagene Losung basiert auf der Partikelgroflenverteilung des verwendeten Metallpulvers
als Schwellenwert fiir das Pruning. Diese so definierten Schwellenwerte werden dann auf "Feature
Parameters" (Elementparameter) aus der ISO 25178 und zur Detektion der LPBF-spezifischen
Partikelanhaftungsmerkmale angewendet. Wéhrend die hohenbasierten ISO 25178-Parameter
auf Hohenvariationen und Abweichungen von der mittleren Profillinie/-fliche beruhen, liefert die
merkmalbasierte Charakterisierung Erkenntnisse {iber verschiedene Eigenschaften wie Formen,
Menge und Groflenverteilung von physischen Topographieelementen. Die Wahl des Schwellwertes
wirkt sich wesentlich auf die numerischen Ergebnisse zu diesen Eigenschaften aus. Der neu-
artige Ansatz, die Definition von Prunenschwellwerten mit dem Wissen iiber Materialien und
Prozessvariablen zu verbinden, wird hier erstmalig vorgestellt. Dieser Ansatz kann wegweisend
sein fiir zukiinftige Weiterentwicklungen von angepassten Konzepten zur Charakterisierung
von Oberflichentextur. Die merkmalsbasierte Charakterisierung hat grofles Potenzial fiir die
Definition von funktionsbasierten Anforderungen an die Oberflichentextur und deren moglichst
genaue Beschreibung, die mit Daten von Messsystemen nach dem neuesten Stand der Technik
erreicht werden kann. Sie wird sich mit verbesserten Messsystemen kontinuierlich weiterentwi-
ckeln und das Verstédndnis von Prozess-Struktur-Eigenschafts-Korrelationen von AM-Bauteilen
féordern. Infolgedessen werden AM-Technologien zugénglicher und nachhaltiger werden. Die
Einsatzbereiche von AM-Bauteilen kénnen so in diversen Industriezweigen mit spezialisierten
Funktionsanforderungen erweitert werden.



Nomenclature

Abbreviations
AM Additive Manufacturing
ASTM American Society for Testing and Materials
CAD Computer Aided Design
CM Confocal Microscopy
CrediT Contributor Roles Taxonomy
CSI Coherence Scanning Interferometry
DED Directed Energy Deposition
EBPBF Electron Beam Powder Bed Fusion
FoV Field of View
FP Fringe Projection
FV Focus Variation
1ISO International Organisation for Standardisation
LPBF Laser Powder Bed Fusion
LSCM Laser Scanning Confocal Microscopy
NMP Non Measured Points
PBF Powder Bed Fusion
QA Quality Assurance/ Quality Assessment
SEM Scanning Elelctron Microscopy
UTS Ultimate Tensile Strength
VED Volume Energy Density
xCT X-ray Computed Tomography

Parameters and Variables

Admaz Average maximum particle diameter

d10 10% of particles have a smaller diameter than d10
db0 50% of particles have a smaller diameter than d50
d90 90% of particles have a smaller diameter than d90
h Hatch spacing

Ny, Endurance limit (number of cycles)

P Laser power

oy, Stress at endurance limit

Omaz Maximum stress

Omin Minimum stress

Omean Mean stress

Oult Ultimate tensile strength (UTS)

v Scan speed

Zmaz Average maximum particle z-height
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Surface Texture Parameters (ISO 21920 and ISO 25178)

Ra
Rq
Rt
Rz
Rk
Rvk
Rpk
Sa
Sq
Sz
Sv
Sp
Sk
Svk
Spk
Smrl
Smr2
Ssk
Sku
Sda
Sdd
Sded
Sdv
Shh
Spe
Spd
Svd
Sbhv

Arithmetic mean height of 2D profile
Root mean square height of 2D profile
Maximum total height of 2D profile

Mean maximum 2D profile height (from five profile sections)
2D core height

2D reduced valley depth

2D reduced peak height

Arithmetic mean height of 3D profile
Root mean square height of 3D profile
Maximum total height of 3D profile
Maximum valley depth

Maximum peak height

3D core height

3D reduced valley depth

3D reduced peak height

Peak material ratio

Valley material ratio

Skewness of the surface height distribution
Kurtosis of the surface height distribution
Mean dale area

Mean local dale depth

Mean dale equivalent diameter

Mean dale volume

Mean local hill height

Mean peak curvature

No. of peaks per unit area

No. of valleys per unit area

Five point average dale depth



Contents 1

Contents
Declaration of Authorship . . . . . . . . . . . .. . V
Abstract . . . . . .. VII
Kurzfassung . . . . . . . o IX
Nomenclature . . . . . . . . . . e e XI
1. Introduction 3
2. Motivation and Objective 11
3. Review of Related Theory, Practice and Literature 13
3.1. Additive Manufacturing for Aerospace Applications . . . . . . .. ... ... ... 13
3.1.1. Process and Part Quality . . . . . ... ... ... ... ... ... 13
3.1.2. Materials . . . . . . . .. e 15
3.2. Surface Texture Characterisation for Metal Additive Manufacturing . . .. . . . 16
3.2.1. Measurement Systems for Areal Characterisation . . . . . . ... ... .. 16
3.2.2. Height-based Areal Field Parameters . . . . . . .. ... ... ... .... 17
3.2.3. Feature-based Characterisation . . . . . . . . .. .. .. ... ... .... 18
3.3. Mechanical Properties of LPBF-processed AISi Alloys . . . .. ... ... .... 21
4. Measurement and Data Post-processing 23
Summary — Measurement and Data Post-Processing . . . . . .. .. ... ... .. .. 24
5. Surface Texture and Mechanical Properties 29
Summary — Surface Texture and Mechanical Properties . . . . . ... ... ... ... 30
6. Areal Surface Features 35
Summary — Areal Surface Features . . . . . . . . . . . ... ... L. 36
7. Synthesis — Conclusions and Future Prospects 45
7.1. Main Results . . . . . . . e 45
7.2. Contributions to the State of the Art . . . . . . . . . . ... ... L. 47
7.3. Implementation in Industrial Practice . . . . . . .. .. .. ... ... 49
7.4. Limitations and Future Work . . . . . . . . . . ... . ... ... .. 49
7.5. Future Prospects — The Big Picture . . .. .. ... .. ... ... ... 51
A. Full-length Publications 52
A.1. Publication 1 — Surface Texture Characterisation for Industrial Applications® . . 52
A.2. Publication 2 — Post-processing of Areal Surface Topography Data?. . . . . . . . 71
A.3. Publication 3 — Influence of Contour Scan Variation® . . . . . ... ... ... .. 79
A.4. Publication 4 — Surface Texture and High Cycle Fatigue* . . .. ... ... ... 95
A.5. Publication 5 — Surface Feature Parameters® . . . ... ... ... ........ 103
A.6. Publication 6 — Process-specific Surface Features® . . . . . . . . . ... ... ... 109

B. Author Contributions and Selection of Publication Media for Publications 1 to 6 117
C. List of Publications and Public Presentations 121
D. Acknowledgements 125

Bibliography 127






1. Introduction

Over the last decades, various additive manufacturing (AM) processes and their outcomes became
popular research topics and resulted in an improved understanding of process parameters, material
properties and suitability for applications with challenging requirements. Additive manufacturing
technologies facilitate lightweight, tailored-for-purpose design and development of biomimetic
structures. They contribute to the reduction of material waste and process duration [1, 2].
According to a study from 2018, AM can reduce the world energy consumption by up to 25% by

2050 [3] and consequently lower global greenhouse emissions.

AM technology has come a long way since its first commercialisation in the 1980s. It is referred to
as a “revolution in manufacturing” [4] and is generally perceived as a game-changing technology [1,
2, 5-7]. Various materials and material classes can be processed by AM, tailoring parts for all kinds
of purposes. The manufacturing technique is able to achieve part quality suitable for specialised

applications, though the surface finish often presents a challenge.

Currently, one of the most popular AM processes for aerospace applications is laser-based metal
powder bed fusion (LPBF) [2, 7]. LPBF is a layer-based technique, where individual powder
layers are combined by laser melting and ultimately yielding a three-dimensional (3D) part. The
process is illustrated by Figure 1: A powder layer, typically of thickness between 20 pm and
100 pm, is applied to a vertically movable build platform using an automated coater. The laser
melts the powder and as the melt pool solidifies, a two-dimensional (2D) slice of the object to be
manufactured is produced. The powder supply is moved upward while the build platform moves
downward by one layer thickness and the coater applies another layer of powder to the build
platform. Again, the layer is molten and combined with the previous layers by the laser. The

process is repeated until all layers are stacked to form the final 3D part [5].

Mirror
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source

Coater

[ Q‘ 2 ¢ e
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Powder delivery system
Moving upward Build platform

Moving downward

Figure 1.: Schematic overview of the LPBF process
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Influencing Factors on LPBF Part Quality

The part quality resulting from the LPBF process and related post-treatment steps depends on

numerous influencing factors [1, 8-10].

Selected key groups of factors are summarised in Figure 2. The diagram includes properties of
the powder material, the build environment, the build job itself, energy input (including scan
strategy), and influence of post-treatment, such as mechanical and chemical surface processing or
heat treatment. The “build environment” refers to general machine-related properties and settings
such as temperature (build chamber and powder bed) and type of coater. “Build job” means in
this case, factors related to the part to be manufactured, like geometry (including shapes and
build angles), positioning on the platform, slicing of the CAD file, etc. The most common process
parameters investigated in literature are related to the energy input, namely laser power P, hatch
spacing h (spacing of parallel laser exposure tracks), layer thickness ¢ and scan speed v. These

parameters can be combined into the volume energy density (VED).

All of these aspects have a considerable impact on the properties of the final part, production
time and cost. The listed key groups and stated process parameters and their contributions to

the part quality are addressed more elaborately in Section 3.1.1.

[ Powder Material ] [ Build Environment ] [ Build Job ]
| Influencing factors of the LPBF process > Part Quality
[ Energy Input ] [ Post-Treatment ]

Figure 2.: Selected key groups of influencing factors on LPBF part quality

Surface Quality from LPBF

Parts manufactured by LPBF typically exhibit agglomerated, partially melted powder particles
of different sizes (Figure 3), re-entrant features (Figure 4), as well as waviness from layers and
weld tracks. All of these may add up to a coarse surface quality in as-built condition. Size and
quantity of those charactersitic features depend on the material, geometry and processing, as

briefly introduced previously.

An LPBF aluminium alloy surface in as-built condition with clearly visible powder particle
attachments and a total height variation on the surface of up to 100 wm within the measured

area is shown in Figure 3.

Among the influencing factors leading to an increased number of particle agglomerations on the
surface are the application of high VED, slow heat dissipation of the used material (e.g. titanium

vs. aluminium) and build angle. This is illustrated in Figure 5, showing the heat flow during



Figure 3.: Micrograph (SEM) showing agglomerations of partially melted powder particles of different
sizes on the sample surface in as-built condition (left), micrograph (LSCM) and corresponding
height representation (right)

the process for two different build angles and its effect on the side surfaces. For a horizontal
build, the heat can largely move through the solidified material, melting and attaching only a
few particles to the surface (grey particles with blue contour in the figure). When manufacturing
parts with downskin faces, more severe agglomerations occur. This increased attachment of
powder particles for downskin surfaces is called the “staircase effect”. This effect is due to part
of the layer being build on loose powder. The heat dissipates through the loose powder and
melts neighbouring particles onto the surface. The surface topography of thin-walled structures
is influenced more severely due to less solid material being available to accommodate the heat
flow [11].

The surface is the region of interaction between a part and its surroundings (i.e. gas, fluids, other
parts). The surface and its quality are often of functional importance. This is the case when
looking at components subjected to cyclic loading, corrosion resistance, application of coatings

or adhesive bonding.

Regarding the application of LPBF in load-bearing aerospace systems, the definition of standards

for part certification and quality assurance is still pending. Hence, the use in critical parts

Optical Instrument

43I1S jo aun

Attached
Powder Particle

Surface

Shadowed Areas

Figure 4.: Cross-section micrograph: Re-entrant features (pink dashed markers) caused by agglomerated
powder particles (left), line-of-sight and shadowed areas from re-entrant features (right)
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Figure 5.: Particle attachments due to heat flow for horizontal (left) and 45° downskin (right), based on

[12]

is currently still restricted [7, 13]. Mechanical or chemical post-processing may be required
for certain applications [14, 15], causing additional processing steps and increasing time and
cost. Some post-processing technologies also restrict the geometrical freedom. Thus, when
post-processing is required, a number of AM advantages are diminished. Adjustment of the
identified influencing factors (detailed in Section 3.1.1) helps improving part quality and has

potential to reduce the required post-processing significantly.

Measurement of Surface Topography

The term “surface topography” describes the deviation of a surface from a perfectly flat plane. It
includes the full geometric information of a surface, such as shape or form, waviness of different
scales and surface texture. According to ISO 25178-2, “surface texture” is defined as the surface
irregularities that are left after removing form by applying an F-operation, waviness (i.e. low
frequency lateral components) by means of an L-filter and high frequency components (i.e.
smaller than instrument resolution) using an S-filter, from the primary surface. It is also referred

to as “S-L-surface” or “roughness” [16].

The surface characteristics observed on LPBF parts differ significantly from those manufac-
tured in traditional processes, such as machining, rolling or casting. Therefore, new chal-
lenges are imposed on methods and measurement instruments for surface texture characterisa-

tion.

The established (2D) contact stylus method remains popular with users across academia and
industry. It is based on a contact measurement using a diamond tip moving across the surface
of interest. However, also optical measurement systems enabling areal surface texture char-
acterisation are increasingly implemented. Examples for such systems are fringe projection
(FP), confocal microscopy (CM), focus variation (FV) and coherence scanning interferometry
(CSI). This allows for an areal, more representative depiction of a surface using (almost) 3D
data.



“Almost” — because even though various methods can cover large areas on the part to be meas-
ured, optical measurements are limited to line-of-sight. This means that re-entrant features (see
Figure 4), as frequently caused by the typical powder particle agglomerations, cannot be detected.
Resulting shadowing effects may, depending on the method, cause measurement artefacts. Meas-

urement with focus on AM parts is covered in Section 3.2.1 and Chapter 4.

Surface Texture Characterisation

The stylus method is associated with 2D height based surface texture parameters, the most
common ones being Ra (arithmetic mean profile height), Rz (average maximum profile height)
and Rt (total maximum profile height). Nowadays, also their areal equivalents Sa (arithmetic
mean height, equivalent to Ra) and Sz (total maximum height, equivalent to Rt) are generally
well known. However, as these parameters are simply calculated from height variations, very

different surface structures can be represented by the same value [17], as visualised in Figure 6.
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Figure 6.: Surface height maps from different manufacturing processes, extracted and filtered profiles,
corresponding material ratio curves and resulting ISO 21920 parameters (left to right):
Visually, the surface characteristics and profiles differ drastically, while they are characterised
by similar Ra and Rt. The 2D Material ratio curve parameters Rk, Rpk and Rvk are similar
for the top and bottom profiles, but can differentiate the middle profile.

Figure 6 highlights two major issues of current surface texture characterisation practice:

1. The common parameters Ra and Rt are unable to distinguish profiles exhibiting obvious

visual differences which suggest differences in functionality.
2. Extracted 2D profiles are (mostly) not representative of 3D surfaces.

These issues are illustrated by means of extracted profiles from an LPBF surface, a milled surface

and a turned surface (Figure 6, top to bottom). While the three extracted and filtered surfaces
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have very different appearances, all of them have the same Ra = 1.7 nm and Rt = 12.5 £ 0.1 pm.
The 2D material ratio curves and corresponding parameters are able to distinguish the middle
profile from the other two. Regarding the top and bottom profiles, they show similar lateral
spacings and height distributions and have hence similar material ratio curves and parameters.
However, considering the original surfaces they are extracted from, it is misleading, that those very

different surface finishes can be characterised by the same 2D parameters.

This emphasises the need for 3D characterisation of functional surfaces. Looking at the ISO
25178 on areal (i.e. 3D) surface characterisation, numerous options besides Sa and Sz are
available. A more robust, though still height based, description is offered by parameters
from the (3D) material ratio curve, Sk (core height), Svk (reduced valley depth) and Spk
(reduced peak height). The corresponding parameter definitions are covered in more detail in
Section 3.2.2.

A rather novel approach is the characterisation of surface features. While this concept is not
yet established in industrial applications, hill-and-dale-based feature detection and parameters
representing a variety of their geometric properties are included in the ISO 25178 standard [16].
Feature-based characterisation opens up opportunities to correlate part function, such as crack
propagation under cyclic loading or adhesion of protective coatings, to certain shapes present on
a part’s surface. Beyond hills and dales, the detection of process-specific features is also possible.
Looking at LPBF parts in particular, particle agglomerations, spatter or weld tracks may be of
interest [18, 19].

Figure 7 shows extracted features from an LBPF surface: two powder particles attached to the
surface. Depending on the applied method for feature analysis, they can be classified as hill

features or as process-specific particle features.

Selected literature on feature-based characterisation is summarised in Section 3.2.3, the related

concepts are explained in Chapter 6.

Figure 7.: Attached particle features on LPBF surface: 3D view (left), top view (right)



Document Structure

This thesis is written in cumulative format and the results presented are subdivided into six
publications: four articles, published in peer-reviewed journals, one peer-reviewed conference
paper and one article preprint, that was also presented at a conference. The publications in full
length are included in Appendix A. Full bibliographic details and co-author contributions, as
well as the selection criteria for the publication media are included in Appendix B. A full list of
publications and presentations generated during my time as doctoral candidate at Fraunhofer
IFAM is enclosed in Appendix C.

The structure of the thesis framework document is as follows:

This Chapter 1 gave a brief introduction to the concepts and technologies relevant to follow the

upcoming elaborations.
The motivation and objective of the presented work are outlined in Chapter 2.

In Chapter 3, literature in the context of the topics is reviewed, starting with materials for AM
in aerospace, metal AM surface texture characterisation and mechanical properties (incl. the
relationship of mechanical properties and surface texture). Where found appropriate, related
concepts and definitions are explained. Chapter 3 presents complementary information to the

literature reviews included in the respective publications.
After the introductory part in Chapters 1-3, the results are presented in Chapters 4-6, each
covering another aspect of LPBF part quality assessment:
e Chapter 4: Measurement and Data Post-processing
— Publication 1: Surface Texture Characterisation for Industrial Applications
— Publication 2: Post-processing of Areal Surface Topography Data
o Chapter 5: Surface Texture and Mechanical Properties
— Publication 3: Influence of Contour Scan Variation
— Publication 4: Surface Texture and High Cycle Fatigue
e Chapter 6: Areal Surface Features
— Publication 5: Surface Feature Parameters
— Publication 6: Process-specific Surface Features

Fach chapter covers two publications and includes a summary of the main results and conclu-

sions.

Chapter 7 gives a summary and synthesis of the work done, knowledge gained and conclusions
drawn. This work’s contributions to the state of the art are highlighted and an outline of

upcoming work and future prospects conclude the final chapter.
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2. Motivation and Objective

The main objective of the presented doctoral research project is the adaption of novel approaches to
tailored surface texture characterisation of metal AM parts from LPBF, employing state-of-the-art
optical measurement technology and areal surface texture characterisation, and thus, to contribute
to the overarching goal of gaining a more comprehensive understanding of LPBF manufactured
surfaces and their process-structure-property correlations. This improved understanding will
expand the range of application of AM technologies in various sectors with specialised functionality

requirements.

During my master thesis work on wet-chemical surface post-processing of metal additive parts
between November 2017 and June 2018, I realised that there is a gap between available state-of-
the-art measurement technology for surface texture characterisation and the current practice in
industry and research applications. With the intention of bridging that gap, the concept of this

doctoral research project was developed.

In recent years, optical measurement systems have been increasingly used for surface texture
characterisation, especially in research. The technologies are constantly evolving, facilitating
faster, more precise data acquisition of large regions, depicting diverse surface structures on com-
plex geometries. To utilise the advantages of optical measurement systems for part qualification
processes in industry, it is necessary to understand the differences and advantages with regard
to the established stylus method and the corresponding 2D characterisation. A distinct benefit
is the opportunity to use areal data for surface texture characterisation, allowing for a more
statistically representative evaluation. Especially for the stochastic, inhomogeneous metal PBF
surfaces, evaluation of areal data is advantageous when aiming for a comprehensive understanding
of their surface quality. However, due to the differences in physical interaction of different optical
instruments and measured surfaces and prerequisites for adequate operation, there is a need for a
user-oriented analysis. Every method has their specific requirements regarding part positioning,
instrument settings or data processing in order to minimise the influence of measurement artefacts
on the resulting surface data and calculation of texture parameters. Especially as-built LPBF
surfaces, but also post-processed surface conditions, impose challenges on measurement systems,

which are addressed in the context of the following first key question:

“Under which conditions do surface texture measurement systems based on
different physical working principles produce reliable, representative and

comparable data for metal AM surfaces from LPBF?”

Regarding the interaction of fatigue performance and surface quality of metal PBF parts, current
research is still focussed on 2D data and using profile mean height and individual extreme values.
This approach is hardly representative of typical as-built metal PBF fracture modes with a
tendency toward crack initiation from multiple (near-)surface defects. The use of areal data to
describe metal PBF parts allows for a more realistic and representative surface description, as

these surfaces are typically irregular, exhibiting inhomogeneous individual or clustered, often
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(part-) spherical particle agglomerations of various sizes. Alternative concepts, taking into account
the process-specific features of metal PBF parts, are to be explored. In order to accommodate
the integration into existing part qualification processes, as a first step, areal surface texture
parameters included in the ISO 25178 standard are investigated, aiming at answering the second

key question:

“How can the interaction between processing, resulting part quality and part

functionality for metal AM parts from LPBF and their surfaces be described?”

The utilisation of areal data obtained from optical measurement instruments does not only
allow for generating more statistically representative surface texture parameters, but also for the
evaluation, extraction and quantification of characteristic surface features. A novel approach
employing the knowledge of the LPBF manufacturing process and material has the potential
to gain an even more authentic description of the resulting surface quality. This motivates the

third key question:

“Can the description of metal PBF surfaces be improved by using process-related

inputs to surface texture characterisation?”
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3. Review of Related Theory, Practice and Literature

This chapter gives an overview of relevant concepts and recent work on the topics related to this
thesis. It is meant to complement the state-of-the-art reviews of the published works (summarised
in Chapters 4, 5 and 6, full-length publications in Appendix A), which are referred to where

appropriate.

The opening of this chapter is Section 3.1 on AM for aerospace applications with focus on part
quality influencing factors and materials selection, followed by an introduction to surface texture
characterisation, Section 3.2, with common methods and parameters and their application
to metal additive surfaces. Furthermore, the section comprises a review of recent work on
feature-based surface texture characterisation in 3.2.3. The chapter concludes with Section 3.3,
presenting a brief summary of studies on mechanical properties of LPBF-processed AlSi alloys

and additional relevant work.

3.1. Additive Manufacturing for Aerospace Applications

The most popular metal additive process for aerospace components is LPBF, which was already
shown in Figure 1 (Chapter 1). Amongst other high requirements, lightweight construction with
extraordinary mechanical performance is vital for many applications. This calls for high quality
parts and specialised materials [1, 7]. Related factors are briefly introduced in this upcoming

section.

3.1.1. Process and Part Quality

AM part quality is affected by various influencing factors, summarised in Figure 8. This overview
is by no means complete and is meant to illustrate the large number of influencing factors in an

LPBF process and their interconnection [1, 8-10].

Powder Material Build Environment Build Job

Particle size distribution & +  Temperature (platform, powder bed) * Partgeometry (shapes, angles,
morphology «  Inert gas atmosphere overhangs, support structures)
Flowability & humidity +  Coater (rubber, brush, roller, ...) *  Slicing of CAD file/ layer thickness
Contamination/ oxidation ¢ Positioning on build platform w.r.t.
Chemical composition coater, gas flow & other parts
Influencing factors of the LPBF process > Part Quality
Laser power & diameter * Removal of support structures
Scan speed * Surface post-processing
Hatch spacing (mechanical & chemical)
Exposure pattern & strategy * Heat treatment

Layer thickness

Energy Input Post-Treatment

Figure 8.: Selected influencing factors on LPBF part quality
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The characteristics of the used powder material affect the process and its outcome. Particle size
distribution, morphology and powder humidity have an impact on flowability, hence on the applic-
ation of the powder layer and ultimately on the resulting part density. Powder contaminations of
various types influence the microstructure, leading to reduced part performance. The chosen alloy
and its chemical composition, usually based on the desired application, will partly determine the

selection of manufacturing parameters and process handling.

Factors attributed to the build environment, like the temperatures of powder bed, build chamber
and build platform, manipulate the heat flow. This has an effect on the formation of part
microstructure and surface texture. The gas flow and its fine tuning in combination with other
process parameters regulates the transportation of process-related by-products (e.g. reaction
products, evaporating gases). Properties of the coater, such as shape, material or coating speed,
in interaction with the powder material are additional contributing factors towards the quality

of the powder layer application.

The geometry of the part to be manufactured and its placement within the build chamber defines
the need of support structures, stair step effects (Figure 5) and the influence of gas flow and
coating direction. Also the packing density on the platform (i.e. parts per area) contributes to

part quality. These factors are summarised in the category "build job".

The most frequently discussed machine settings in literature are those relevant to define the

volume energy density (VED):

P

VED =
v-h-t

(3.1)

P is the laser power, v is the scan speed, h is the hatch spacing and ¢ represents the layer thickness.
These parameters are also visualised in Figure 9. The energy input is relevant for proper melting
and fusion of the powder. Too little energy will lead to keyhole porosities, resulting from an
unstable melt pool. Often, loose powder is enclosed in these pores. Too much energy input may
lead to metallurgical pores with entrapped gas from the build environment or evaporation from
alloying elements. In both cases, part density and mechanical properties are compromised. The
suitable amount of energy and appropriate exposure strategy depend on the used powder material

(alloy, size distribution), desired properties and production time [20-22].

Although many studies are found that are based on the optimisation of the volume energy density,
it is important to note that this approach is flawed. It fails to include factors like exposure
patterns/hatch strategy, beam shape, laser angle/deformation or remelting of entire layers or
parts of it (e.g. the contour), which contribute significantly to the overall energy input into the
material [1, 22]. A few existing studies address processing and effects of remelting of individual

and multiple layers in bulk and contour for different materials [22-25].

The final group of factors of interest in Figure 8 is related to post-processing, which includes
removal of support structures (process-related) as well as mechanical or chemical surface processing

and heat treatment (property-related). Especially property-related post-processing activities have
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been addressed in literature, aiming at improved performance tailored to specific applications
[24, 26-38].

3.1.2. Materials

An extensive number of studies on Ti-64 [8, 39-41], Inconel 718 [22, 42, 43] and 316L steel [44-47]
exist in literature. According to various review papers, those are the most common research
materials in metal PBF. The LPBF processing of aluminium (Al) alloys, however, only became

increasingly important during the last decade [9, 20, 48-52].

Al alloy powders show low flowability (impacting recoating of layers) and are susceptible to
oxidation (causing porosity) due to the high reactivity of Al and the powders’ large overall surface
area. Added to this are the materials’ high reflectivity and low absorption of the typical LPBF
process laser wavelength range and its high thermal conductivity, resulting in high required
laser power. Those specified properties contribute to the processing of aluminium alloys by
LPBF being particularly challenging. However, Al alloys are of interest for LPBF in lightweight
construction applications. They are lightweight, strong, corrosion resistant (i.e. for finished
parts, the oxide layer acts as a shield, as opposed to the powder material, where oxidation causes
contaminations in the final part) and highly weldable. In combination with the geometrical
freedom of LPBF processing, they have high potential for tailoring parts to numerous applications
within automotive, aerospace and other industries [20]. The best processable aluminium alloys
by LPBF are aluminium-silicon-based. The most commonly studied one is AlSi10Mg, but also
AlSi12 and AlSi7Mg show good processability [1, 51, 53].

While aluminium itself has great lightweight design potential with a density of 2.7 g/cm?, alloying
elements play an essential role in improving and defining material properties and processing.
The silicon phase in the solidified LPBF material inhibits crack initiation and propagation and
reduces the overall weight of the manufactured part with its density of 2.4 g/cm?. Silicon as
alloying element improves hardness and reduces shrinkage [1, 51, 53]. The addition of magnesium

improves corrosion resistance and weldability [54].

Over the last few years, work has been done on tailoring and adapting alloys to the process-

and application-specific needs of additive manufacturing, rather than using those developed
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for traditional (i.e. subtractive) processes, as Clare et al. stated in their recent review [55].
Examples of tailored Al alloys for LPBF are Scalmalloy®, Scancromal® and Custalloy [54,
56).

3.2. Surface Texture Characterisation for Metal Additive

Manufacturing

This section comprises an overview on methods, parameters and approaches to surface texture
characterisation and its application to metal additive surfaces. The first two subsections 3.2.1
and 3.2.2 are complementary to the state-of-the-art review included in Publication 1. The final
subsection 3.2.3 presents an overview of relevant work on the characterisation of areal surface

features.

3.2.1. Measurement Systems for Areal Characterisation

Areal surface texture characterisation has been gaining acceptance in recent years. Methods used
in literature in conjunction with metal additive surfaces are confocal microscopy (CM) [57-61],
fringe projection (FP) [22, 62, 63] focus variation (FV) microscopy [58-60, 64, 65], coherence
scanning interferometry (CSI) [58-60, 66] and X-ray computed tomography (xCT) [22, 59, 60, 67].
The first four are included in the ISO 25178-6 standard on areal surface characterisation. They
are optical systems and therefore restricted to line-of-sight measurements. Compared to the
well-known and established stylus method, all of them offer better representation of the evaluated
surfaces by means of 3D depiction. Line-of-sight measurements, due to their inability to detect
re-entrant features, are sometimes referred to as 2.5D measurements [68]. The working principles

of those methods listed above are briefly described subsequently.

In Confocal Microscopy (CM), the same location is measured with different focus depths,
with only the in-focus z-portion exposed to the light source. Layering of the in-focus z-data
results in a height map. The most commonly used light sources are lasers. A resolution in the

range of several hundred nanometres can be achieved [57, 69, 70].

Fringe Projection (FP) uses fringe patterns of different sizes that are projected onto a
surface. A detector captures the projected patterns and their deviation from the original
projection is determined. From this deviation, the 3D (line-of-sight) surface is reconstructed
[63, 71]. In addition to surface texture, the method is often used for form measurement at
different scales [71-74] and, in the context of metal AM, for in-process powder bed monitoring
[75-78].

Focus Variation (FV) microscopy measures the same x-y-location with different focus depths
with the entire measured region being exposed to light. The method uses contrast to determine
the in-focus surface position. It is well suited for rough surfaces and surfaces with high slope

angles but is mostly inadequate for very smooth surfaces [64, 79].
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In Coherence Scanning Interferometry (CSI), the position of the surface w.r.t. a detector
is determined using the changes of an interference signal. The surface is detected where the
constructive interference signal is the strongest. Similarly to FV and CM, a given z-range is
scanned for each position and obtained information is layered to reconstruct the surface height

representation. Often, white light is used as light source in CSI [80].

X-ray Computed Tomography (xCT) is a method to create a 3D representation of an object
(not just its surface). This is done by means of x-ray scanning around a rotational axis. The
method is well known in medical applications. Only during the last decade, it was successfully
shown to reach appropriate resolutions to measure surface texture of metal AM parts. In addition,
xCT offers the data to gain a complete description of investigated samples, including re-entrant
features, sub-surface flaws and bulk material porosities. Also measurement of internal surfaces
is possible [67]. However, it is the most complex, time-consuming and expensive among the

presented methods.

3.2.2. Height-based Areal Field Parameters

Height-based parameters have been used in surface texture characterisation since the middle
of the 20th century. Especially prominent in engineering applications are the arithmetic mean
profile height (Ra/Sa), root mean square profile height (Rq/Sq) and maximum profile height
(Rt/Sz) [6, 81]. However, the ISO 25178 standard on areal surface texture characterisation
contains many more parameters [16, 82]. This subsection includes a brief overview of parameters
applied to metal AM surfaces and definitions of selected areal parameters. For more details, refer

to the literature sections of Publications 1 to 4.

Application to Metal AM Surfaces

In 2017, Todhunter et al. conducted a survey on the use of profile and areal surface texture
parameters in both research and industry. The study found that Ra and Rt were commonly
utilised, particularly in automotive, aerospace, and product manufacturing. These parameters
have also been applied in recent publications on metal additive manufacturing surface texture,
sometimes in conjunction with their areal equivalents. Also the root mean square height
Rq/Sq is often used [38, 83-86]. Other height-based parameters appearing in conjunction with
metal AM surfaces are skewness Ssk and kurtosis Sku [58, 87-91]. These parameters are
properties of the surface topography’s height distribution and relate to its symmetry and spread,

respectively.

Definitions — Height-based Areal Parameters

The areal (i.e. 3D) equivalents to Ra (arithmetic mean profile height), Rq (root mean square
profile height), Rz (mean maximum profile height) and Rt (absolute maximum profile height)
are Sa (arithmetic mean profile height), Sq (root mean square profile height), Sz (absolute
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maximum profile height - equivalent to Rt). These areal parameters have been increasingly
applied due to the expanding adoption of optical measurement systems, mostly in academic
research [6, 16, 81, 82].

Ra or Sa are calculated from the height distribution of data points across the measured profile
or area. It is the mean of the absolute distance between the mean line and those data points,

represented by
1
Sa = —Z|zi—2\ . (3.2)

N =1

Similarly, Rq and Sq are determined from the root mean square of the profile deviation from the

mean line and can be computed using

1
Sq = J N D (s —2)? . (3.3)
i=1
Rt and its areal equivalent Sz are the height difference between the lowest and the highest
point within the measured profile or area. They can also be calculated from the sum of the
absolute values of the depth of the deepest valley Sv and the height of the highest peak
Sp:
Sz = max(z;) — min(z;) = Sp+ Sv . (3.4)

More information on the surface texture and its distribution, even though still height-based, is
offered by the material ratio curve, shown in Figure 10. It is created from the profile z-data and
indicates which percentage of the profile is above a certain height. The parameters Sk (core
height), Spk (reduced peak height) and Svk (reduced valley depth), Smrl and Smr2 (peak and
valley material ratio) are calculated from that curve as indicated in Figure 10. Core height Sk is
defined as the height difference of the intersections of the main slope tangent (dotted red line)
with vertical axes at 0% and 100%. The reduced peak height Spk and reduced valley depth
Svk represent the size of peaks or valleys outside (i.e. above or below) the core portion of the
profile. They are the height of a right-angled triangle (purple) enclosing an area of equal size
to the peak portion below and valley portion above the curve delimited by Smrl and Smr2,
respectively. The material ratios Smrl and Smr2 mark the transition point between core region
and peak or valley region, respectively. It is known that the material ratio curve provides means
of distinguishing surfaces where mean and maximum roughness parameters fail to (see also
Figure 6) [17].

3.2.3. Feature-based Characterisation

In contrast to parameters solely based on height variations, those parameters based on the
extraction of areal surface features can provide insights on present features shapes, feature
size distribution or feature count. This can be especially interesting when looking into part
functionality, like mechanical performance, corrosion resistance or adhesion. ISO 25178 comprises

feature parameters specifying various geometric properties of hills and dales, such as roundness,
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Figure 10.: Material ratio curve

aspect ratio, equivalent diameter, projected area or enclosed volume [6, 16, 18, 19, 82, 92].
Following is an overview of relevant literature. Note that the extraction of features and related

methods and definitions are covered in Chapter 6.

The extraction of surface features (e.g. hills, dales, agglomerated particles, weld tracks, milling
tracks) and the characterisation of surface texture based on the properties of those features has
been developed and applied in different engineering research disciplines over the course of the
past 20 years. Examples are the characterisation of surfaces for and from micro electronics,

biomedical and conventional/subtractive manufacturing [93-96].

Wang et al. investigated biomedical grade titanium with tailored surface texture for implants [94].
Amongst others, they used feature characterisation to circumvent the impact of measurement
noise on the parameters commonly used in the context of cellular attachment. Tian et al.
examined wear particles occurring in the synovial joint due to degeneration from osteoarthritis
[95]. They demonstrated that feature parameters have the capability of describing functional

properties of the wear particle surface texture.

In recent years, feature characterisation became a research topic in regard to metal additive

surfaces [18, 19, 65, 97-104]. Selected work is summarised subsequently.

Zou et al. investigated a metal additive surface manufactured by direct energy deposition (DED),
where parts are fabricated in a layer-based approach using a metal feedstock (in this case, powder)
and an energy source (e.g. laser or electron beam) [97]. For DED surfaces, they identified the
weld tracks as major contributor to surface roughness and stated that particle attachments
have a lesser influence. They demonstrated that weld tracks can be extracted by watershed
segmentation, combined with Wolf pruning and subsequent merging of adjacent particles in
direction of the weld tracks by centroid alignment. They presented images of the segmented
surface with 1%S2z and 10%Sz Wolf pruning, stating that their threshold selection is unfit to
detect smaller agglomerated particles. They suggested to adjust the pruning threshold to obtain
better results. In their work, there are no numerical feature parameter results presented and the

pruning is defined in terms of the extreme value Sz.

Newton et al. compared three segmentation approaches and their application to metal PBF
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surfaces [98]. They applied an edge detection method, watershed segmentation (according to
ISO 25178) and contour stability analysis [100] and investigated their ability to identify spatter
and particle agglomerations on the selected surfaces from LPBF and electron beam powder
bed fusion (EBPBF) at different build angles. They concluded that none of the methods is
superior for all evaluated test cases and state that manual reference segmentation, though
necessary due to lack of "perfect" algorithmic segmentation, may introduce bias into the compar-

ison.

In following work, Newton et al. investigated Ti-64 surfaces from EBPBF with varied orientation
between 0 deg and 180 deg [65]. They confirmed that larger build angles and especially downskin
surfaces, resulted in a higher feature count. They used a pixel-based edge detection method
in an iterative process to determine particle boundaries and separate particle features (spatter
and agglomerations) from remaining topography and applied height thresholding to isolate the
topmost regions of protruding elements. They quantified by means of count, area, height and
coverage and did not apply feature parameters specified in ISO 25178. They highlighted that
feature-based characterisation requires knowledge of the specific manufacturing process and
application in order to identify relevant features and developed a tailored extraction process.
Due to the need for application-related inputs, feature-based approaches are referred to as

“information-rich” characterisation [100, 104].

Thompson et al. worked on correlating surface features and internal porosities of Ti-64 EBPBF
parts [102]. For this purpose, they used surface data from CSI to measure the weld tracks and

xCT to identify pores. They linked wider weld tracks to lower porosity.

Struzikiewicz and Sioma [101] applied watershed segmentation with a pruning threshold of 5%z
(as suggested by the standard) to metal AM samples with machined surface finish. They used the
feature parameters Spd (density of peaks), Spc (arithmetic mean peak curvature), Shv (five point
pit depth), Sda (mean dale area) and Sdv (mean dale volume) alongside common height-based
parameters from ISO 25178. However, they did not use feature characterisation on as-built
AM surfaces in this study. They investigated the formation of surface cracks caused by the
machining process. Regarding surface texture parameters, they concluded that it is useful to
generate multiple parameters and interpret them in context. They further noted that, for their
application, parameters from the areal and volumetric material ratio curves contain more useful
information than Ra/Sa and Rz/Sz.

Lou et al. applied both, morphological and robust Gaussian regression filters to separate melt
tracks on one EPBF and LPBF top surface, each. After, they used watershed segmentation to
identify and extract powder particle agglomerations (in their work referred to as "globules").
They generated roughness and waviness parameters from the surfaces after removing attached
powder particles as well as the density of extracted particles on the surfaces. In their work, they
state that both, traditional and novel characterisation parameters need to be studied in order
to link surface properties with AM processing and resulting part functionality. Regarding the
characterisation of metal PBF process-specific features, they concluded that research into the

definition of appropriate thresholds is indispensable [19].



21

3.3. Mechanical Properties of LPBF-processed AISi Alloys

Publication 3 includes a literature review on mechanical performance with focus on LPBF
AlISiTMg0.6 parts. A brief summary of this review is included subsequently, as well as an
overview of additional relevant work with focus on the effect of LPBF process parameter

modifications.

Especially the alloys AlSil0Mg, AlSil12 and AlSi7Mg are classified as "highly printable" [51]. In
as-built condition, ultimate tensile strength (UTS) values between 300 and 450 MPa are found in
literature [1, 26, 29, 31, 32, 51, 105-110]. The LPBF-processed AlSi7TMg0.6 alloy was found to
exceed the mechanical performance of the material in as-cast condition. This is attributed to the

typical fine microstructure resulting from fast cooling rates [1, 51, 53].

With regard to tensile strength of AlSi alloys, the influence of different heat treatment strategies
has frequently been investigated [24, 26-32, 37]. However, for many aerospace, automotive,
medical and other applications, resistance to periodic loading is required. In their textbook
"Materials Science and Engineering", Callister states that about 90% of all metallic failures are
related to fatigue [111]. Considering fatigue properties, where surface texture plays an important
role [1, 7, 22, 85], the effects of surface post-processing [33-36, 39, 41, 44, 112-114] and positioning
on the build platform [37, 38] were studied by various authors. Though, surface post-processing
does not necessarily improve fatigue performance, as found by Aboulkhair et al., as milling can

open up pores if the subsurface material quality is insufficient [33].

A few additional studies (i.e. not included in Publication 4) focussing on part quality modification

by adjusting AM processing parameters are summarised below:

The effect of build orientation and post-processing on fatigue and tensile behaviour was investig-
ated by Beevers et al. [83]. Amongst others, they looked into the effect of as-hatched (i.e. only
hatch scan, also "net-shaped") vs. the application of an additional contour scan for AlSil0Mg.
However, their focus was on mechanical and microstructural properties and they post-processed
both conditions, as-hatched samples and samples with additional contour scan, by vibratory
polishing. They found that their as-hatched samples exhibited more near-surface porosities than

after an additional contour scan.

Beretta et al. [85] examined the effect of build orientation on rotating bending fatigue for
AlSi10Mg. They found that horizontally built specimens show the best fatigue properties among
the tested samples and concluded that fatigue life prediction applying the maximum total profile

height Rt led to overestimation as compared to experimental data.

Gockel et al. [22] investigated contour scan variations for Inconel 718 material from LPBF and
linked decreased values of Sa and Sv with increasing laser power. They attributed this to the
larger melt pool. They also observed the tendency of increased fatigue life for decreased Sv and
noted that, in their study, Sa did not correlate with fatigue performance. They acknowledged the
issue of accessibility for post-processing tools for complex AM geometries and consequently identify

internal surface roughness as likely cause for fatigue failure of such parts.
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4. Measurement and Data Post-processing

Key Question:

"Under which conditions do surface texture measurement systems based on different
physical working principles produce reliable, representative and comparable data
for metal AM surfaces from LPBF?"

This chapter is on the measurement and processing of metal additive surface data obtained from op-
tical instruments. In the following, pitfalls during the preparation of data for the generation of sur-

face texture parameters are discussed and a user-oriented approach is taken.

To accommodate accessibility of the results, in Publication 1 Comparison of Optical and Stylus
Methods for Surface Texture Characterisation in Industrial Quality Assurance of Post-Processed
Laser Metal Additive Ti-6Al-4V, optical measurements from laser scanning confocal microscopy
(LSCM) and fringe projection (FP) are compared to results from stylus profilometry. The latter
is current industrial practice for surface texture measurement. During this first work it became
apparent that, due to shadowing effects, LSCM data for the as-built surface condition were the
most complex to handle. That is why Publication 2 Post-processing of Surface Topography Data
for As-built Metal Additive Surface Texture Characterisation covers the data acquisition and

post-processing for this method.

Publication 1  Comparison of Optical and Stylus Methods for Surface Texture
Characterisation in Industrial Quality Assurance of Post-processed
Metal Additive Ti-6Al-4V

Type Peer-reviewed journal article

Status Published

Submitted to Materials

Publication 2  Post-processing of Surface Topography Data for As-built
Metal Additive Surface Texture Characterisation

Type Peer-reviewed journal article

Status Published

Submitted to Journal of Additive Manufacturing Technologies
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Summary — Measurement and Data Post-processing

In Publication 1 Comparison of Optical and Stylus Methods for Surface Texture Characterisation
in Industrial Quality Assurance of Post-processed Laser Metal Additive Ti-6Al-4V, results from
the widely known and industrially established stylus method are compared with results from
optical systems. The benefits and drawbacks of fringe projection (FP), laser scanning confocal
microscopy (LSCM) and stylus profilometry are discussed and compared with regard to the
methods’ applicability to metal additive surfaces in as-built and wet-chemically processed
conditions. The reasoning behind considering both — as-built and post-processed conditions — is,
that for load bearing applications, the surface quality often plays a significant role. Wet-chemical
methods are under investigation by big players in the aerospace industry to achieve this desired
quality, and hence the need for appropriate methods to investigate those surfaces arises. However,
Publication 1 explicitly aims at the evaluation of the applicability of characterisation methods
rather than the assessment of the surface-enhancing post-processing methods. The qualitative

results of the method comparison are presented in Table 4.1.

Operator-centred Method Comparison

While being the most time consuming and requiring the highest level of operator skill, Confocal
Microscopy offers high resolution non-contact areal measurement. The method is suitable to
evaluate profile as well as areal parameters and the representative areal data acquisition supports
the reproducibility of measurements. Quantitative effects of measurement and data processing

settings are covered in Publication 2.

The investigated Fringe Projection system was easier to operate regarding measurement setup
and post-processing. The larger field of view (FoV) of the instrument allowed for covering large
areas, simplifying the reproduction of measurements. The resulting mean roughness Ra was lower
than for LSCM (approx. -20%) and stylus profilometry (approx. -15%), where the method’s

larger data point spacing was a contributing factor.

Stylus Profilometry is a commonly known and established method in academia and industry
to characterise surface texture. The measurement procedure and instrument characteristics are
completely standardised, which is advantageous in quality assurance (QA) and part qualification
processes. Furthermore, handheld devices are inexpensive and fairly easy to operate, making
the method accessible to a wide range of users. However, the contact measurement might
compromise the investigated surface and is limited to profile measurements, which are hardly

reproducible.

In conclusion, all three methods under consideration produce valid and comparable results when
properly processing optical data and applying the same bandpass filters. However, the process-
specific surface features of as-built as well as wet-chemically-processed LPBF surfaces are better
represented by areal data. The extensive application of optical systems in research and industry
requires education and guidance of users. Considering the selection of parameters, the well-known

Ra and Rt as well as their areal equivalents Sa and Sz are hardly capable of characterising those



25

specific features and might even misrepresent the surface under investigation. More suitable op-

tions, standardised and non-standard, are explored in Publications 3 to 6.

Table 4.1.: Summary - Comparison of confocal microscopy, fringe projection and stylus profilometry for
metal AM surface texture characterisation

Confocal microscopy

Fringe projection

Stylus profilometry

Acquisition time

very long — large z-range re-
quired to capture entire eval-
uation length in one meas-
urement

short — larger FOV, stitch-
ing of few images for full
evaluation length

long (multiple individual
line measurements neces-
sary, restricted tip move-
ment due to surface fea-
tures)

Lateral / spatial resolution  high sufficient sufficient
Representative surface cov- yes yes no

erage

Linear / areal parameters both both linear

Standardisation

listed as suitable method

listed as suitable method

fully standardised (instru-
ment, data processing, para-
meters)

Physical principle

optical/non-contact; layer-
ing of in-focus z-data

optical/non-contact;  pat-
tern projection, triangula-
tion

contact measurement

Surface damage

no

no

possible

Detection of re-entrant fea-
tures

no

no

no

Reproducibility medium/high — localisation  high — large area portions low — individual lines un-
of small area portions is pos- can been measured and loc- likely to be located when re-
sible but challenging using ated by means of macro- peating measurement, sur-
macroscopic markers scopic markers face may be influenced by

first (contact) measurement

Measurability good good restriction of tip movement

(powder particle agglomer-
ations, craters), limited z-
range (handheld devices)

Operator skill

high level of proficiency re-
quired to select measure-
ment settings appropriately
and perform data processing

medium high level of pro-
ficiency required to select
measurement settings appro-
priately and perform data
processing

handheld devices are easy
to use, process is fully
standardised, alignment of
multiple (parallel) measure-
ments is highly difficult

Operator effort

medium/low — complex ini-
tial setup, automated meas-
urement

low — fairly straightforward
initial setup, automated
measurement

labor-intensive — every loca-
tion has to be selected and
measured individually (for
handheld devices)
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Effect of Selected Data Acquisition Settings in LSCM

Publication 2 Post-processing of Surface Topography Data for As-built Metal Additive Surface
Texture Characterisation focusses on the effect of selected data acquisition and post-processing
settings on areal surface texture parameters. Amongst others, the impact of adjusting the
measurement’s z-range Az is investigated. This scenario represents a stitched measurement
of a curved sample with large Az across the region of interest, visualised in Figure 11 and
12. It is demonstrated that the Az variation in fact has an impact on the occurrence of
spike artefacts and, consequently on the resulting number of measured points after outlier

removal. Furthermore, the effect of interpolating points on calculated areal parameters is

investigated.
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Figure 11.: As-built surface: Height distributions of left (0 mm) and right (42 mm) images from LSCM
measurement showing spike artefacts along particle boundaries (top); LSCM profile data after
form removal, showing spike size variations along the measured profile for one full evaluation
length (bottom)

The largest effect amongst the investigated aspects was observed from measuring with different
Az. The reason for addressing this issue is the possibility of large delta z variation across the
region of interest for as-built LPBF samples, as demonstrated in Figure 11. Calculating surface
texture parameters without data post-processing resulted in a difference in Sq (root mean square
height) and Sz (maximum total z-height) of nearly 40%. The parameters from the material ratio
curve showed to be more robust against extending the measurement z-range: core height Sk
varied by 12%, the reduced valley depth Svk by 4%.

Effect of Selected Data Post-processing Settings in LSCM

The used data evaluation software MountainsMap® Expert offers three different outlier removal
strength settings - soft, normal and strong - which lead to a ratio of non-measured points (NMP)
of roughly 15%, 20% and over 30%, respectively. Considering the Az = 229 pm data set, the
interpolation of NMP as compared to not filling the NMP results in deviations of up to 11%
for Sq, Sk and Svk. The interpolation doesn’t affect the extreme value Sz. Contrary to the
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other parameters, Svk increases when interpolating points - due to the interpolation, material is
added in the core portion of the material ratio curve, resulting in a flattened main slope (i.e. a

decreased Sk) and increased extreme values.

This publication highlights the importance of data post-processing and careful consideration of
measurement settings when taking optical areal measurements. The interaction of typical LPBF
as-built surfaces and optical measurement systems (in this case, LSCM) significantly impacts the
raw data results. While optical systems have the clear advantage of providing an areal, more
statistically significant representation of a surface as compared to stylus profile measurements,

data post-processing requires a higher level of expertise.
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Figure 12.: As-built surface: Spike size with variation of pre-selected measurement z-range from LSCM.
Az = 229 pm (top) , Az = 368 um (bottom). Spike size is increased with larger
pre-selected z-range






29

5. Surface Texture and Mechanical Properties

Key Question:

"How can the interaction between processing, resulting part quality and part

functionality for metal AM parts from LPBF and their surfaces be described?"

In this following chapter, the creation of distinctive as-built surfaces with consistent bulk material
quality (i.e. the bulk material is manufactured with identical hatch scan parameters and combined
with different contour scan parameters) is addressed, to investigate the relationship of surface
quality and mechanical performance. The results from the previous Chapter 4 were applied by
employing the fringe projection (FP) method to obtain surface data and generate surface texture

parameters.

Publications 3 Influence of Contour Scan Variation on Surface, Bulk and Mechanical Properties
of LPBF-Processed AlSi7TMg0.6 and Publication 4 Surface Texture and High Cycle Fatigue of As-
built Metal Additive AlSi7Mg0.6 discuss the contour parameter optimisation, the characterisation
of resulting surfaces and mechanical testing (tensile and fatigue performance). The focus is on
the investigation of the interaction of processing parameters, surface texture and mechanical

performance.

Publication 3 Influence of Contour Scan Variation on Surface, Bulk and
Mechanical Properties of LPBF-Processed AlSi7Mg0.6

Type Peer-reviewed journal article

Status Published

Submitted to Materials

Publication 4 Surface Texture and High Cycle Fatigue of As-built
Metal Additive AlSi7TMg0.6

Type Peer-reviewed journal article

Status Published

Submitted to Journal of Additive Manufacturing Technologies
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Summary — Surface Texture and Mechanical Properties

The ultimate aim of the study presented in Publications 3 Influence of Contour Scan Variation
on Surface, Bulk and Mechanical Properties of LPBF-Processed AlSi7Mg0.6 and Publication 4
Surface Texture and High Cycle Fatigue of As-built Metal Additive AlSi7Mg0.6 was to create
as-built surfaces performing well enough in fatigue testing to omit additional surface-enhancing
processing steps. This is especially significant for inner surfaces, but is just as much a potential
time-saver in the metal AM value chain in general. The following chapter presents investigations

of specimens from AlSi7TMg0.6 material.

Bulk Properties

After an initial parameter study focussing on material density, the hatch parameter set producing
the best density was paired with different contour scans, presented in detail in Publication 3. In
the following step, the influence of the variation in contour scan on the bulk material properties
was determined by means of Archimede’s density measurements and subsequently confirmed by
tensile testing. This was necessary as the contour scan also partially remelts the bulk material
and dominantly defines the properties of the near-surface zone. The measured density values

were above 99% for all samples.

Regarding tensile strength, the deviation between samples of the same surface condition shows
the tendency to be higher for coarser surface structure. A possible explanation is the lower line
energy. Due to the fast heat dissipation and high reflectivity of aluminium alloy powder material,
the melt pool size is irregular, causing a larger height variation on the surface and thus, a coarser
surface texture. However, the seven as-built conditions tested for tensile strength performed
equally well as or even better than specimens manufactured of the same material in the same
build direction [26, 30, 37, 115], with mean ultimate tensile strength (UTS) between 374
and 406 MPa. The results suggest that the tensile strength is largely defined by the hatch
scan and is hence a bulk property. The influence of the contour scan on the UTS is considered
negligible for this study. However, microstructural properties may be affected. This topic will be

subject to future work.

Surface Texture

After confirmation of the negligible impact of varied contour scan on bulk properties, the surface
texture was assessed. Initial visual inspection validated that surface texture of varying quality
was achieved, visible in Figure 13. The general trend is toward a coarser appearing surface
structure for higher scan speed (i.e. lower energy input on the contour). Comparing simple
contour scan and pre-sintered (i.e. the contour is pre-scanned with 50% of the chosen laser
power, before the actual contour scan at full laser power) conditions, for sets A to F, the
pre-sintered conditions seem slightly smoother. Conditions G to J are not distinguishable from
purely visual indicators, however, numerically, arithmetic mean height Sa as well as core height

Sk are significantly larger (by about 50% on Sa mean values) on I and J surfaces than on the G
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and H groups. Also, numerically, pre-sintered and simple scan conditions don’t show a significant

variation.

Contour scan
with pre-sinter

Simple contour

Figure 13.: Microscopic images of samples with resulting surface quality from contour scan variation
study, from lowest (left) to highest (right) scan speed; A denote tensile tested contour
parameter sets, () mark fatigue tested sets.

The final selection for mechanical testing surface groups were the following:

o Smooth surface parameter sets A, C (both with additional pre-sinter) and D (simple

contour)
o Original parameter set E (additional pre-sinter)
o Coarse surface parameter sets G (additional pre-sinter) and H (simple contour)
o Very coarse surface parameter set J (simple contour)

These were selected to have a large variety of smooth/coarse and pre-sintered/simple contour
sets for comparison of the respective effects. Tensile testing was performed on all of the listed
groups (UTS between 374 and 406 MPa), fatigue testing was conducted for A, E and G samples
(with contour pre-sinter). Fatigue testing and data evaluation on the remaining contour groups

will be covered in future work.

Fatigue Testing and Endurance Limit Estimation

As expected, the smoothest surface condition, A or AsB-smooth, achieves the very best fatigue
performance (i.e. highest number of cycles to failure) among the tested sets across all tested
load levels. The same tendency is reported in studies including post-processed surface conditions
[34, 36, 39, 41, 44, 113]. In Figure 14, the increased scatter of number of cycles to failure for the
group E (AsB-medium) and G (AsB-rough) samples is visible. A possible interpretation is that
for those conditions, the higher load levels are already in the non-linear low-cycle regime, where
the logarithmic-linear relationship of load and cycles is no longer valid [116]. This is because
the tested load levels were defined in terms of the UTS, which was comparable for the three
tested conditions. However, as opposed to the UTS, fatigue performance is heavily affected by
the surface quality (i.e. rougher surfaces typically withstand a lower number of cycles to failure

than smoother surfaces).

From the tested data, the endurance limit was estimated based on the horizon method, employing

a logarithmic-linear equation [116]. The stress at endurance limit o7, was calculated for Ny, = 106,
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Figure 14.: 0 — N curve for surface conditions A (AsB-smooth), E (AsB-medium) and G (AsB-rough),
reference stress UT'S = 392 MPa

Nro =2 x 105 and Ny3 = 107, visualised in Figure 15. The given endurance limits were selected

based on literature to facilitate comparison.

With 072 p =49 M Pa, condition E matched the experimentally determined endurance limit
for as-built conditions by Denti and Sola [34], as well as those found by Gatto et al. [36].
The same studies investigated post-processed surfaces. The o724 = 68 M Pa of condition
A corresponds with the limit stresses reached by their laser shot processed and metal shot
peened (S70) samples. In comparison to conventionally manufactured AlSi7TMg0.6 material from
investment casting with o1 cest = 73 M Pa [117], the group A samples performed 15% better
with 01,4 = 84 MPa.
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Figure 15.: Estimated stress for different endurance limit values Ny,

Surface and Fatigue

In literature on the correlation of surface texture and fatigue performance of metal PBF processed

materials, the surface texture parameters generally used are the arithmetic mean profile height
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(Ra/Sa), the maximum profile height (R¢/Sz), mean maximum profile height (Rz) and maximum
valley depth (Rv/Swv). In Publication 4, it was shown that especially on rougher as-built surfaces
(i.e. E and G in this study), crack initiation often starts from multiple locations on the surface
(indicated in Figure 16). Note that in contrast to literature, even the rougher surface conditions

in this study are comparatively smooth.

Figure 16.: A / AsB-smooth (left): Crack propagation from bulk defect, E / AsB-medium (middle):
Crack propagation from surface defect, G / AsB-rough (right): Crack propagation from
multiple surface defects

50% of the tested group E samples and 100% of group G samples experienced crack initiation
from multiple surface defects. Only one out of nine group A (AsB-smooth) samples exhibited
multi-crack-initiation, and 2 out of 9 samples showed crack propagation from internal defects.
This suggests that for general (i.e. non-optimised) LPBF as-built surfaces, crack initiation from

multiple surface defects is likely.

Considering the typically stochastic, irregular as-built surface quality of LPBF parts and taking
into account the observed failure modes, it seems improper to apply individual extreme values
such as Rt/Sz or Rv/Sv to describe surfaces with regard to fatigue prediction. These parameters
represent the maximum height difference within the measured region (Rt and Sz) or the maximum
valley depth (Sv), respectively. However, it does seem natural that cracks start from valleys
(or pits) and hence, the use of surface valley properties would seem reasonable. Therefore, it is
suggested to employ the Svk parameter from the material ratio curve. It is a standard parameter
from ISO 25178 (with an equivalent 2D parameter definition in ISO 21920) and is, just as
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Figure 17.: Exponential fit Svk vs. cycles to failure at 0.50
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those common parameters mentioned previously, based on height variation within the measured
surface area. Though, it does comprise information on the entire valley population across the
measured area and hence appears to be more suitable to describe as-built LPBF surfaces in
regard to fatigue performance, bearing in mind the largely observed multi-surface-crack-initiation

mode.

In Publication 4, it is demonstrated that the experimentally determined number of cycles to
failure at load level 0.50;; (=0.5UTS) across the investigated surface conditions show a better
exponential fit with Svk than with Sv. Figure 17 from Publication 3 displays the exponential fit

for all experimental and factorised fatigue data at load level 0.50.

A surface description taking into account relevant surface features for fatigue prediction will lead
to a more accurate indication of failure and will ultimately enable more adapted designs of AM
parts. In the spirit of continuous improvement of processes and applications, the use of Svk in
already existing fatigue prediction models can be a first step toward the adaption of those models

to include a more comprehensive understanding of AM surface quality.
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6. Areal Surface Features

Key Question:

"Can the description of metal PBF surfaces be improved by using process-related

inputs to surface texture characterisation?"

This Chapter discusses possibilities on improved surface description as compared to Chapter 5,
by applying the watershed segmentation method and a circle detection algorithm in attempts
to extract LPBF-process-specific surface features. The results are published in Publication
5 Feature parameters for Metal Additive Surface Texture Characterisation and Publication 6
Surface Features of As-built Metal Additive AlSi7Mg0.6.

The novelties of the research presented in this Chapter are firstly, the application to a batch of
multiple specimens from the same processing conditions and secondly, the selection of thresholding
values for both, watershed segmentation and circle detection, based upon the powder particle size
distribution. The use of process-related inputs to surface texture characterisation has potential
to provide an improved surface description, closer to the “real” surface, as compared to surface

texture parameters solely based on height variations.

Note that this summary is more elaborate than in the previous chapters. This is due to

Publication 5 being published in German.

Publication 5 Feature parameters for Metal Additive
Surface Texture Characterisation
Type Peer-reviewed conference paper
Status Published
Presented at 40. DGM Werkstoffprifung, October 2022, Dresden (Germany)
Publication 6 Surface Features of As-built Metal Additive AlSi7TMg0.6
Type Conference paper, preprint
Status Preprint
Presented at 17th ECSSMET, March 2023, Toulouse (France)
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Summary — Areal Surface Features

In the previous parts of this dissertation, surface texture characterisation using parameters based
on height variation was discussed in detail. Particularly the parameters derived from the material
ratio curve, Sk (core height), Svk (reduced valley depth) and Spk (reduced peak height) proved

to be useful in regard to fatigue properties, as presented in Chapter 5.

However, the specific nature of metal additive surfaces from LPBF calls for new approaches
to describe surface topography. A promising concept is the characterisation based on areal
surface features, as it has the potential to give more comprehensive information on the considered

topography required for intended applications [18].

Jiang et al. suggested the following definition of a surface feature: "A point, continuous line
or contiguous portion of a surface topography, which bears a particular meaning (i.e. semantic
interpretation) of the surface being investigated[18]”. This definition includes the general cat-
egories included in ISO 25178, namely hills and dales (as also used in geography), but also

process-specific features (i.e. for metal PBF: Powder or spatter particles, weld tracks, layers,

).

This following summary will focus on the application of surface feature characterisation to the

AlSi7Mg0.6 specimens introduced in Chapter 5.

Important terms in the context of features characterisation are hills, dales, peaks, pits, course

lines, ridge lines and saddle points:

« Hills are protruding features. The highest point on a hill is called its peak and from every

point belonging to the hill, there is an upward path toward the respective peak.

o A Hill feature is enclosed by a course line, which is where the surface slope changes its

direction.

e Dales are receding features, pits are their lowest points. There is a downward path toward

the pit from every point of the dale.
e A dale feature is enclosed by a ridge line.
e The intersections of ridge and course line are called saddle points.

e The height difference between a peak or pit and its closest saddle point defines the feature
height /depth, i.e. the difference between the highest saddle point on a course line
and the corresponding peak, or between the lowest saddle point on a ridge line and the

corresponding pit.

In Publication 5, conventional and feature parameters from ISO 25178 are evaluated for the
surface conditions AsB-smooth (A), AsB-medium (E) and AsB-rough (G) to demonstrate the
potential of feature-based characterisation and the effect of Wolf pruning (also: height pruning)
thresholds.



37

In order to compute feature parameters, the first step to be taken is the segmentation of the
surface. In Publication 5, watershed segmentation is used. Depending on the desired application,
segmentation based on hill or dale features can be selected. E.g. hill features may play a role as
contact or wear zones, while dale features, depending on shape, may have an impact on crack
initiation under cyclic loading. A brief introduction of the necessary steps from segmentation to

parameter computation is given subsequently.

Step 1 — Watershed Segmentation Based on Hill or Dale Features:

Based on the hill and dale features described previously, watershed segmentation can be applied.
A useful illustration of the process is that of flowing water drops. A drop starting from the peak
or any point on the hill will always move downward to a point on the course line. Similarly, from
any point on the ridge line and within the dale, water will flow down toward the pit. The depth
of a dale is then the height difference between the pit and the lowest point on the ridge line,

where the water would flow to the adjacent dale first.

Step 2 — Combination of Small Features by Wolf Pruning:

Considering every single hill or dale by the above definition may lead to over-segmentation, as
even the smallest height variations would be detected as individual features. To overcome this
issue, Wolf pruning can be applied. The process is explained using the concept of the "change
tree", illustrated in Figure 18 (bottom). In a change tree, each saddle point (S) and the peaks
(P) and pits (V) of the adjacent hill and dale features are recorded and connected (see Figure 18,
bottom). Looking at dale features, the lowest saddle point on the ridge line defines the respective
height. Using, again, the water analogy, the lowest saddle point is where a dale being filled with
water would overrun first. When selecting a pruning threshold, every feature smaller than this
threshold is merged with its neighbouring larger feature, as visualised in Figure 18. Saddle points
are eliminated and hills or dales are connected to the next higher order saddle point in the tree.
Figure 18 shows the elimination of saddle point S5, when the pruning threshold exceeds the value
of dy. Subsequently, the pit V is connected to S5 and the new feature depth do is defined. This
process is repeated until all features exceed the given threshold value. The result is a trimmed,

or "pruned', change tree (see Figure 18, bottom right).

Step 3 — Computation of Surface Feature Parameters:

Once the surface features on the scale of interest are identified, parameters can be evaluated. For
hill and dale features, a number of parameters representing their respective geometric properties
are defined in ISO 25178 [16]. These properties include feature height, equivalent diameter,

density, shape related parameters and others.
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Figure 18.: 2D profile (top) and change tree (bottom): Elimination of saddle points by Wolf pruning

Effect of Pruning Threshold on Surface Feature Parameters

After this brief introduction to watershed segmentation and Wolf pruning, an overview of the

results presented in Publication 5 will follow subsequently.

The ISO 25178 surface feature parameters considered in Publication 5 are Svd (density of
pits), Sdd (mean local dale depth) and Sded (mean equivalent dale diameter). Svd simply
expresses the number of pits/dale features per unit area. Sdd is defined as mean value of the
dale depth (height difference between the lowest saddle point and the corresponding pit, as
described for the Wolf pruning process) for all dales within the considered region of interest, and
Sded, the mean diameter of a circular projected feature area of equivalent size for all considered

dales.

For reference, Sa (arithmetic mean height) and Sz (maximum total height) are computed. Sz is
also relevant since ISO 25178 suggests the pruning threshold to be defined as a percentage of
Sz.

An obvious and expected observation from the data is that surfaces with a coarser structure are
characterised by higher Sa and Sz values. It is especially notable that Sa and Sz are similar
for the AsB-medium and AsB-rough samples. This is the case specifically for the individual

samples evaluated in Publication 5.

The pruning value suggested in the standard is 5% Sz. However, it is recommended to adjust

the value according to the specific application.

Thus, the effect of 5%Sz and 10 %Sz pruning value on the selected feature parameters is

investigated. For each surface condition, one sample is considered. The parameters and prun-
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ing values are visualised in Figure 19 and corresponding numerical values are included in
Table 6.1.

Table 6.1.: Results for selected surface feature parameters

Parameter AsB-smooth AsB-medium AsB-rough

Sz / pm 55.50 125.00 140.00

Sa / pm 2.74 4.54 5.49

Pruning 5% Sz 10% Sz 5% Sz 10% Sz 5% Sz 10% Sz
Pruning / pm  2.78 5.55 6.25 12.50 7.00 14.00
Svd / 1/mm?  76.10 25.90 44.30 10.70 40.10 9.82
Sdd / pm 4.71 7.16 9.77 15.40 11.20 18.60

Sded / mm 0.12 0.20 0.16 0.30 0.17 0.32

15 14.00 80 76.10
12.50
€0
E o 2
= BE 44.30
3 7.00 5 E 4010
< 8.25 : zT
i} 5.55 0 ©
= S 2 25.90
= b5 ae
2 2.78 20
g 10.70 9.82
A H NN
0 Q
AsB-smooth  AsB-medium AsB-rough AsB-smooth  AsB-medium  AsB-rough
m Pruning 5% Sz mPruning 10% Sz m Pruning 5% Sz mPruning 10% Sz
20 18.60 0.40
@
- 0.32
16 1540 g 030
- & 0.30
s b=l
. 9.77 v 5E 0.20
® . o .
e g =~ 020
53 716 59 0.16 017
238 ' 3 0.12
20 4.71 3
c o 0.10
8 4 c
= i
=
0 0.00
AsB-smooth ~ AsB-medium AsB-rough AsB-smocth  AsB-medium  AsB-rough
®Pruning 5% Sz ®Pruning 10% Sz ® Pruning 5% Sz ®Pruning 10% Sz

Figure 19.: Variation of pruning threshold (top left), pit density Svd (top right), dale depth Sdd (bottom
left) and dale diameter Sded (bottom right) for three surface conditions

Comparing the resulting parameter values for thresholds 5%Sz and 10%Sz, the pruning
threshold’s big impact and importance is emphasised: Swvd is reduced by about 2/3 for the higher

value (i.e. when more features are combined).

The feature parameters are strongly dependent on the applied pruning threshold. It is observed
that the pit density Svd (Figure 19, top right) decreases for rougher surfaces for both pruning
thresholds (5%Sz and 10%Sz). This is due to the threshold being set depending on the extreme
value Sz. The lower Sz value for AsB—smooth causes a higher degree of segmentation. This
results in a higher pit density Svd. However, the dale features counted on the AsB—smooth
surface are far shallower than for the other surface conditions, as can be recognised by the Sdd

values. The larger thresholds (defined w.r.t. %Sz) for coarser surfaces lead to a lower Svd, as
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more dales are combined. The dale depth Sdd (Figure 19, bottom left) becomes larger for rougher
surfaces and is larger for the larger threshold value per surface condition. Sded (Figure 19,
bottom right) hardly differs for AsB-medium and AsB-rough at the same threshold percentage
and is slightly smaller for AsB—smooth in comparison. This suggests that the applied conditions

generate feature segmentations with similar lateral size.

Revisiting the fact that the pruning threshold is defined with respect to Sz: The presented
results demonstrate a clear disadvantage of Sz and Wolf pruning based on %Sz. The parameter
represents one extreme value within the measured area. It may lead to misinterpretation of
results and can also be compromised by measurement artefacts, as discussed in Publication 2.
Therefore, other options to define more suitable pruning thresholds are to be explored. Also
Lou et al. concluded in their work on characterisation of PBF surfaces, that research into the
definition of thresholds is needed [19].

Selection of a Pruning Threshold with Physical Relevance

To overcome the %.Sz-issue, the search for a physically relevant definition of the pruning
threshold began. After analysing potentially relevant material and processing factors, the
particle size distribution of the used AlSi7TMg0.6 powder was selected as basis for the threshold

definition.

Publication 6 includes results on hill-based and LBPF process-specific feature characterisation,
and their comparison with height based parameters from ISO 25178. The investigated samples
were manufactured with optimised LPBF parameters (see Publication 3) from AISi7TMg0.6
material. These samples with the presented surface condition were referred to as "AsB-smooth"

or "A" in previous chapters.

From microscopic visual inspection, particle agglomerations (mostly individual) were identified
as the predominant process-specific surface features. This justifies the use of the particle size

distribution of the processed powder to define the pruning threshold.

The threshold value is defined based on d10 = 27 pm. The d10 value represents the maximum
diameter of the smallest 10% of particles present in the used powder. The pruning threshold
applied to the data presented subsequently was set to 13.5 pm, which is equal to half the
d10 diameter. This value was selected based on the assumption that an attached particle
will mostly have negative impact on mechanical properties if more than half of it is above
the surface, causing an undercut (see Chapter 1, Figure 4) and a possible crack initiation

location.

Generation of Feature Parameters from ISO 25178 — Hill-based Segmentation

Figure 20 shows the 3 mm by 6 mm region of interest for one sample, segmented applying the
watershed method based on hill features. (+)’s indicate the highest point of each segment, colours

are used for visual differentiation of the segments. The selected height pruning threshold of
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13.5 pm causes segments less high than half the d10 diameter (d10 = 27um) to be merged with
adjacent hill segments. Table 6.2 lists all surface texture parameters generated in Publication 6
as well as their brief description. Note that the value of Svd = 0.06 mm™ in this case is equal
for all evaluated samples due to the total valley count of one over the entire (3 x 6) mm?

area.

0 1 2 3 4 5

x/ mm

Figure 20.: Example (AsB-smooth sample): Watershed segmentation with height pruning threshold 13.5
nm; (4): highest point per segment.

Table 6.2.: Overview of height-based parameters (L-filter 0.25 mm) and feature-based parameters (height
pruning threshold 13.5 pm): Generated values, mean and standard deviation (SD), and

description

Parameter / Unit Mean SD Description

Sz/pum 61.74 7.68 Maximum total height of profile
Sa/pm 1.76 0.11 Arithmetic mean height of profile
Sk/pm 4.87 0.23 Core height

Spk/pm 521 0.90 Reduced peak height

Svk/pm 2.12 0.13 Reduced valley depth
Spd/mm 10.10 3.48 No. of peaks per unit area
Svd/mm2 0.06 0.00 No. of valleys per unit area
Shh/pm 22.39 1.42 Mean local hill height

dpmaz /M 27.74 1.87 Average max. particle diameter
Zmag /M 33.64 4.19 Average max. particle z-height
Area covered /% 1.35 0.28 Particle coverage

Particle density/mm™  21.80 5.68 No. of particles per unit area

Generation of LPBF-specific Feature Parameters — Agglomerated Powder Particles

Particle agglomerations in this particular investigated case were detected applying the com-
mercially available software tool MountainsMap® Fxpert for circular feature detection from
height data. Diameters between 20 pm and 200 pm, the smaller diameter being of the order of
magnitude of d10, the bigger one representing roughly triple the d90 to account for clustered
attachments. In analogy with d10, d90 is the largest diameter of 90% of the powder particles.
Again, a height pruning value of 13.5 pm is applied so that smaller features are combined.
However, this is only the case for adjoining or overlapping features, meaning, features smaller
than 13.5 pm are only merged, if in direct contact. This is why also smaller features might be
detected.
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In preparation of the particle extraction, an L-filter of 0.0055 mm was applied to the surface
data from focus variation microscopy (FV), resulting in images like Figure 21. This very small
L-filter value is chosen in order to extract sharp edges, such as particle boundaries from “more
than half” particles. “Sharp edges” in this case refers to the intersections of the line of sight and
the boundary of particles forming re-entrant features, as shown in Figure 4 (left). The “map of
particles” detected in this S-L surface (Figure 21, right) was then reapplied to the original height
map (after outlier removal, form removal, S-filter).

Various geometric properties and statistics of these properties of detected particles can be
calculated. In this particular case, dyqz, the largest diameter of a detected particle (hence, at
its equator = spherical particle diameter), and the z,4,, the maximum z-value of a particle
(i.e. its peak), show mean values about the d10 size. Note that additional data processing

steps are specified in Publication 6. All details will be disclosed in an upcoming publication (in

preparation).
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Figure 21.: Example (AsB—smooth sample): Circle detection, min. diameter 20 pm, max. diameter 200
nm; Extracted area with (near) circular features (left), Detected circular features (same area,
right)

Comparison of Selected Feature-based and Height-based Parameters

As mentioned before, the dominant observable features for this surface condition are attached
powder particles. These particles are protruding features. Considering the most common surface
texture parameters among those investigated, Sa and Sz, this information is not provided, as
they only give an average or maximum height value. The material ratio curve, however, includes
an Spk approximately twice as high as Svk, clearly indicating the predominance of the protruding
surface portion. Hence, the material ratio curve supplies more information than the typical Sa
and Sz, although it is also just height-based.

The feature parameters calculated after watershed segmentation also clearly support the visual
observation — dale-based vs. hill-based segmentation result in Svd = 0 and Spd ~ 10, respect-

ively.

Looking at the detection of process-specific features, circular particles with a mean size around the
d10 diameter were detected. The limit values were set to 20 um < d10 and 200 um = 3 x d90.
However, the maximum detected feature size was of the order of magnitude of d90, suggesting

that, at least for the larger powder particle sizes, individual attachments are formed rather than
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clusters. Comparing the maximum particle z,,4, to Sz, it is recognised that both values are very
close. E.g. on sample I, (Sz); = 67.71 pm, (2maz)1,maz = 67.9 pm and (dmaz)1,maz = 70.97 pm.
All three values being very similar confirms again that the particle attachments are dominantly

determining of the height variation.

It is also observed that a large portion of the particle attachment sizes are close to the lower limit
of the predefined range. This makes sense, as smaller particles require less heat to get attached.
E.g. from the size distribution of particles on sample I in Figure 22, it is retrieved that 61%
of the detected particles are smaller than d10 = 27 um and 96% are smaller in diameter than
d50 = 50 um. Regarding height, 37% of the particle attachments are below d10 and 91% are
smaller in height than d50.
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Figure 22.: Distribution of particle sizes (Sample I), represented by dpqa. (left) and zpma. (Tight), for a
total # of particles of 426; red dashed lines mark the d10, d50 and d90 values from the size
distribution of the processed powder

Feature-based methods for surface texture characterisation require the most amount of information
as input (which is why it is sometimes referred to as "information-rich" [104]), but also delivers
the most specific output in regard to the characterisation of process-related features. This is
why it will help researchers to gain a deeper understanding of the relationships of used materials,
processing parameters and resulting properties. Future work will include the investigation of
correlations between feature-based surface texture parameters (ISO 25178 and process-related)
and part functionalities, such as fatigue, and the exploration of different process- or material-
related inputs to define meaningful pruning thresholds to gain more realistic surface descriptions

for various (LPBF-)materials.
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7. Synthesis — Conclusions and Future Prospects

The main objective of this thesis is the development of novel approaches to tailored surface
texture characterisation of metal AM parts from LPBF and thus to contribute to the overarching
goal of gaining a more comprehensive understanding of LPBF manufactured surfaces and their
behaviours under cyclic loading. Such surfaces generally exhibit attachments of partially melted
powder particles, spatter or weld tracks. The formation of those characteristics is mostly defined
by the used powder material and processing conditions (including numerous factors, as discussed
in Section 3.1).

The presented work was subdivided into the following key questions:

1. Under which conditions do surface texture measurement systems based on different physical
working principles produce reliable, representative and comparable data for metal AM
surfaces from LPBF?

2. How can the interaction between processing, resulting part quality and part functionality
for metal AM parts from LPBF and their surfaces be described?

3. Can the description of metal PBF surfaces be improved by using process-related inputs to

surface texture characterisation?

The coverage of these key questions distinguishes this work from other doctoral research projects.
While a lot of remarkable work on the advancement of AM is done across the globe, hardly
anyone has access to so many elements of the metal PBF value chain. The immediate access
to processing (AM machine and powder material), surface measurement systems, mechanical
testing systems and surface texture characterisation, created unique prerequisites for this project,
enabling a holistic point of view on AM part quality and its characterisation. A visual summary
is provided in Figure 23. The schematic includes title, main activities and generalised outcomes

for Chapters 4, 5 and 6, from top to bottom.

This final chapter summarises the main results, contributions to the state of the art, implement-
ation in industrial practice, and limitations and future work. It concludes with an outline of

future prospects in a more generalised context.

7.1. Main Results

Chapter 4 Measurement and Data Post-processing addresses the first of those questions. The
established stylus method and corresponding 2D line profile characterisation are inappropriate
to describe the stochastic, inhomogeneous nature of metal AM surfaces from LPBF. This is
due to statistical limitations, potential surface damage, and other drawbacks. Using optical
systems, such as fringe projection (FP) or confocal microscopy (CM), allows for capturing
statistically more relevant portions of surfaces without surface contact (and damage), and enables

3D characterisation. In Chapter 4, it was demonstrated that the extraction of 2D profiles and
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Figure 23.: Schematic overview of the advancements by this thesis: Title, main activities, generalised
outcomes (bozes top to bottom) and interconnections of Chapters 4 to 6

generation of related surface texture parameters from optical measurement data compares well
with stylus results. When data post-processing is performed properly, areal surface data from
the two assessed optical methods are reproducible and comparable. Thus, the presented results
justify the transition from stylus to optical measurements. Accordingly, the evolution from linear
to areal surface texture characterisation is facilitated and its necessity is demonstrated (for metal

PBF and selected post-processed surfaces in particular).

Chapter 5 Surface Texture and Mechanical Properties, focussing on the second question, revolves
around two main topics: The generation of high quality as-built surfaces to omit the surface
processing step from the value chain and the exploration of suitable parameters to link surface
quality and fatigue performance. As intended, high-quality as-built surfaces were successfully
manufactured from the employed AISi7Mg0.6 material. The produced samples even outperformed
surface-processed and conventionally manufactured parts. From fatigue testing, it was confirmed
that especially rougher as-built surfaces (while “rougher” in this study is still relatively smooth
as compared to surface conditions found in literature) experience crack initiation from multiple
surface defects. This failure mode is well described by the Svk (reduced valley depth) parameter
from the ISO 25178 material ratio curve. It represents the depth of the valley population within

a measured region of interest.

Chapter 6 Areal Surface Features discusses the third and final question of this work to obtain
a more accurate, holistic and functionality-based description of metal PBF surfaces. Feature-
based characterisation does not solely focus on height variations on the surface, but enables the
evaluation of various geometric properties (e.g. height, enclosed volume, projected area, surface

area) of topography elements (e.g. hills, dales, particles). This characterisation method requires
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areal data, and is hence connected to the findings of Chapter 4. To determine the relevant feature
size, an approach using height pruning based on the particle size distribution of the used powder
has been developed. It was demonstrated that resulting mean values for both, ISO 25178 feature
parameters as well as process-specific feature characteristics, can be linked with the powder

particle size distribution.

7.2. Contributions to the State of the Art

Chapter 4 provides the foundation of this thesis. It demonstrates the validity of optical meas-
urements in the context of current industrial practice. Furthermore, potential pitfalls during
measurement and processing of areal data from optical instruments are highlighted. A recently
published milestone in metal PBF surface texture measurement is the ASTM “Standard Guide
for Additive Manufacturing of Metals — Powder Bed Fusion — Measurement and Characterisation
of Surface Texture”[80, 118], which provides guidance on measurement and filtering of profile
and areal data, aligned with ISO 21920 and ISO 25178, respectively. Chapter 4 contributes a
practice-oriented complement — a practical guide. It also stresses the importance of adapting
characterisation processes when advancing manufacturing techniques, applying state-of-the-art
measurement technology. The demonstrated comparability of 2D surface texture parameters from
contact and non-contact measurements paves the way for the implementation of areal character-
isation in industrial QA processes. It encourages and assists the development of part qualification

processes using optical methods and areal surface texture parameters.

The outcomes of Chapter 4 are directly relevant to the users of surface texture measurement
instruments (contact and non-contact) in academia and industry. The use of areal surface data
is especially applicable for highly specialised /high-performance components manufactured by
advanced manufacturing techniques. Even though standards on areal characterisation and optical
methods are being developed and improved (e.g. ISO 25178, ASTM F3637), the transition from
profile to areal characterisation in qualification processes requires the connection to existing
practice. The ability to produce reproducible results from different measurement methods will not
only enable the definition of part qualification processes in industry, but also the comparability
of results from academic research, where not all users of optical instruments are aware of the
associated challenges. The comparability will speed up the general advancement of AM and
other advanced manufacturing technologies by allowing for meta-analysing results from different
research groups in relevant fields around the world. While particularly the statistical limitation of
2D profiles was evident prior to the conceptualisation of Chapter 4, the systematic and application-
based demonstration of the comparability of results from optical methods to stylus profiles, as
well as major points of attention when processing optical data, will aid the advancement of their

use and provides a basis for the development of practical guidelines.

The main advancement in the field of functionality-based characterisation for fatigue by Chapter 5
is the proposition of the reduced valley depth Svk, as it is representative of the commonly observed
LPBF crack initiation from multiple surface defects. Regarding the optimisation of contour

scan parameters, not only smooth surfaces as compared to other studies using AlSi7TMg0.6
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material were produced, but also did they achieve competitive fatigue performance. This suggests
that LPBF process optimisation can reduce the overall processing steps by making surface
post-processing unnecessary. This is, however, still depending on materials, specific applications
and qualification processes. In order to establish the application of AM parts with as-built surface

condition, qualification processes have to be developed accordingly.

The Chapter 5 contributions have relevance for academic research and industrial research and
applications. While it was expected to find a better representation of the observed surface
quality by using the standardised parameter Svk, finding that it also provides an improved
representation of the observed failure mechanism suggests a new direction for LPBF fatigue
prediction. It requires the adaption of failure prediction models to effectively utilise the improved

representation.

Regarding the improvement of surface quality by process adaptation, this topic has not yet been
studied for many LPBF alloys. Currently, surface post-processing of metal AM parts and the
related improvement of mechanical properties is a popular research topic. The opportunity to
circumvent this step by process optimisation may cause a shift in research focus. While the
improvement of fatigue performance with optimised as-built surfaces was to be expected, the
competitive properties compared to post-processed and conventionally manufactured parts is a

particularly promising finding.

Chapter 6 directly builds on the results from Chapters 4 and 5: Using the opportunities opened
up by areal characterisation and the need for a more accurate, functionality-oriented description
of AM surfaces led to the exploration of feature-based methods. The use of process-related inputs
for this feature-based characterisation in order to define meaningful parameters by means of
tailored pruning threshold selection is explored. The aim is to obtain characterisation parameters
which reflect reality as closely as possible. In the presented case, using the powder particle
size distribution as input for height pruning was found to produce good results regarding the
detection of surface-attached particles. This marks a first milestone toward a more generalised
recommendation of pruning threshold definitions for metal PBF surfaces. These findings provide
a sound starting point for the investigation of metal PBF surfaces made from other materials or

analysing different process-related inputs.

Chapter 6 presents an innovative concept, that will ultimately impact the industrial applications
of AM and other advanced manufacturing processes with specialised surface quality and purposes.
For the time being, it is mostly relevant to academic research, as further investigations on process-
related definition of pruning thresholds is needed. Publications on the application of feature
parameters to AM surfaces are still scarce, though a few studies with focus on segmentation
algorithms exist. To the knowledge of the author, the connection between processing conditions
and the definition of pruning thresholds in feature-based characterisation has not yet been
addressed in published work. The concept is an original development of this doctoral research
project. For highly specialised applications of AM and other advanced manufacturing components,
tailored surface texture characterisation based on the proposed concept will become increasingly

relevant to describe surface quality in a functionality-based context.
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Continuous advancement of tailored surface texture characterisation plays a major role in under-
standing process-structure-property correlations of AM components. The presented approaches to
the measurement and description of LPBF surfaces in regard to part functionality will ultimately
enable an expanded and more sophisticated application of metal AM across various industrial

branches.

7.3. Implementation in Industrial Practice

The structure of this thesis also provides a road map to implementation of improved surface
characterisation methods in industrial part qualification processes. A very suitable quote in this
regard is by Mark Twain: “Continuous improvement is better than delayed perfection.” A first
step toward improvement is the utilisation of optical methods, to achieve data more statistically
representative of a surface. In the same category is the transition from 2D to 3D parameters.
Even a shift from Ra to its areal equivalent Sa represents progress. The following step can
be the implementation of standardised areal parameters to assess suitability for the required
functionality. The example presented in this work is the use of Svk to account for the observed
LPBF crack initiation from multiple surface defects. The adoption of Svk might not be the
ultimate solution, though it is more exact than the use of individual extremes such as Sv and S'z.
Other applications, e.g. coating or adhesion, might require different approaches. Much closer
to a comprehensive description is feature-based characterisation. However, methods need to be
developed and inputs need to be defined more clearly to gain acceptance and establishment in

common practice.

7.4. Limitations and Future Work

While many important findings and opportunities were summarised previously, it is important to

give a brief overview of this work’s limitations and suggest directions for future work.

Practical limitations of this research project include the limited number of samples that were
investigated and the availability of optical measurement instruments and mechanical testing
systems. Time and budget constraints required a selection of analysis methods (e.g. the impact
of contour scan variations on the near-surface microstructure is to be investigated in a future
student project). The restrictions on lab work and international travel during the Covid-19

pandemic also influenced the project schedule and test matrix.

Beyond those practical limitations, there are also conceptual and technological constraints which

are addressed in the following.

Even though optical measurements allow for areal characterisation, those measurements are
limited to line-of-sight. Hence, AM-typical undercuts are not detected. Furthermore, optical
methods are restricted with regard to access to internal surfaces. xCT can provide means to
overcome those limitations. However, xCT machines and measurements are expensive, time-

consuming and require a high level of expertise. Addressing the issue from a process-stability
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point of view, meaning, that certain manufacturing conditions reliably and reproducibly lead
to a specified part quality, will enable a design freedom to further improve load bearing and
other functionally critical parts. Reproducible part and surface quality will eliminate the need
for exhaustive inspection of inner surfaces (i.e. inspection of random samples will suffice) and
optimisation of process parameters will aid reducing re-entrant features caused by particle

attachments.

Another direction to assess undercuts can be the analysis of optical surface data considering
shadowing effects on the surface, as suggested in Chapter 6. However, this will strongly depend

on the chosen method and/or specific instrument type.

Considering functionality description (in this work the surface-fatigue relationship), the explora-
tion of alternatives to current practice is ongoing. In Chapter 5, it was demonstrated that the
direct correlation with the reduced valley depth Svk from the material ratio curve produced
a good (exponential) fit. However, this conclusion is limited to the assessed material, powder
type, AM machine, parameter combination and many more specific conditions. The adaption
and development of generic prediction models is crucial to advance AM and the implement-
ation of AM parts into (safety) critical systems. Also the functionality-based description in
relation to other applications, i.e. adhesion, corrosion, coatability, bioactivity and many more,
requires work to find and/or define appropriate surface quality and corresponding characterisation

parameters.

As mentioned before, especially interesting regarding novel approaches to surface description is
feature-based characterisation, as discussed in Chapter 6. While in literature, often individual
samples are investigated to introduce and demonstrate concepts, this work features multiple
samples of the same surface condition, analysed using a defined methodology. However, only
one surface condition with manufacturing optimised for contour was examined. The initiation
and continuous extension of a universally accessible AM surface data base for all users to benefit
from is desirable. This will provide a good basis for the development of good practice and
standardisation in the future to facilitate introduction to industrial practice. In an ongoing
publicly funded project in the aerospace sector, work on the exploration of process-based inputs
to feature-based characterisation for two high-strength aluminium alloys is included. In close
collaboration with manufacturing experts, relevant defining factors within the processing chain
are investigated and applied to assess surface features. Also the impact of contour scan strategy

on microstructure is being investigated.

Even though standards exist and are being expanded and improved, a gap between academic
knowledge and industrial practice remains. A planned project (currently at the proposal stage)
on knowledge transfer will include the conceptualisation of an application-based training on
surface measurement and characterisation practice, including the information provided by the
new ASTM F3637 “Standard Guide for Additive Manufacturing of Metals — Powder Bed Fusion —
Measurement and Characterisation of Surface Texture” [80, 118] in conjunction with the findings
of this doctoral research project. In addition, the project will cover the development of methods
to easily determine whether existing measurement systems are suitable for measurements on

specific AM surfaces, depending on users’ requirements.
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7.5. Future Prospects — The Big Picture

A more exact, functionality-based description of AM surfaces impacts the entire AM value
chain. Enhancements in surface characterisation enable a more accurate prediction of functional
performance, e.g. fatigue or adhesion. It also provides valuable feedback for the improvement of
manufacturing parameters, especially with respect to contour scan adjustment to obtain pre-
defined surface characteristics (e.g. smooth surfaces). The definition of functionality-based surface
quality requirements is useful for designers to determine tolerances, directional dependencies and
part placement in the build chamber. In consequence, safety factors on AM parts can be reduced

and more lightweight parts can be designed.

When optimising contour scans, surface-enhancing post-processing steps can be reduced or
omitted entirely, resulting in a shorter processing chain, cutting overall processing time, cost
and greenhouse emissions. The geometrical freedom is extended as no accessibility by processing

tools has to be taken into account.

Considering transportation or other powered operations, due to the weight savings on the final
part, fuel consumption is reduced, lowering the total greenhouse emission during an AM part’s
operational lifetime [3, 119]. Users across industries will benefit from those advancements of AM
technologies. Not only will aerospace and automotive industries be affected, but also medical

applications (e.g. tailored prosthetics will become more affordable).

Thus, improving surface texture characterisation will lead to making manufacturing and operation
of components across all relevant sectors more accessible and sustainable. This will expand the

prospects for application of AM in various fields.
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A. Full-length Publications

A.1. Publication 1 — Surface Texture Characterisation for Industrial
Applications!

Abstract: Additive manufacturing technologies enable lightweight, functionally integrated designs and develop-
ment of biomimetic structures. They contribute to the reduction of material waste and decrease in overall process
duration. A major challenge for the qualification for aerospace applications is the surface quality. Considering
Ti-64 laser powder bed fusion (LPBF) parts, particle agglomerations and resulting re-entrant features are charac-
teristic of the upper surface layer. Wet-chemical post-processing of the components ensures reproducible surface
quality for improved fatigue behaviour and application of functional coatings. The 3D SurFin® and chemical
milling treatments result in smoother surface finishes with characteristic properties. In order to characterise
these surfaces, three methods for surface texture measurement (contact and non-contact) were applied, namely
confocal microscopy, fringe projection and stylus profilometry. The aim of this work was to show their suitability
for measurement of laser powder bed fusion as-built and post-processed surfaces and compare results across the
evaluated surface conditions. A user-oriented rating of the methods, summarising advantages and disadvantages of
the used instruments specifically and the methods in general, is provided. Confocal microscopy reaches the highest
resolution amongst the methods, but measurements take a long time. The raw data exhibit large measurement
artefacts for as-built and chemically milled conditions, requiring proper data post-processing. The stylus method
can only capture 2D profiles and the measurement was restricted by particle agglomerations and craters. However,
the method (process and instrument) is entirely standardised and handheld devices are inexpensive, making
it accessible for a large group of users. The fringe projection method was the quickest and easiest regarding
measurement and data post-processing. Due to large areal coverage, reproduction of location when performing
repeat measurements is possible. The spatial resolution is lower than for confocal microscopy but is still considered

sufficiently high to characterise the investigated surface conditions.

1. Introduction

The maturation of metal additive manufacturing (AM) technologies offers new opportunities
for the aerospace industry. The dimensional freedom enables lightweight designs and develop-
ment of biomimetic structures, contributes to the reduction of material waste and decrease in
manufacturing process duration [2, 5, 120].

The titanium-aluminium—vanadium alloy Ti-6Al-4V (Ti-64) is a popular aerospace alloy and
has various load bearing applications in airplane and satellite structures [121-124]. Therefore,
it is also a common research material in metal additive manufacturing [2, 7, 15, 20, 49, 51,
125].

One of the most common metal AM processes is laser powder bed fusion. Typical features that
may be observed on as-built surfaces include powder particle agglomerations, re-entrant features
or weld tracks. The near surface region may exhibit open and closed pores. This characteristic
quality imposes new challenges on surface topography measurements, part qualification and
quality assurance (QA) processes.

! published as: Buchenau, Theresa; Mertens, Tobias; Lohner, Hubertus; Briining, Hauke; Amkreutz, Marc (2023):
Comparison of Optical and Stylus Methods for Surface Texture Characterisation in Industrial Quality Assurance
of Post-processed Laser Metal Additive Ti-6A1-4V. In: Materials 16 (13), S. 4815. DOI: 10.3390/mal6134815



53

Metal AM parts are particularly interesting for load bearing applications, where surface finish
might be critical for part qualification, and manufacturing of complex geometries. Therefore,
wet-chemical surface treatment methods, such as electropolishing and chemical milling, seem
appropriate [14, 15, 112]. These methods also accommodate material removal to eliminate near
surface defects.

In order to properly characterise as-built and post-treated parts, different methods for surface
topography measurement can be applied. The most widely known and applied method is contact
stylus profilometry, which captures 2D linear height profiles. In recent years, optical measurement
systems are increasingly gaining acceptance and are attractive regarding areal characterisation to
obtain a statistically more representative depiction of the surfaces considered [6, 81, 82]. In this
work, the comparability of results from selected optical methods to those from the well-known
stylus method is investigated and the applicability of the chosen measurement methods to as-built
and post-treated AM surfaces is tested.

Previous studies found in the literature on comparison of measurement methods for application to
AM parts focussed on multiple non-contact areal methods [58-60, 126].

Thompson et al. and Senin et al. compared coherence scanning interferometry (CSI), confocal
microscopy (CM), focus variation (FV) and X-ray computed tomography (xCT). They looked
into surface topography using data sets from the different measurement techniques for one as-built
Ti-64 sample. That way they studied aligned profiles extracted from areal measurements, areal
texture parameters and reconstruction of typical metal powder bed fusion areal features such as
powder particle agglomerations, weld tracks and others, by those methods [59, 60]. De Pastre et al.
applied the same measurement methods to characterise an as-built polymer powder bed fusion
sample and additionally included stylus profiles. They found that computed profile texture
parameters from stylus were lower than from non-contact methods [126].

Tato et al. used a combined CSI, CM and FV instrument and compared evaluated areal
parameters for co-located data sets on one vertical and one horizontal as-built 316L surface.
They found that the CSI measurement was the most time consuming. The variations for most
computed areal texture parameters were below 8% [58].

Whip et al. used fringe projection and (destructive) cross section analysis to characterise multiple
as-built Inconel 718 surface conditions and found that texture parameters from fringe projection
did not accurately represent maximum valley depth. They attributed this matter to residual loose
powder and shadowing effects from powder particle agglomerations [62].

This work aims to assess the applicability and comparability of the chosen surface texture
characterisation methods when applied for quality assurance (QA). It is explicitly not intended to
compare the data of identical locations to show the difference in profile measured by the selected
methods, but to address challenges during a realistic QA process.

In addition to the as-built surface condition, post-processed Ti-64 AM samples are examined,
namely chemically milled (ChM), electropolished by 3D SurFin (3DS) and a combined treatment
(3DS+H).

In 2017, Todhunter et al. published a survey on the use of profile and areal surface texture
parameters in research and industry. They found that Ra (arithmetic mean height) and Rt
(total maximum height) were still among the most frequently used parameters, especially in
automotive, aerospace and product manufacturing [81]. The parameters are also applied in recent
publications on metal AM surface texture, sometimes in combination with their areal equivalents,
and are generally well known in research and industry [6, 38, 83-86].

Therefore, the arithmetic mean height Ra and maximum total height Rt are adopted in this
paper to make the results accessible and comprehensible for a broad range of readers. Another
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reason for choosing profile characterisation was to be able to include the widely familiar stylus
profilometry method in the comparison.

2. Materials and Methods

This section includes a description of the evaluated samples with manufacturing and surface
treatment steps (see Figure 24), information on the utilised surface topography measurement
systems, measurement settings, data processing and evaluation steps.

2.1. Samples

Figure 24 summarises the steps of manufacturing, surface treatment and characterisation methods
for the used samples, whilst the focus of this work is on surface texture characterisation.
The characterisation methods are applied to four different surface conditions of Ti-64 samples
from LPBF. Conditions under investigation are as-built (AsB), after chemical milling (ChM),
after 3D SurFin® (3DS) and after combined 3D SurFin® and chemical milling (3DS+). Figures
25 and 26 show sample photographs and microscopic images, respectively, and sample sizes and
surface conditions are given in Table A.1.

MANUFACTURING SURFACE TREATMENT

Ti-6Al-4V Powder Chemical Milling

(Concept Laser CL 41Ti ELI) (ChM) Stylus

(Mitutoyo SJ-210)

v

Laser Powder Bed Fusion
(Concept Laser Cusing M2 Multilaser)

Fringe Projection
(Keyence VR3200)

CNC Y ()
\ O\ 20\

3D SurFin Laser Scanning Confocal
(3DS) Microscopy
(Keyence VK9700)
Haat T 3D SurFin +
eat Treatment + Chemical Milling
Hot Isostatic Pressing (3DS+)

Figure 24.: Overview: manufacturing, surface treatment and surface characterisation of the evaluated
samples. Surface characterisation (left box) is this work’s focus; numbers indicate the
corresponding sections

(d)

Figure 25.: Sample photographs: (a) AsB—As-built surface condition; (b) ChM—after chemical milling
treatment; (c) 3DS—after 3D SurFin® treatment; (d) 3DS+—after combined 3D SurFin® and
chemical milling treatment
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2.1.2. Manufacturing

The evaluated samples originate from a study on combined wet-chemical surface post-processing
and were manufactured in an LPBF process on a Concept Laser Cusing M2 Multilaser using
identical manufacturing parameters and Ti-6Al-4V powder (Concept Laser CL 41Ti ELI).
After additive manufacturing, all samples were heat-treated for stress relief and hot isostatically
pressed for bulk quality improvement.

(a) (b) (c) (d)
Figure 26.: Images from scanning electron microscopy (SEM). (a) AsB—typical powder particle

agglomerations; (b) ChM—characteristic craters from particle removal; (c) 3DS—etching
marks after peak reduction; (d) 3DS+—etching marks, similar to 3DS

Table A.1.: Samples with corresponding surface conditions.

Sample Size (Approx.) Surface Treatment Duration

AsB 42 mm X 25 mm n/a n/a

ChM 25 mm x 40 mm Chemical milling 20 min

3DS 30 mm x 40 mm 3D SurFin® 15 min

3DS+ 30 mm X 45 mm 3D SurFin® + 15 min 4 20 min

Chemical milling

2.1.3. Surface Treatment

Surface treatments applied to each of the evaluated samples are specified in Table A.1. The chem-
ical composition of the bath and other specifics for both processes are summarised in Table A.2
[15]. Brief descriptions of 3D SurFin® and chemical milling processes are given subsequently.
For detailed treatment process information, refer to [15].

3D SurFin®:  The enhanced electropolishing process 3D SurFin® is a process specifically designed
to remove peaks from a surface. It uses an electrolyte based on deionised water combined with
ammonium fluoride, methylglycinediacetic acid and sulfuric acid and is operated at 80 °C [15, 127].
The water-based electrolyte enables the application of higher voltages (200-400 V), leading to a
shorter process duration for the same material removal rate [128, 129].

Chemical Milling: Acidic etching baths for Ti-64 commonly consist of a mixture of distilled
water, hydrofluoric acid HF' and nitric acid HNQOs, which is the recommended standard ac-
cording to ASTM B600 [130]. The actual material removal is caused by the hydrofluoric acid,
reacting with the titanium oxide on the surface and forming titanium fluoride and hydrogen.
The nitric acid HNO3 acts as an oxidant and is responsible for bonding the atomic hydro-
gen [130, 131].
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2.1.4. Macroscopic and Microscopic Visual Inspection

From visual and microscopic inspection, the as-built (AsB) surface shows characteristic powder
particle agglomerations that are typical for LPBF surfaces (Figures 25 and 26), causing a
high initial surface roughness [15, 132]. Figures 26 and 27 show these agglomerations of dif-
ferent sizes as well as resulting re-entrant features. The sample has a curvature (see Figure
28), which probably originates from residual stresses introduced during the manufacturing pro-
cess.

Table A.2.: Applied surface treatments [15].

Treatment Process 3D SurFin Chemical Milling
Temperature (range)/°C 80 55
Removal rate 8 12
(range)/pm/min
Bath size/L 100 17
Bath components NH4F, H>,S0,, HF, HNOj
C7H 8 NN as 06
water based water based

After chemical milling (ChM) the surface exhibits craters and pits of various sizes and slopes
(Figure 26). The linear pattern visible in the photo (Figure 25) corresponds to sequences of
pits, similar to the one presented in Figure 29, supposedly originating from powder particles
(as those present on the AsB surface) that were detached from the surface during the post-
treatment process.

The 3DS sample was subjected to a 15 min 3D SurFin® treatment. The 3DS+ sample received
an additional 20 min chemical milling treatment, resulting in higher material removal. Therefore
it is likely, that more subsurface flaws were removed [15, 127]. With the bare eye, the 3DS and
3DS+ surfaces appear to be smooth (Figure 25); however, on a microscopic scale they show
etching marks resulting from the different phases in the o — §— alloy Ti-64, appearing as random
groove pattern (Figure 26).

Figure 27.: AsB—cross section micrograph; markers highlight re-entrant features which cannot be
detected by contact and line-of-sight methods

2.2. Surface Texture Characterisation — Theory

The surface characterisation methods chosen for this study are stylus measurements, laser
scanning confocal microscopy (LSCM) and fringe projection (FP). Physical working principles
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Figure 28.: AsB—cross section curvature, caused by residual stresses

and previous applications to metal AM surfaces of the methods as well as selected surface texture
parameters are described subsequently.

2.2.1. Methods for Surface Texture Characterisation

Laser Scanning Confocal Microscopy (LSCM): In LSCM (Keyence VK9700), a laser scans
the surface in different focal planes while only exposing the area portion in focus. Vertical
scanning of the entire surface depth and layering of the resulting images leads to a 3D surface
representation. A lateral resolution in the range of several hundred nanometres can be achieved [57,
69, 70].

The LSCM can be used for areal surface characterisation according to ISO 25178 and is listed as
one of the optical methods suitable for surface characterisation in that same standard [16, 133].
Drawbacks of laser confocal microscopy are the long acquisition time in relation to the size of the
measured area and the line-of-sight restriction, prohibiting the detection of re-entrant features
(marked in Figure 27).

In the literature on AM surface characterisation, the method is mainly used for areal characterisa-
tion [57, 60, 125, 134, 135], but extracting and evaluating line profiles is possible.

pm
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. Y =212 pm
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|
)

T 60
F 50
F40

4
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Figure 29.: ChM—3D surface plots from LSCM: two measured positions show fundamentally different
surface characteristics on the same sample

Fringe Projection (FP): The fringe projection method is based on the projection of fringe
patterns of different sizes onto a surface as visualised in Figure 30. The deviation between the
projected pattern and its appearance on the surface is measured and, by means of triangulation
of object, camera and projector, the 3D surface is reconstructed [63, 71]. The system (Keyence
VR3200) measures 3D surface data of a representative surface portion within an acceptable
period of time (i.e., 1 cm? in five minutes or less, depending on the resolution) and can return
standardised surface parameters according to ISO 25178 [16] from these data. In ISO 25178,
fringe projection is listed as suitable method for areal surface texture measurement [70, 133].
The extraction of line profile data and subsequent calculation of line roughness parameters
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according to ISO 21920-2 [136] is possible. The method is line-of-sight and therefore unable to
detect re-entrant features (as those shown in Figure 27).

In the literature, the method is mostly used for geometrical shape measurements on different
scales (down to the size of microfibres) [71-74] or in-process monitoring for LPBF [75-78]. Fringe
projection was used for metal AM surface topography measurement by Whip et al. [62] and
Zheng et al. in comparison with focus variation microscopy [63]. We previously applied the
method for areal characterisation in relation with fatigue data [137, 138].

Figure 30.: Fringe projection process—projected patterns (left,middle); screenshots during measurement)
and resulting 3D surface plot (right)

Stylus Profilometry: The stylus method (Mitutoyo SJ-210 instrument) is a contact measurement
method using a conical diamond tip that is moved across the surface, following its contour, leading
to a 2D profile. Parameters, tip, data filtering and measurement procedure are standardised in
ISO 21920-2, ISO 21920-3 and ISO 3274 [136, 139, 140].

The achievable resolution of the method is mainly dependent on the size of the tip and the density
of data points, as illustrated in Figure 31. If the tip is too large, valleys cannot be penetrated and
the surface appears to be smoother. Furthermore, the circular tip shape may result in rounded
peaks, while peak height remains unaffected. If the data point density is too low, some peaks
and valleys remain undetected, leading to data smoothing as well. Another contributing factor is
the cone angle, which also has an influence on the penetration depth of narrow valleys. Moreover,
the detection of re-entrant features is not possible [141, 142].

Using too small a tip may result in its damage, as it will be subjected to a large force in horizontal
direction when getting stuck in higher surface features [141]. ISO 3274, however, only specifies a
minimum tip size required for a certain expected surface roughness [140].

Stylus measurements and the corresponding line parameters Ra and Rt are still industry standard
and widely used across literature on surface characterisation in general [6, 81]. The same is
true for metal AM surface characterisation in particular. A few examples are cited subsequently
6, 8, 15, 91, 127, 132, 135, 143-148|.

Stylustip — . - .

Y

Profile
Measured points

Apparent profile
True profile

Reduced detected
valley depth

Figure 31.: Reduced valley penetration depth due to stylus tip size (left); surface smoothing due to low
data point density (right) [Based on [141, 149]]
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2.2.2. Parameters for Surface Texture Characterisation

The surface characterisation parameters selected for the method comparison are the arithmetic
mean height of the roughness profile Ra and the maximum total height of the profile Rt. They
were chosen because they are the established parameters for different industrial applications
and are widely used throughout the literature to characterise metal AM surfaces [6, 8, 127, 132,
135].

2.3. Surface Texture Characterisation — Experimental Approach

In order to examine the applicability of the selected profile and areal surface characterisa-
tion methods, four samples of different surface condition have been selected for examina-
tion:

o Initial surface condition (AsB);

o Chemically milled surface condition (ChM);

« Surface condition after 3D SurFin® (3DS);

o Surface condition after combined 3D SurFin® and subsequent chemical milling (3DS+).

On each sample, measurements were taken within a marked area. Due to instrument restrictions,
area portions of varying size were covered. Specific values are indicated in Table A.3. An illus-
tration of different sizes of covered areas due to method-specific restrictions is given in Figure 32.
Furthermore, the same low and high pass filters as specified in ISO 3274 [140] were applied to
the data retrieved from all methods (see Table A.4).

2.3.1. Measurement Setup

The measured area length for the optical measurements of each sample was selected according
to the expected surface roughness as specified in ISO 21920 [136, 139] (includes, a.o., updates
of the withdrawn profile surface texture standards ISO 4287 and ISO 4288 [150, 151]) and
instrument restrictions.

The used handheld stylus instrument was unable to capture an entire 40 mm profile in one go.
Therefore, multiple line profiles were combined to obtain the required evaluation length. Similarly,
due to the sample curvature, multiple shorter areas were captured using the confocal microscopy
system and up to five parallel profiles were extracted and combined. This was to enable a
smaller measurement z-range to minimise artefacts, as discussed in [152]. Furthermore, from
the fringe projection data, parallel lines were combined for the as-built condition. This enabled
higher resolution, as data points are reduced when stitching, and even faster measurement speed.
The width resulted from the respective instrument field of view (FOV) and is given in Table
A.3.

Even though the line roughness measurements were not matched exactly as the alignment of
profile measurements is difficult, taking an average value for multiple lines within the same
marked area and filtering the same bandwidth is assumed to produce comparable results. This
procedure is meant to reproduce realistic QA process conditions.

The resolution for stylus measurements depends on multiple factors, therefore, both point
cloud density (1.5 pm) and tip size (2.0 ym) are specified in Table A.3. The resolution of the
confocal microscopy measurements from stitched data was 1.38 um. Fringe projection achieved
an xy-resolution of 3.70 um Table A.3.
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Figure 32.: Data Acquisition—within a marked region on each sample, multiple measurements by every
method were performed, distributed across the entire region

Table A.3.: Measurement details for each method and sample

Method Evaluation Measured Measured Magnification Lateral Approx.
Length/mm Area Area Resolution/pm Acquisition
Length/mm Width/mm for Stylus:  Time/min
(Approx.) Point Dis-

tance | Tip
Diameter

Confocal AsB 40.00 7 X 9.36 0.50 20x 1.38 380
Keyence ChM 12.50 7 x 8.12 0.50 20x 1.38 80
VK9700
3DS 12.50 7 X 15.54 0.50 20x 1.38 60
3DS+ 12.50 7 X 17.39 0.50 20x 1.38 40
Fringe pro- AsB 40.00 7 X 10.22 5.17 80x 3.70 12
jection
Keyence ChM 12.50 7 X 3.61 2.84 80x 3.70 4
VR3200
3DS 12.50 7 x 3.61 2.84 80x 3.70 4
3DS+ 12.50 7 x 3.61 2.84 80x 3.70 4
Stylus AsB 40.00 21 x 17.50 n/a n/a 1.50 | 2.00 70
Mitutoyo SJ- ChM 12.50 7 X 15.00 n/a n/a 1.50 | 2.00 25
210
3DS 12.50 7 X 15.00 n/a n/a 1.50 | 2.00 15
3DS+ 12.50 7 X 15.00 n/a n/a 1.50 | 2.00 15

2.3.2. Preparation of Measurement Data

Data preparation and evaluation were performed using the MountainsMap® V9 software by Di-
gitalSurf.

The measured areas from random locations (as indicated in Figure 32) were processed as follows.
Outliers were removed applying the ’soft’ setting and non-measured points were interpolated. As
previously mentioned, parallel profiles extracted from the same areal measurement were stitched
to obtain the required evaluation length. This was performed for 7 measured locations per surface
condition and measurement method.

2.3.3. Evaluation of Surface Texture Parameters

Data filtering, including form removal, high pass (\./um) and low pass (As/pm) filtering, was
performed as described in ISO 21920-3 [139]. Applied filtering values per sample are summarised
in Table A.4. In order to ensure comparability, the same bandwidth was extracted from the
data obtained from each method. Rt, the maximum total height, and Ra, the arithmetic mean
deviation from the roughness profile, were evaluated on evaluation lengths of 12.5 mm for ChM,
3DS and 3DS+, and 40 mm for the AsB condition.

3. Results and Discussion

This section starts out with the comparison and correlation of the results obtained from stylus
measurement, fringe projection and confocal microscopy. Subsequently, method-specific challenges
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Table A.4.: Filters applied to measurement data of all methods for each sample [139]: high pass filter
Ae/mm and low pass filter \;/pm

Sample Ac/mm As/pm
AsB 8.0 25.0
ChM 2.5 8.0
3DS 2.5 8.0
3DS+ 2.5 8.0

are discussed and summarised.

3.1. Comparison of Ra and Rt from Confocal, Fringe Projection and Stylus Data

Figures 33 and 34 show plots of the data obtained from the three evaluated surface character-
isation methods for as-built (AsB)—the 'roughest’—and combined post-processing (3DS+)—
the ’smoothest’—surface conditions. Seven data points per sample and method are displayed.
In each plot, the blue line indicates the data mean, dashed blue lines mark two standard deviation
from the mean (2SD), the dashed box encloses data between the first and third quartile of the
data set and the whiskers extending from the box denote highest and lowest values. Outliers are
determined with regard to the inter-quartile range (IQR), where near outliers (orange +’s) are
defined between 1.5 and 3 IQR and far outliers (red x’s) outside of 3 IQR.

Looking at the data presented in Tables A.5 and A.6, especially for Ra, good correspond-
ence across the measurement methods is observed, suggesting that all three methods de-
tect comparable surface quality for each of the three surface conditions (as-built and post-
processed).

For the AsB condition, the Ra values from fringe projection are slightly lower. This may be due
to apparent profile smoothing (Figure 31) from lower data point density. Additionally, the area
covered by fringe projection is the largest, so the variation could also simply be caused by a
variation in physical surface properties. Looking at the stylus results, the majority of values shows
no variation, indicated by the very narrow box plot. This is caused by measurability issues. Many
locations could not be measured due to the tip movement being restricted by surface features.
Obtaining seven full profiles on the AsB surface (consisting of 21 individual measurements in
total) required more than 30 individual measurements (i.e., almost 1/3 of measurement attempts
were unsuccessful). Hence, this very small variation in results is not related to a homogeneous
surface quality, but to a pre-selection of measurable locations. A similar effect was observed
for the ChM sample, due to the typical crater features (Figure 29). The 3DS and 3DS+ stylus
measurements were undisturbed as restricting features were successfully removed during surface
treatment.

Considering the Rt results, individual Rt values range from 150 pym to 220 pm for AsB, Figure 33.
The highest mean value of 193 um is obtained from the confocal measurements. The parameter
itself is designed to give one extreme value, making it highly dependent on the measured location.
One possible explanation for the increased values may be that data post-processing did not remove
the occurring spike artefacts (see Figure 35) entirely, which has an enormous impact on the extreme
value Rt. This matter is addressed in more detail in Section A.1. Another option is the influence
of location and measured area width. The parallel profiles combined to obtain the necessary
evaluation length was quite narrow (approx. 500 pm, see Table A.3).
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Figure 34.: 3DS+—Rt (left) and Ra (right) data from confocal, fringe projection and stylus

measurements

A similar observation is made on the ChM surface, where confocal results have a 44% higher Rt
than the fringe projection data. Their 2SD regions still overlap, meaning they are not statistically
distinctive applying a 95% confidence interval. Furthermore, the typical crater-like features,
as shown in Figure 29, have sharp edges, causing spike artefacts similar to those on the AsB data.
These may, again, not be fully removed by data post-processing (see Figure 36). Apparent profile
smoothing in fringe projection and stylus measurements as well as reduced valley penetration
depth may also play a role in this consideration. For the stylus results, profile flattening by the
tip during measurement may contribute to the result, as the contact measurement can have an
influence on its result [149].

The variations within one method and from one method to the other illustrate one of the major
drawbacks of profile characterisation altogether, namely the lack of reproducibility and surface rep-
resentation. If areal measurements and characterisation parameters [16] are used instead, a more
representative surface portion can be covered and the chance to capture the largest height vari-
ation on the examined surface increases. In general, areal surface characterisation is more powerful
with respect to the extraction of 3D topography information [57, 82|, even though limited to
line-of-sight data, when using optical measurement methods [6, 70, 153].

3.2. Correlation of Results from Evaluated Methods

Taking a look at the correlation of the data from the evaluated methods across the different
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Figure 36.: ChM —spike artefacts in ChM raw data (after form removal) from LSCM associated with
crater features; location of extracted profile: black line, bordered by red and green markers

surface conditions, good correspondence can be observed, as shown in Table A.7. Correlation
coefficients of at least 0.984 between the data sets and R?-values of more than 0.967 for a linear
regression model show that—when filtering the same bandwidth and restricting the measurement
area—fringe projection, confocal microscopy and stylus profilometry achieve comparable results
despite the scattering of profile parameters. A similar observation was made by Piska et al. [154]
in their comparison of stylus and focus variation results for machined surfaces. Independent from
the individual method-specific challenges discussed subsequently, this leads to the conclusion
that all methods give valid results for the assessed surface conditions and selected parameters.
All correlation coefficients (CC) and R2-values are given in Table A.7.

3.3. Discussion of Method-Specific Challenges

In the previous sections, the surface texture characterisation results of four different surface
conditions using three measurement methods and various influences on the results were dis-
cussed. It was demonstrated that all of the applied measurement systems produced comparable
results. In this section, hands-on experiences from measurement and data post-processing are
discussed. The qualitative findings with regard to acquisition time, operator effort, surface
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Table A.5.: Summary of results—R¢

Rt AsB ChM 3DS 3DS+
Confocal Mean 192.53 71.27 29.52 9.25
N=7 St.-dev. 15.52 10.47 6.87 1.16

% St.-dev. 8.06% 14.69% 23.28% 12.57%
Fringe projec- Mean 173.97 48.66 34.23 12.71
tion
N=7 St.-dev. 17.57 13.69 5.08 1.17

% St.-dev. 10.10% 28.12% 14.85% 9.20%
Stylus Mean 173.40 41.75 27.22 10.56
N=7 St.-dev. 16.33 9.42 2.28 2.32

% St.-dev. 9.42% 22.57% 8.37% 21.94%

Table A.6.: Summary of results—Ra

Ra AsB ChM 3DS 3DS+
Confocal Mean 21.02 5.78 4.11 1.28
N=7 St.-dev. 1.03 0.85 0.66 0.00

% St.-dev. 4.90% 14.68% 15.98% 0.00%
Fringe projec- Mean 17.43 5.10 5.04 1.53
tion
N=7 St.-dev. 1.05 1.09 0.73 0.19

% St.-dev. 6.05% 21.30% 14.55% 12.11%
Stylus Mean 20.06 4.65 3.91 1.53
N=7 St.-dev. 0.83 0.48 0.38 0.37

% St.-dev. 4.12% 10.29% 9.75% 24.03%

Table A.7.: Correlation coefficients (CC) and R? of stylus profilometry, confocal microscopy and
fringe projection

Confocal Fringe Projection Stylus
cc R? ccC R? ccC R?
Confocal CC 0.987 0.992
R? 0.969 0.984
Fringe cc 0.987 0.984
Projection R? 0.969 0.967
Stylus ccC 0.992 0.984
R? 0.984 0.967

coverage, reproducibility, operator skill and other aspects are summarised in Table A.8 in

Appendix A.1.

A common shortcoming of all of the evaluated methods is the lack of re-entrant feature detection
capability. Recognition of re-entrant features can be provided by X-ray computed tomography
measurements, which are, in addition, able to acquire information on a parts’ bulk quality. Draw-
backs are the long acquisition time, limitation of object size and high cost of the system, as well
as the requirement of highly specialised operators. However, its potential for a holistic description
and understanding of metal AM part quality is undeniable [6, 67, 89].
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This being said, areal measurements do offer a better statistical representation of a surface than
2D profile data and are increasingly applied in academic and industrial contexts. The applica-
tion of these methods, however, currently requires a higher level of skill than the established
stylus method, as not all aspects of the measurements and data post-processing are standard-
ised (yet). Though, the areal surface characterisation standard is continuously being updated
and its current version does contain a list of optical methods considered suitable for this pur-
pose.

3.3.1. Laser Scanning Confocal Microscopy (LSCM)

Amongst the assessed methods, confocal microscopy offers the highest resolution (Table A.3).
A major disadvantage of the method is the measured area in relation to acquisition time. Though
this may vary from one confocal instrument to the other, higher resolution measurements generally
take longer.

Initially it was intended to capture the entire evaluation length required for a surface condition
based on expected roughness in one single measurement. However, looking at the AsB condition,
the required evaluation length of 40 mm required a acquisition time of more than 12 h. Addi-
tionally, due to the sample’s curvature (Figure 28), a fairly high z-range setting was necessary to
capture the height variation across the entire length (the VK9700 system used in this study only
allows for one z-range setting for the entire measurement, other instruments may offer the options
to apply a variable z-range). In combination with shadowing effects from visible agglomerated
powder particles and surface inclination, this resulted in large spike artefacts of up to 0.7 mm
in size, as is shown in Figure 35. Cross-section micrographs clearly confirm the spikes being
measurement artefacts (Figure 27). Figure 36 visualises that spike artefacts also occurred in the
ChM data, caused by the crater features present on the surface.

It is observed from the raw data after form removal that the full-length profile exhibits valley
spikes to the left and peak spikes to the right of the measured area (Figure 35). This illustrates
that the artefacts depend on the angle of the surface with regard to the light source, meaning,
that the distribution of artefacts would likely be different when changing the positioning due to
changed surface inclination. The size of the spikes appears to be restricted by the pre-defined
z-range specified before the measurement, illustrated by Figure 37, were the same location
was measured twice with adjusted z-range setting (part of the figure is reproduced from [152]).
The effect of measurement z-range and selected data post-processing setting are discussed
in [152].

Attempts to remove those spike artefacts during the data post-processing step resulted in a
large number of non-measured points, which is why it was decided to measure shorter areas and
combine parallel profiles.

Due to the long duration of measurements it is tempting to capture smaller areas, especially when
the aim is to gain a qualitative understanding of the surface texture to be investigated. The issue
when capturing smaller areas, however, is shown in Figure 29. Two positions on the ChM samples
were measured, showing very different surface features due to its inhomogeneous surface finish.
These measurements could be obtained within a relatively short time (15 to 20 min, dependent
on measurement z-range). However, they do not succeed to capture a representative portion of
the surface to evaluate its quality. When performing areal surface texture measurements, it is
essential to select a sufficiently large representative area portion. For profile roughness evaluation,
the required length is clearly indicated in the ISO 21920 standard [136, 139]. Considering areal
characterisation, the ISO 25178 indicates to use at least five times the size of the largest feature
of interest [155].
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Figure 37.: AsB—spike size with variation in pre-selected measurement z-range from LSCM:
Az = 229 pm (top), Az = 368 pum (bottom). Spike size is increased with larger
pre-selected z-range [152].

3.3.2. Fringe Projection

Fringe projection is the quickest of the assessed measurement methods (approx. 10 mm x 5 mm
in 4 min), but also has a considerably lower resolution than confocal microscopy (refer to Table
A.3). The achieved lateral resolution of 3.7 pm was also used by Whip et al., when they measured
as-built metal AM surface texture [62]. It is comparable to or higher than some resolution
values found in the literature for AM surface texture characterisation with focus variation
instruments [6, 64, 91]. Triantaphyllou et al. [91], for example, worked with a lateral resolution of
8 pum on their focus variation instrument. When applying standard profile roughness filter values
(Table A.4), the resolution reached by the fringe projection instrument is considered sufficiently
high for this application.

As for other optical surface topography measurement methods, a drawback of fringe projec-
tion is the line-of-sight measurement, meaning re-entrant features (see Figure 27) cannot be
detected[70].

Considerable advantages of the method are the quick measurement speed and large area coverage
as well as little required data post-processing for this specific application. However, fringe
projection instruments do have troubles accurately depicting reflective surfaces, especially when
inclined, as found in [156] for machined fatigue specimens. When covering larger areas with
the VR3200 system by stitching, the resolution is reduced to decrease the data size. This has
to be paid attention to as it can lead to an apparent surface smoothing effect, illustrated in
Figure 31.
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3.3.3. Stylus Profilometry

When taking stylus measurements, a strong dependence on measured location was observed.
Additionally, not every location could be measured due to the tip movement being hindered by
particle agglomerations, other surface appearances or due to sample curvature. Measurability
is improved when decreasing the movement speed of the tip, as abrupt impact forces when
hitting vertical features are decreased. These impact forces may cause damage to the tip itself.
Additionally, the measured surfaces may be scratched from the contact measurement [149],
possibly compromising mechanical performance or corrosion resistance.

The stylus method is incapable of detecting re-entrant features [6, 141, 157] and application to
complex geometries is restricted by instrument and measurement requirements. The accurate
alignment of measurements (direction of individual measurements, parallelity of multiple profiles
in same direction) for the applied handheld Mituyoto SJ210 is hardly possible. Due to the
maximum available length of 17.5 mm for measurement, rougher surfaces may require manual
stitching and data processing with software tools, such as the MountainsMap® software applied
in this work. Issues regarding alignment and measurement length may not arise when using fixed
frame instruments.

Generally, a stylus profiler captures 2D line profiles, which cannot be considered representative,
especially in case of coarse and irregular as-built LPBF surfaces. Furthermore, measurements
are hardly reproducible as it is unlikely to match exact locations when performing repeat
measurements.

Advantages of this method are, however, that its physical working principle is fully understood
and it is entirely standardised (method, instrument and data filtering in ISO 21920-2, ISO 21920-3
and ISO 3274 [136, 139, 140]). The equipment is affordable and the measurement execution is
straight forward, making the method accessible to a broad range of users.

4. Conclusions

This work aimed at demonstrating the suitability of three different methods to measure surface
topography of as-built and post-processed Ti-64 surfaces from LPBF, and at comparing these
methods. The applied methods, confocal microscopy, fringe projection and stylus profilometry,
showed good correspondence of results for the characterisation of as-built and wet-chemically
post-processed LPBF surfaces, rated by linear correlation coefficients (>0.984) and corresponding
R2-values (>0.967). For quick reference, a qualitative summary of the method comparison is
included in Table A.8.

Confocal microscopy offered the highest resolution but was also time consuming. In the AsB
and ChM raw data, spike artefacts from feature interaction with the light source (sharp edges,
shadowing) occurred, requiring appropriate post-processing.

Fringe projection was the quickest and easiest of the investigated methods regarding measurement
and data post-processing. When covering large area portions, reproduction of location when
performing repeat measurements is possible. The spatial resolution is lower than for confocal
microscopy but is still considered sufficiently high to characterise the investigated surface
conditions. The computed Ra values for the AsB condition are lower than for confocal (approx.
20% on mean) and stylus (approx. 15%) methods, which may be attributed to a combination of
lower point spacing and physical variations on the sample.

The main disadvantages of the observed stylus method were the data pre-selection due to feature-
caused restriction of tip movement and limitation to 2D profile measurement. For the AsB and
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ChM surface conditions, the measurability was strongly restricted by characteristic features
(powder particle agglomerations, craters). For the AsB surface, only two out of three measurement
attempts were successful, leading to a significant increase in effort and acquisition time. However,
being entirely standardised and handheld instruments being inexpensive, the method is accessible
to a large group of users.

To accommodate the use of optical measurement instruments for qualification and QA processes,
tolerance values will have to be defined accounting for differences in data acquisition and
representation. Exploiting the full scope of advantages of optical systems will ultimately enable
a more accurate, precise and reproducible description of surface quality.

Concerning parameters for metal AM surface characterisation, Ra and Rt were used in this study
as they are commonly known and accepted in order to demonstrate the methods’ applicability and
comparability. Areal parameters, however, do offer information on a larger, more representative
surface portion and a statistically more meaningful depiction [82]. The areal equivalents to
Ra and Rt according to ISO 28175-2 are Sa and Sz [16]. Within this standard, many other
parameters are available. In recent years, areal parameters are increasingly evaluated. However,
Todhunter et al. found, that this is especially the case for research institutions and metrology
and calibration industry [81].

In order to facilitate industry’s transition from profile to areal characterisation and from stylus
to optical instruments, user oriented education and guidance is needed. Therefore, a broader
investigation, including methods based on different physical working principles, instruments by
different manufacturers and surface conditions from different manufacturing processes, is required
for the development of guidelines and standards.
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Table A.8.: Summary —comparison of confocal microscopy, fringe projection and stylus profilometry for
metal AM surface texture characterisation.

Confocal Microscopy

Fringe Projection

Stylus Profilometry

Acquisition time

very long-large z-range
required to capture en-
tire evaluation length in
one meas.

short-larger FOV, stitch-
ing of few images for full
evaluation length

long (multiple individual
line measurements neces-
sary, restricted tip move-
ment due to surface fea-
tures)

Lateral/spatial resolution  high sufficient sufficient
Representative  surface yes yes no
coverage

Linear/areal parameters — both both linear

Standardization

listed as suitable method

listed as suitable method

fully standardized (instru-
ment, data processing,
parameters)

Physical principle

optical/non-contact; lay-
ering of in-focus z-data

optical/non-contact; pat-
tern projection, triangula-
tion

contact measurement

Surface damage no no possible
Detection of re-entrant no no no
features
Reproducibility medium/high— high—Ilarge area portions low—individual lines un-
localisation of small can been measured and likely to be located when
area portions is possible located by means of mac- repeating measurement,
but challenging wusing roscopic markers surface may be influenced
macroscopic markers by first (contact) measure-
ment
Measurability good good restriction of tip move-
ment (powder particle
agglomerations, craters),
limited z-range (handheld
devices)
Operator skill high level of profi- medium high level of pro- handheld devices are easy

ciency required to select
measurement settings ap-
propriately and perform
data processing

ficiency required to select
measurement settings ap-
propriately and perform
data processing

to use, process is fully
standardised, alignment
of multiple (parallel)
measurements is highly
difficult

Operator effort

medium/low — complex
initial setup, automated
measurement

low — fairly straightfor-
ward initial setup, auto-
mated measurement

labour-intensive — every
location has to be se-
lected and measured in-
dividually (for handheld
devices)
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A.2. Publication 2 — Post-processing of Areal Surface Topography
Data?

Abstract: Surfaces of additively manufactured metal parts from powder-based processes typically show powder
particle agglomerations and other features, resulting in high surface roughness. Proper characterisation of those
surfaces is necessary in order to assess part quality with respect to coatability, mechanical performance or corrosion
resistance for use in aerospace, automotive, medical and more industrial applications. Optical surface texture
measurement allows for collection of areal surface data, while the established contact stylus method only captures
line profile data. When applying optical methods for surface topography measurements, proper data acquisition
and post-processing in order to assess surface texture may be complex. A number of variables can be adjusted,
such as measurement settings, approaches to outlier removal, evaluated area size or form removal. This work
shows the influence of selected z-range prior to measurement and the influence of choosing pre-defined outlier
removal settings in MountainsMap 9.2 on selected ISO 25178-2:2022 parameters calculated from data obtained from
confocal microscopy for as-built Ti6Al4V from laser powder bed fusion. The aim is to show the impact of variation
in measurement and post-processing on calculated surface texture parameters and stress the importance of proper

documentation in order to achieve reproducibility of data for quality management.

1. Introduction

The application of metal additive manufacturing in various fields requires new approaches
to quality assurance. With regard to fatigue performance, measurement of the surfaces and
characterisation of surface texture are of interest. Surfaces from laser powder bed fusion (LPBF)
typically exhibit agglomerations of attached powder particles (Figure 38) of different size and
shape are typical for these surfaces and this special nature imposes new challenges on measurement
systems and their application.

The stylus method is still most commonly applied in industry and has the advantages of easy
application and full standardisation. It is, however, a contact method, meaning, that damage
to the surface is possible. Looking at LPBF, the stylus tip movement may be restricted by
particle agglomerations during measurement due to resulting undercuts and high slopes (see
Figure 38).

In recent years, optical measurement systems are gaining acceptance. They offer non-contact
measurements with representative areal coverage and enable application of areal surface texture
characterisation. Optical measurements and post-processing of data are not yet standardised.
However, a number of methods are listed in ISO 25178-6 [133] as suitable methods for character-
isation of areal surface texture and the standard is continuously updated.

When specifically considering laser scanning confocal microscopy (LSCM), large spikes can
occur (see Figure 40) in the data having a significant influence on typically used areal para-
meters such as Sa (arithmetic mean height), Sq (root mean square height) or Sz (maximum
height), as these depend exclusively on height values and are hence very sensitive to local
extremes.

Information on data acquisition and processing, such as outlier removal, reduction of measurement
noise or levelling is often missing in studies on AM surface texture characterisation [6, 158].

2 Published as: Buchenau, Theresa; Briining, Hauke; Amkreutz, Marc (2022): Post-processing of Surface
Topography Data for As-built Metal Additive Surface Texture Characterisation. In: Journal of Additive
Manufacturing Technologies 2 (2), S. 697. DOI: 10.18416/JAMTECH.2212697
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However, where areal methods are applied, this information is crucial for reproducibility since
those processing steps can heavily influence the result.

This work aims at showing the impact of selected measurement and post-processing settings
on surface texture parameters and stressing the importance of proper documentation of data
acquisition and post-processing steps. The effects of changing the z-range for the measurement,
the outlier removal setting and interpolating non-measured points (NMP) on Sq (root mean
square height), Sz (maximum height), Sk (core height) and Svk (reduced valley depth) are
discussed.

2. Material and Methods
2.1. Laser Scanning Confocal Microscopy

In laser scanning confocal microscopy (LSCM), the surface is scanned by a laser in different focal
planes, only exposing the area portion in focus. The 3D surface representation is created by
layering data across the focal planes [70]. The method is line-of-sight, meaning that re-entrant
features, shown in Figure 38, cannot be detected.

The used instrument in this study is the Keyence VK 9700 with the 20x magnification lens,
achieving a spatial resolution of 0.69 pm. Measurement uncertainty is not included in the
presented results. An overview of data acquisition and processing steps is given in Fig-
ure 39.

In ISO 25178-6 [133], the method is listed as suitable method for areal surface texture charac-
terisation. Details on measurement and post-processing are not yet included in the standard.

Taking a look at literature, the method is mainly used for areal surface texture characterisation
and high-resolution imaging [57, 68, 125, 135].

2.2. Data Sets

The evaluated data sets originate from a Ti6Al4V sample in as-built condition from LPBF
(Figure 38). Typical powder particle agglomerations of different sizes are visible in scanning
electron microscopy (SEM) images. Both data sets show an identical, randomly chosen location
on the sample and the only difference in measurement settings is the predefined z-range the
confocal microscope. One measurement was taken with a z-range of 229 nm, the second with
368 nm. The first value was selected based on the surface topography; the second value resulted
from increasing the z-range in positive direction to study its effect.

When only looking at an individual image, it may be unclear why the effect of increasing z-range
is interesting. However, when measuring larger surface portions requiring stitching of multiple
images, the z-range for the used instrument (Keyence VK 9700, lens with 20x magnification) has
to be set according to the highest height variation to be detected.

2.3. Surface Data Evaluation

The data evaluation was performed using MountainsMap® version 9.2. The raw data from
confocal microscopy was imported and outlier removal ‘soft’, ‘normal’ and ‘strong’ was applied
for the two evaluated data sets. The MountainsMap® outlier removal algorithm uses median
filters (of variable size according to setting) to smooth isolated outliers and removes outliers



73

Figure 38.: Powder particle agglomerations on as-built Ti6Al4V surfaces from LPBF: Cross section
micrograph, illustration of undercuts (left), SEM showing agglomerations of different sizes and
underlying waviness (right)

around edges and converts them into non-measured points (for increased strength, more points
are removed ).

In order to quantify the influence of the chosen variations, the ISO 25178-2 parameters Sq (root
mean square height), Sz (maximum total height), Sk (core height) and Svk (reduced valley
depth) are compared amongst the post-processed data set versions. Sq and Sz are frequently
applied in industrial environments while Sk and Svk are less common. The latter are calculated
from the material ratio curve and were found to have potential for metal AM surface texture
characterisation in previous studies by the authors [137, 159].

Prior to the parameter calculation a Gaussian S-filter of 2.5 pm and a Gaussian L-filter of
0.5 mm was applied to the processed surface data. The steps taken are summarised in Fig-
ure 39.

Measurement
Laser Scanning Confocal Microscopy
Keyence VK 9700 / 20x abjective lens

2
g Area 0.5x 0.7 mm J

. 2

/ Processing of Raw Data \

MountainsMap 9.2 software, studies and options:

+ Remove outliers (Strength: Soft / Normal / Strong)
Remove isolated outliers / remove ourliers around edges /
remove measurement noise

+ Fill NM Paints

\ Use smooth shape calculated from neighbours

. 2

Calculation of Parameters

MountainsMap 9.2 software, filters and parameters:
F-operation LS-leveled, S-Filter 2.5 pm, L-Filter 0.5 mm
Parameters Sq, Sz, Sk, Svk

Figure 39.: Measurement, data processing and evaluation steps; Studies, options, filters and parameters
selected in MountainsMap® 9.2

3. Results and Discussion

Typical confocal microscopy raw data of LPBF surfaces show large spikes (see Figure 40, also
refer to [158]), that occur around the edges of powder particles. Comparing the raw data to
the microscopic images (i.e. Figure 38) clearly shows these spikes are not physically present

on the measured surfaces. The spikes are artefacts arising during data acquisition with the
LSCM.

A likely origin of the spikes are particle agglomerations, which are LPBF specific surface features.
Confocal microscopy is a line-of-sight method and as-built LPBF surfaces show undercuts (see
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Figure 38), which cannot be detected. On the boundaries of attached particles, the instrument
detects two signals, one from the boundary and one from the surface below, leading to the display
of a spike artefact.

Furthermore, it is observed, that the spherical shapes of the powder particles are not accurately de-
picted, which is a known phenomenon in confocal microscopy [68, 160, 161].

From previous measurement results it was observed that the spikes have the size of the measured
z-range. Figure 40 shows measurements at identical location with variation of the pre-set z-range.
The raw data illustration confirms the assumption that the size of the artefact does not depend
on the size of surface features but is mostly defined by the measurement setting. The following
main aspects were considered in the data evaluation:

o Effect of increasing the measured Az

« Effect of outlier removal and fitting non-measured points

3.1. Raw Data with Different Az

Looking at the chosen parameters, there is a significant difference between the Az = 229 pm and
Az = 368 pm data sets. As expected, the largest deviation is observed for the extreme value Sz
(maximum total height), namely 40%. Note that due to filtering the data to separate roughness
from waviness components (L-filter 0.5 mm), the value is smaller than the maximum measured
z-range of the respective data sets.

Smaller but still significant is the difference of the root mean square height Sq, which amounts
to 39%. This shows that Sq, being a parameter that is supposed to characterise the overall
surface quality [137], is very sensitive local extreme values, which are in this case caused by the
measurement setting.

Considering the selected parameters from the material ratio curve, the difference is relatively low,
namely 12% for the core height Sk and 4% for the reduced valley depth Svk and hence react
less sensitively to the size of the spike artefacts.

X = 352.6 ym
¥ = 250.3 pm
Z=367.7 pm

X = 352.6 pm
¥ =250.3 pm
Z=228.6pm

10 0 350 0

Figure 40.: Spikes in confocal raw data of as-built Ti6Al4V. Top and bottom images show identical
locations on the surface with different Az setting

Table A.9 summarises the above-mentioned numerical values. When comparing the surface
texture parameters for both data sets it is also notable, that while all other values increase with
increasing Az, Svk decreases slightly. This is possibly due to the spikes creating an increased
number of data points, not only in the peak, but also in core portion of the profile, resulting
in a slightly flatter main slope. Since the z-range in this case was only extended in positive
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Table A.9.: ISO 25178 parameters for Az = 229 ym and Az = 368 pm (S-filter 2.5 pm, L-filter 0.5 mm)
Parameter Az =229 pm Az = 368 pm  Deviation

Sq / pm 24.38 39.83 39%
Sz / pm 191.40 320.80 40%
Sk / pm 59.54 67.44 12%
Svk / pm 14.31 13.78 -4%

direction (“peak portion”), the effect on the valley parameter is small. For detailed information
on the material ratio curve parameter calculation, please refer to [82, 137]. These results clearly
show the necessity of properly post-processing data from confocal microscopy (and other optical
methods) in order to mitigate the effect of measurement artefacts.

Previous round-robin testing on best-practice measurement and characterisation of surface
texture with different labs has shown that some users are unfamiliar with how to choose
post-processing settings for raw data from optical measurement, which supports the previous
statement.

3.2. Outlier Removal and Non-measured Points

Depending on the chosen strength of the applied outlier removal, the non-measured points (NMP)
amount to roughly 15% for the setting ‘soft’, 20% for ‘normal’ and 30% for ‘strong’ for both
data sets.

In general, a trend of lower parameter values for stronger outlier removal was observed (Table A.11).
The strongest effect is on Sz, since with removing more spikes, more extreme values are
eliminated.

When removing a spike, it is usually eliminated starting from its root, which is why there are
data points missing within the core part of the profile, as visible in Figure 41 and Figure 42,
causing differences in Sk, Svk and Sq.

Table A.10.: Non-measured points, dependence on outlier removal strength and Az

Data Set / Az =229 ym Az = 368 pm
Outlier Removal

Soft 15.55% 14.52%
Normal 20.15% 19.20%
Strong 31.75% 30.08%

3.3. Interpolation of Non-measured Points

Filling the NMP with interpolated values causes a variation of parameter values of up to 11% for
Az = 229 pm and 12% (Table A.11) for Az = 368 pm. The parameter Sz is not affected by the
interpolation.

This issue is illustrated by an extracted profile with nearly 18% NMP and interpolated points
in Figure 41. After the outlier removal step, data is mainly missing in the core portion (close
to the centre line) of the profile. The material ratio curve is hence gaining core material when
interpolating NMP, resulting in flattening the curve (more data points per height level), which
causes a slight decrease of Sk and a slight increase of Svk. Figure 41 and Figure 42 clearly show
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Table A.11.: Resulting ISO 25178 parameters for variation of outlier removal strength and fitting
non-measured points for Az = 229 pm

Soft Normal Strong

Sq (NMP) / pm 2285  22.81 2254
Sq (NMP filled) / pm  22.63 2244  21.88
Deviation 1% 2% 3%
Sz (NMP) / pm 186.40  184.00 170.80
Sz (NMP filled) / pm  186.40  184.00 170.80
Deviation 0% 0% 0%
Sk (NMP) / pm 5526 55.15  54.36
Sk (NMP filled) / pm 54.58  54.03  52.60
Deviation 1% 2% 3%
Svk (NMP) / pm 1342 13.05 11.86
Svk (NMP filled) / pm  14.18  13.98  13.16
Deviation -6% 1% -11%
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Figure 41.: Profiles extracted from Az = 229 pm data set: Original (top), after outlier removal with NMP
17.8% (middle) and with interpolated NMP (bottom)

the difference between ‘normal’” and ‘strong’ outlier removal. The interpolated curve in Figure 41
still shows some sharp edges while Figure 42 is relatively smooth.

4. Conclusions

The presented data show that changing measurement settings and use of different post-processing
options can cause a large variation on surface texture parameters (up to 40%). Many publications
do not state the applied steps. In addition, round-robin testing, where metal additive surface
measurement and characterisation were compared, showed that there are users who are unfamiliar
with post-processing of raw data from optical measurements. In order to ensure reproducibility
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Figure 42.: Profiles extracted from Az = 229 nm data set: After outlier removal with NMP 29.5% (top)
and with interpolated NMP (bottom)

of results, specification, documentation and standardisation are essential. Outlier removal and
interpolation of non-measured points may have a significant effect on the resulting parameters.
Outlier removal settings have the strongest impact on the extreme value Sz. Filling in NMP does
not alter Sz but does have an influence on the material ratio curve parameters Sk and Svk and
the root mean square Sq due to the addition of data points in the core portion. When choosing
the appropriate setting for outlier removal for one’s confocal microscopy data, it is recommended
to take a look at the 3D view to check the spikes’ size and quantity. The authors will mostly
use the ‘soft’ or ‘normal’ setting in MountainsMap® 9.2, to keep as much of the measured data
as possible while getting rid of the artefacts. The NMP interpolation, although adding points
that were not measured may distort the results, is considered a valid approximation, since the
measured surface is continuous. Due to the large number of settings to be varied, the strong
impact of their modification and lack of standardisation, the application of optical measurement
systems requires a high level of expertise. A major advantage of confocal measurements and
other optical systems is the areal coverage, allowing for three-dimensional data acquisition (with
the limitation to line-of-sight) rather than just a single profile as attained from the stylus method.
This does not only accommodate a better representation of the surface from a statistical point of
view, but also enables the characterisation of process-specific surface features, such as powder
particle agglomerations in LPBF.
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A.3. Publication 3 — Influence of Contour Scan Variation3

Abstract: Metal additive manufacturing technologies have great potential for future use in load-bearing
aerospace applications, requiring a deeper understanding of mechanical performance and influencing factors. The
objective of this study was to investigate the influence of contour scan variation on surface quality, tensile and
fatigue strength for laser powder bed fusion samples made of AlSi7Mg0.6 material and to create high-quality as-built
surfaces. The samples were produced with identical bulk and different contour scan parameters to accommodate
the investigation of the impact of as-built surface texture on mechanical properties. The bulk quality was evaluated
by density measurements according to Archimedes’ principle and tensile testing. The surfaces were investigated
using the optical fringe projection method, and surface quality was assessed by the areal surface texture parameters
Sa (arithmetic mean height) and Sk (core height, derived from material ratio curve). Fatigue life was tested at
different load levels, and the endurance limit was estimated based on a logarithmic-linear relation between number
of cycles and stress. All samples were found to have a relative density of more than 99%. Surface conditions
distinctive in Sa and Sk were successfully created. The resulting mean values of the ultimate tensile strength o+
are between 375 and 405 MPa for 7 different surface conditions. It was confirmed that the influence of contour
scan variation on bulk quality is insignificant for the assessed samples. Regarding fatigue, one as-built condition
was found to perform as well as surface post-processed parts and better than the as-cast material (compared to
literature values). The fatigue strength at the endurance limit for 10° cycles is between 45 and 84 MPa, for the

three considered surface conditions.

1. Introduction

Additive manufacturing (AM) technologies, in particular laser powder bed fusion (LPBF), are
of extraordinary interest to the aerospace industry. Advantages of these technologies include a
large increase in geometrical freedom and potential savings of material and overall production
cost [1, 2, 120, 162).

It is also desirable to use AM technology in load-bearing applications, but standards for part
certification and quality assurance are not yet established. Hence, there is currently still a
restriction to non-critical parts in aerospace systems [7, 13]. Part of the work done to gain
an understanding of the process—material-property relations needed as a foundation for part
qualification is summarised in Section A.3. Section A.3 explains the contribution of this work to
that same understanding.

1.1. Mechanical Properties of LPBF-Processed AlSi Alloys

Different review papers have suggested that there is an extensive number of studies on LPBF
processing of materials like Ti-64 [8, 39-41, 163], Inconel 718 [22, 42, 43, 163] or 316L steel [44—
47, 164]. LPBF-processing of aluminium alloys, however, has only gained importance in recent
years [9, 20, 49-52]. Aboulkhair et al. found that this is related to the particularly challenging
properties of aluminium alloys and aluminium alloy powders for laser processing. The powders
are generally characterised by low flowability, which impacts powder layer recoating, and are
prone to oxidation, causing porosities. Moreover, the high reflectivity of the common LPBF
process wavelength range, low laser absorption and high thermal conductivity result in a need
for high laser power [20].

3 Published as: Buchenau, Theresa; Amkreutz, Marc; Briining, Hauke; Mayer, Bernd (2023): Influence of Contour
Scan Variation on Surface, Bulk and Mechanical Properties of LPBF-Processed AlSi7TMg0.6. In: Materials 16
(8), S. 3169. DOI: 10.3390/mal6083169
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Nonetheless, LPBF processing of aluminium alloys is interesting, especially for lightweight
construction applications, as they are lightweight, strong, corrosion-resistant and highly weld-
able. Combined with the geometrical freedom enabled by LPBF processing, they are suit-
able for tailoring parts for numerous purposes within automotive, aerospace and other indus-
tries [20].

The best LPBF-processable alloys are aluminium-silicon-based, and the most commonly-
investigated one is AISil0Mg. The silicon phase in the solidified LPBF material contributes to
limit crack initiation and propagation due to the LPBF-typical fine microstructure and improves
its tensile strength as compared to the cast material [1, 51, 53].

In particular, the alloys AlISil0Mg, AlSi12 and AlSi7Mg are considered ‘highly printable’ [51].
For these materials, ultimate tensile strength (UTS) values between 300 and 450 MPa in as-built
condition are reported [1, 26, 29, 31, 32, 51, 105-110].

Many publications assess the effect of heat treatment [24, 26-32, 37], and there is some work
addressing the effect of surface post-processing [33-36] or positioning on the build platform
[37, 38] on mechanical properties.

In this section, an overview of recent work on mechanical properties is given. The focus is on
investigations on tensile and fatigue behaviour of LPBF-processed aluminium alloys, particularly
the AlSi7TMg0.6 alloy.

Tensile Properties: Yang et al. investigated the effect of heat treatments on microstructure
and mechanical behaviour anisotropy for the AlSi7TMg0.6 alloy. They observed the typical
LPBF fine microstructure in as-built condition due to the material’s fast cooling rate and a
resulting higher strength than the as-cast alloy. Of the heat-treated samples, directly aged (T5)
samples showed the highest strength and stress-relieved samples showed the largest elongation at
fracture [29].

Similarly, Rao et al. found better tensile strength in as-built LPBF compared to the as-cast condi-
tion and observed that stress relaxation had a negative effect on yield strength (YS) and UTS while
causing a slight improvement in ductility. A short solution heat treatment improved ductile beha-
viour, and a longer treatment led to a decrease in YS and ductility [26].

Pereira et al. compared microstructure and mechanical properties of AlSi7TMg0.6 from LPBF
and investment casting. They found that mechanical properties of LPBF can exceed aerospace
qualification requirements for heat treated (T6) investment casting parts. They used direct ageing
heat treatment to improve ductility and hardness of LPBF-processed samples while maintaining
a similar tensile strength as compared to as-built samples (e.g., mean UTS (as-built, vertical) of
435 MPa, after heat treatment 431 MPa) [31].

Zhang et al. looked into the effect of heat treatment for Er-containing AlSi7Mg0.6 and found
that tensile properties are superior to the non-Er-containing alloy. The applied heat treatments
improved ductility from 8% up to 19% for stress-relieved samples (with reduced tensile strength).
Direct ageing and T6 heat treatment both resulted in increased YS [32].

Advantages and disadvantages of different heat treatments compared to as-built ones were
discussed by Mauduit et al. Amongst others, they found that the investigated heat treatments
soft annealing and T6 resulted in isotropic mechanical properties. Soft annealing reduced tensile
strength but removed residual stresses, artificial ageing created the best UTS, but samples
exhibited anisotropic mechanical properties. As-built samples already reached good mechanical
properties but showed anisotropy. However, not applying heat treatment led to shorter production
time and was less expensive [30].
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Menezes et al. evaluated the effect of orientation on the build plate for as-built and heat-treated
samples. Both conditions showed anisotropic behaviour, where vertical specimens had lower
YS and higher UTS. Comparing artificially aged and as-built samples, the latter showed lower
YS [165].

Next to vertically (90°) and horizontally built (0°) samples, Denti included specimens built at a
45° angle in their investigation and observed a (slight) tendency for increasing tensile strength
and decreasing elongation at fracture for steeper build angles [166].

In addition to heat treatment, Han et al. looked into the effect of laser surface remelting (LSR)
for LPBF-processed AlSi10Mg and found that Ra (arithmetic mean of profile height variation)
can be significantly improved by LSR. For as-built surfaces, they report an Ra > 19 pym that
improved to values below 1 pum for LSR-processed samples. In addition, LSR led to increasing
micro-hardness. The applied heat treatment led to reduced tensile strength and improved
ductility from 6% to 22% [24].

Fatigue Properties: A full tension—tension loading Wohler curve assessment with R = 0 of the
AlSi7TMg0.6 alloy using an endurance limit of 2 x 10° cycles was performed by Bassoli et al. [115].
They obtained a result of 60 4+ 5.3 MPa and found that the alloy’s fatigue performance under the
applied processing conditions was slightly lower but still comparable to reported literature values
for the AlSi10Mg alloy [167]. Surface texture parameters were not specified, but they mentioned
that the samples had not received any post-treatment.

Grande et al. [37] investigated the relationship of heat treatment and tensile strength as well
as the effect of position on the build platform on fatigue life. They produced specimens with
densities > 98.8% and as-built YS of 222 MPa and UTS of 417 MPa. They found that stress
relief reduced tensile performance. Their fatigue results suggest that the position on the build
platform does not have a significant influence on the endurance limit (at 107 cycles: 127 MPa,
internal vs. 137 MPa external regions) of the heat-treated specimens. Fatigue samples were
sandblasted to improve surface texture prior to fatigue testing.

Denti and Sola [34] looked into the effect of different post-processing technologies (e.g., sand-
blasting, plastic media blasting and laser shock processing) on axial fatigue. They found that
the evaluated surface processing techniques improved the areal arithmetic mean surface height
deviation Sa by up to 77%. The lowest Sa values were achieved by plastic media blasting. The
peak stress level at the endurance limit of 2 x 105 was improved by up to 80% with respect to the
as-built 0,4, of 50 MPa. Fatigue performance was also improved by post-processing techniques
not enhancing the surface quality, which led them to the conclusion that both the improvement
of surface quality and the introduction of compressive residual stresses can play a role when
looking at LPBF-processed aluminium alloy parts.

The impact of sample location on the build platform, orientation and variation between production
batches was studied by Cacace et al. [38]. By analysing mechanical property data of three batches
with randomly allocated sample positions, they found that part position did not have an influence
on tensile strength but did affect low cycle fatigue performance.

Nasab et al. [168] investigated the combined effect of volumetric and surface defects. They looked
into as-built surfaces with different contour scans, trying to promote typical defects to show
their effect on rotating bending fatigue. The defect depths were analysed by optical line-of-sight
measurement, as well as polished cross-sections. Material removal depths of up to 200 um
were suggested, depending on the surface condition. They state that contact and non-contact
surface texture measurements cannot provide information on fatigue-critical surface features as
comprehensively as investigations into polished cross-sections.
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In previously published work, the authors of this paper evaluated crack initiation behaviour
and surface fatigue relations for Al1Si7TMg0.6 for three different groups of as-built samples. We
assessed the applicability of valley depth Sv and reduced valley depth Svk and found that Svk
is especially useful when considering coarser as-built surfaces, since they tend to exhibit crack
initiation from multiple surface defects [137].

1.2. Motivation and Objective

Most of the studies summarised deal with the influence of heat treatment and build direction
(horizontal /vertical) on tensile properties. While tensile properties are an important starting
point in understanding a material’s mechanical behaviour and are certainly relevant for various
applications, for many aerospace, automotive, biomedical or other industrial purposes, resistance
to periodic loading is of interest. In regard to fatigue life, surface texture plays an important
role [1, 7].

The majority of studies including the effect of surface condition on fatigue performance of the
LPBF-processed AlSiTMg0.6 material, as well as other aluminium alloys and other typical LPBF
powder materials (e.g., Ti-64, 316L steel or Inconel 718), evaluate the application of different
surface post-processing strategies, e.g., [33, 36, 39, 41, 44, 112-114].

However, especially when considering complex geometries or parts with inner surfaces that are
difficult to access with post-processing tools, it is desirable to produce as-built surfaces (including
near-surface regions) good enough to perform reasonably well under cyclic loading. In addition
to accessibility issues, using as-built parts saves time and cost due to reducing processing steps,
since extensive post-processing becomes unnecessary.

In this paper, the effect of the as-built surface condition on mechanical properties is discussed.
The ultimate aim is to create high-quality as-built surfaces.

The first step is to create distinctive as-built surface conditions by varying contour scan parameters
(Section A.3). Afterwards, the effect of these variations on bulk quality, characterised by density
(Section A.3) and UTS (Section A.3), is investigated. Finally, a first selection of fatigue results is
presented, showing the influence of as-built surface condition on fatigue resistance at a load level
of 0.50,;; and the endurance limit (Section A.3).

2. Materials and Methods
2.1. Manufacturing

The evaluated samples were manufactured in an LPBF process on a Trumpf TruePrint 1000
from AlSi7TMg0.6 aluminium alloy powder. The powder composition along with mass fractions
of alloying elements are shown in Table A.12. Specifications of geometries and manufacturing
settings are given subsequently.

Table A.12.: AlSi7TMg0.6 powder composition: mass fraction per alloying element
Al Si Mg Ti Fe
93.13 6.15 0.6 0.09 0.05
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Sample Geometry: Two kinds of samples are used in this work: cuboids (height 10 mm,
width 10 mm, thickness 5 mm) and fatigue specimens according to ASTM 466-15 [169] (height
80 mm, smallest cross-section 6 mm, thickness 3 mm). The latter type is shown in Fig-
ure 43.

Manufacturing Parameters: Detailed information on the manufacturing process is presented in
Tables A.13 and A.14 as well as Figures 43 and 44.

Powder layers were exposed to the laser by a pattern of parallel lines in the bulk, changing direction
by 66° after each layer, and a continuous scan of the geometric contour. Sky writing was applied to
ensure the laser source was moving at the chosen speed prior to exposure.
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Figure 43.: Top view: sample orientation with respect to coater (top left); example of build job layout
(bottom left); individual tested sample (middle); finished build job on platform (right)
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Figure 44.: Exposure strategy for bulk and contour scan: bulk scan direction is rotated by 66° (schematic
representation, not true to scale) after each powder layer application

The samples were placed on the build platform at a 45° angle with respect to the coater and
gas flow, as shown in Figure 43. This angle was found to be most suitable regarding surface
texture. In preliminary studies, comparable surface texture parameter values were found for
both sides of the sample, supposedly because the effects of coater and gas flow compensate
each other.

Bulk scan parameters were identical for all samples, as specified in Table A.13, and originate
from a previous density optimisation study.

The contour scan parameters were varied, intending to achieve a variation of surface proper-
ties. Maintaining layer thickness, hatch distance and laser power, the scan speed was modified
between 300 mm/s and 1800 mm/s, paired with the settings with and without additional
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pre-sinter at 50% laser power, resulting in a total of 10 manufacturing parameter combina-
tions.

The samples with identical parameter combinations were named with a designated letter according

to Table A.15, with consecutive numbering; e.g., A1 — Contour parameter set A (scan speed
300 mm/s, with pre-sinter), mechanical testing sample No. 1.

Table A.13.: Bulk scan parameters

Material Layer Hatch Dis- Scan Speed Laser Pre-Sinter
Thickness tance Power
AlSi7TMg0.6 30 pm 0.12 mm 1000 mm/s 195 W No

Table A.14.: Variation of contour scan parameters

Material Layer Hatch Dis- Scan Speed Laser Pre-Sinter
Thickness tance Power
300 mm/s
600 mm/s Yes
AlSi7TMg0.6 30 pm 0.12 mm 900 mm/s 195 W
1200 mm/s No
1800 mm/s

Table A.15.: Naming of sample groups based on contour scan variation
Scan Speed in mm/s 300 600 900 1200 1800
Pre-Sinter A C E G I

No Pre-Sinter B D F H J

2.2. Characterisation and Testing

Surface Texture: The surfaces were measured using a Keyence VR3200 fringe projection system.
The micro camera setting at a magnification of 40x was applied, resulting in a lateral resolution
of 7.4 nm. For the cuboid samples, selected ISO 25178 areal parameters were evaluated for a
square area with an 8 mm length, measured perpendicular to the build direction on the side
facing away from the coater, as indicated in Figure 43. A linear level operation, an S-filter of
20 pm and an L-filter of 0.25 mm were applied.

The chosen areal surface texture parameters to assess surface quality are Sa, the arithmetic mean
height, and Sk, the core height from the material ratio curve. Sa was selected due to its common
use in research and industry [6]. Sk is used because it gives more distinctive information on the
surface texture (for details, refer to [17], p. 56).

The surface fatigue relation is shown using the material ratio curve parameter Svk, which is
the reduced valley depth. The parameter was chosen because it describes the size of the valley
population on the considered surface, rather than individual extreme values such as the maximum
height Sz and the maximum valley depth Sv. More details can be found in [137]. Sa, Sk and
Svk are defined in the ISO 25178-2 standard [16].
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Density: The first step toward the assessment of bulk quality was the measurement of part dens-
ity. For this purpose, the cuboid samples were weighed in air and ethanol using the Mettler Toledo
Delta Range XS603S precision balance. The density was calculated according to Archimedes’
principle as specified in ISO 3369 [170]. Each measurement was performed three times, and the
final density result reported per sample is the respective mean value.

Tensile Testing: The tensile strength was tested using a ZWICK/Z050 in accordance with
ASTM E8M [171]. A preloading of 35 N and a speed setting of 0.48 mm/min were selec-
ted.

The required cross-sectional areas of the tested specimens were obtained from digital caliper
measurements.

Fatigue Testing: Fatigue life was tested on a DYNA-MESS 4S 20kN Z/D system at a frequency
of 20 Hz and a stress ratio R = 0.1. The load levels were defined with respect to the mean
value of the UTS for the tested surface conditions, oyt mean = 392 MPa. Corresponding values
are specified in Table A.16.

Table A.16.: Load levels and stress values for o, = 392 MPa and R = 0.1 [137]
Load Level 0 pmaz/0uit Omaz/MPa  omin/MPa  opean/MPa

0.4 156.8 15.7 86.2
0.5 196.0 19.6 107.8
0.6 235.2 23.5 129.4
0.7 274.4 274 150.9

2.3. Workflow Summary

Figure 45 gives an overview of this work’s process steps.

At the first manufacturing stage, 30 cuboid samples were made. All of these were manufactured
with identical bulk scan parameters, paired with 10 variations of contour scan parameters,
resulting in 3 cuboid samples per parameter set combination.

Afterwards, the cuboids’ densities and surfaces were measured in order to get a first assessment
of bulk quality and a rating based on the surface quality. Based on these evaluations, parameter
sets were selected to produce samples for mechanical testing.

For seven manufacturing parameter sets chosen based on the cuboid assessment, six samples
each were made for tensile testing. Tensile testing according ASTM E8M [171] was per-
formed.

Finally, fatigue life was tested for a first selection of contour parameter sets, and their relationship
with surface texture is discussed.

Manufacturing I ‘ | Characterisation ‘ | Manufacturing IT ‘ ‘ Mechanical Testing I | | Mechanical Testing II
. + Density (Archimedes) + Tensile testing + Fatigue testing
+ 30 Cuboids y
(3 per parameter set) « Surface texture « Samples for tensile and « 3 parameter sets, 3 - 10
perp (Fringe Projection) fatigue testing + 7 parameter sets, samples per load level
+ Identical bulk paired with ] ) o 6 samples per set and/or .surface condition
» Selection of surface « 7 parameter sets, based on « Evaluation of endurance
10 sets of contour scan e . : : P N
conditions based on Sa previous evaluation + Assessment of bulk quality limit and surface-fatigue
parameters . .
and Sk values based on tensile strength correlation

Figure 45.: Workflow summary.
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3. Results and Discussion of Preliminary Findings

The results presented in this section comprise density and surface texture characterisation of the
cuboid samples. The outcome is a selection of contour scan parameter sets for manufacturing
the specimens for mechanical testing.

3.1. Surface Texture

Visual Perception of Surface Quality: From visual inspection of the microscopic images in
Figure 46, it can be observed that, at first sight, a variety of as-built surface conditions was
achieved.

The A and B conditions look mostly smooth with small dots and few linear defects (length below
1 mm, oriented parallel to the layers). Increasing the contour scan speed, surfaces appear to have
more and bulkier linear defects (C and D). The D image also seems a little blurry, which is a sign
of increasing height variation on the surface. This effect becomes more clear when increasing
scan speed even further (E and F). On surface F, there are a few circular shadows present,
which may be spatter or local accumulations of powder particles. Surfaces G to J are hardly
distinguishable visually. All show circular shadows of different sizes, which are mostly particle
agglomerations and accumulations, and an underlying irregular structure. Surface G shows some
darker areas, which may be an issue of different lighting conditions or height differences on the
surface itself.

With increasing scan speed, the energy absorbed by the powder in the scanned path decreases.
Due to the low energy, powder particles are only partially molten and attached to the surface,
causing coarse surface quality.

Contour scan
with pre-sinter

Simple contour

Figure 46.: Microscopic images of samples with variation of contour scan speed, from lowest (left) to
highest (right)

Selection of Contour Variation for Mechanical Testing from Surface Texture: Figure 47 shows
Sa (left) and Sk (right) values. The surface conditions are sorted by contour scan parameters.
To the right, results for sample sets exposed to pre-sinter are presented, while to the left of each
graph, results for simple contour scans are shown. The scan speed increases from the middle to
the edge.

The graphs give the mean (blue line) + two standard deviations (SD, dashed blue line). Colours
mark the surface conditions that are distinctive per a 95% confidence interval (+£2SD) applied to
the parameter results for Sa and Sk. The first group (red) includes surface conditions A to D;
conditions E and F form the second group (green); conditions G and H (purple) are the third
group; and finally, the fourth group (orange) comprises conditions I and J.
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A superficial look at the graphs presented in Figure 47 already confirms that the objective of
creating surfaces with varying surface quality was met. This is also supported by the microscopic
images in Figure 46. Numerical values are included in Table A.21.

Based on the graphs, parameter sets to produce specimens for mechanical testing were selec-
ted.

From the smooth (red) group including surface conditions A to D, A was chosen as the set
with the lowest mean values for Sa and Sk. C and D were selected to compare the possible
impact of pre-sinter with otherwise identical process settings (see Table A.15). G and H from
the purple group are both considered for the same reason as conditions with higher parameter
values.

Conditions E and F (green group) show comparable mean values for Sa and Sk, and it was
decided to use set E, as it was the original starting parameter set of the contour variation study,
and to discard condition F.

Parameter set J is chosen as the set with the highest mean value for Sa. Condition I, as the
second coarse texture set (orange group), has a larger SD for both considered surface texture
parameters and was discarded.

In summary, the following contour parameter sets are applied to produce the specimens for
mechanical testing;:

o Smooth surface parameter sets A, C and D (red group),
o Original parameter set E (green group),

o Coarse (purple group) and very coarse (orange group) parameter sets G, H and J.

3.2. Density

The data shown in Figure 48 confirm a density of over 99% for all of the measured samples,
denoted by the grey squares in the graph, with a reference density of 2.68 g/cm? (theoretical
maximum).

When taking a 95% confidence interval (2SD), denoted by the dashed blue whiskers, into account,
data sets A and B are below that 99% value. Data set A has a lower boundary value at 98.84%,
which is also the lowest overall value.
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Figure 47.: Sa and Sk for samples with different contour scan; L-filter 0.25 mm, S-filter 20 pm,
Mean + 2SD

From all data sets, the only statistically distinctive sets considering the depicted 95% confidence
interval (2SD) are B and G. However, they cannot be distinguished from the remaining data sets
by that requirement.
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In Figure 48, an increasing tendency of density for higher scan speed (A—lowest scan speed to J—
highest scan speed) is observed. Supposedly, this is caused by the occurrence of closed porosities
that can not be filled with ethanol during weighing. Possibly, the close proximity of the cuboids on
the build platform during production plays a role as well, as the trend cannot be observed in the
density data of the mechanical testing samples included in Table A.22.

However, the overall mean and %SD including all 90 measured values (3 samples each for 10
contour parameter sets, 3 measurements each) are 99.5% and 0.3%, respectively. The mean
and %SD taking individual groups A to J into account amount to 99.5% and 0.17%, respect-
ively.

In conclusion, the evaluated sample sets are considered comparable. It is found from the presented
results that the bulk scan parameters predominantly define the part density. Thus, varying contour
scan parameters has no statistically significant influence on the density.
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Figure 48.: Density per manufacturing parameter set, mean 4+ 2SD; reference density: 100% = 2.68 g/cm?

4. Results and Discussion of Mechanical Characterisation
4.1. Tensile Properties

Figure 49 shows the tensile testing results for longitudinal specimens manufactured using the
contour parameter sets A, C, D, E, G, H and J. Density values for the mechanical testing
samples, along with all numerical data presented in Figure 49, are included in Appendix
A.

Similar to the results from density determination, there is no statistically significant difference in
UTS. The mean values of the individual surface conditions are between 374 and 406 MPa. For
context, values reported in the literature for as-built of the same material and build direction
vary from 300 MPa [115] to over 400 MPa [26, 30, 37]. For the cast alloy with T6 heat treatment,
typically values of UTS between 320 and 360 MPa are reported [26]. Hence, the tested samples
perform equally well or better than other as-built LPBF AlSi7Mg0.6 specimens and mostly
exceed the strength of the cast material.

From the graph, it can be observed that the standard deviation increases for rougher surface
textures. A possible influencing factor is the caliper cross-section measurement, since the UTS
depends on the cross-sectional area. The caliper may be locked by protruding features, leading
to variation in measured cross-section.
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Moreover, the combination of line energy and powder application is a potential explanation.
Poor flowability properties affect the homogeneity of powder dispersion within a layer. At higher
contour scan speeds, the high reflectivity and fast heat dissipation may lead to irregular density
of molten material, causing coarser surface texture and different microstructural properties. The
latter will have to be confirmed by a microstructural analysis.

The overall SD of UTS values, including all 40 test results, is low—3.8% (14.94 MPa). The SD
within each group (1.3% to 4.4%) is of the same order of magnitude as the SD between the groups
(2.5% between mean values). Hence, the sample groups produced with different contour scan
parameters are considered comparable with regard to tensile strength.
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Figure 49.: Ultimate tensile strength for seven different surface conditions, mean + 2SD

4.2. Fatigue Properties

The fatigue testing results for surface conditions A, E and G for load levels 0,42 /04 0.4, 0.5,
0.6 and 0.7 are presented in Figure 50. The smoothest surface condition, A, has the best fatigue
performance for all load levels and low scatter, as expected. Even for the highest tested load
level, cycle numbers above 10* are reached. Surface condition E exhibits some scattering for
higher load levels, while condition G already shows scatter for load level 0.50,;;. A clear tendency
towards higher fatigue resistance for smoother surfaces is visible. The same is reported in surface
fatigue studies that include post-processing [34, 36, 39, 41, 44, 113]. A possible explanation
for the scatter on E and G is that, for these sample groups, the non-linear low cycle regime is
reached. On a Wohler curve, the logarithmic-linear relationship between stress and number of
cycles is only valid in the high cycle fatigue regime [116]. Another reason may be the coarser
surface texture caused by lower line energy and the possibly uneven powder distribution, as
previously mentioned in Sections A.3 and A.3.

The data in Figure 50 were previously published in [137], where the following sample naming was
used: A—AsB-smooth, E—AsB-medium and G—AsB-rough. In [137], more detailed evaluations
of surface texture and crack initiation are shown.

Comparison with As-built Surface Data from Literature: To allow for comparison with
surface quality data from the literature [37, 38, 168], Table A.17 contains surface texture
parameters generated with the respective cut-off values for one sample per surface condi-
tion.
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Figure 50.: 0 — N-curve for surface conditions A (AsB-smooth), E (AsB-medium) and G (AsB-rough),
reference stress o, = 392 MPa. Reproduced from [137]

Ra was determined from a 12 mm line profile, as indicated by Cacace et al. [38]. Sa and Sv
were calculated from a 3 mm x 20 mm measured area. For measurement details, refer to [137].
A cut-off L-Filter of 0.8 mm was applied, as applied by Nasab et al. [168]. Please note that,
deviating from Nasab et al., a least squares plane F-operation was used. The difference in
F-operation is due to the sample geometries. This study assessed a flat sample geometry, while
Nasab et al. evaluated cylindrical specimens.

Table A.17.: Surface texture parameters for comparison with the literature, cut-off 0.8 mm; Evaluated for
one specimen per surface condition

Surface Condition Ra/pm Sa/pm Sv/pm
A (AsB-smooth) 3.153 3.478 20.09
E (AsB-medium) 5.649 6.987 93.78
G (AsB-rough) 7.362 9.316 96.57

Similarly to this paper, Nasab et al. [168] also used different as-built surfaces. However, taking a
closer look at their considered surface conditions denoted S01, S05 and S07, they report larger
Sv-values. Their best surface condition is SO1 with Sv = 112 pm, having the order of magnitude
of the roughest surface considered in this study, G (AsB-rough). S05 with Sv = 190 pm and
S07 with Sv = 205 pm largely exceed the values presented in Table A.17. In their work, they
induced defects to demonstrate their influence on rotating bending fatigue. They suggested a
minimum material removal based on surface texture parameter results to improve surface quality.
In contrast, this work was aimed at producing high-quality surfaces (described by Sa and Sk) in
as-built condition with no intention of surface post-processing.

Additionally, the samples investigated in this work have a smoother surface finish (see Table A.17)
in comparison with Cacace et al., who state an as-built Ra > 10 pm. They sandblasted the samples
to achieve an Ra < 10 pm, as required for standard fatigue testing. The same holds for Grande
et al., who reported an as-built Ra pm with 10 < Ra < 15 pm [37, 38].

Estimation of Stress at the Endurance Limit: The stress at the endurance limit was estimated
based on the horizon method, using the logarithmic-linear equation

lg(N)=m-lg(o)+c (A.1)
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as described by Einbock [116]. For the sample groups A, E and G, the mean values for each
load level were used to obtain their respective logarithmic-linear relations. The coefficients per
surface condition are given in Table A.18. For condition G, data points for load level 0.7 were in
the LCF range with Npeqn = 2.7 x 103. They are most likely not on the linear part of the S-N
curve and were therefore excluded from this calculation.

Table A.18.: Coefficients of logarithmic-linear equation lg(N) = m - lg(c) + ¢ for three surface conditions

Coefficient A (AsB-Smooth) E (AsB-Medium) G (AsB-Rough)
m —3.292 —3.244 —2.892
¢ 3.794 3.364 3.283
From this equation, the stress at endurance limit o7, was calculated for N;; = 109, Npo = 2x106

and Nr3 = 107 and is presented in Table A.19 and Figure 51. Nz, to Np3 were chosen to allow
for comparison with literature values [34, 36-38, 115, 117].

or2 = 49 MPa for surface condition E corresponds well with the experimental findings of Denti and
Sola [34] and Gatto et al. [36], who report mean values of 50 MPa for as-built specimens. Bassoli
et al. [115] found a slightly higher o2 of 60 MPa, which is in between groups A and E. However,
as they did not evaluate surface quality, no direct comparison is possible.

Cacace et al. and Grande et al. [37, 38] found experimental endurance limit stress values at
N3 = 107 between 122 and 137 MPa for different positions on the build platform, being three
times as high as found for A, the best performing condition studied here. As previously mentioned,
they applied a sandblasting finish to meet the requirement for fatigue testing. Not only did this
improve the surface finish, it also introduced compressive residual stresses, which prevent crack
propagation [34, 167].

Compared to the post-processed surface conditions presented by Denti and Sola [34] and Gatto
et al. [36], the A condition’s endurance stress matches the performance of laser shot processed
and metal shot peened (S70) specimens.

Considering conventionally manufactured parts, Dezecot and Brochu estimated a fatigue strength
of 73 MPa for as-cast A1Si7Mg0.6 material from investment casting [117] at Nz = 10%. Surface con-
dition A exceeds this value by 15%. This increased strength is supposedly related to the fine micro-
structure due to faster solidification of the material in the LPBF process.

Table A.19.: Estimated stress for different endurance limit values Ny,

Surface Condition A (AsB-Smooth) E (AsB-Medium) G (AsB-Rough)
or1 at Npp = 105/MPa 84 60 45
or2 at Nig =2 x 10°/MPa 68 49 35
or3 at Npg = 107/MPa 42 30 20

Relationship of Surface Quality and Fatigue: In addition to the surface fatigue relationship
shown in [137] for experimental values, this section presents data factorised to a load level of
0.50’ult.

The factorisation was done based on a linear regression across all data from the tested load levels.
The exponential fit of Svk vs. the number of cycles to failure data in Figure 52 is described
by

N = 159843~ 0-273-5vk (A.2)
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Figure 51.: Estimated stress for different endurance limit values Ny,

with R? = 0.8721. Numerical values for Svk are given in Table A.20. Apart from the previously
presented data for the A, E and G groups, there were also a few test results available from surface
condition C samples, which were included in this fit.

The reduced valley depth Svk, derived from the material ratio curve, was chosen because it
represents the valley population of a sample (within the measured area), as opposed to the
common parameters for surface fatigue correlations Sz and Sv, which are individual extreme
values and may not be representative of the considered surface.

This parameter choice is confirmed by the data shown in Tables A.17 and A.19. Surface conditions
E and G have comparable Sv but different Ra and Sa. As previously discussed, the fatigue life
for both groups clearly differs as well.

Furthermore, especially when looking at rougher surface conditions, cracks tend to start from
multiple locations at the surface. Among the tested samples, this was observed for all group G
specimens and half of group E specimens (for details, refer to [137]). Hence, considering the
specific nature of typical LPBF-processed surfaces, it makes sense to consider more than just
one extreme value per surface.
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Figure 52.: Exponential fit Svk vs. cycles to failure at 0.50,;



93

Table A.20.: Svk for fatigue-tested samples

Surface Condition Mean Svk/pm SD Svk/pm
A 3.105 0.271
C 5.296 0.539
E 6.028 0.431
G 8.321 0.890

5. Conclusions

This work aimed to produce samples with identical bulk and different surface quality, in-
cluding high quality, to assess the impact of as-built surface texture on mechanical proper-
ties.

The evaluation of as-built surfaces was motivated by the desire to apply LPBF for complex
geometries and inner surfaces, which may be complicated or infeasible to post-process. In
addition, achieving the same surface finish and fatigue performance without post-processing
saves time and resources.

The variation in surface texture was achieved by varying contour scan speed. The comparability
of bulk quality for the different sample groups was confirmed by means of Archimedes’ density
and tensile testing. The endurance limit was estimated based on four tested fatigue load levels.
The relationship between the reduced valley depth Svk for the different surface quality groups
was shown using data factorised to load level 0.50;.

The following main conclusions are derived from the presented work:

 Distinctive surface conditions with Sk (L-filter 0.25 mm) between 4 pm and 16 pm were
produced.

o All tested specimens have a density > 99%; thus, the influence of contour scan parameters
is considered insignificant regarding density.

o The ultimate tensile strength of 393 £ 9.98 MPa was found to be independent of contour
scan variation.

e Optimised contour scan parameters result in as-built quality superior to some post-processed
surfaces, enabling the reduction of processing steps and time.

« Condition A reaches a fatigue resistance of 84 MPa at 10° cycles, exceeding values for
as-cast and some surface post-processed literature results.

e The reduced valley depth Svk results in a good fit across the groups for the factorised
surface fatigue relation. Therefore, Svk was found to be a suitable parameter to describe
surface quality.
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Appendix A

Table A.21.: Sa and Sk for cuboid samples, 10 surface conditions L-filter 0.25 mm, S-filter 20 pm. With
pre-sinter (right), without pre-sinter (left)

Parameter Set J H F D B A C E G I

Scan Speed/mm/s 1800 1200 900 600 300 300 600 900 1200 1800
Sa/pm, Mean (N =3) 5.94 3.88 233 1.82 154 142 1.63 217 3.61 5.85
Sa/pm, SD 0.10 0.34 0.13 0.08 0.06 0.08 0.04 0.07 0.15 0.61
Sk/pm, Mean (N =3) 15.93 10.25 6.66 5.35 4.53 4.30 4.88 6.49 10.50 16.09
Sk/pm, SD 0.26 0.67 0.24 0.15 0.05 0.18 0.15 0.06 0.37 1.18

Table A.22.: Ultimate tensile strength and relative density of tensile samples. Reference density
2.68 g/cm?. Seven surface conditions.

Parameter Set A C D E G H J
N 6 6 6 6 6 5 5
ot/ MPa, Mean 391.63 405.90 401.42 400.87 388.79 387.96 374.21
ot/ MPa, SD 5.26 10.33 7.37 14.54 11.04 15.55 16.33

Relative Density/%, Mean 99.85  99.68 99.52  99.61 99.69 99.58  99.74
Relative Density /%, SD 0.17 0.15 0.18 0.11 0.17 0.28 0.20
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A.4. Publication 4 — Surface Texture and High Cycle Fatigue*

Abstract: The aluminium silicon alloy AlSi7Mg0.6 is gaining importance in additive manufacturing. This work
is showing a correlation of surface quality and fatigue properties of three different AlSi7Mg0.6 as-built surfaces
manufactured by laser powder bed fusion. All specimens were built in z-direction and the difference in surface
quality was achieved by variation of the contour scanning parameters in the manufacturing process. Focus of the
evaluation is on the reduced valley depth Svk rather than the commonly applied Ra (arithmetic mean of the line
roughness profile) and Rt (maximum total height of the line roughness profile) and their areal equivalents Sa and
Sz. Svk is derived from the material ratio curve and is a measure of the size of the valley population across the
sample. It was found to show a better correlation with number of cycles to failure than parameters based on local

extreme values such as Sz and Sv (depth of deepest detected valley).

1. Introduction

Additive manufacturing (AM) technologies enable geometrical freedom, material savings and
functional integration unimaginable with conventional subtractive methods. Laser powder bed
fusion (LPBF) is one of the most commonly used additive manufacturing technologies. Typical
surface features of as-built LPBF surfaces are powder particle agglomerations and re-entrant
features, leading to a high initial surface roughness, which is associated with poor fatigue
performance [2].

In recent years, aluminium alloys are increasingly used in AM due to their applications in the
automotive and aerospace industries. The interest in AlSi7TMg0.6 specifically has been growing as it
has good corrosion resistance, weldability and mechanical properties [30].

1.1. Surface Characterisation for Metal AM

Surface texture is often described by means of the ISO 4287 parameters Ra (arithmetic mean
of the line roughness profile) and Rt (maximum total height of the line roughness profile),
determined by use of contact stylus measurements [151]. Both, parameters and metrology, are
established and still widely used in industry and literature and likewise for metal AM surface
texture characterisation [6, 8, 14, 85, 91, 129, 135, 145, 147].

While the areal equivalents to those commonly used parameters, Sa and Sz, at least offer a more
statistically significant representation of the evaluated surface as compared to line roughness,
Sa and Sz are still sensitive to local extreme values and are certainly not the best fit when a
description of overall surface quality is required. Literature shows investigations on various ISO
25178 parameters, such as Sa, Sz, Sv (deepest valley depth) or Ssk (shift of height distribution
below or above mean plane, equal to zero for symmetrical distribution) [87, 172] and feature
based approaches [100].

In this work, parameters derived from the material ratio curve [16, 82], particularly the core
height Sk, reduced valley depth Svk and lower profile portion Smr2, are applied as they offer a
more robust description of the as-built LPBF surface condition [159].

4 Published as: Buchenau, Theresa; Amkreutz, Marc; Briining, Hauke (2021): Surface Texture and High Cycle
Fatigue of As-built Metal Additive AlSi7TMg0.6. In: Journal of Additive Manufacturing Technologies 1 (2), S.
531. DOI: 10.18416/JAMTECH.2111531
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1.2. Mechanical Properties of AlSi7Mg0.6 from Laser Powder Bed Fusion

Ultimate tensile strength values for AlSi7TMg0.6 specimens manufactured in an LPBF process
in vertical direction (layer-by-layer built-up perpendicular to the applied force in mechanical
testing), vary between approximately 300 MPa [115] and over 400 MPa [26, 30, 37]. This means
most of the values for as-built LPBF samples exceed the ultimate strength of the cast alloy with
T6 heat treatment, which is between 320 and 360 MPa [26].

There are only a few studies on fatigue behaviour of the AlSi7TMg0.6 alloy. Some work on rotating
bending fatigue with variation of LPBF contour scan parameters was done by Nasab et al.
[168]. Bassoli et al. [115] performed a full Wohler curve characterisation of one set of as-built
specimens.

1.3. Objective

Numerous studies look into the correlation of surface texture and fatigue properties for metal AM
parts, mostly utilising common parameters such as Ra, Rz, Rt, Sa, Sz or Sv [8, 14, 85, 129]. Liter-
ature mainly shows studies on different surface states obtained from post-processing [129] or from
variation of build orientation [8]. However, the latter also affects the bulk properties of a tested
sample, resulting in the assessment of a combined bulk and surface effect.

The fatigue specimens used in this work were manufactured with identical bulk parameters
and build orientation, only varying the contour scan parameters to obtain differences in surface
quality while maintaining bulk properties. By varying the contour scan speed, three different
as-built surface conditions could be achieved and analysed.

This work aims at showing the difference in mechanical performance under axial cyclic loading
for three as-built LPBF surface conditions of AlSi7Mg0.6 specimens and correlation of fatigue
life with alternative standardised parameters.

2. Material and Methods
2.1. Evaluated Samples

Three sets of samples of as-built surface condition exhibiting different surface quality and features
were created, namely AsB-smooth, AsB-medium and AsB-rough. The manufacturing conditions
on the Trumpf TruePrint 1000 LPBF system are given in Table A.23. The manufacturing
parameters only differ in the contour scan speed, the bulk parameters were identical. All samples
had a density higher than 99%.

Table A.23.: AlSi7TMg0.6 manufacturing parameters on Trumpf TruePrint 1000
Bulk Contour (smooth/ medium/ rough)
Layer thickness / pm 30 30
Hatch distance / mm 0.12  0.12
Laser power / W 166 195
Pre-sinter / [-] No  Yes
Scan speed / mm/s 1000 300 / 900 / 1200

The fatigue specimen geometry was developed in line with ASTM 466-15 with the following
theoretical geometrical specifications: Total height 80 mm, smallest cross section width 6 mm,
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and thickness 3 mm. Figure 53 shows a fatigue specimen after mechanical testing with indication
of build direction.

Macroscopic and microscopic visual inspection of the samples confirm that they indeed show
differences in surface quality. Differences in size and quantity of particle agglomerations can be
seen in Figure 54.

Figure 54.: Microscopic images of evaluated surface conditions, showing particle agglomerations of
different size and quantity: AsB-smooth (left), AsB-medium (middle) and AsB-rough (right)

2.2. Surface Characterisation

For the surface texture characterisation, the Keyence VR3200 fringe projection system was
used at a lateral resolution of 3.7 pm. In the style of the ISO 4287 line parameters, ISO 25178
areal parameters were evaluated by averaging results from 5 individual areas, illustrated in
Figure 55.

Figure 55.: ISO 25178 parameter evaluation: Mean values of 5 individual square areas of 2.5 x 2.5 mm?,

similar to the ISO 4287 line roughness calculation

The selected surface texture parameters are the commonly used areal parameters Sa (absolute
mean height), Sq (root mean square height), Sz (maximum total height) and Sv (maximum
valley depth), as well as the material ratio curve parameters Sk (core height), Svk (reduced
valley depth) and Smr2 (valley profile portion). Sk, Svk and Smr2 are illustrated in Figure 56.
Sk (spacing between horizontal green dashed lines) is determined from the intersection of
the curve’s main slope (red dashed line) with vertical lines at 0% and 100%. Swvk is the
height of a right-angled triangle (purple) enclosing an area equal to the valley portion area.
Smr2 marks the percentage above which the valley portion of the profile is depicted on the
curve. For more detailed information on the parameters briefly explained above, please refer to
[16, 82, 159).

2.3. Mechanical Testing

Fatigue testing was performed on a DYNA-MESS 4S 20kN Z/D system at a frequency of 20
Hz and a stress ratio R = 0.1. The load levels were defined w.r.t. the ultimate strength

acquired from tensile testing, o,y = 392 + 5 MPa, corresponding values are specified in
Table A.24.
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Figure 56.: Material ratio curve, determination of Sk, Svk and Smr2

Table A.24.: Load levels and stress values for o,;; = 392 MPa and R = 0.1
Load level 0pmaz/0ut  Omaz / MPa  omin / MPa  0pean /| MPa

0.4 156.8 15.7 86.2

0.5 196.0 19.6 107.8
0.6 235.2 23.5 129.4
0.7 274.4 274 150.9

3. Results and Discussion

3.1. Surface Characterisation

Table A.25 shows results of the commonly used parameters Sa, Sq, Sz and Sv and the material
ratio curve parameters Sk, Svk and Smr2. For each set of samples, at least 9 specimens were
included in the evaluation of mean and standard deviation values presented. When grouping the
parameters w.r.t. their contained information, Sa, Sq and Sk can be categorised as indicators
for the overall surface quality as they are related to the mean profile height. Sz, Sv and Svk
on the other hand, are measures for extreme values, while Sz and Sv are absolute maxima and
Svk represents an average value of valley depths. Smr2 is the profile percentage marking the
portion of the profile associated with valleys below the core material. It is believed that this
parameter has the potential to give an indication of the profile share critical for crack initiation.
In this work, Svk is interpreted as a measure for the average size of potential crack initiation
points present on the surface and is compared to Sv, the maximum valley depth, in particular
concerning the correlation with fatigue properties.

Looking at the results presented in Table A.25, the three considered as-built surface conditions
can be clearly distinguished by all of the chosen surface texture parameters. The standard
deviation is in the same order of magnitude for all mean/core height related parameters (Sa, Sq,
Sk) between 3% and 7%. For Svk, the standard deviation is slightly higher (up to 10%), while
it reaches between 8% and 28% for Sz and Sv. The large standard deviations for parameters
representing extreme values across the profile make sense as they are strongly dependent on the
measured location. This circumstance also results in the possibility of not detecting the deepest
valleys. Smr2 values of around 90% for all of the as-built surface conditions suggest that 10% of
the areal profile belong to the reduced valley portion. Svk values of 3.1, 6.0 and 8.3 um for the
smooth, medium and rough set, respectively, indicate the average depth of the corresponding
valleys.
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Table A.25.: Surface texture parameters for AsB—smooth, AsB-medium and AsB-rough, L-filter = 0.25
mm, S-filter = 8 um, Rgdj for Sz, Sv and Svk for exponential fit at 0.5%c;
Sa/pm Sq/pm Sk/pm Sz /pm Sv/pm Svk/pm Smr2/ %

R?2adj for 0.5*cult n/a n/a n/a 0.849 0.895 0.971 n/a
Mean 2.58 3.36 7.89 49.90 16.55 3.10 90.31
AsB-smooth St.-dev. 0.161 0.221 0.490 5.768 1.355 0.256 0.158
% St.-dev. 6 7 6 12 8 8 0.2
Mean 4.74 6.05 14.96 79.94 36.69 6.00 90.05
AsB-medium  St.-dev. 0.173 0.259 0.527 13.811 7.109 0.396 0.161
% St.-dev. 4 4 4 17 19 7 0.2
Mean 5.99 8.14 17.37 124.59 63.76 8.32 89.61
AsB-rough St.-dev. 0.222 0.314 0.558 23.561 17.918 0.839 0.446
% St.-dev. 4 4 3 19 28 10 0.5
3.2. Fatigue

The fatigue results for the three as-built surface conditions are presented in Figure 57. The
AsB-smooth samples clearly endure the highest number of cycles, AsB-medium and AsB-smooth
results overlap at load level 0.6*0,;;. The number of cycles to failure for the AsB-rough set
of samples at load level 0.4%0,;; and 0.5%0,;; correspond with values determined by Bassoli et
al., 2018. However, their study did not include surface quality of the tested specimens and was
performed at R=0 [115].
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Figure 57.: Fatigue results for three surface conditions at four load levels each. Load levels are specified
i.t.o. Oult

Looking at the fracture areas, it can be confirmed, that for the AsB—medium and AsB-rough
specimens, all cracks started from the surface, in many cases even multiple crack initiation was
observed, which is a common phenomenon for as-built AM surfaces [85]. 5 out of 10 AsB-medium
specimens and 9 out of 9 AsB-rough specimens exhibited multiple crack initiation from the
surface. Among the AsB-smooth specimens, only one case of multiple crack initiation from
the surface was observed. 5 out of 9 fatigue failures started from individual surface cracks,
3 out of 9 started from bulk defects. Table A.26 gives a summary of failure initiation for
all evaluated specimens, Figure 58 shows examples of the different observed types of crack
initiation.

The collected data confirms that AM surfaces with a higher roughness (i.e., higher density of
particle agglomerations) are more likely to experience multiple crack initiation during cyclic
loading, resulting in failure after a fewer number of cycles. Smoother as-built surfaces, such as AsB-
smooth, appear to be less likely to experience multiple crack initiation.
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Table A.26.: Crack initiation for specimens of the three evaluated surface conditions

Surface condition Total no. of samples Crack initiation type / No. multiple crack initiation
No. of samples

AsB-smooth 9 Surface / 6 1
Bulk / 3

AsB-medium 10 Surface / 10 5

AsB-rough 9 Surface / 9 9

Figure 58.: A / AsB-smooth (left): Crack propagation from bulk defect, E / AsB-medium (middle):
Crack propagation from surface defect, G / AsB-rough (right): Crack propagation from
multiple surface defects.

3.3. Fitting fatigue and surface quality data

When plotting data of all three surface conditions for individual load levels, an exponential
function results in a good fit for the data. Figures 59 and 60 show the number of cycles vs.
Svk and Sw, respectively. Comparing both curves, it can be observed that the Svk fit (red line)
is closer to the actual data points (grey squares) than for Sv, quantifiable by the respective
Rgdj—values of 0.971 (Svk) and 0.895 (Sv). Additionally, Table A.25 contains the Rgdj—value of
Sz, equal to 0.849.

The curve for the number of cycles to failure (no. cycles) as a function of Svk at a load level of
0.5%0; is described by

No. cycles (Svk) = 2.207 - 10° - 0.7016°F (A.3)

The presented results suggest that the Svk parameter gives a better correlation of the surface
condition and fatigue behaviour than Sv and Sz. Rather than only comprising information
on individual extreme values, it provides information on the valley population across a sample.
Especially when taking into account that multiple crack initiation from surface defects is a
typical cause of failure for as-built AM parts, it seems reasonable to use Svk when correlating
surface and fatigue properties. Also, the combination with Smr2 might be worthwhile looking
into.

4. Conclusions

At the current state of this research, the following conclusions can be drawn:

o The reduced valley depth Svk (derived from the material ratio curve) is more robust and
reproducible than maximum valley depth Sv and maximum total profile height Sz.

e The fatigue behaviour of as-built AlSi7Mg0.6 LPBF parts is strongly related to the surface
quality. AsB-smooth specimens hardly experience multiple crack initiation while it is
common for AsB-rough specimens.
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Figure 60.: Number of cycles vs. Sv for all surface conditions, exponential fit with Ridj = 0.895

e Rougher AM surfaces are associated with higher individual profile extreme values Sz and
Sv, which are frequently applied when correlating surface quality and fatigue behaviour.
However, these surfaces are also likely to exhibit multiple crack initiation, justifying the
shift toward using Swvk, which characterises the valley population present on the surface.

e Svk shows a better correlation than the more frequently used Sv with number of cycles to
failure for the evaluated load levels and surface conditions.

In order to fully characterise the fatigue behaviour of as-built LPBF AlSi7TMg0.6 parts, full
Woéhler curve assessment, residual stress measurement and fatigue limit determination for all
created surface conditions is ongoing. This will enable the application of existing models for

the correlation of fatigue and defects to less commonly used surface texture parameters like
Svk.
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A.5. Publication 5 — Surface Feature Parameters®

Kurzfassung: Additive Fertigungstechnologien (AM) bieten Potenzial fiir die Entwicklung funktional integ-
rierter Leichtbaukonstruktionen, biomimetischer Strukturen und Materialeinsparungen. Typischer-weise sind
die Oberflachen im Ur-Zustand (d.h., ohne Nachbearbeitung) durch Pulverpartikelagglomera-tionen und andere
typische Merkmale gekennzeichnet, was zu einer hohen initialen Oberflichenrauheit fithrt, die einen negativen
Einfluss auf die Dauerfestigkeit von Bauteilen hat. Um alle Vorteile der Technologie nutzen zu kénnen, miissen
die kritischen Oberflichenmerkmale fiir die Rissentstehung bei Ermiidungsbeanspruchung identifiziert werden,
insbesondere fiir Anwendungen in der Luft- und Raumfahrt. Ein erster Schritt zur Verwirklichung dieses Ziels
ist die Charakterisierung der Oberflachentextur auf Grundlage der Quantifizierung von Oberflichenmerkmalen
mittels Elementparametern. Ausgewéhlte Elementparameter werden fiir drei verschiedene Oberflachenzustédnde
von Aluminiumlegierungsproben aus dem Selektiven Laserstrahlschmelzverfahren (LPBF) ausgewertet und verg-
lichen.

Abstract: Additive manufacturing (AM) technologies show potential for the development of functionally
integrated lightweight designs, biomimetic structures and material savings. Typically, as-built surfaces are
characterised by powder particle agglomerations and re-entrant features, leading to a high initial surface roughness,
which is associated with poor fatigue performance. In order to make use of the full range of advantages with
special focus on aerospace applications, critical features for crack initiation when subjected to fatigue loading need
to be identified and mitigated. A first step toward achieving this goal is the surface texture characterisation based
on the quantification of surface features by means of surface feature parameters. Selected areal feature parameters
are evaluated and compared for three different as-built surface conditions of aluminium alloy samples from laser
powder bed fusion (LPBF).

1. Einleitung

Die Oberflachen additiv gefertigter (AM) Metallteile aus pulverbasierten Verfahren weisen in
der Regel Pulverpartikelagglomerationen und andere typische Merkmale auf, die zu einer hohen
Oberflachenrauheit fithren und sie deutlich von Oberflachen aus subtraktiven Fertigungsverfahren
unterscheiden. Eine angepasste Charakterisierung ist notwendig, um die Qualitit der AM-Teile
hinsichtlich Beschichtbarkeit, mechanischer Eigenschaften oder Korrosionsbe-standigkeit fiir
den Einsatz in der Luft- und Raumfahrt, im Automobilbau, in der Medizin und in anderen
industriellen Anwendungen zu beurteilen.

Die Charakterisierung von Oberflichen fiir AM Bauteile stellt nach wie vor eine Herausfor-
derung dar. In industriellen Qualitdtssicherungsprozessen sind noch immer Profilparameter
wie Ra (mittlere Rautiefe), Rz (mittlere Maximalhohe tiber 5 Einzelmesstrecken) und Rt
(maximale Profilhéhe) etabliert, inzwischen gewinnen dort aber auch die entsprechenden flichen-
haft ausgewerteten Aquivalente Sa (flichenhafte mittlere Rautiefe, quivalent zu Ra) und Sz
(maximale Profilh6he innerhalb der ausgewerteten Fliche, dquivalent zu Rt) zur Bewertung
der Oberflichengiite an Bedeutung. Da bei der Ermittlung dieser Parameter aber ausschlief3-
lich Hohendifferenzen betrachtet werden, konnen sehr unterschiedliche Oberflichentexturen
identische Kennzahlen aufweisen [17]. Elementparameter bieten hier Potenzial um individuelle
Texturformen zu beschreiben und so zum Beispiel mogliche Rissstellen zu identifizieren oder
Kontaktflichen zu bestimmen. So kann u.a. auch untersucht werden, inwiefern sich die Form
einer Senke (oder anderer Oberflichenelemente) z.B. auf die Rissentstehung und —ausbreitung
auswirkt.

5 Published as: Buchenau, Theresa; Briining, Hauke; Amkreutz, Marc (2022): Elementparameter zur Ober-
flachencharakterisierung additiv gefertigter Metallkomponenten. Feature parameters for Metal Additive Surface
Texture Characterisation. In: Martina Zimmermann (Hg.): Werkstoffe und Bauteile auf dem Priifstand. Priif-
technik — Kennwertermittlung — Schadensvermeidung. Sankt Augustin: Deutsche Gesellschaft fiir Materialkunde
e.V, S. 117-123. ISBN: 978-3-88355-430-3; DGM 40. Vortrags- und Diskussionstagung Werkstoffpriifung.
Dresden (Germany) & Online, October 2022.
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In dieser Arbeit werden am Beispiel von drei AlSi7TMg0.6 Oberflachen aus dem Selektiven Laser-
strahlschmelzverfahren (laser powder bed fusion = LPBF) einige Moglichkeiten und Herausforder-
ungen der neuartigen Charakterisierung mit Elementparametern herausgearbeitet.

2. Experimentelle Details
2.1. Untersuchte Proben

Es wurden drei im LPBF-Verfahren hergestellte Proben aus der Legierung AlSi7TMg0.6 mit
unterschiedlichen Oberflaichenqualitdten und -merkmalen ausgewéhlt, ndmlich AsB - smooth,
AsB - medium und AsB - rough. Die Herstellungsbedingungen auf dem Trumpf TruePrint 1000
LPBF-System sind in Table A.27 aufgefithrt. Die Herstellungsparameter unterscheiden sich nur
in der Kontur-Scangeschwindigkeit, die Druckparameter der Probenkerne sind identisch. Alle
untersuchten Proben weisen eine Dichte von mehr als 99% auf.

Table A.27.: Prozessparameter auf der Trumpf TruePrint 1000 Anlage / Manufacturing parameters on
Trumpf TruePrint 1000

Bulk-Scan Contour-Scan (smooth/ medium/ rough)

Layer thickness / pm 30 30

Hatch distance / mm 0.12 0.12

Laser power / W 166 195

Pre-sinter / [-] No Yes

Scan speed / mm/s 1000 300 / 900 / 1200

Die Geometrie der Ermiidungsproben wurde in Anlehnung an ASTM 466-15 mit den folgenden
theoretischen geometrischen Spezifikationen entwickelt: Flachprobe mit Gesamthéhe 80 mm,
kleinste Querschnittsbreite 6 mm und Dicke 3 mm. Figure 61 zeigt eine Ermiidungsprobe nach
der mechanischen Priifung mit Angabe der Baurichtung.

Die makroskopische und mikroskopische Sichtprifung der Proben bestétigt, dass diese tat-
séchlich Unterschiede in der Oberflichenqualitéit aufweisen. Unterschiede in Gréfle und Menge der
Partikelagglomerationen sowie Welligkeit sind qualitativ in Figure 62 zu erkennen.

Fiir Proben der hier vorgestellten Oberflichenzusténde wurden bereits Zugversuche und Dauer-
schwingversuche (axiale Belastung mit R = 0.1) zur mechanischen Charakterisierung durchgefiihrt.
Ein Teil dieser Ergebnisse wurde in [137] veroffentlicht.

Figure 61.: Ermiidungsprobe nach mechanischer Priifung mit Markierung der gemessenen Fliche /
Fatigue specimen after mechanical testing with measured area marking

2.2. Oberflaichenmessung

Fir die Messung der Oberflichen wurde das Streifenlichtprojektionssystem Keyence VR3200 mit
einer lateralen Auflésung von 3,7 nm verwendet. Die Messunsicherheit wird vom Herstel—ler mit
1 pm auf die Hohenmessung angegeben. Der Messbereich (s. Figure 61) ist etwa 3 mm x 20 mm
grofl und wurde auf den Proben durch vier aufgedruckte Punkte markiert.
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Figure 62.: Mikroskopische Aufnahme der untersuchten Oberflichenzustéinde mit Partikelagglomerationen
unterschiedlicher Grofie und Dichte, v.l.n.r: AsB — smooth, AsB — medium, AsB — rough /
Microscopic images of evaluated surface conditions, showing particle agglomerations of
different size and quantity: AsB — smooth (left), AsB — medium (middle) and AsB — rough

(right)

2.3. Ausgewadhite Parameter zur Oberflachencharakterisierung

Zur Bestimmung von Elementparametern ist zundchst die Segmentierung der betrachteten
Oberfliche und anschliefendes Zusammenfiihren kleinerer Elemente durch Wolfbeschneidung
notwendig. Dabei werden Taler und Hiigel voneinander getrennt und Elemente, die den
Prunenschwellwert (i.d.R. angegeben in %Sz) unterschreiten, mit dem néchstgelegenen groferen
Element kombiniert, wie veranschaulicht in Figure 63. In der ISO 25178 [16] ist fiir einige
Elementparameter der Standard-Schwellwert mit 5% angegeben. Fiir detaillierte Informationen
wird auf [16, 18, 82, 103] verwiesen.

Surface

profile
Wolf prunin
________________ fp g Depth of
SR e aN L combined
Depth of dale 2 . ) dale
epth o Pruning with threshold > dale depth
dale 1

] results in combination of two small dales
Watershed segmentation \/

results in two dales

Figure 63.: Kombination kleiner Téler durch Wolfbeschneidung / Combination of small dales by Wolf
pruning

Es werden in dieser Arbeit Charakteristika von Senken betrachtet, da in Folgearbeiten vor allem
der Zusammenhang mit der Dauerfestigkeit thematisiert wird. Die folgenden Elementparameter
wurden ausgewahlt:

e Svd — Senkendichte in 1/mm?
e Sdd — Mittlere Senkentiefe in pm

e Sded — Mittlerer Senkendurchmesser in mm

2.4. Auswertung der Oberflachendaten

Zur Datenauswertung wurde die Software MountainsMap V9.2 genutzt. Folgende Filter wurden
angewandt: S-Filter = 8 pm, L-Filter = 0.25 mm. Weitere Details zur Datenauswertung werden
auf Anfrage gerne von den Autoren zur Verfiigung gestellt.

Zusatzlich zu den beschriebenen Elementparametern wurden als weithin bekannte Referenzwerte
Sa (arithmetischer Hohenmittelwert) und Sz (maximale Profilhohe) ausgewertet.
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Die Elementparameter wurden jeweils mit den Schwellwerten 5%Sz und 10%Sz ausgewer-
tet.

3. Ergebnisse

Table A.28 und Figure 64 zeigen Auswertungsergebnisse gewdhlter Elementparameter fiir die
drei Proben AsB-smooth, AsB-medium und AsB-rough. Es werden jeweils Werte fiir die Prunen-
schwellwerte 5%Sz und 10%Sz gegeniibergestellt. Der Fokus liegt hierbei auf Parametern, die
Senkeneigenschaften beschreiben, da in zukiinftigen Arbeiten die Dauerfestigkeit thematisiert
wird, die in Zusammenhang mit Oberflichensenken steht.

Table A.28 gibt einen Uberblick iiber die ausgewihlten Elementparameter Svd (Senkendichte),
Sdd (mittlere Senkentiefe) und Sded (mittlerer Senkendurchmesser). Als Referenzwerte werden
auch die héufig verwendeten Parameter Sa (mittlere Rauhtiefe) und Sz (Maximale Profil-
hohendifferenz) angegeben. Rauere Oberflichen weisen i.d.R. hohere Sa- und Sz-Werte auf.
Die Sortierung der Proben in Figure 64 und Table A.28 startet von der am wenigstens rauen
Oberflache AsB-smooth.

Die numerischen Werte der einzelnen Prunenschwellwerte fiir alle betrachteten Oberflachen sind
in Figure 64 (oben links) veranschaulicht, um deren Variabilitdt zu verdeutlichen, die durch die
Unterschiede in den Sz-Werten zustande kommt. Die Werte werden jeweils gréfer fiir rauere
Oberflachen.
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Figure 64.: Variation des Prunenschwellwertes (oben links), der Senkendichte Svd (oben rechts), der
Senkentiefe Sdd (unten links) und des Senkendurchmessers Sded (unten rechts) fiir drei
Oberflichenzustinde / Variation of pruning threshold (top left), pit density Svd (top right),
dale depth Sdd (bottom left) and dale diameter Sded (bottom right) for three surface
conditions
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Die Senkendichte (Svd, Figure 64 oben rechts) sinkt unter den betrachteten Bedingungen fiir
rauere Oberflachen fiir beide Prunenschwellwerte (5% und 10%Sz), wobei der grofiere Schwellwert
zu kleineren Zahlenwerten fiihrt. Die mittlere Senkentiefe (Sdd, unten links) hingegen wird
grofler fir rauere Oberflichen und ist jeweils grofler fir den grofleren Schwellwert. Der mittlere
Senkendurchmesser (Sded, unten rechts) unterscheidet sich fiir AsB-medium und AsB-rough
bei gleichem Schwellwertprozentsatz kaum und fillt im Vergleich etwas geringer aus fir AsB-
smooth.

Table A.28.: Ausgewihlte Elementparameter fiir drei Oberflichenzustinde / Selected feature parameters
for three surface conditions

Parameter AsB-smooth AsB-medium AsB-rough

Sz / pm 55.50 125.00 140.00

Sa / pm 2.74 4.54 5.49

Pruning 5% Sz 10% Sz 5% Sz 10% Sz 5% Sz 10% Sz
Pruning / pm  2.78 5.55 6.25 12.50 7.00 14.00
Svd / 1/mm?  76.10 25.90 44.30 10.70 40.10 9.82
Sdd / pm 4.71 7.16 9.77 15.40 11.20 18.60

Sded / mm 0.12 0.20 0.16 0.30 0.17 0.32

4. Diskussion

Die Datenauswertung zeigt, dass vor allem die Oberfliche mit der geringsten Rauheit, sich in den
betrachteten Elementparametern deutlich von den anderen beiden unterscheidet. Die vergleichs-
weise grofle Senkendichte Svd der AsB-smooth - Oberfliche kann auf den ersten Blick iiberraschen,
weshalb hier eine genauere Betrachtung notig ist. Denn werden auch Sdd und Sded, die mittleren
Dimensionen der Senken, mitberiicksichtigt, wird ersichtlich, dass diese grole Anzahl im Vergleich
deutlich kleinere Elemente beziffert als bei den raueren Oberflachen.

Bei Letzteren werden solche Elemente, die im Vergleich zur Gesamthéhe Sz klein sind, durch
die Anwendung des Schwellwertes zusammengefasst, wodurch sich insgesamt die Senkenanzahl
verringert (siehe auch [82], S. 183f.). Bei der Betrachtung von Figure 62 sind auf der AsB-
smooth — Oberflache beispielsweise deutlich weniger anhaftende Pulverpartikel zu sehen, als bei
AsB-medium und AsB-rough.

AuBerdem zeigt sich im Vergleich der Ergebnisse mit 5%Sz und 10%Sz Schwellwert sehr eindeutig
dessen grofier Einfluss: Die Senkendichte ist um mehr als 2/3 reduziert. Die Maximalhthe Sz ist
ein Extremwert (der Abstand zwischen tiefstem und hochstem Punkt auf der Oberflache), der
bereits durch einen Ausreifler (z.B. Messartefakt, oder fiir AM: grofie Pulveranhaftung) stark
variiert. Es ist fraglich, wie sinnvoll die Abhéngigkeit des Prunenschwellwerts von diesem Wert
ist, da der Prozess dazu dienen soll, charakteristische Elemente herauszustellen und eine Uber-
und Untersegmentierung zu vermeiden. Die Angabe des Schwellwertes ist bei der Verwendung
von Elementparametern immer notwendig. Weiterfithrende Informationen sind in [82] und [103]
zu finden.

Der Unterschied zwischen AsB-medium und AsB-rough fallt eher gering aus, mit etwa 10% fur Svd
bei 5%S5z Prunenschwellwert. Fiir weitere Auswertungen wére es zum einen interessant, mehrere
Proben dieser Oberflichenzustdnde zu betrachten, um die Eignung der Prunenschwellwerte
zu liberpriifen. In [137] wurden beispielweise Durchschnittswerte von 7 AsB-medium Proben
gebildet und der Sz fiel mit knapp 80 pm deutlich geringer aus (Achtung: Hier wurde die
ausgewertete Flache in 5 Einzelbereiche unterteilt, sodass der Effekt von Aus-reiflern reduziert
wurde). Zum anderen sollten weitere ISO 25178 Elementparameter, die Form und Grofle
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beschreiben, einbezogen werden. Auch die Entwicklung AM-spezifischer Elementparameter
wiirde hier interessante Moglichkeiten bieten.

Insbesondere bei der Ermittlung von Senkeneigenschaften sollte beachtet werden, dass optische
Messsysteme, die die Probe ausschliellich in der Draufsicht erfassen, u.U. durch Abschattungen
oder Hinterschneidungen keine vollstéandigen Informationen liefern. pCT-Aufnahmen kénnen eine
Alternative sein, allerdings ist die Methode deutlich zeitintensiver und komplexer als beispielsweise
Streifenlichtprojektion oder Konfokalmikroskopie [68].

5. Schlussfolgerungen und Ausblick

Elementparameter bieten die Moglichkeit einer Oberflachencharakterisierung unabhéngig von
Profilmittellinien oder Materialanteilen. Senken und Hiigel werden durch Segmentierung und
Wolfbeschneidung (Setzen des Prunenschwellwerts) voneinander getrennt, sodass ihre di-versen
Eigenschaften als Elementparameter bestimmt werden kénnen, und nicht mehr der Abstand
von Punkten zur Mittellinie. Auflerdem ergibt sich die Moglichkeit, den Einfluss der Form
einer Senke (oder anderer Oberflichenelemente) z.B. auf die Rissentstehung und -ausbreitung zu
untersuchen.

Die Auswahl eines passenden Schwellwertes kann eine Herausforderung darstellen und des-sen
Angabe ist zwingend erforderlich um Vergleichbarkeit und Reproduzierbarkeit der Ergeb-nisse
zu gewahrleisten. Auflerdem ist es sinnvoll, mehrere Elementeigenschaften bzw. -parameter
im Zusammenhang zu betrachten, um z.B. eine grofie Senkendichte (Svd) entsprechend ein-
zuordnen.

In Zukunft kann insbesondere fiir die Bewertung von AM-Oberflichen die Definition und Aus-
wertung von prozessspezifischen Topographieelementen, wie z.B. Gréfle und Dichte anhaftender
Pulverpartikel, partikelfreier Oberflichenanteil, Breite von Laserspuren usw., interessant wer-
den. Hier kénnen Elemente in Zusammenhang mit der Oberflichenfunktion gebracht und
beispielweise mit mechanischer Performance, Korrosion oder Adhésionseigenschaften korreliert
werden.

Die elementbasierte Auswertung von Hiigeln, Senken und zukiinftig definierten Elementen,
bringt auch neue Anforderungen an die genutzten Messsysteme beziiglich der Darstellung dieser
charakteristischen Elemente mit sich [82]. Beispiele hierfur sind die Abbildung von Kugel(-
segmenten) bei der Laserkonfokal-Messung [68] oder der Erkennung einzelner Senken bei der
Fokusvariationsmessung [60]. Auch Abschattungseffekte und Hinterschneidungen spielen hier
eine Rolle.

Zu den in dieser Arbeit betrachteten Proben wurden bereits Dauerschwingversuche durchge-
fithrt [137] und Auswertungen in Zusammenhang mit Elementparametern sind in Vorbereit-
ung.
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A.6. Publication 6 — Process-specific Surface Features®

Abstract: Additive manufacturing (AM) technologies show potential for the development of functionally
integrated lightweight designs, biomimetic structures and material savings. Typically, as-built surfaces show
powder particle agglomerations and re-entrant features, leading to rough surfaces, which are associated with poor
fatigue performance. To benefit from the full range of advantages with special focus on aerospace applications,
critical features for crack initiation when subjected to fatigue loading need to be identified and mitigated. A first
step toward achieving this goal is the surface texture characterisation based on the quantification of surface features.
In this paper, selected areal height, functional and feature parameters from ISO 25178-2:2022 are generated
and process-specific features are examined for as-built AISi7Mg0.6 from laser powder bed fusion (PBF-LB). A
connection with the particle size distribution of the used powder is demonstrated. It is shown that surface feature
analysis opens up opportunities to use physically meaningful surface characteristics in future quality assurance

and part qualification processes.

1. Introduction

Over the last two decades, additive manufacturing (AM) technologies evolved from rapid proto-
typing of porous structures to production of high-quality parts. AM enables design freedom, as
well as reduction of material waste and cost [2, 120]. However, when qualifying an AM part for
load-bearing aerospace applications, surface texture is of particular interest with respect to fatigue
performance [2] and requires new approaches to quality assessment (QA). In industrial QA, the
generation of profile parameters such as Ra (arithmetic mean deviation of the assessed profile)
or Rt (total height of profile), for data acquired using a contact stylus measurement system, is
the status quo [6]. Due to the low statistical relevance of individual profile measurements for the
assessment of surface quality [82] and the increasing application of optical measurement systems,
their areal equivalent parameters, Sa and Sz, have gained relative acceptance in recent years.
However, Sa and Sz are still based on height variation with respect to a mean plane, rather than
representing the actual size of a topography element. The restriction to height variation leads to
the same value of Ra/Sa representing surfaces with different surface features, different material
ratios [17] and different mechanical, adhesive and corrosive behaviours.

Areal measurements, as compared to profile measurements, offer a more representative depiction
of surface topography and enable the extraction of characteristic surface features [6, 82, 97].
Several feature parameters describing various geometric properties of hills and dales are included
in the latest version of ISO 25178 [16]. Beyond the consideration of hills and dales, process-
related surface features can be evaluated. Frequently observed features in powder-based AM
are particle agglomerations of different size. In recent years, extensive work has been done on
developing methods for segmentation and feature detection and their application to AM surfaces
[18, 19, 60, 65, 100, 103, 173].

In this work, we focus on the evaluation of surface properties related to powder particle agglom-
erations, such as size and quantity, as well as the area portion of the surface covered by attached
particles and their relation to the particle size distribution of the powder used in the process.
Furthermore, selected ISO 25178 [16] feature parameters derived from hill and dale properties
after watershed segmentation are generated.

S Published as: Buchenau, Theresa; Thompson, Adam; Briining, Hauke; Amkreutz, Marc; Mayer, Bernd; Piano,
Samanta (2023): Surface Features of As-built Metal Additive AlSi7TMg0.6. In: Preprints 2023, 2023030174.
DOI: 10.20944 /preprints202303.0174.v2; 17th ECSSMET. Toulouse (France), March 2023.
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The surface topography is measured by focus variation (FV) microscopy, which is an optical
non-contact method based on stacking images from different focal planes of the same location
in z-direction. An advantage of this technology is its robustness to variation of optical surface
properties such as reflectivity [64, 174]. Surfaces of fatigue specimens in as-built condition from
a laser-beam powder bed fusion (PBF-LB) process made of AlSi7TMg0.6 material are examined
in this study.

2. Materials and Methods

2.1. Samples

The evaluated samples are fatigue specimens according to ASTM 466-15 (total height 80 mm,
smallest cross section width 6 mm, and thickness 3 mm, shown in Figure 65) produced in a laser-
based powder bed fusion (PBF-LB) process from AlSi7Mg0.6 material, manufactured on a Trumpf
TruePrint 1000 system using the parameter settings specified in Table A.29. Bulk and contour
parameter sets were previously optimised for density and surface texture, respectively [138]. The
optimisation resulted in a layer thickness of 30 ym and a hatch spacing of 0.12 mm for both,
bulk and contour. The specimen bulk was produced with a laser power of 166 W at a scan speed
of 1000 mm/s. For the contour scan, these settings were adjusted to 195 W and 300 mm/s. The
eight specimens examined in this work originate from a larger surface variation study and are part
of the smoothest surface group produced (for details, see [137, 138, 175]).

Table A.29.: AlSi7Mg0.6 manufacturing parameters for bulk and contour.
Bulk Contour
Layer thickness / pm 30 30
Hatch distance / mm 0.12  0.12
Laser power / W 166 195
Pre-sinter / [-] No  Yes
Scan speed / mm/s 1000 300

Figure 65.: Fatigue specimen geometry according to ASTM 466-15.

2.2. Surface Measurement

The surfaces were measured using an Alicona Infinite Focus G5 focus variation (FV) instrument
with unpolarised coaxial lighting at 10x magnification with an individual image field of view
(FOV) of 1.62 mm x 1.62 mm. To measure the entire marked area of about 3 mm x 20 mm on
each sample, up to 3 x 14 images were stitched. All measurements were taken with a vertical
resolution < 0.1 pm and a lateral resolution of 2.5 pm.
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2.3. Surface Data Evaluation

The data evaluation was performed in MountainsMap® V9.2. To reduce calculation time, a
3 mm X 6 mm area portion centred within the measured area was extracted and a total number
of eight data sets from different samples (I to VIII) was used to obtain the results presented
in this work. For reference, height and functional parameters form ISO 25178 were generated.
An overview of all parameters used is given in Table A.30. Feature parameter evaluation
according to ISO 25178 and process-specific feature analysis were performed. Pruning threshold
values were selected in accordance with powder characteristics, namely half the d10 diameter
of the used AlSi7TMg0.6 powder [156], resulting in the applied height pruning value of 13.5
pm.

Table A.30.: Overview of Parameters generated.

Parameter / Unit Description
Sz/pm Maximum total height of profile
Sa/pm Arithmetic mean height of profile
Sk/pm Core height
Spk /nm Reduced peak height
Svk/pm Reduced valley depth
Spd/mm? No. of peaks per unit area
Svd /mm No. of valleys per unit area
Shh/pm Mean local hill height
Az /MM Average max. particle diameter
Zmag /M Average max. particle z-height
Area covered/% Particle coverage

2

Particle density/mm™ No. of particles per unit area

2.3.1. Surface Feature Parameters from ISO 25178

Selected surface feature parameters were calculated after applying a Gaussian convolution S-filter
of 5.3 nm, a least-squares plane level operation and an L-filter of 0.25 mm. The feature parameters
specified in ISO 25178 describe hill and dale properties and are obtained from surface data
after watershed segmentation and height pruning. For more information, refer to [82, 103]. The
considered parameters are the density of valleys, Svd, the density of peaks, Spd, and the mean
local hill height Shh. For details on the individual calculation of these parameters, refer to
[82].

2.3.2. Process-specific Areal Surface Features

Particle agglomerations are significant process-specific features observed on PBF-LB surfaces.
The circle detection method implemented in the MountainsMap® particle analysis module was
used to isolate the specific features on the surfaces. For this purpose, at first, a very small
bandwidth was filtered to only maintain sharp edges (= particle boundaries), applying an L-filter
of 0.0055 mm. Subsequently, the circle detection algorithm was applied, using limit values
for detection diameters again, based on the particle size distribution values d10 = 27 pm and
d90 = 67 pm. The minimum diameter for detection was set to 20 pm, somewhat lower than d10,
while the maximum was chosen as 200 pm, roughly three times d90 to account for the possibility
of clustered agglomerations. In order to find the original height of the detected particles, the
previously obtained mask was applied to the initial (primary) surface (after application of S-filter
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and F-operation). The evaluated characteristics are the average maximum particle diameter
dmax, maximum particle z-height z,,.,, percentage area portion covered by detected particles
and finally, the particle density.

3. Results

The 3D representation of one of the examined surfaces and the corresponding focus variation
microscopic image in Figure 66 show powder particle agglomerations as the dominant process-
specific feature at the considered scale for this surface type. This upcoming results section is split
in three subsections, where ISO 25178 height and functional parameters, standardised feature
parameters, and finally, characteristic values derived from process-specific areal surface features
are presented.

pm
— 62.09

Figure 66.: 3D view (left), Focus variation microscopy image (right); As-built A1Si7TMg0.6 surface, 1 FoV
(1.62 mm x 1.62 mm), showing PBF-LB- typical particle agglomeration features.

3.1. Height and Functional Surface Texture Parameters from 1SO 25178

For reference, the areal surface texture parameters Sa (arithmetic mean height of profile) and
Sz (maximum total height of profile) were calculated. Furthermore, the material ratio curve
parameters Sk (core height), Spk (reduced peak height) and Svk (reduced valley depth) were
generated. Numerical results including mean value and standard deviation (SD) for the listed
parameters are given in Table A.31.

Table A.31.: Common parameters Sa and Sz, Material ratio curve parameters Sk, Spk and Svk;
L-filter 0.25 mm, N = 8

N=8 Sz/ym Sa/pm Sk/pm  Spk/um  Svk/pm
Mean  61.74 1.76 4.87 5.21 2.12
SD 7.68 0.11 0.23 0.90 0.13

Figure 67 shows the exemplary material ratio curve of sample IV. From the curve, combined
with the numerical values, a relatively flat core slope with steep decreases from the peak and
toward the valley portion can be observed.

3.2. Surface Feature Parameters from ISO 25178

Figure 68 shows the watershed segmentation of the extracted 3 mm by 6 mm area of sample
IV based on hill features; (+) denotes the location of the highest point of each segment. The
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Smrk1 Smrk2

Figure 67.: Material ratio curve (sample IV), L-filter 0.25 mm.

colours are used to simplify the visual differentiation of adjacent particles. Due to the selected
height pruning threshold of 13.5 pm, features smaller than half the d10 diameter (d10 = 27 pm)
are merged with adjacent hill segments.

3

y / mm

0 1 2 3 4 5

x/ mm

Figure 68.: Example “watershed segmentation” (sample IV) with height pruning 13.5 pm; (+): highest
point per segment.

In Table A.32, Spd (peak density), Svd (valley density) and Shh (mean local hill height) are
listed. It is notable, that Swvd is equal for all the considered samples with 13.5 pm height pruning.
The value of Svd = 0.06 mm-2 originates from the total valley count of one over the entire
considered (3 x 6) mm? area.

Table A.32.: Feature parameters Spd, Svd and Shh; Height pruning 13.5 pm.
N =8 Spd/mm=2 Svd/mm=2 Shh/pm
Mean  10.10 0.06 22.39
SD 3.48 0.00 1.42

3.3. Process-specific Areal Surface Features

The values presented in Table A.33 were obtained from the MountainsMap® V9.2 particle analysis
circle detection module. A variety of characteristic values on feature size, shape, distribution
and quantity can be generated. The presented initial selection was based on possible relation to
powder particle size and potential relevance for fatigue performance, which will be subject of
future work.

For clarity, the chosen parameters are explained in a bit more detail. d,q; is the largest diameter
of a detected particle, meaning, for a (near-) spherical agglomerated particle, and represents the
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Table A.33.: Process-specific feature characteristics, Height pruning 13.5 pm.

N =8 dmae/NM  Zpez/mm  area covered /% particle density /mm =2
Mean 27.74 33.64 1.35 21.80
SD 1.87 4.19 0.28 5.68

(partial) sphere diameter. The 2,4, value gives the average of maximum particle z-heights with
respect to the lowest point on the surface of all detected particles on the surface. Finally, the
percentage of area covered by detected particles and the number of detected particles per unit
area (particle density) are given.

Figure 69 shows an area portion on sample IV with circular and near-circular shaped features
that could be detected. The top image is the S-L surface with an L-filter of 0.0055 mm. This very
low value was chosen to only keep particle attachments and cut out other surface irregularities
and waviness. In the bottom image, detected circular particles are marked. The (4) sign again,
denotes the highest point on each individual particle.

4. Discussion

From visual inspection, it is confirmed that the dominant process-specific feature on the considered
surface condition is agglomeration of powder particles. Examining Table A.31, it is clear from
the material ratio curve that the peak portion represented by Spk, is considerably larger than
the valley population on the surface. The core part of the sample IV curve (Figure 67) is fairly
flat and exhibits a steep slope toward the peaks and valleys, where the maximum peak size (e.g.,
Figure 67: above 75 pm) is significantly larger than the maximum valley size, which is related to
attached particles on an otherwise presumably flat surface.
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Figure 69.: Example “circle detection” (sample IV), min. diameter 20 pm, max. diameter 200 pm;
Extracted area with (near) circular features (left), (b) Detected circular features (same area,
right).

Using Sa as a common and widely known parameter, the surface condition can be considered to
be comparatively smooth to other PBF-LB parts (as-built PBF-LB parts can easily exceed an
Sa/Ra of 20 pm under similar filtering conditions, depending on material and processing [14, 64].
Correspondingly, the Svd value of 0.06 mm-2 (see Table A.32) over the extracted area on each of
the considered samples (N = 8) counts one single dale, meaning, there are no significant dales
present with a height pruning value of 13.5 pm on the studied surface condition. Considering
the peak density Spd, there can be significant hills identified on the surface, which is again in
agreement with the material ratio curve results (see Figure 67, Table A.31). The mean local
hill height Shh with 22.39 pm matches the order of magnitude of the d10 of 27 pm and is hence
representative of the expected feature size.
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Moving on toward the discussion of the process-specific feature characteristics, dipqz and zpaz
are with 28 pm and 34 pm on average similarly close to the d10 size. Considering respective
standard deviations (Table A.33), it can be concluded that this is equally applying to all
evaluated specimens. This suggests that the strategy of using a small L-filter value to only
retain sharp edges (i.e., particle boundaries) seems to have been effective. At this point it is
emphasised that the generated mean values are based on averages per sample and given standard
deviations represent the difference in mean value among the eight assessed specimens. The area
of less than 2% covered with particles will supposedly be of interest in comparison with other
as-built surfaces (e.g. those introduced in [138]) and in regard to correlation with mechanical
properties.

The final feature characteristic value to be discussed is the particle density. While the description
itself may suggest similarities to the peak density Spd, the mean value is more than twice as high.
This considerable deviation is owing to differences in the detection/segmentation methods and
reference surfaces. Firstly, the circle detection is based on an S-L surface with small bandwidth to
reliably filter smooth height variations with continuous slopes (waviness or similar) and particles
are detected based on their shape rather than height. The peaks are counted based on the
original surface (levelled and S-filtered) after watershed segmentation, where it is likely that
two adjacent particles are part of the same segment and due to height pruning (combination of
smaller features), only the highest of both is counted as segment peak. Secondly, even though
identical height pruning values are applied, the pruning is performed with respect to different
reference points. While for the ISO 25178 parameters, the height of a hill feature is defined
with respect to the highest saddle point on its course line [82] and is merged with the adjacent
taller hill if below the threshold value, detected circular particles will only be merged when
overlapping. This being addressed, Figure 68 and 69 clarify the large difference in particle and
peak density.

5. Conclusions and Future Prospects

This work provides an insight into the opportunities for novel approaches to quality assur-
ance concepts using feature parameters and process-specific surface features for surface tex-
ture characterisation of metal additive parts, specifically of AISi7TMg0.6 specimens from PBF-
LB.

In summary, for the examined surface type with the selected measurement method, configuration
and software tool settings, the following conclusions are drawn:

o Evaluated feature parameters correspond with the (qualitative) implications of height-based
parameters from the material ratio curve (hills/dales, peak/valley portion).

e Mean values of the surface feature characteristics and parameters can be linked with particle
size of the powder used in the manufacturing process.

In comparison to common height variation-based parameters such as Sa and Sz, feature para-
meters and characteristics describe properties of physical topography elements rather than being
based on deviation from a mean line or individual extreme values. The material ratio curve
parameters on the other hand, could provide an insight on the height distribution, identifying a
smaller valley than peak portion, which matched well with the feature parameter results. How-
ever, the material ratio curve only provides information about the height distribution, while the
characterisation of surface features can provide an understanding of present feature shapes, size
distribution or quantity. This approach can be of interest when trying to understand relationships
between surface quality and mechanical performance (e.g. fatigue), corrosion or adhesion. The
presented results give a first idea of the prospects of quantifying the PBF-LB-specific powder
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particle agglomeration features based on mean values per specimen. Ongoing work includes
more detailed examinations of distribution and frequency of detected particle sizes on individual
samples. Additional aspects to be considered in future work are the challenges imposed on optical
metrology systems regarding the accurate representation of surface features and on evaluation
software concerning their comprehensive detection.
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